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6XPPDU\ 7KH�PDLQ� WDVN� RI� WKLV� UHVHDUFK�ZRUN�ZDV� WR� GHYHORS� DQG� WKHQ� DSSO\�PHWKRG� IRU� HYDOXDWLRQ� RI� WKH� KRPRJHQHLW\� RI� WKH�IOXLGL]HG�EHG��EDVHG�RQ�GLJLWDO� LPDJH�DQDO\VLV IRU�GLIIHUHQW� W\SHV�RI� IOXLGL]DWLRQ� DQG� WR�FRPSDUH�DQG�FRUUHODWH�WKH�UHVXOWV��9DULRXV�W\SHV�RI�IOXLGL]DWLRQ�ZDV�UHFRUGHG�ZLWK� WKH�XVH�RI�KLJK�VSHHG�&&'�YLGHR�FDPHUD�DQG�IUDPH�VHTXHQFHV�RI�UHFRUGHG�WZR�SKDVH IORZ�ZHUH�SXW XQGHU�GLJLWDO�LPDJH�DQDO\VLV RQ�WKH�EDVLV�RI�EULJKWQHVV�OHYHO�RI�WKH�LPDJH�PHDVXUHPHQW�
([SHULPHQWV� RQ� LGHQWLILFDWLRQ� DQG� HYDOXDWLRQ� RI�WZR�SKDVH JDV�VROLG� IORZ� SDWWHUQ� LQ� IOXLGL]HG�EHG�PRGHO� DSSDUDWXVHV�ZHUH�FDUULHG�RXW��7KH�PDLQ�WDVN�RI�WKLV�UHVHDUFK�ZRUN�ZDV�WR�HYDOXDWH�WKH�KRPRJHQHLW\�RI�WKH�IOXLGL]HG�EHG IRU�GLIIHUHQW�W\SHV� RI� IOXLGL]DWLRQ� LQ� GLIIHUHQW� W\SHV� RI� IOXLGL]HG� EHG� UHDFWRUV�� 7KH� G\QDPLFV� RI� KRPRJHQHLW\� FKDQJHV� KDYH� EHHQ�H[SUHVVHG�DV�FKDQJH�RI�EULJKWQHVV OHYHO�YDOXH�RI�WKH�LPDJH�LQ�WLPH�DQG�VSDFH�GRPDLQ��%\�WKH�DQDO\VLV�RI�EULJKWQHVV�OHYHO�RI�HDFK�SL[HO�RI�HDFK�LPDJH�LQ�WKH�IUDPH�VHTXHQFH��WKH�JUH\�OHYHO�IOXFWXDWLRQ�IXQFWLRQ�LV�GUDZQ��)LJXUH�����7KH�JUH\�OHYHO�IXQFWLRQ� LV� EDVH� VLJQDO� IRU� IXUWKHU� DQDO\VLV� LQ� VWRFKDVWLF� PDQQHU �)LJXUH� ���� )XQFWLRQV� VXFK� DV� DXWRFRUUHODWLRQ� DQG�SUREDELOLW\�GHQVLW\�KDYH�EHHQ�XVHG� IRU� WKDW� DQDO\VLV��7KH� H[SHULPHQWDWLRQ�ZDV� KHOG� LQ� GLIIHUHQW� � IOXLGL]DWLRQ� FROXPQV�ZLWK�WUDQVSDUHQW�ZDOOV��9DULRXV�W\SHV�RI�IOXLGL]DWLRQ�ZDV�H[DPLQHG�ZLWK�WKH�XVH�RI�KLJK�VSHHG�&&'�YLGHR�FDPHUD�

)LJXUH����([DPSOH�LPDJH�RI�EXEEOLQJ�IOXLGL]DWLRQ�DQG H[DPSOH�JUDSK�RI�JUH\�OHYHO�RI�WKH�LPDJH�IOXFWXDWLRQ�
7HFKQRORJ\� RI� WKH� IOXLGL]DWLRQ� RI� VROLG� SDUWLFOHV� ZLWK� JDV� VWUHDP� LV� NQRZQ� IRU� DOPRVW� ���� \HDUV�� EXW�EHKDYLRXUGHVFULSWLRQ� RI� VXFK� WZR�SKDVH PL[WXUH� VWLOO� FDXVHV� SUREOHPV��7KLV� LV� EHFDXVH�RI� WKH� KXJH� DPRXQW� RI� SDUWLFOHV��ZKLFK�LQWHUDFWV�EHWZHHQ�WKHPVHOYHV��ZDOOV�DQG�RWKHU�REVWDFOHV LQVLGH�WKH�UHDFWRU��7KH�LQIOXHQFH�RI�WKH�JHRPHWULFDO�VWUXFWXUH�RI�WKH� YHVVHO� RQ� WKH� IORZ� SDWWHUQ� LQWHQVLILHV�ZLWK� WKH� LQFUHDVH� RI� WKH� FRPSOLFLW\� RI� WKH� IORZ� JHRPHWU\� RI� WKH� DSSDUDWXV��'\QDPLF�GHVFULSWLRQ� RI�PRYHPHQW� RI� VXFK� VHW� RI�SDUWLFOHV� UHTXLUHV�GHWDLOHG� LQIRUPDWLRQ� DERXW� IDFWRUV� UHVSRQVLEOH� IRU�SDUWLFXODU�WZR�SKDVH IORZ�VWUXFWXUH�DQG�QHHGV�DSSOLFDWLRQ�RI�LPDJH�DQG�VWRFKDVWLF�SURFHVV�DQDO\VLV�1HZ�PHDVXUHPHQW�PHWKRG� IRU� WZR�SKDVH JDV�VROLG� IORZ�� FDOOHG� YLGHRJUDPHWU\��ZDV� FDUULHG� RXW�� 7KLV PHWKRG� DOORZV�G\QDPLF� VSDFH� DQG� WLPH� DQDO\VLV�RI�SKDVH�FRQFHQWUDWLRQ�GLVWULEXWLRQ� LQVLGH� WKH� IOXLGL]DWLRQ� DSSDUDWXV� RQ� WKH�EDVLV�RI�LPDJH�DQDO\VLV RI�EULJKWQHVV RI�SL[HOV RI�WKH�LPDJH�LQ�VSHFLILHG�DUHD��0HWKRG�ZDV�DSSOLHG�IRU�HVWLPDWLRQ�RI� WKH�YHVVHO�VWUXFWXUH�LQIOXHQFH�RQ�GLVWULEXWLRQ�RI�SKDVH�FRQFHQWUDWLRQ�IRU�GLIIHUHQW�W\SHV�RI�IOXLGL]DWLRQ�([SHULPHQW�ZDV�FDUULHG�RXW�RQ�WKUHH�GLIIHUHQW�WZR�GLPHQVLRQDO�PRGHOV�RI�IOXLGL]DWLRQ�DSSDUDWXV�ZLWK�UHFWDQJXODU�FURVV�VHFWLRQ�� )LUVW� IRU� EXEEOLQJ� IOXLGL]DWLRQ� ± D� FKDPEHU�ZLWK� D� JULOO�� 6HFRQG� IRU� MHW� VSRXWHG� IOXLGL]DWLRQ�± FKDPEHU�ZLWK�FRQLFDO�VHFWLRQ�DQG�YHUWLFDO�FRQYH\LQJ�ULVHU PRXQWHG�D[LDOO\ LQVLGH WKH YHVVHO��7KLUG�IRU�IDVW�IOXLGL]DWLRQ�± YHUWLFDO�ULVHU�ZLWK� UHFLUFXODWLQJ� VROLG� SDUWLFOHV�� 7KH� VXEMHFW� RI� LQYHVWLJDWLRQ� ZDV� WZR�SKDVH JDV�VROLG� IORZ� VWUXFWXUH� HVWLPDWLRQ� LQ�GHSHQGHQFH�RI��JHRPHWU\�RI�WKH�IOXLGL]DWLRQ�FKDPEHU��9RLG�IUDFWLRQ�ZDV�PHDVXUHG�LQ�GLIIHUHQW�SODFHV�LQVLGH�WKH�YHVVHO��6ROLG� SDUWLFOHV�ZLWK� GLDPHWHU� RI� �� WR� ���PLOOLPHWUHV DQG� GHQVLW\� RI� ����� NJ�P� ZHUH� IOXLGL]HG�ZLWK� DLU� $LU