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7KH�JHQHWLF�OLQNDJH�PDS�RI�SHD��3LVXP�VDWLYXP�/���EDVHG�RQ�PROHFXODU��ELRFKHPLFDO�DQG�PRUSKRORJLFDO�PDUNHUV�
,U]\NRZVND��/���:RONR��%���DQG� ,QVW��RI�3ODQW�*HQHWLFV��3ROLVK�$FDGHP\�RI�6FLHQFHV�ZL FLFNL��:�.�� 3R]QDQ��3RODQG��
,QWURGXFWLRQ�� 7KH�SHD�JHQHWLF�PDS�KDV�EHHQ�GHYHORSLQJ�JUDGXDOO\�GXULQJ�WKH�SDVW����\HDUV��ZLWK�D�VLJQLILFDQW�VSXUW�LQ�WKH�ODVW�GHFDGH��,Q�UHFHQW�\HDUV�3&5�EDVHG�'1$�PDUNHUV�KDYH�EHHQ�UHFRJQL]HG�WR�EH�SRZHUIXO�WRROV�IRU�WKH�UDSLG�FRQVWUXFWLRQ�RI�D�JHQHWLF�PDSV��7KURXJK�WKH�XVH�RI�VXFK�D�OLQNDJH�PDS��FKDUDFWHUL]DWLRQ�RI�SRO\JHQLF�WUDLWV�FDQ�EH�IDFLOLWDWHG��LQFOXGLQJ�LGHQWLI\LQJ�WKH�JHQRPLF�UHJLRQV�FRQWDLQLQJ�TXDQWLWDWLYH�WUDLW�ORFL���,Q�SDVW�WHQ�\HDUV�VL[�VXFFHVVLYH�� LPSURYHG�YHUVLRQV�RI�SHD�PDS�ZHUH�SXEOLVKHG� LQFOXGLQJ� WKH� ODVW�RQH� ������FDOOHG� WKH�FRQVHQVXV�PDS��� 2XU� PDS� ZDV� SULPDULO\� FRQVWUXFWHG� ZLWK� $)/3�PDUNHUV� DQG� VXSSOHPHQWHG� ZLWK� RWKHUV� '1$�PDUNHUV��5$3'V�� ,665V��&$36V�RU�676V��� DV�ZHOO� DV�PRUSKRORJLFDO� DQG�ELRFKHPLFDO�PDUNHUV��7KURXJK� WKH� XVH�RI�WKLUW\�DQFKRU�ORFL��PRUSKRORJLFDO��LVR]\PH�DQG�676�PDUNHUV��WKH�PDS�KDV�EHHQ�UHODWHG�WR�WKH�FRQVHQVXV�PDS�RI� WKH� SHD� JHQRPH� ������ 7KH� SDUWLDO� JHQHWLF� OLQNDJH�PDS� LV� FXUUHQWO\� EHLQJ� XVHG� IRU� TXDQWLWDWLYH� WUDLW� ORFL��47/V��PDSSLQJ���
0DWHULDOV�DQG�PHWKRGV��3ODQW�PDWHULDO�$ WRWDO�RI�����LQGLYLGXDO�)� SODQWV�IURP�WKH�:W������[ :W������FURVV�FRPELQDWLRQ�DQG�)� UHFRPELQDQW�LQEUHG�OLQHV��5,/V��ZHUH�XVHG�IRU�PDS�FRQVWUXFWLRQ��3ODQWV�ZHUH�HYDOXDWHG�LQ�ILHOG�WULDOV��7KH�SDUHQWDO�OLQHV�ZHUH�VHOHFWHG�RQ�WKH�EDVLV�RI�FRQWUDVWLQJ�PRQRJHQLF�FKDUDFWHUV�DV�ZHOO�DV�VLJQLILFDQW�GLIIHUHQFHV�LQ�TXDQWLWDWLYH�WUDLW�H[SUHVVLRQ��7KH�IHPDOH�SDUHQW��:W��������LV�D�ODUJH�VHHGHG�FXOWLYDU�DQG�WKH�PDOH�SDUHQW��:W�������LV�D�WHVWHU�OLQH�ZLWK�JHQRW\SH�WKDW�LQFOXGHV�PRUSKRORJLFDO�DQG�LVR]\PH�PDUNHUV�LQ�DOO�OLQNDJH�JURXSV���
0RUSKRORJLFDO�PDUNHUV�� 2EVHUYDWLRQ�RI� WKH�VHJUHJDWLRQ�RI����PRUSKRORJLFDO�PRQRJHQLF�FKDUDFWHUV� �IORZHU�FKDUDFWHUV��$�D��%�E��.�N��OHDI�FKDUDFWHUV��'�G��7O�WO��:E�ZE��SRG�FKDUDFWHUV��7H�WH��&S�FS��*S�JS��VHHG�FKDUDFWHUV��,�L��8�X��6�V��5�U��3O�SO��ZHUH�FDUULHG�RXW�RQ�WKH�)� SODQW�SRSXODWLRQ����
,VR]\PH�PDUNHUV�� 7KH� LVR]\PH� DQDO\VLV� ZDV� FRQGXFWHG� E\� PHDQV� RI� KRUL]RQWDO� HOHFWURSKRUHVLV� RQ� ���� VWDUFK� JHOV� ����� 7KH�HOHFWURSKRUHVLV�RI�GLIIHUHQW�HQ]\PH�V\VWHPV�ZDV�FRQGXFWHG� LQ� IRXU�VSHFLILF�EXIIHU�V\VWHPV�WR�VHFXUH� WKH�RSWLPDO�FRQGLWLRQV� RI� VHSDUDWLRQ� DQG� VWDELOL]DWLRQ� RI� HQ]\PHV� ������ 7KH� SRO\PRUSKLVP� LQ� ��� HQ]\PH� V\VWHPV� ZDV�H[DPLQHG�� DVSDUWDWH� DPLQRWUDQVIHUDVH� �$$7��� DFLG� SKRVSKDWDVH� �$&3��� DOFRKRO� GHK\GURJHQDVH� �$'+��� DODQLQH�DPLQRWUDQVIHUDVH� �$/$7��� DOGRODVH� �$/'2��� GLDSKRUDVH� �',$��� HVWHUDVH� �(67��� IXPDUDVH� �)80��� DFLG�E�JDODFWRVLGDVH� �*$/� ������ JOXFRVHSKRVSKDWH� LVRPHUDVH� �*3,��� LVRFLWUDWH� GHK\GURJHQDVH� �,'+��� OHXFLQH� DPLQR�SHSWLGDVH��/$3���PDOLF�GHK\GURJHQDVH��0'+���SKRVSKRJOXFRPXWDVH��3*0�����SKRVSKRJOXFRQDWH�GHK\GURJHQDVH��3*'���SHUR[LGDVH��35;��VKLNLPDWH�GHK\GURJHQDVH��6.'+��DQG�WULRVHSKRVSKDWH�LVRPHUDVH��73,����
'1$�PDUNHU�DQDO\VLV�*HQRPLF�'1$�IRU�3&5�PDUNHUV�DQDO\VLV�ZDV�LVRODWHG�IURP�����PJ�IUR]HQ�OHDI�WLVVXH�XVLQJ�'QHDV\�3ODQW�PLQL�.LW��4,$*(1���� $)/3�YDULDELOLW\�DQDO\VLV�ZDV�FRQGXFWHG�DFFRUGLQJ�WR�WKH�$)/3�SURFHGXUH�GHVFULEHG�LQ�WKH�$)/3�DQDO\VLV�V\VWHP�,�PDQXDO��*,%&2�%5/���$OLTXRWV�RI�����QJ�'1$�ZHUH�GLJHVWHG�ZLWK�FRPELQDWLRQ�RI�(FR5,�DQG�0VH,UHVWULFWLRQ� HQ]\PHV�� 6HOHFWLYH� DPSOLILFDWLRQ� ZDV� FRQGXFWHG� XVLQJ� ��� SDLUV� RI� SULPHUV� ZLWK� WKUHH� VHOHFWLYH�
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QXFOHRWLGHV��$PSOLILFDWLRQ�SURGXFWV�ZHUH�UHVROYHG�E\�HOHFWURSKRUHVLV� LQ����GHQDWXULQJ�SRO\DFU\ODPLGH�JHOV�DQG�YLVXDOL]HG�XVLQJ�VLOYHU�VWDLQLQJ�V\VWHP��3URPHJD���� $SSUR[LPDWHO\����QJ�RI�JHQRPLF�'1$�ZDV�XVHG�DV�D�WHPSODWH�IRU�5$3'�DPSOLILFDWLRQ������GHFDPHULF�SULPHUV� REWDLQHG� IURP�2SHURQ� 7HFKQRORJLHV� �.LWV��23&��23'��23(��23)��23*�23-�� DQG� IURP� 3URPHJD��.LWV��&V�����������ZHUH�XVHG�WR�VFUHHQ�WKH�SDUHQWV�IRU�SRO\PRUSKLVP��7KH�3&5�SURWRFRO�ZDV�VLPLODU�WR�WKH�RQH�GHVFULEHG�E\�:LOOLDPV�HW�DO�������ZLWK�PLQRU�PRGLILFDWLRQV���� ,665� DQDO\VLV� ZDV� SHUIRUPHG� XVLQJ� ��� SULPHUV� REWDLQHG� IURP� WKH� 8QLYHUVLW\� RI� %ULWLVK� &ROXPELD�%LRWHFKQRORJ\�/DERUDWRU\��3ULPHU�6HW������$PSOLILFDWLRQ�ZDV�FRQGXFWHG�DFFRUGLQJ�WR�WKH�PHWKRG�GHVFULEHG�E\�.RMLPD�HW�DO��������)RU�676�DQG�&$36�DQDO\VLV����SULPHU�SDLUV��������QXFOHRWLGHV��REWDLQHG�IURP�6LJPD�*HQRV\V�ZHUH�XVHG��)LYH�676�ORFL��=������=E������=S���������������=G����������*V������1�)��:HHGHQ�±�SHUV��FRPP���DQG����&$36�ORFL��(QRG�����/��:RONR�±�SHUV��FRPP����4������/������3������3������3������,���3������3������4����������+RS�� ������5SO�����3HSF������ZHUH�H[DPLQHG��� $OO�5$3'��,665��&$36�DQG�676�DPSOLILFDWLRQ�SURGXFWV�ZHUH�UHVROYHG�E\�HOHFWURSKRUHVLV�LQ�DJDURVH�JHO�DQG�YLVXDOL]HG�XQGHU�89�OLJKW�IROORZLQJ�HWKLGLXP�EURPLGH�VWDLQLQJ�
6WDWLVWLFDO�DQDO\VLV�� (DFK�PDUNHU� ZDV� WHVWHG� IRU� D�0HQGHOLDQ� VHJUHJDWLRQ� UDWLR� E\� FKL�VTXDUH� WHVW� XVLQJ� FRPSXWHU� SURJUDP�/LQNDJH���������/LQNDJH�DQDO\VLV�ZDV�SHUIRUPHG�ZLWK�0DSPDNHU�(;3������VRIWZDUH������7KH�PDS�ZDV�FUHDWHG�ZLWK� ORJ�OLNHOLKRRG� VFRUH� RI� ���� DQG� PDS� GLVWDQFH� EHORZ� ��� F0�� .RVDPEL� IXQFWLRQ� ZDV� XVHG� WR� FRQYHUW�UHFRPELQDWLRQ�YDOXHV�LQWR�PDS�GLVWDQFHV��F0��
5HVXOWV��� ,Q� JHQHUDO�� WKH� OHYHO� RI� SRO\PRUSKLVP� LQ� RXU�PDSSLQJ�SRSXODWLRQ�ZDV� UDWKHU� ORZ��)RXUWHHQ� JHQHWLFDOO\�GHILQHG�PRUSKRORJLFDO�DQG����LVR]\PH�SRO\PRUSKLVPV�ZHUH�IRXQG��$QDO\VLV�RI� WKH�'1$�IUDJPHQW�SDWWHUQV�JHQHUDWHG�ZLWK� WKH� VL[WHHQ�$)/3� SULPHU� FRPELQDWLRQV� JDYH� ���� SRO\PRUSKLF�PDUNHUV�� 7ZR� RI� WKHP�ZHUH�H[FOXGHG� IURP� OLQNDJH� DQDO\VLV� EHFDXVH� RI� GLVWXUEHG� PRQRJHQLF� VHJUHJDWLRQ� DQG� FRQVHTXHQWO\� ���� $)/3�PDUNHUV�ZHUH�PDSSHG��7KH� SRO\PRUSKLVP� EHWZHHQ� SDUHQWDO� OLQHV�ZDV� VFUHHQHG� XVLQJ� ���� UDQGRP����EDVH�5$3'�SULPHUV��2QO\�����RI�WKHP�JHQHUDWHG�SRO\PRUSKLF�EDQGV��0DQ\�IUDJPHQWV�ZHUH�GLVFDUGHG�GXH�WR�ODFN�RI�UHSURGXFLELOLW\��GLIILFXOWLHV�LQ�VFRULQJ�RU�LQFRUUHFW�VHJUHJDWLRQ��)LQDOO\����5$3'V�ZHUH�XVHG�IRU�PXOWLSRLQW�DQDO\VLV�DQG����RI�WKHP�ZHUH�PDSSHG��2QO\�KDOI�RI�WKH�,665�SULPHUV�XVHG�JHQHUDWHG�SRO\PRUSKLF�IUDJPHQWV��7HQ�ZHUH� LQFOXGHG� LQ� WKH� OLQNDJH�PDS�� ,Q� WKH�&$36�DVVD\�����SULPHU�SDLUV�ZHUH� WHVWHG��HDFK�DPSOLILFDWLRQ�SURGXFW�ZDV�GLJHVWHG�ZLWK�VL[WHHQ�UHVWULFWLRQ�HQ]\PHV�WR�ILQG�SRO\PRUSKLVP��(YHQWXDOO\��ILYH�&$36�PDUNHUV�ZHUH�LQFOXGHG�LQ�WKH�OLQNDJH�DQDO\VLV��)LYH�676�ORFL�ZHUH�H[DPLQHG��EXW�RQO\�RQH�ZDV�PDSSHG��7KH�UHVXOWV�RI�FKL�VTXDUH�WHVW�DQG�OLQNDJH�DQDO\VLV�ZHUH�VKRZQ�LQ�7DEOH����$OO�PDUNHUV�XVHG�IRU�PDS�FRQVWUXFWLRQ�GLVSOD\HG�H[SHFWHG�VHJUHJDWLRQ�UDWLRV��
�7DEOH����5HVXOWV�RI�D�FKL�VTXDUH�WHVW�DQG�D�PXOWLSRLQW�DQDO\VLV��
�

0DUNHU�W\SH� 0RQRK\EULG�VHJUHJDWLRQ� 1R��DQDO\]HG�PDUNHUV� 1R��OLQNHG�PDUNHUV� 3HUFHQWDJH�RI�PDSSHG�PDUNHUV�
$)/3� S ! ����� ���� ���� ������
5$3'� S ! ����� ���� ���� ������
,665� S ! ����� ���� ���� ������
&$36� S ! ����� ��� ��� ������
676� S ! ����� ��� ��� ������

LVR]\PHV� S ! ����� ���� ���� ������
PRUSKRORJLFDO� S ! ����� ���� ���� ������

�2QO\�PDUNHUV�GLVSOD\LQJ�H[SHFWHG�VHJUHJDWLRQ�UDWLRV�ZHUH�XVHG�IRU�PXOWLSRLQW�DQDO\VLV�� $ JHQHWLF�OLQNDJH�PDS�FRQVLVWLQJ�RI�����PDUNHUV��7DEOH����KDV�EHHQ�GHYHORSHG�IURP�D�PDSSLQJ�SRSXODWLRQ�RI�����5,/V��)����GHULYHG�IURP�:W�������[ :W������FURVV�FRPELQDWLRQ��1LQH�OLQNDJH�JURXSV�ZHUH�REWDLQHG�
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�)LJ�� ���� (LJKW� RI� WKHP� FRUUHVSRQG� WR� WKH� SUHYLRXVO\� GHVFULEHG� OLQNDJH� JURXSV�� 7KH�5RPDQ� QXPHUDO� JURXS�GHVLJQDWLRQ�UHODWHV�WR�WKH�JHQHWLF�PDS�RI�:HHGHQ�HW�DO��������,Q�DGGLWLRQ�RQH�XQLGHQWLILHG�OLQNDJH�JURXS��9,,,��FRQWDLQLQJ�$)/3�DQG�,665�PDUNHUV�ZDV�IRXQG��7KH�VL]H�RI�WKH�OLQNDJH�JURXSV�UDQJHG�IURP����F0�WR�����F0��7KLUW\�VL[� PDUNHUV� ������ UHPDLQHG� XQOLQNHG�� 7KH� PDS� VSDQV� ����� F0�ZLWK� DQ� DYHUDJH� GLVWDQFH� EHWZHHQ�DGMDFHQW�PDUNHUV�RI����F0��.RVDPEL�XQLWV���+RZHYHU�DOPRVW�����RI�PDS�LQWHUYDOV�DUH�VKRUWHU�WKDQ����F0�DQG�RQO\������LQWHUYDOV�LV�ORQJHU�WKDQ����F0��$�EULHI�GHVFULSWLRQ�RI�HDFK�JURXS�LV�VKRZQ�LQ�7DEOH������
7DEOH����&KDUDFWHULVWLFV�RI�UHYHDOHG�OLQNDJH�JURXSV�
� /LQNDJH�JURXS� ,� ,,� ,,,� ,9� 9� 9,D� 9,E� 9,,� 8QDVVLJQHG�
1R��PDSSHG�ORFL� ��� ��� �� ��� ��� ��� �� �� ���1R��DQFKRU�ORFL� �� �� � � ��� �� �� �� ��$YHUDJH�GLVWDQFH�EHWZHHQ�� DGMDFHQW�ORFL� ��� ��� �� ��� ��� ��� ��� ��� ���'LVWDQFHV�VKRUWHU�WKDQ���F0����� ��� ���� ���� ����� ���� ���� � ����� ���/HQJWK��F0�� ���� ���� ��� ���� ���� ���� ��� ���� ���
/LQNDJH�JURXS�,�� 7KLV� OLQNDJH�JURXS�FRQWDLQLQJ����$)/3V��ILYH�5$3'V��RQH�&$36��RQH�LVR]\PH�DQG�RQH�PRUSKRORJLFDO�PDUNHU� KDV� EHHQ� DVVLJQHG� WR� WKH� JURXS� ,� RI� FRQVHQVXV�PDS�EHFDXVH�RI� DQFKRU� ORFL�G� ,GK�DQG�DGGLWLRQDOO\��SRVLWLRQ�RI�(QRG���ZDV�FRQILUPHG��7KH�GLVWDQFH�EHWZHHQ�G DQG�,GK�LV�VOLJKWO\�VKRUWHU�WKDQ�LQ�FRQVHQVXV�PDS������DQG�DERXW�����UHVSHFWLYHO\���$OWKRXJK�WKH�PRUSKRORJLFDO�PDUNHU�L GLVSOD\HG�H[SHFWHG�VHJUHJDWLRQ�UDWLRV�QR�OLQNDJHV�ZHUH�IRXQG��0RUH�WKDQ�����PDS�LQWHUYDOV�LQ�WKLV�JURXS�ZHUH�VKRUWHU�WKDQ����F0��
�/LQNDJH�JURXS�,,�� 7KLV� OLQNDJH� JURXS�� VLPLODU� WR� WKH� ILUVW�RQH� LQ� OHQJWK�� FRQWDLQV� ILYH�DQFKRU�PDUNHUV��$DW�S� DQG�D LQ� WKH�XSSHU�SDUW�DQG�N��ZE��V�LQ�WKH�ORZHU�SDUW��7KH�RUGHU�RI�DQFKRU�ORFL�ZDV�FRQVLVWHQW�ZLWK�WKDW�LQ�WKH�FRQVHQVXV�PDS��7KH�JURXS�LQFOXGHV����PDUNHUV�����$)/3����5$3'����,665����LVR]\PH�DQG���PRUSKRORJLFDO���0RUH�WKDQ�KDOI�WKH�GLVWDQFH�EHWZHHQ�DGMDFHQW�ORFL�DUH�VKRUWHU�WKDQ����F0��
�/LQNDJH�JURXS�,,,�� 7KH�ODUJHVW�OLQNDJH�JURXS��������F0�����PDUNHUV����$)/3����5$3'����&$36����,665����PRUSKRORJLFDO����LVR]\PHV���FRQWDLQV�IRXU�PDUNHUV��ZKLFK�ZHUH�SUHYLRXVO\�PDSSHG��/DS���/DS���E�DQG�DGGLWLRQDOO\�/���� 7KH�FDOFXODWHG�GLVWDQFH�EHWZHHQ�E DQG�/DS��ORFL�ZDV�GLIIHUHQW�WKDQ�WKDW�RQH�SUHVHQWHG�LQ�WKH�FRQVHQVXV�PDS��7KH�DYHUDJH�GLVWDQFHV�EHWZHHQ�DGMDFHQW�ORFL�LV����F0��
�/LQNDJH�JURXS�,9�� 1LQHWHHQ�'1$�PDUNHUV�����$)/3����5$3'����,665����&$36��DQG�RQH�LVR]\PH�ORFXV�ZHUH�PDSSHG�LQ�WKLV�JURXS��7KH�ORQJHVW�GLVWDQFH�EHWZHHQ�DGMDFHQW�ORFL�ZDV����F0��7KLV�JURXS�ZDV�OLQNHG�WR�WKH�FRQVHQVXV�PDS�WKDQNV�WR�WKUHH�HDUOLHU�PDSSHG�PDUNHUV��(VW6��3����DQG�3���� 7KH�OLQNDJH�����F0��EHWZHHQ�WKH�ODWWHU�ORFL�ZDV�FRQILUPHG���
�/LQNDJH�JURXS�9�� 7KLV�OLQNDJH�JURXS�ZDV�LGHQWLILHG�EHFDXVH�LW�FRQWDLQHG����DQFKRU�PDUNHUV��VL[�PRUSKRORJLFDO��U��WO��FS��JS��WH�DQG�8���WKUHH�LVR]\PHV��$FS���$FS���3JG�F� DQG�RQH�&$36��3������7KH�FS�8�VHJPHQW�RUGHU�HVWDEOLVKHG�LV�VRPHZKDW�GLIIHUHQW�LQ�FRPSDULVRQ�WR�WKDW�IURP�FRQVHQVXV�PDS��7KH�JURXS�LQFOXGHV����PDUNHUV�����$)/3����,665����5$3'����&$36����PRUSKRORJLFDO�DQG���LVR]\PHV��7KH�DYHUDJH�GLVWDQFH�EHWZHHQ�DGMDFHQW�ORFL�LV����F0��
�
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/LQNDJH�JURXS�9,�� 7ZR� JURXSV� GHVLJQDWHG� DV� 9,D� DQG� 9,E� ZHUH� DVVLJQHG� WR� OLQNDJH� JURXS� 9,� �� 8QIRUWXQDWHO\� RQO\� WZR�PDUNHUV� ZHUH� XVHG� DV� DQFKRU� ORFL�� PRUSKRORJLFDO� PDUNHU�3O� DQG� 676� ORFXV�=G��� (LJKWHHQ�PDUNHUV�ZHUH�PDSSHG�DOWRJHWKHU�LQ�WKLV�JURXS�����$)/3����,665����5$3'����&$36�DQG�RQH�PRUSKRORJLFDO��
�/LQNDJH�JURXS�9,,�� 7KLV�OLQNDJH�JURXS�ZDV�LGHQWLILHG�XVLQJ�WKUHH�SUHYLRXVO\�PDSSHG�LVR]\PH�ORFL��3JG�S��XSSHU�SDUW��DQG�DOVR�WKH� FORVHO\� OLQNHG� �DERXW� �� F0��(VW��DQG� (VW�� �ORZHU� SDUW��� �$� WRWDO�RI����PDUNHUV�ZHUH� LQFOXGHG� LQWR� WKH�JURXS�����$)/3����5$3'����,665�DQG���LVR]\PHV���7KH�DYHUDJH�GLVWDQFH�EHWZHHQ�DGMDFHQW�ORFL�LV����F0�EXW�����RI�LQWHUYDOV�DUH�VKRUWHU�WKDQ����F0���
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