
1RYHO�R[LGH�EDVHG�JODVV�QDQRFRPSRVLWHV�IRU�QRQOLQHDU�

RSWLFDO�DSSOLFDWLRQV�

*��6HQWKLO�0XUXJDQ��(��)DUJLQ�DQG�*��/H�)OHP�
,QVWLWXW�GH�&KLPLH�GH�OD�0DWLqUH�&RQGHQVpH�GH�%RUGHDX[�

����$YHQXH�GX�'RFWHXU�6FKZHLW]HU���������3HVVDF�FHGH[��)UDQFH�

�

2[LGH� EDVHG� JODVVHV� FRQWDLQLQJ� IHUURHOHFWULF� SKDVHV� ZHUH� IDEULFDWHG� YLD� D� PHOW�TXHQFKLQJ�

WHFKQLTXH�� 7KH� DV�TXHQFKHG� JODVVHV� ZHUH� IRXQG� WR� FRQWDLQ� QDQRFU\VWDOOLWHV� RI� QRQ�FHQWULV\PPHWULF�

%L�7H2�� SKDVH�� +HDW�WUHDWPHQW� SURFHGXUHV� ZHUH� DGRSWHG� WR� JHW� FU\VWDOOLQH� SKDVHV� LQ� WKH� WUDQVSDUHQW�

JODVV�PDWUL[��7KHVH� JODVV� FRPSRVLWHV� �ERWK� DV�TXHQFKHG� DQG�KHDW�WUHDWHG�JODVVHV��ZHUH� FKDUDFWHUL]HG�

IRU� OLQHDU� DQG� QRQOLQHDU� RSWLFDO� �1/2�� SURSHUWLHV� DQG� WKH� VXLWDELOLW\� RI� WKH� VDPH� IRU� WKH� GHYLFH�

DSSOLFDWLRQV�ZHUH�H[SORUHG��7KH� LQIOXHQFH�RI�HOHFWULFDO�SROLQJ�DW�HOHYDWHG� WHPSHUDWXUHV�RQ� WKH� VHFRQG�

DQG� WKLUG� RUGHU� QRQOLQHDU� RSWLFDO� HIIHFWV�ZHUH� DOVR� VWXGLHG��7KH� SRODU� SURSHUWLHV� �S\URHOHFWULFLW\� DQG�

IHUURHOHFWULFLW\��LQ�WKH�QDQRVFDOH�RI�WKH�SUHVHQW�PDWHULDOV�ZHUH�XQGHUWDNHQ�WR�FRUURERUDWH�WKH�REVHUYHG�

RSWLFDO�QRQOLQHDULW\��

,QWURGXFWLRQ�

7KH� RSWLFDO� PHPRU\� VWRUDJH�� VZLWFKLQJ� DQG� VHYHUDO� RWKHU� RSWLFDO� FRPPXQLFDWLRQ�
SKHQRPHQD�DUH�EDVHG�RQ�WKH�QRQOLQHDU�RSWLFDO��1/2��SURSHUWLHV�RI�PDWHULDOV������$PRQJ�
YDULHW\�RI�PDWHULDOV��JODVV\�PDWHULDOV�DUH�FRQVLGHUHG�WR�EH�YHU\�SURPLVLQJ�1/2�PDWHULDOV��
EHFDXVH�RI�LWV� LQWHUHVWLQJ�RSWLFDO�FKDUDFWHULVWLFV�DQG�HDV\�IDEULFDWLRQ��'XULQJ�WKH�ODVW�WHQ�
\HDUV� 7H2��� EDVHG� JODVVHV� KDYH� DWWUDFWHG� PXFK� DWWHQWLRQ� GXH� WR� WKHLU� KLJK� UHIUDFWLYH�
LQGH[�� H[FHOOHQW� LQIUDUHG� WUDQVPLWWDQFH�� JRRG� FKHPLFDO� GXUDELOLW\� DQG� ORZ� PHOWLQJ�
WHPSHUDWXUHV� �����7KH�RSWLFDO�QRQOLQHDULW\� LQ� WKHVH�JODVVHV� DUH�SURGXFHG�E\�EUHDNLQJ� WKH�
PDFURVFRSLF�V\PPHWU\�E\�SROLQJ�RU�LQWHQWLRQDO�DGGLWLYHV�LQ�WKH�JODVV�RU�E\�FU\VWDOOL]LQJ�D�
SKDVH�ZLWKLQ� WKH�JODVV�PDWUL[�DQG� WKHUHE\�SURGXFLQJ�D�JODVV�FRPSRVLWH�ZLWKRXW� ORRVLQJ�
WKH�WUDQVSDUHQW�QDWXUH�RI�WKH�VDPSOH��7KH�VL]H�RI�WKH�FU\VWDOV��FU\VWDOOL]HG�RXW�RI�WKH�JODVV��
YDULHV� IURP�QDQR� WR�PLFURPHWHU�GHSHQGLQJ�RQ� WKH� UHIUDFWLYH� LQGH[�PDWFK�EHWZHHQ� WKH�
FU\VWDO�DQG�JODVV�SKDVH��

7HOOXULWH� JODVVHV�ZLWK�KHDY\�PHWDO� R[LGHV�ZHUH� IRXQG� WR� VKRZ� UHPDUNDEOH�SK\VLFDO�
DQG� RSWLFDO� SURSHUWLHV� ��� ,W� ZDV� DOVR� UHSRUWHG� WKDW� WKH� WHUQDU\� WHOOXULWH� JODVVHV� VKRZ�
H[FHOOHQW�WKHUPDO�UHVLVWDQFH�DJDLQVW�FU\VWDOOL]DWLRQ�ZKHQ�FRPSDUHG�WR�WKH�ELQDU\�JODVVHV����
:LWK�WKLV�EDFNJURXQG�ZH�SUHSDUHG�JODVVHV�RI�WKH�FRPSRVLWLRQ�������[��7H2����[�%L�2����
[�=Q2��

([SHULPHQWDO�

7UDQVSDUHQW�JODVVHV�LQ�WKH�V\VWHP�������[��7H2����[�%L�2����[�=Q2��[ ������DQG�����
LQ� PRODU� UDWLR�� ZHUH� SUHSDUHG� E\� FRQYHQWLRQDO� PHOW�TXHQFKLQJ� WHFKQLTXH�� 7KH�
VWRLFKLRPHWULF�FRPSRVLWLRQV�RI�7H2���%L�2��DQG�=Q2�ZHUH�PHOWHG�LQ�D�FRYHUHG�SODWLQXP�
FUXFLEOH�DW������������&��7UDQVSDUHQW�JODVVHV�ZHUH�PDGH�E\�SRXULQJ�WKH�PHOWV�LQWR�EUDVV�
PRXOGV�� 7KHVH� JODVVHV� ZHUH� DQQHDOHG� DW� ���� �� ���� �&� �7J� �� ���� GHSHQGLQJ� XSRQ� WKH�
FRPSRVLWLRQ� WR� UHOHDVH� WKH� WKHUPDO� VWUHVV� LQ� WKH� DV�TXHQFKHG� JODVVHV��$QQHDOHG� JODVVHV�
ZHUH�SROLVKHG�WR�RSWLFDO�TXDOLW\�IRU�YDULRXV�FKDUDFWHUL]DWLRQV��

7KH�JODVV\�QDWXUH�RI�WKH�VDPSOHV�RI�GLIIHUHQW�FRPSRVLWLRQV�ZDV�HVWDEOLVKHG�E\�VXEMHFWLQJ�

WKH� DV�TXHQFKHG� SLHFHV� �ZHLJKLQJ� ≈� ��� PJ�� WR� GLIIHUHQWLDO� WKHUPDO� DQDO\VLV� �'7$��
�66&�����+�6HLNR�,QVWUXPHQWV��LQ�WKH�����������&�WHPSHUDWXUH�UDQJH��7KH�KHDWLQJ�UDWH�
XVHG�IRU�WKLV�PHDVXUHPHQW�ZDV�NHSW�FRQVWDQW�DW�����&���PLQ�IRU�DOO�WKH�VDPSOHV��;�UD\�
SRZGHU� GLIIUDFWLRQ� �;5'��ZDV� HPSOR\HG� RQ� WKH� FUXVKHG� SRZGHUV� RI� WKH� DV�TXHQFKHG�
DQG� KHDW�WUHDWHG� VDPSOHV� WR� DQDO\]H� WKH� DPRUSKRXV� DQG� FU\VWDOOLQH� QDWXUHV�� 7KH� DV�



TXHQFKHG� DQG� KHDW�WUHDWHG� VDPSOHV� ZHUH� SROLVKHG� WR� RSWLFDO� TXDOLW\� DQG� WKH� RSWLFDO�
WUDQVPLVVLRQ�VSHFWUD�RI�WKHVH�VDPSOHV�ZHUH�UHFRUGHG�DW�URRP�WHPSHUDWXUH�XVLQJ�D�GRXEOH�
EHDP�VSHFWURSKRWRPHWHU��&$5<�89�9,6�1,5��LQ�WKH�ZDYHOHQJWK�UDQJH����WR�����QP��
7KH�OLQHDU�UHIUDFWLYH�LQGLFHV�ZHUH�GHWHUPLQHG�E\�WKH�%UHZVWHU�DQJOH�UHIOHFWLRQ�PHWKRG�DW�
�����DQG�����QP��

5HVXOWV�DQG�GLVFXVVLRQ�

)LJ����D�F��VKRZ�WKH�'7$�FXUYHV�IRU�WKH�DV�TXHQFKHG�VDPSOHV�FRUUHVSRQGLQJ�WR�WKH�
FRPSRVLWLRQV�[� �������DQG����UHVSHFWLYHO\��,Q�DOO�WKH�)LJV���ZH�VHH�DQ�HQGRWKHUP��������
�����&��FRUUHVSRQGLQJ�WR�WKH�JODVV�WUDQVLWLRQ��7J��DQG�VHYHUDO�H[RWKHUPV�FRUUHVSRQGLQJ�
WR�WKH�FU\VWDOOL]DWLRQ��7FU��RI�YDULRXV�SKDVHV��,W�ZDV�DOVR�REVHUYHG�WKDW�DV�WKH�FRPSRVLWLRQ�
�[�� LQFUHDVHV�WKH�QXPEHU�RI�SKDVHV�FU\VWDOOL]LQJ�ZHUH�DOVR� LQFUHDVLQJ��,W� LV� LQWHUHVWLQJ�WR�

QRWH� WKDW� WKH� GLIIHUHQFH� RI� WHPSHUDWXUH� �∆7�� EHWZHHQ� WKH� JODVV� WUDQVLWLRQ� DQG� ILQDO�
FU\VWDOOL]DWLRQ�� ZKLFK� LV� VXSSRVHG� WR� EH� WKH� FU\VWDOOL]DWLRQ� RI� 7H2��� LQFUHDVHV� ZLWK�
LQFUHDVLQJ� [�� 7KLV� LPSOLHV� WKDW� WKH� WKHUPDO� VWDELOLW\� RI� WKH� JODVV� LQFUHDVHV� ZLWK� [�� 7KH�
JODVVHV� RI� GLIIHUHQW� FRPSRVLWLRQV�ZHUH� KHDW�WUHDWHG� DW� YDULRXV� WHPSHUDWXUHV� WR� FRQILUP�
WKH�SKDVHV�WKDW�DUH�FU\VWDOOL]LQJ�QHDU�WKH�RQVHW�RI�WKH�H[RWKHUPV��
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)LJ�� ��� '7$� WUDFHV� RI� WKH� DV�TXHQFKHG� VDPSOHV� FRUUHVSRQGLQJ� WR� WKH�

FRPSRVLWLRQV��D��[ ����E��[ ���DQG��F��[ ����
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7KH�;5'�SDWWHUQV�RI�WKH�DV�TXHQFKHG�JODVVHV�FRUUHVSRQGLQJ�WR�WKH�FRPSRVLWLRQV�[� ����
��� DQG� ��� DUH� VKRZQ� LQ� )LJV�� �� �D�F��� 7KRXJK� WKH� QRLV\� SDWWHUQV� VKRZ� SDUWLDOO\� WKH�
DPRUSKRXV� QDWXUH� RI� WKH� DV�TXHQFKHG� VDPSOHV�� WKH� SUHVHQFH� RI� D� EURDG� SHDN� DURXQG�

�θ ����DQG� IHZ�RWKHU� VPDOO�SHDNV� VXJJHVW� WKH�SUHVHQFH�RI�QDQRFU\VWDOOLWHV� LQ� WKH�JODVV�
PDWUL[��7KH�EURDG�SHDN�DW��θ ����ZDV�LGHQWLILHG�ZLWK�WKH�FHQW�SHUFHQW�SHDN�RI�%L�7H2���
ZKLFK� LV� D� JRRG� QRQOLQHDU� RSWLF� DQG� IHUURHOHFWULF� FRPSRXQG�� 7KH� SUHVHQFH� RI�
QDQRFU\VWDOOLWHV� LQ�WKH�DV�TXHQFKHG�JODVV�LV�DQ�LQWHUHVWLQJ�UHVXOW�DQG�ZH�EHOLHYH�WKDW�WKLV�
ZLOO� JLYH� ULVH� WR� LPSURYHG� QRQOLQHDU� RSWLFDO� SURSHUWLHV� ZKHQ� FRPSDUHG� WR� WKH�
FRQYHQWLRQDO� WHOOXULWH� JODVVHV�� ,W� ZDV� DOVR� FRQILUPHG� WKDW� WKH� FU\VWDOOLWHV� DUH� GLVSHUVHG�
WKURXJK�RXW�WKH�EXON�RI�WKH�DV�TXHQFKHG�JODVV�DQG�LW�LV�QRW�WKH�VXUIDFH�SKHQRPHQD��7KH�
;5'� UHFRUGHG� RQ� WKH� SODWHV� DQG� WKH� FUXVKHG� SRZGHUV� RI� WKHVH� JODVVHV� VKRZ� VLPLODU�
SDWWHUQV���

� )LJ�����;5'�SDWWHUQV�IRU�WKH�DV�TXHQFKHG�JODVVHV�

�

)LJ����VKRZ�WKH�;5'�SDWWHUQV�RI�WKH�VDPSOHV�KHDW�WUHDWHG�DW�D�WHPSHUDWXUH�ZKHUH�ZH�JHW�
ODUJH� FU\VWDOOLWHV� LQ� WKH� JODVV� PDWUL[� ZLWKRXW� ORRVLQJ� WKH� WUDQVSDUHQF\� RI� WKH� VDPSOHV��
7KHVH� WHPSHUDWXUHV� ZHUH� IRXQG� WR� EH� ����&� IRU� [ �� DQG� ��� DQG� ����&� IRU� [ ����
EH\RQG� ZKLFK� DEQRUPDO� � JUDLQ� JURZWK� RFFXUV� DQG� WKH� VDPSOH� EHFRPHV� RSDTXH�� ,Q�
DGGLWLRQ�WR�WKDW�EH\RQG�WKHVH�WHPSHUDWXUHV��WKHUH�DUH�VHYHUDO�SKDVHV�VWDUWHG�FU\VWDOOL]LQJ�
DV�LW�ZDV�VHHQ�LQ�'7$�VWXGLHV��)LJ�����LQFOXGLQJ�WKH�7H2��JODVV�PDWUL[��$OO�WKH�GLIIUDFWLRQ�
SHDNV�LQ�)LJ����ZHUH�LQGH[HG�WR�%L�7H2����ZKLFK�LV�D�FHQWUR�V\PPHWULF�SKDVH�LQ�WKH�%L�2��
��7H2��SKDVH�GLDJUDP��7KH�):+0��IXOO�ZLGWK�DW�KDOI�PD[LPXP��VWXGLHV�VXJJHVW�WKDW�WKH�
FU\VWDOOLWHV� DUH� RI�PLFURQ� VL]H�� $WWHPSWV� DUH�PDGH� WR� UHWDLQ� WKH� QRQ� FHQWUR�V\PPHWULF�
QDWXUH� RI� WKH� QDQRFU\VWDOOLWHV� SUHVHQW� LQ� WKH� DV�TXHQFKHG� JODVVHV� GXULQJ� WKH� KHDW�
WUHDWPHQW��
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)LJ�����;5'�SDWWHUQV�IRU��D��[ ���KHDW�WUHDWHG�DW������&���E��[ ����KHDW�WUHDWHG�DW�

�����&�DQG��F��[ ����DW������&���
���%L�7H2���

�

7KH� RSWLFDO� WUDQVPLVVLRQ� VSHFWUD� UHFRUGHG� IRU� WKH� DV�TXHQFKHG� JODVVHV� RI� WKH�
FRPSRVLWLRQ�[ �������DQG����DUH�VKRZQ�LQ�)LJ�����$OO�WKH�JODVVHV�KDYH�JRRG�WUDQVSDUHQF\��

�≈����� LQ� WKH� ���� ²� ����� QP� ZDYHOHQJWK� UDQJH�� %HORZ� ���� QP� WKH� SHUFHQWDJH�
WUDQVPLVVLRQ�EHFRPHV� ]HUR� DW� FKDUDFWHULVWLF�ZDYHOHQJWK� FDOOHG�λFXWRII� � �ORZHU�ZDYHOHQJWK�

FXWRII���7KH�λFXWRII�OLHV�DURXQG�����QP�IRU�WKH�VDPSOH�FRUUHVSRQGLQJ�WR�WKH�FRPSRVLWLRQ�

[ ���+RZHYHU��WKH�λFXWRII�VKLIWV�WRZDUGV�WKH�KLJKHU�ZDYHOHQJWK�VLGH�DV�WKH�FRPSRVLWLRQ��[��
LQFUHDVHV�� 7KH� UHIUDFWLYH� LQGLFHV� �Q�� RI� WKH� DV�TXHQFKHG� DQG� KHDW�WUHDWHG� JODVVHV� ZHUH�
PHDVXUHG�DW�URRP�WHPSHUDWXUH�E\�%UHZVWHU�DQJOH�PHWKRG�DQG�DUH�VKRZQ�LQ�7DEOH����DW�
WZR�GLIIHUHQW�ZDYHOHQJWKV�������DQG�����QP���7KHUH�ZDV�QR�DSSUHFLDEOH�FKDQJH�LQ�Q�DV�[�
YDULHV� IURP� �� WR� ��� IRU� ERWK� WKH� DV�TXHQFKHG� DQG� KHDW�WUHDWHG� JODVVHV�� +RZHYHU�� WKH�
KHDW�WUHDWHG� JODVVHV� KDYH� JRW� KLJKHU� UHIUDFWLYH� LQGH[� WKDQ� WKH� DV�TXHQFKHG� JODVVHV��
$OWKRXJK� WKHUH� LV� QR�GHWHFWDEOH�GLVSHUVLRQ� LQ�Q�ZLWK� UHVSHFW� WR�ZDYHOHQJWK� IRU� WKH� DV�
TXHQFKHG�JODVVHV�� LW� LV�REVHUYHG�IURP�7DEOH���WKDW�WKHUH�LV�D�UHPDUNDEOH�GLVSHUVLRQ�LQ�Q�
IRU�WKH�KHDW�WUHDWHG�JODVVHV��7KLV�GLVSHUVLRQ�LV�PDLQO\�GXH�WR�WKH�SUHVHQFH�RI�PLFURQ�VL]HG�
FU\VWDOOLWHV� LQ� WKH� JODVV�PDWUL[�� 6WXGLHV� DUH� LQ� SURJUHVV� WR� LQYHVWLJDWH� WKH� VWUXFWXUDO� DQG�
QRQOLQHDU�RSWLFDO�SURSHUWLHV�RI�WKHVH�JODVVHV��
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� )LJ�����7UDQVPLVVLRQ�VSHFWUD�IRU�WKH�DV�TXHQFKHG�JODVVHV��

�

7DEOH����5HIUDFWLYH�LQGLFHV��Q��RI� WKH�DV�TXHQFKHG�DQG�KHDW�WUHDWHG�JODVV�VDPSOHV�DW�

�����DQG�����QP��

6DPSOH� [� Q�������QP�� Q������QP��

�

$V�4XHQFKHG�
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+HDW�WUHDWHG�
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&RQFOXVLRQV�

2SWLFDO� JODVV� FRPSRVLWHV� FRQWDLQLQJ� QDQRFU\VWDOOLWV� ZHUH� IDEULFDWHG� E\�

FRQYHQWLRQDO�PHOW�TXHQFKLQJ� WHFKQLTXH� LQ� WKH� V\VWHP� ������[�� 7H2�� �� [� %L�2�� �� [�

=Q2��[ ������DQG������7KH�QDQRFU\VWDOOLWV�LQ�WKH�DV�TXHQFKHG��JODVVHV�ZHUH�IRXQG�WR�

EHORQJ� WR� WKH�QRQ�FHQWUR�V\PPHWULF�%L�7H2��SKDVH��8QIRUWXQDWHO\�� WKH� IXUWKHU�KHDW�

WUHDWPHQW� SURGXFHG� FU\VWDOOLWHV� �PLFURQ� VL]HG�� RI� D� FHQWUR�V\PPHWULF� SKDVH�� (IIRUWV�

DUH� LQ�SURJUHVV� WR� FKDUDFWHUL]H� WKHVH� JODVV� FRPSRVLWHV� IRU� HIILFLHQW�QRQOLQHDU�RSWLFDO�

SURSHUWLHV�� 7KHVH� JODVV� FRPSRVLWHV� KDYH� JRW� KLJKHU� UHIUDFWLYH� LQGLFHV�� ZKLFK� DUH�

VXLWDEOH�IRU�1/2�DSSOLFDWLRQV��

�

��� ��� ���� ���� ���� ����

�

��

��

��

��

���

[ ��[ ��[ �

�
�7
UD
Q
V
P
LV
V
LR
Q

λ��QP�



�

��$��&��:DONHU��*ODVV�7HFKQRO�����������������

��(��0��9RJHO��0��-��:HEHU��'��0��.URO��*ODVV�7HFKQRO�����������������

��5��(O�0DOODZDQ\��-��$SSO��3K\V������������������

��$��.��<DNKHQG��-��$P��&HUDP��6RF�����������������

��6DR�KRRQ�.LP��7RVKLQREX�\RNR��-��$P��&HUDP��6RF������������������

��7��.RPDWVX��5��,NH��5��6DWR��.��0DWXVLWD��3K\V��&KHP��*ODVVHV����������������
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