YHORFLW\�LQVLGH�WKH�IORZ�FKDQQHOV�ZDV�LQ�UDQJH�RI�����WR������P�V��$OO�YHORFLWLHV�ZHUH�FDOFXODWHG�IRU�HPSW\�YHVVHOV�9LVXDOL]DWLRQ�RI�WKH�SURFHVV�ZDV�SRVVLEOH�GXH�WR�DSSOLFDWLRQ�RI�WUDQVSDUHQW�PDWHULDOV�IRU�EXLOGLQJ�WKH�DSSDUDWXV�PRGHOV��DQG�GLJLWDO�YLGHR�FDPHUD�IRU�KLJK�VSHHG�FDSWXULQJ�RI�KLJK�UHVROXWLRQ�LPDJHV��8VHG�&&'�FDPHUD�LV�FDSDEOH�RI�JHWWLQJ�XS�WR������ IUDPHV�SHU� VHFRQG�DQG� WKH� UHVROXWLRQ�RI� WKH� LPDJHV� LV�����������SL[HOV��7KHVH�IHDWXUHV� RI� WKH�DSSOLHG�YLGHR�FDPHUD�HQDEOH�UHFRUGLQJ�RI�YHU\�IDVW SURFHVVHV�7KH�YDOXHV�RI�VXFK�SDUDPHWHUV�DV�KHDW��PDVV�DQG�PRPHQWXP�WUDQVIHUV�DUH�
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VWURQJO\� GHSHQGHQW� RQ� K\GURG\QDPLF� FRQGLWLRQ� RI� WKH� EHG��LW� FDXVHV� WKDW� WKH� IORZ� SDWWHUQ� RI� WZR�SKDVH IORZ� LV� WKH�FULWHULRQ�RI�VLPLODULW\�IRU�FRPSDULQJ SURFHVVHV KHOG LQ�GLIIHUHQW�FRQVWUXFWHG�UHDFWRUV�7KHUH�DUH�PDQ\�YDULRXV�PHDVXUHPHQW�PHWKRGV�IRU�LQYHVWLJDWLRQ�RI�WZR�SKDVH IORZ�V\VWHPV��2QH�RI�WKHP��ZRUNHG�RXW�E\�RXU�UHVHDUFK�WHDP�± YLGHRJUDPHWU\�± LV�DQ�RSWLFDO�PHWKRG�EDVHG�RQ�DQDO\VLV�RI�WKH�UHFRUGHG�LPDJHV�RI�WKH�IORZ��7KHVH�LPDJHV�DUH�ELWPDSV�ZLWK�UHFRUGHG�GLVWULEXWLRQ�RI�VROLG�SKDVH�FRQFHQWUDWLRQ�LQ�WKH�IRUP�RI�EULJKWQHVV�OHYHO�GLVWULEXWLRQ��:LWK�WKH�XVH�RI�G\QDPLF�LPDJH�DQDO\VLV�RI�EULJKWQHVV�OHYHO�RI�HDFK SL[HO�LQ�HYHU\ LPDJH�LQ�WKH�VHTXHQFH��VSDFH�DQG�WLPH�FKDUDFWHULVWLF�RI�EULJKWQHVV� OHYHO� IOXFWXDWLRQ�ZHUH� REWDLQHG��%ULJKWQHVV� OHYHO� LV� DOVR�FDOOHG�JUH\� OHYHO��&KDQJH�RI�JUH\�OHYHO�LV�WLPH�DQG�VSDFH�GHSHQGLQJ�IXQFWLRQ��%ULJKWQHVV�OHYHO�RI�SL[HO�RU�LPDJH�ZDV�PHDVXUHG�LQ�UDQJH�RI���± �����ZKHUH���PHDQV�EODFN�RU������VROLG�SKDVH��DQG�����PHDQV�ZKLWH�RU������JDV�SKDVH��5HVXOWV�EHWZHHQ�WKHVH�ERXQGDULHV�DUH�JUH\�OHYHOV� 8VLQJ� VLPSOH� WUDQVSRVLWLRQ� IXQFWLRQV� DOORZV� FDOFXODWLQJ� WKH� JUH\� OHYHO� WR� YRLG� IUDFWLRQ� $GGLWLRQDO� VWRFKDVWLF�DQDO\VLV�ZDV�PDGH�IRU�EULJKWQHVV�OHYHO�IXQFWLRQV�WR�JHW�LQIRUPDWLRQ�RQ�WKH�SURFHVV�LQ�IUHTXHQF\�GRPDLQ��&RUUHODWLRQ�RI�WKH�UHVXOWV�VKRZV�WKDW�HDFK�FODVVLILHG�WZR�SKDVH IORZ�VWUXFWXUH�KDV�LWV�RZQ�DQG�RULJLQDO�SDWWHUQ�RI�WKH�JUH\�OHYHO�FKDQJHV��'LIIHUHQW�W\SHV�RI�IORZ�UHJLPHV�KDYH�WKHLU�RZQ�RULJLQDO�VHWV�RI�JUH\�OHYHO�IOXFWXDWLRQ�SDWWHUQV�2Q� ILJXUH� �� WKHUH� DUH� VKRZQ� UHVXOWV� RI� VWRFKDVWLF� DQDO\VLV� RI� WKH� JUH\� OHYHO� IOXFWXDWLRQ� VLJQDOV� IRU� WZR� W\SHV� RI� IORZ�UHJLPH��)LJXUH��$�SUHVHQWV�WKUHH JUDSKV� IRU� SOXJ� WZR�SKDVH�JDV�VROLG� IORZ� 7KH� LPDJHV�JUH\� OHYHO� IOXFWXDWLRQ SDWWHUQ��WRS� JUDSK��� %HORZ� WKHUH� DUH� SUREDELOLW\� GHQVLW\� IXQFWLRQ� �3')�� DQG� DXWRFRUUHODWLRQ� IXQFWLRQ� �$&)��� ,Q� WKH� VDPH�PDQQHU�ILJXUH��%�VKRZV�UHVXOW�RI�GLJLWDO�LPDJH�DQDO\VLV�IRU�WXUEXOHQW�IORZ�UHJLPH�

)LJXUH����([DPSOH�UHVXOWV�RI�GLJLWDO�LPDJH�DQDO\VLV�IRU�$�± SOXJ�IORZ�UHJLPH�DQG�%�± WXUEXOHQW�IORZ�UHJLPH�
,Q�PXOWLSKDVH�V\VWHPV�UHVHDUFK��H[SHULPHQWV�DUH�OHG�PRVWO\�LQ�ODERUDWRU\�PRGHOV�RI�DSSDUDWXVHV�ZLWK�VLPSOH�VKDSH��,W LVRIWHQ� D� YHUWLFDO� ULVHU��%XW� WKH� FKDPEHUV� DQG� IORZ� FKDQQHOV�RI� UHDO� GHYLFHV� DUH� QRW� VR� VLPSOH��7KH\�IUHTXHQWO\�FKDQJH�GLDPHWHU�DQG�GLUHFWLRQ�DQG�WKH�WZR�SKDVH VWUHDP�UHDFWV�ZLWK�YDULRXV�REVWDFOHV�'LJLWDO�LPDJLQJ�DQG�DQDO\VLV�RI�IOXLGL]DWLRQ�SKHQRPHQD�± YLGHRJUDPHWU\�± SURYLGHV�D�QRQ�LQYDVLYH�PHDVXUHPHQW�WRRO�IRU�UHFRJQLWLRQ�RI�WZR�SKDVH IORZ�VWUXFWXUH� L�H� HYDOXDWLRQ�RI�GHDG�]RQHV�LQVLGH�WKH�YHVVHO��WUDFLQJ�WUDMHFWRULHV�RI�SDUWLFOHV��H[DPLQDWLRQ� RI� ORFDO� YRLG� IUDFWLRQ�� DQG� IRU� YDOLGDWLRQ� RI� QXPHULFDO� VLPXODWLRQV� GHYHORSHG� LQ� UHFHQW� \HDUV�� DQG�PXFK�PRUH�� %XLOGLQJ�PRGHOV�RI� YDULRXV� W\SHV� RI� IOXLGL]HG�EHG� UHDFWRUV� DQG�H[DPLQLQJ� WKHP�ZLWK� WKH�XVH�RI�YLGHRJUDPHWU\�KHOSV�ILQGLQJ�VSHFLILF�IHDWXUHV�RI�IOXLGL]HG�EHG�FRQVWUXFWLRQV�


