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$%675$&77KLV�SDSHU�SURYLGHV�D� UHYLHZ�RI� UHFHQW�GHYHORSPHQWV�DQG� IXWXUH�SURVSHFWV� LQ� WKH� ILHOG�RI� VRODU� FRROLQJ� V\VWHPV� IURP�WKHLU� DSSOLFDWLRQV� LQ� DLU�FRQGLWLRQLQJ� DQG� UHIULJHUDWLRQ�� ��� VRODU�WKHUPDO� FRROLQJ� V\VWHP� FRPELQDWLRQV� EDVHG� RQ� ��WKHUPDO��39�FRROLQJ�F\FOH�WHFKQRORJLHV�DQG���FROOHFWRU�W\SHV�KDYH�EHHQ�LGHQWLILHG�ZLWK�UHVSHFW�WR���FRROLQJ�WHPSHUDWXUH�UDQJHV��7KHVH�DUH�OLTXLG�DQG�VROLG�EDVHG�V\VWHPV�LQ�RSHQ�RU�FORVHG�F\FOH�FRQILJXUDWLRQV�� IURP�DEVRUSWLRQ�WR�5DQNLQH�KHDW� HQJLQH� WHFKQRORJLHV� SRZHUHG� E\� KHDW� GHULYHG� IURP� IODW�SODWH� WR� FRQFHQWUDWLQJ� FROOHFWRUV�� 7KH� �� RSHUDWLQJ�WHPSHUDWXUH�UDQJHV�XVHG�DUH����WR���q&����WR���q&�������WR��q&�DQG�±���WR����q&�IRU�KLJK DQG�ORZ�WHPSHUDWXUH�DLU�FRQGLWLRQLQJ�DQG�KLJK�WR�PHGLXP�DQG�PHGLXP�WR�ORZ�WHPSHUDWXUH�UHIULJHUDWLRQ�DSSOLFDWLRQV��UHVSHFWLYHO\��7KH�V\VWHPV�KDYH�EHHQ�FRPSDUHG�XVLQJ�WKH�6RODU�&RHIILFLHQW�RI�3HUIRUPDQFH��6&23���WKLV�FRPELQHV�WKH�VRODU�FROOHFWLRQ�HIILFLHQF\ZLWK�WKH�HIILFLHQF\�RI�WKH�FRROLQJ�F\FOH��
7KH� UHYLHZ� LQGLFDWHV� WKDW� LQ� WKH� ��� WR� ��q&� DSSOLFDWLRQ� WHPSHUDWXUH� UDQJH�� WKH� 39�&RPSUHVVLRQ� XQLW� DFKLHYHV� WKH�KLJKHVW�6&23�RI�DSSUR[LPDWHO\������39�&RPSUHVVLRQ�DOVR�FRPSHWHV�ZLWK�GRXEOH�HIIHFW�DEVRUSWLRQ�DW���WR���q&�ZLWK�D�6&23�RI������������7KH�VDPH�V\VWHP�LV�DOVR�WKH�SUHIHUUHG�FKRLFH�IRU�FROG�VWRUDJH�DQG�LFH�PDNLQJ�DSSOLFDWLRQV�DW�����WR��q&���������������0RUHRYHU��IRU�GHHS�IUHH]LQJ�DW�����WR����q&��WKH�VXLWDELOLW\�RI�39�&RPSUHVVLRQ�DQG�VLQJOH�HIIHFW�1+��+�2����������������������������UHVSHFWLYHO\�KDV�EHHQ�VKRZQ����
7KH�FRPSDUDWLYH�UHVXOWV�KDYH�EHHQ�XVHG�WR�DOORZ�WKH�EHVW�V\VWHPV�WR�EH�VHOHFWHG�IRU�HDFK�DSSOLFDWLRQ�.(<:25'66RODU��6RUSWLRQ��&RROLQJ��'HVLFFDQW��6\VWHPV��&\FOHV��&RHIILFLHQW�RI�3HUIRUPDQFH��
����,1752'8&7,21
3UHVHQW� GD\� DLU�FRQGLWLRQLQJ� DQG� UHIULJHUDWLRQ� RI�EXLOGLQJV� PDNH� D� VLJQLILFDQW� FRQWULEXWLRQ� WR� WKH�JUHHQKRXVH� HIIHFW� GLUHFWO\� WKURXJK� WKH� OHDNDJH� RI�UHIULJHUDQW� JUHHQKRXVH� JDVHV�� 7KH\� DOVR� FRQWULEXWH�LQGLUHFWO\� WKURXJK� WKH� HPLVVLRQ� RI� &2��� ZKLFK� UHVXOWV�IURP� WKH� EXUQLQJ� RI� IRVVLO� IXHOV� LQ� WKH� SURGXFWLRQ� RI�HOHFWULFLW\�� 7KLV� LV� XVHG� WR� SRZHU� PHFKDQLFDO�FRPSUHVVLRQ� UHIULJHUDWLRQ� F\FOHV�� ZKLFK� GRPLQDWH� WKH�+9$&	5�PDUNHW�ERWK� LQ� WKH�8.�DQG�RYHUVHDV�� ,Q� WKH�8.�DORQH��EXLOGLQJ�DLU�FRQGLWLRQLQJ� V\VWHPV�FRQWULEXWH�������� RI� JUHHQKRXVH� JDVHV� >�@�� 7KLV� SHUFHQWDJH� LV�PXFK�KLJKHU� IRU�GHYHORSLQJ�FRXQWULHV�ZKHUH�PRUH� WKDQ�KDOI� WKH� ZRUOG¶V� SRSXODWLRQ� UHVLGHV�� 7KHVH� ORFDWLRQV�UHFHLYH� SOHQWLIXO� VRODU� UDGLDWLRQ�� ZKLFK� LV� FRLQFLGHQW�ZLWK�WKH�QHHG�IRU�FRROLQJ��7KLV�KDV�EHHQ�WKH�VLQJOH�PRVW�LPSRUWDQW� PRWLYH� IRU� VXVWDLQHG� UHVHDUFK� LQ� WKH� ILHOG� RI�VRODU� FRROLQJ� RYHU� WKUHH� GHFDGHV�� +RZHYHU�� LQWHUHVW� LQ�VRODU� SRZHUHG� FRROLQJ� IRU� EXLOGLQJV� ZDV� ILUVW� VKRZQ�GXULQJ�WKH�HQHUJ\�FULVLV�RI�WKH�����V�ZKHQ�D�QXPEHU�RI�GHPRQVWUDWLRQ� SURMHFWV� LQYROYLQJ� VLQJOH�HIIHFWDEVRUSWLRQ�F\FOHV�IRU�FROG�JHQHUDWLRQ�ZHUH�FRQGXFWHG�LQ�WKH�8QLWHG�6WDWHV�>�������@��7KLV�UHVHDUFK�WUHQG�FRQWLQXHG�WKURXJKRXW� WKH� HDUO\� SDUW� RI� WKH� ����V� LQ� &HQWUDO�$PHULFD�	� WKH�0LGGOH�(DVW� >��� �@��$OWKRXJK� WHFKQLFDO�SRWHQWLDO� ZDV� VKRZQ� ZLWK� ORZHU� WKDQ� H[SHFWHG� F\FOH�&23V� RI� ���������� DQG� ������������ IRU� /L%U�+�2� DQG�1+��+�2� V\VWHPV� UHVSHFWLYHO\�� WKHVH� V\VWHPV� IDLOHG� WR�

HVWDEOLVK� VLJQLILFDQW� JOREDO� PDUNHW� VKDUH� RI� FRROLQJ�V\VWHPV��$GGLWLRQDOO\�� WKLV�ZDV GXH� WR� WKHLU�KLJK� LQLWLDO�FRVWV�RI� DSSUR[LPDWHO\������ DV� D� IUDFWLRQ�RI� WKH�FRVW�RI�LQYHVWLQJ� LQ� D� FRPSUHVVLRQ� FKLOOHU� RI� WKH� VDPH� FRROLQJ�FDSDFLW\� ZKLFK� UHVXOWHG� LQ� ORQJHU� WKDQ� DFFHSWDEOH�SD\EDFN� SHULRGV� RI� ����� \HDUV� >�@�� 7KLV� WHFKQLFDO��HFRQRPLF� GUDZEDFN� ZDV� WKH� UHDVRQ� IRU� D� VKLIW� LQ�WKHRUHWLFDO� DV� ZHOO� DV� H[SHULPHQWDO� UHVHDUFK� WUHQG�WRZDUGV� DOWHUQDWLYH� KHDW� GULYHQ� FRROLQJ� V\VWHPV� DQG�QRYHO� VRUSWLRQ� UHIULJHUDQWV� XWLOLVLQJ� H[LVWLQJ� VRODU�HQHUJ\� FROOHFWLRQ�� FRQYHUVLRQ� WHFKQRORJLHV� DIWHU� WKH�PLG�����V��
3UHVHQW� GD\� UHVHDUFK� VKRXOG� DLP� WR� UHVROYH� WKLV� ORQJ�VWDQGLQJ�WHFKQLFDO��HFRQRPLF�SUREOHP�ZKLFK�HYROYHG�DV�D� UHVXOW� RI� DGKRF� V\VWHP� DSSOLFDWLRQV� DQG� ODFN� RI�LQGXVWU\� VWDQGDUGV� DJDLQVW� ZKLFK� VRODU� FRROLQJ� V\VWHP�FDQ�EH�UDWHG��
$V�VXFK��WKLV�SDSHU�SUHVHQWV�D�JHQHULF�IUDPHZRUN�IRU�WKH�FODVVLILFDWLRQ�RI����VRODU�FRROLQJ�WHFKQRORJLHV�DQG�WKHLU�HIILFLHQF\�FRPSDULVRQV������29(59,(:�2)�5(6($5&+�,1�62/$5�+($7�32:(5('�&<&/(6
6RODU� HQHUJ\� FDQ� EH� XVHG� WR� GULYH� GLUHFWO\� WKUHH�WKHUPRG\QDPLF� FRROLQJ� V\VWHPV� EDVHG� RQ� GHVLFFDQW��DEVRUSWLRQ�DQG�DGVRUSWLRQ�F\FOHV��,Q�DGGLWLRQ�� LW�FDQ�EH�
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XVHG� WR� SRZHU� LQGLUHFWO\� WZR� VHFRQGDU\� FRROLQJ� F\FOHV�RI� 5DQNLQH� YDSRXU� FRPSUHVVLRQ� DQG� SKRWRYROWDLF�YDSRXU� FRPSUHVVLRQ� E\� WKHUPR�HOHFWULF� FRQYHUVLRQ�� ,Q�HDFK�RI� WKH�WKHUPRG\QDPLF�V\VWHPV��KHDW�IURP�WKH�6XQ�LV�FRQYHUWHG� LQWR�FRROLQJ�E\� LQFUHDVLQJ� WKH� WHPSHUDWXUH�DQG� SUHVVXUH� RI� D� ELQDU\� PL[WXUH� RI� UHIULJHUDQW� DQG�VRUEHQW�� 7KLV� SURFHVV� LV� FRQYHQWLRQDOO\� DFKLHYHG� LQ� D�FRPSUHVVRU� RI� D� PHFKDQLFDO� FRPSUHVVLRQ� UHIULJHUDWLRQ�V\VWHP��ZKLFK�LV�SUHVHQW�LQ�WKH�WKHUPR�HOHFWULF�V\VWHPV��7KH� SURFHVVHV� RI� FRQGHQVDWLRQ� DQG� HYDSRUDWLRQ� DUH�FRPPRQ� WR� ERWK� W\SHV� RI� F\FOHV�� ZKLFK� GLIIHU� RQO\� LQ�WKH�QXPEHU�RI�KHDW�H[FKDQJHUV�UHTXLUHG�IRU�UHJHQHUDWLQJ�WKH� VRUEHQW�� UHIULJHUDQW� LQ� KHDW� SRZHUHG� F\FOHV�� 7KHVH�V\VWHPV� KDYH� EHHQ� UHSRUWHG� LQ� LQGHSHQGHQW�LQYHVWLJDWLRQV��
����'HVLFFDQW�6\VWHPV7KUHH� V\VWHP� W\SHV� �WZR� VROLG� DQG�RQH� OLTXLG�� RI� RSHQ�F\FOH� VRODU� GHVLFFDQW� DLU�FRQGLWLRQLQJ� KDYH� EHHQ�UHSRUWHG��7KHVH� XVH� HYDSRUDWLYH� FRROLQJ�ZLWK� GHVLFFDQW�GHKXPLGLILFDWLRQ�� 7KH� RULJLQDO� FRQFHSW� ZDV� DSSOLHG� WR�WKH� 3HQQLQJWRQ� &\FOH�� ZKLFK� XVHV� D� URWDWLQJ� ZKHHO�HPEHGGHG�ZLWK�VROLG�GHVLFFDQW�VLOLFD�JHO� WR� WUDQVIHU� WKH�ODWHQW� KHDW� RI� YDSRULVDWLRQ�RI� LQFRPLQJ� IUHVK� DLU� WR� WKH�PRLVW�H[KDXVW�DLU��ZKLFK�LV�UHVSRQVLEOH�IRU�UHJHQHUDWLQJ�WKH�VRUEHQW��7KH�VHFRQG�W\SH�RI�VROLG�V\VWHP��LQ�ZKLFK�D�IL[HG� EHG� RI� GHVLFFDQW� LV� SUHVHQW�� ZRUNV� RQ� WKH� VDPH�SULQFLSOH� RI� VHTXHQWLDO� GHKXPLGLILFDWLRQ� DQG� KHDW�WUDQVIHU� FRROLQJ�� ([SHULPHQWDO� LQYHVWLJDWLRQV� RQ� WKLV�W\SH�RI�V\VWHP�KDYH�EHHQ�FDUULHG�RXW�LQ�WZR�LQGHSHQGHQW�VWXGLHV�E\�/X�HW�DO��>����@�DQG�3HVDUDQ�DQG�:LSNH�>��@��7KHLU�V\VWHPV�VKRZHG�WKHUPDO�&23V�QRW�H[FHHGLQJ������+RZHYHU��WKHVH�V\VWHPV�KDYH�EHHQ�VKRZQ�WR�EH�LQIHULRU�WR�WKH�OLTXLG�GHVLFFDQW�V\VWHP�LQ�ZKLFK�WKH�SURFHVVHV�RI�FRROLQJ� DQG� GHKXPLGLILFDWLRQ� RFFXU� VLPXOWDQHRXVO\�UHVXOWLQJ� LQ� D� &23� RI� ���� WR� SURYLGH� FRROLQJ� DW� ��q&��GHWHUPLQHG� IURP� D� VLPXODWLRQ� VWXG\� DW� DEVRUEHU�WHPSHUDWXUH� RI� ��q&� DQG� KXPLGLW\� UDWLR� RI� �����NJ�+�2�NJ�GU\� DLU� >��@��+LJKHU�&23V�RI� RYHU� ����PD\�EH�H[SHFWHG� IURP� OLTXLG� GHVLFFDQW� V\VWHPV� DFFRUGLQJ� WR�ODERUDWRU\� WHVWV� FDUULHG� RXW� DW� DPELHQW� WHPSHUDWXUH� RI���q&� DQG� ���� 5+� >��@�� $OO� WKUHH� V\VWHPV� DUH�FRPPHUFLDOO\� DYDLODEOH� DQG� FDQ� EH� HFRQRPLFDOO\�DSSOLHG� WR� ORZ� WHPSHUDWXUH� IODW�SODWH� FROOHFWRUV� �VROLG�V\VWHPV��DQG�HYDFXDWHG�WXEH�FROOHFWRUV��OLTXLG�V\VWHPV��IRU�KHDW�VRXUFH�WHPSHUDWXUHV�LQ�WKH�UDQJH�RI����WR���q&�DQG�QRW�H[FHHGLQJ����q&�� IRU�VROLG�DQG� OLTXLG�V\VWHPV��UHVSHFWLYHO\�
����$EVRUSWLRQ�6\VWHPV(OHYHQ� V\VWHP� W\SHV� LQ�RSHQ� DQG�FORVHG�FRQILJXUDWLRQV�KDYH� EHHQ� UHSRUWHG� WR� EHORQJ� WR OLTXLG�YDSRXU� DQG�VROLG�YDSRXU� VWDWHV� RI� VRUEHQW�� UHIULJHUDQW� SDLUV�� 7KH�SHUIRUPDQFH� RI� WKHVH� V\VWHPV� KDYH� EHHQ� VWXGLHG�H[WHQVLYHO\�E\�HDUOLHU� LQYHVWLJDWRUV�ZKRVH�VWXGLHV�VKRZ�WKDW� WKHLU� F\FOH� &23� IDOOV� LQ� WKH� UDQJH� RI� ������������>������@��
������/LTXLG 6\VWHPV7KHVH�FDQ�EH� IXUWKHU�VXEGLYLGHG� LQWR�FORVHG�F\FOHV�DQG�RSHQ�F\FOHV��2I�WKH�IRUPHU�W\SH��WKH�VLQJOH�HIIHFW�V\VWHP�IRU�WKH�VXSSO\�RI�FKLOOHG�ZDWHU��/L%U�+�2��RU�D�UDQJH�RI�

UHIULJHUDWLRQ� WHPSHUDWXUHV� GRZQ� WR� ���q&� �1+��+�2��KDV� EHHQ� UHVHDUFKHG� VLJQLILFDQWO\� PRUH� WKDQ� WKH� RWKHU�V\VWHP� W\SHV� >��@�� 7KH� PDLQ� HPSKDVLV� RI� HDUOLHU�LQYHVWLJDWLRQV� ZDV� WR� GHPRQVWUDWH� WKH� LQWHJUDWLRQ� RI�ORZ�PHGLXP� WHPSHUDWXUH� ���� WR� ���q&�� IODW� SODWH�FROOHFWRUV� RU� PRUH� HIILFLHQW� HYDFXDWHG� WXEH� FROOHFWRUV�ZLWK� LPSURYHG� &23V� RI� FRROLQJ� V\VWHPV� >��@�� 2SHQ�F\FOH� V\VWHPV� XVLQJ� /L&O�+�2� KDYH� EHHQ� WKRURXJKO\�UHYLHZHG� E\� +DZODQGHU� ZKR� VWDWHG� WKDW� WKH� PRVW�LPSRUWDQW� FRPSRQHQW� IRU� HIILFLHQW� SHUIRUPDQFH� RI� WKH�V\VWHP�LV�WKH�FROOHFWRU��UHJHQHUDWRU�>��@���
������6ROLG�6\VWHPV&RQWUDU\� WR� GHVLFFDQW� V\VWHPV�� WKH� WKUHH� NQRZQ� VROLG�DEVRUSWLRQ� V\VWHPV� DUH� RQO\� IRXQG� LQ� FORVHG� F\FOH�FRQILJXUDWLRQ��5HVHDUFK� LQ� WKHVH� WHFKQRORJLHV� KDV� EHHQ�DFWLYH� VLQFH� �����ZKHQ� WKH� ILUVW� &D&O��1+� LFH�PDNHU�ZDV� H[SHULPHQWDOO\� GHPRQVWUDWHG� E\� ,ORHMH� LQ� 1LJHULD�>��@� 6LQFH�WKHQ��D�QXPEHU�RI�XQLWV�EDVHG�RQ�6U&O��1+�DQG� FKHPLFDO� UHDFWLRQ�6U&O��1+� >���� ��@� KDYH� EHHQ�GHVLJQHG� DQG� WHVWHG�ZLWK� VXFFHVV�� 7KH�PDLQ� GLIIHUHQFH�EHWZHHQ� WKH� VROLG�DQG� OLTXLG� V\VWHP� W\SHV� LV� WKDW� WKHVH�GR� QRW� UHTXLUH� D� SXPS� IRU� FLUFXODWLQJ� WKH� UHIULJHUDQW�WKURXJK� WKH� HYDSRUDWRU� DQG� FRQGHQVHU�� KHQFH� DUH� RQO\�DYDLODEOH� LQ� VPDOO� FDSDFLWLHV�QRW� H[FHHGLQJ�����N:�IRU�WKH�&KHPLFDO�5HDFWLRQ�XQLW�
����$GVRUSWLRQ�6\VWHPV6LPLODU� LQ� RSHUDWLQJ� FKDUDFWHULVWLFV� WR� WKH� VROLG�DEVRUSWLRQ� V\VWHPV�� WKH� DGVRUSWLRQ� �VROLG� VRUSWLRQ��V\VWHPV� ZRUN� LQWHUPLWWHQWO\� LQ� WZR� SURFHVVHV� QDPHO\��GHVRUSWLRQ�DGVRUSWLRQ�� )RXU� XQLWV� KDYH� EHHQ�GHPRQVWUDWHG�WR�GDWH�XWLOLVLQJ�ORZ�KLJK�WHPSHUDWXUH�KHDW����� WR� ���q&�� RI� QRQ�FRQFHQWUDWLQJ� DV� ZHOO� DV�FRQFHQWUDWLQJ� FROOHFWRU� W\SHV� >���� ��@�� 7KH� 6LOLFD�JHO�ZDWHU�LV�WKH�RQO\�DGVRUSWLRQ�ZDWHU�FKLOOHU�FRPPHUFLDOO\�DYDLODEOH�� *HQHUDOO\�� WKHLU� &23V� DUH� WKH� ORZHVW� RI� DOO�NQRZQ�VRODU�FRROLQJ�V\VWHPV��DW�������������
����5DQNLQH� &RPSUHVVLRQ�6\VWHP7KLV� V\VWHP� FRQVLVWV� RI� D� 5DQNLQH� SRZHU� F\FOH� GULYHQ�E\�VRODU�KHDW��ZKLFK�SURGXFHV�VKDIW�SRZHU�WR�GULYH�KLJK�HIILFLHQF\�PHFKDQLFDO� FRPSUHVVLRQ� F\FOH� WKDW� SURGXFHV�FRROLQJ��7KH�5DQNLQH�F\FOH�ZLWK� WKH�SUHIHUUHG�5DQNLQH�GULYH�DW�FRQYHQWLRQDO�HOHFWULF�PRWRU�VSHHG�WR�SRZHU�WKH�FRPSUHVVRUV� RI� WKH� YDSRXU� FRPSUHVVLRQ� FKLOOHU� XWLOLVHV�5���� DW� WHPSHUDWXUHV� d ���q&�� 7ROXHQH� d ���q&� DQG�6WHDP� !���q&� >��@�� 7KHUHIRUH� RQO\� 2UJDQLF� 5DQNLQH�&\FOH� (QJLQHV� �25&(�� WKDW� SURYLGH� d �0:� RI�HOHFWULFDO� SRZHU� KDYH� EHHQ� GULYHQ� E\� ORZ� WHPSHUDWXUH�KHDW� RI� VRODU� FROOHFWRUV�� ([SHFWHG� V\VWHP SHUIRUPDQFH�IRU�FRPELQHG�5DQNLQH�YDSRXU�V\VWHP�LV���������DW����WR���q&� IRU� XVH� ZLWK� IODW�SODWH� RU� (7&� FROOHFWRUV� DQG�H[WHQG�d�������� DW� ���q&� IRU� XVH�ZLWK� &3&� FROOHFWRUV��+RZHYHU�WKHUPDO�&23�RI����������YDSRXU�F\FOH�&23 ����� ZDV� DFWXDOO\� DFKLHYHG� IRU� WKUHH� LQVWDOODWLRQV� >��@��5HFHQW� GHYHORSPHQWV� LQ� HMHFWRU� FRPSUHVVLRQ� V\VWHPV��(&6�� IRU� VRODU� WUL�JHQHUDWLRQ� �&&+3�� DSSOLFDWLRQV� E\�2OLYHLUD�HW�DO��>��@�KDV�FUHDWHG�DQ�RSSRUWXQLW\�WR�UHDOLVH�ORZ�LQVWDOODWLRQ�FRVWV��+RZHYHU��DFKLHYHG�&23V�DV� ORZ�DV������PD\�UHQGHU�WKHVH�V\VWHPV�XQDWWUDFWLYH��DOWKRXJK�
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WKHRUHWLFDO�&23�RI� ���� KDV� EHHQ�REWDLQHG�E\�+XDQJ� HW�DO��>��@��
����3KRWRYROWDLF� &RPSUHVVLRQ�6\VWHPV7KH�SURFHVV�RI�GLUHFW�FRQYHUVLRQ�RI�VRODU�LQVRODWLRQ�LQWR�$&� FXUUHQW� ZKLFK� LV� VXEVHTXHQWO\� FRQYHUWHG� WR� '&�WKURXJK� DQ� LQYHUWHU� WR� SRZHU� PHFKDQLFDO� FKLOOHUV� WKDW�SURYLGH�FRROLQJ�FDQQRW�EH�UHIHUUHG�WR�DV�D�VRODU�WKHUPDO�FRROLQJ�F\FOH��+RZHYHU��WKH�UDWLR�RI�FDSLWDO�FRVW�RI�39��VRODU� DEVRUSWLRQ� FRROLQJ� LV� HVWLPDWHG� DW� DSSUR[LPDWHO\�����ZKLFK�PDNHV�WKLV�WHFKQRORJ\�SUHVHQWO\�DQ�DWWUDFWLYH�RSWLRQ� IRU� VRODU� DLU�FRQGLWLRQLQJ�� 5HVXOWV� RI� WZR� -RXOH�3URMHFWV� KDYH� VKRZQ� SURPLVH� LQ� DLU�FRQGLWLRQLQJ� DQG�FROG� VWRUDJH�� ,Q� WKH� ILUVW� FDVH�� D� �N:� �&23 �������SURWRW\SH� DLU�FRQGLWLRQHU� ZDV� EXLOW� DQG� FRQQHFWHG� WR� D����N:�RXWSXW� DUUD\� RI� 39 FHOOV� DFWLYDWHG� E\� WKUHVKROG�LQVRODWLRQ� RI� ���:�P� >��@�� 7ZR� FROG� VWRUDJH�SURWRW\SHV�ZHUH�EXLOW�DQG�WHVWHG�LQ�6SDLQ��5HVXOWV�VKRZ�WKDW�WKHLU�RSHUDWLRQ�KDV�EHHQ�VDWLVIDFWRU\�RYHU�D�UDQJH�RI�FOLPDWLF�FRQGLWLRQV�DQG�D�YDULHW\�RI�IRRGVWXIIV�>��@�����������&/$66,),&$7,21�$1'&203$5,621�2)�6<67(06
+LVWRULFDOO\��VRODU�FRROLQJ�V\VWHPV�KDYH�EHHQ�FODVVLILHG�RQ� WKH� EDVLV� RI� D� WULDG� VFKHPH�RI� UHVRXUFH�WHFKQRORJ\�XVH� WR� LGHQWLI\� ��� FRPELQDWLRQV� EDVHG� RQ� �� VRODU�FROOHFWRU� WHFKQRORJLHV�� �� FRROLQJ� WHFKQRORJLHV� DQG� ��RSHUDWLQJ� WHPSHUDWXUH� UDQJHV� >���� ��@�� 7KLV� ZDV� GRQH�WKURXJK�D� VXUYH\�XVLQJ�D�TXHVWLRQQDLUH� WR� VXJJHVW�RQO\�WKH�YLDEOH�RSWLRQV��)URP�WKLV��WKH�GHJUHH�RI�GHYHORSPHQW�RI� HDFK� RSWLRQ� ZDV� HYDOXDWHG�� 7KH� VDPH� PHWKRG� IRU�DVVHVVLQJ�WKH�YLDELOLW\�RI�VRODU�V\VWHPV�ZDV�DGRSWHG�LQ�D�ODWHU�VWXG\�ZLWK�D�OLPLWHG�VFRSH�>��@��7KH�SUHVHQW�VWXG\�FODVVLILHV�WKH�V\VWHPV�EDVHG�RQ�WKH�IROORZLQJ�IDFWRUV���� 3URFHVV�W\SH��� 6RUEHQW�SKDVH��� &\FOH�FRQILJXUDWLRQ��� &RROLQJ�F\FOHV��� 0DUNHW�DYDLODELOLW\�7KHVH�IDFWRUV�WKDW�GLVWLQJXLVK�EHWZHHQ�WKH�YDULRXV�IRUPV�RI� VRODU� FRROLQJ� V\VWHPV� DUH� JLYHQ� LQ� 7DEOH� ��� 7KH� ���VRODU� FRROLQJ� F\FOHV� FRQWDLQHG� LQ� 7DEOH� �� ZHUH� WKHQ�FRPSDUHG� RQ� WKH� EDVLV� RI� WKHLU� DWWDLQDEOH� 6RODU�&RHIILFLHQW� RI� 3HUIRUPDQFH� �6&23�� DW� WKH� VSHFLILHG�DSSOLFDWLRQ�WHPSHUDWXUHV�DQG�SUHVHQWHG�LQ�)LJXUH����7KH�GDWD� SHUWDLQLQJ� WR� WKLV� KDV� EHHQ� GHULYHG� E\� HYDOXDWLQJ�WKH�F\FOH�&23V�XVLQJ�HVWDEOLVKHG�FRUUHODWLRQV�WKDW�UHODWH�WKH�GHVRUSWLRQ�DQG�DSSOLFDWLRQ�WHPSHUDWXUHV�DW�VSHFLILHG�FRROLQJ� ZDWHU� WHPSHUDWXUHV� IRU� D� QXPEHU� RI� NQRZQ�WHFKQRORJLHV�� 7KLV� GDWD� LV� SUHVHQWHG� LQ� 7DEOH� ��� ,Q�DGGLWLRQ�� D� FRPSXWHU� VRIWZDUH� KDV� EHHQ� XVHG� WR� GHULYH�WKH�&23�RI�WKH�YDSRXU�FRPSUHVVLRQ�F\FOH�XVLQJ�D�PRGHO�RI� D� VHPL�KHUPHWLF� UHFLSURFDWLQJ� FRPSUHVVRU� >%LW]HU������@� ZLWK� 5���D�� 7KLV� LV� DEOH� WR� SUHGLFW� WKH�UHIULJHUDWLRQ� HIIHFW� DQG� SRZHU� LQSXW� WR� WKH� FRPSUHVVRU�E\� YDU\LQJ� WKH� HYDSRUDWLQJ� WHPSHUDWXUH� DW� IL[HG�FRQGHQVLQJ� WHPSHUDWXUH� ���q&��� :KHUH� VXFK� GHWDLOHG�LQIRUPDWLRQ�ZDV� XQDYDLODEOH�� JHQHUDO� YDOXHV�ZHUH� XVHG�IURP� FDVHV� RI� DSSOLHG� V\VWHPV�� 6LPLODUO\�� WKH� VRODU�FROOHFWRU� HIILFLHQFLHV� ZHUH� HYDOXDWHG� IRU� YDULRXV�FROOHFWRU�LQOHW�WHPSHUDWXUHV�DW�SHDN�FRQGLWLRQV�

7DEOH��� &ODVVLILFDWLRQ�FULWHULD�IRU�VRODU�FRROLQJ�XQLWV�3URFHVV�
7\SH

3KDVH &\FOH�&RQILJ� 8QLW�7\SH 0DUNHW�$YDLO��
'HVLFFDQW 6ROLG 2SHQ )L[HG�EHG�6LOLFD�JHO &XUUHQW

5RWDWLQJ�6LOLFD�JHO &XUUHQW/LTXLG 2SHQ 6SUD\�/L%U &XUUHQW$EVRUSWLRQ /LTXLG 2SHQ /L%U )XWXUH&ORVHG 6(�/L%U�+�2 &XUUHQW'(�/,%U�+�2 )XWXUH6(�'/�+�2�+�2�/L%U )XWXUH
�6�/L%U�+�2 )XWXUH'LIIXVLRQ�1+��+�2�+� )XWXUH
�6�1+��+�2 )XWXUH6(�1+��+�2 &XUUHQW

6ROLG &ORVHG &KHPLFDO�5HDFWLRQ�6U&O��1+�
)XWXUH

6U&O��1+� )XWXUH&D&O��1+� )XWXUH$GVRUSWLRQ 6ROLG &ORVHG $FWLYH�&�1+� )XWXUH=HROLWH�+�2 )XWXUH6LOLFD�JHO�+�2 &XUUHQW$FWLYH�&�&+�2+ )XWXUH5DQNLQH�&RPS� /LTXLG &ORVHG 5����5����5���E )XWXUH
39�&RPS� /LTXLG &ORVHG 0RQR�FU\VWDOOLQH�6LOLFRQ�5���D )XWXUH

����5HVXOWV�DQG�'LVFXVVLRQ�6RODU� FRROLQJ� V\VWHPV� DUH� VSHFLILHG� RQ� WKH� EDVLV� RI�DYDLODEOH� VRODU� FROOHFWRU� WHPSHUDWXUHV�� 7KHUHIRUH� WKH�VRODU� FROOHFWRUV DUH� VSHFLILHG� DFFRUGLQJ� WR� WKH� UHTXLUHG�SURFHVV� GHVRUSWLRQ� WHPSHUDWXUHV�� 7\SLFDO� SHUFHQWDJH�FROOHFWRU�HIILFLHQFLHV�DUH����������������������DQG��������IRU� LQOHW� WHPSHUDWXUHV�RI���� WR���q&����� WR����q&�DQG� ��� WR� ���q&� IRU� IODW� SODWH�� HYDFXDWHG� WXEH� �(7&��DQG� FRQFHQWUDWLQJ� SDUDEROLF� FROOHFWRUV� �&3&���UHVSHFWLYHO\�>��@��+RZHYHU��VSHFLILF�YDOXHV�RI�FROOHFWRU�HIILFLHQFLHV� DUH� FDOFXODWHG� IURP� WKH� +RWWHO�:KLOOHU�HTXDWLRQ�IRU�IODW�SODWH�(7&�DQG�&3&�DEVRUEHUV�JLYHQ�LQ�HTXDWLRQV���DQG����UHVSHFWLYHO\�>��@��
KIODW SODWH�(7&� �)5�WD��)58/�7,�7D��,7 ���K&3&  �)5�1V^�WD��8/�7,�7D�` ���ZKHUH�)5  �P&S�8/>��H[S���8/)¶�P&S�@� ����WD�� �,EW�WD�E�,GW�WD�G���,7 ���)¶� �5UD ���5IU�5UD���ZKHUH� ���5UD  ���8/ DQG�5IU LV�WKH�WKHUPDO�UHVLVWDQFH�EHWZHHQ�WKH�ZRUNLQJ� IOXLG� DQG� WKH� UHFHLYHU� VXUIDFH� FRQGXLWV� RI� WKH�&3&�� (TXDWLRQV� �� WR� �� JLYH� WKH� KHDW� UHPRYDO� IDFWRU��WUDQVPLWWDQFH� � DEVRUSWDQFH� SURGXFW� DQG� FROOHFWRU�HIILFLHQF\�IDFWRU��ZKLFK�ZHUH�XVHG�LQ�WKH�FDOFXODWLRQ�RI�WKH�&3&�FROOHFWRU HIILFLHQF\����
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7DEOH���JLYHV�WKH�VRXUFH�DQG�GDWD�IRUPDW�XVHG�LQ�XVHG�WR�FDOFXODWH� WKH� &23� YDOXHV� IRU� HDFK� RI� WKH� ��� FRROLQJ�F\FOHV������*(1(5,&�6<67(0�7<3(6
$OWKRXJK� QR� RYHUDOO� FRPSDULVRQ� RI� DOO� DYDLODEOH� VRODU�FRROLQJ� V\VWHPV�ZDV�PDGH�� ,OHUL� LQ�KLV VWXG\�VXJJHVWHG�WKDW� V\VWHP�FRPSDULVRQ�EDVHG�RQ� WKHLU� HQHUJHWLF�&23V��UDWKHU�WKDQ�H[HUJHWLF�&23��LV�YDOLG�DQG�VXIILFLHQW�LQ�WKH�FDVH� RI� V\VWHPV� ZLWK� VLPLODU� RSHUDWLQJ� WHPSHUDWXUH�UDQJHV� GLIIHULQJ� RQO\� LQ� ZRUNLQJ� IOXLG� SDLUV� >��@�� 7KH�SUHVHQW� VWXG\� KDV� FRPSDUHG� WKH� V\VWHP� 6&23� GDWD�EDVHG� RQ� �� RSHUDWLQJ� WHPSHUDWXUH� UDQJHV� IRU� ��DSSOLFDWLRQV�DV�IROORZV���� ��� WR� ��q&� IRU� GLUHFW� FRROLQJ�RI� VXSSO\� DLU� VWUHDP��KLJK�WHPSHUDWXUH�DLU�FRQGLWLRQLQJ���� �� WR� ��q&� IRU� SURYLGLQJ� FKLOOHG� ZDWHU� �ORZ�WHPSHUDWXUH�DLU�FRQGLWLRQLQJ��� ±��� WR� �q&� IRU� LFH� PDNLQJ�� FROG� VWRUDJH� �KLJK�PHGLXP�WHPSHUDWXUH�UHIULJHUDWLRQ��� ±��� WR��q&�IRU� LFH�PDNLQJ��FROG�VWRUDJH�DQG�GHHS�IUHH]LQJ��KLJK�WR�ORZ�WHPSHUDWXUH�UHIULJHUDWLRQ���
*HQHUDOO\�� KLJKHU� VRODU� &23V� DUH� DFKLHYHG� E\� V\VWHPV�RSHUDWLQJ� DW� KLJKHU� WHPSHUDWXUHV� DV� FRPSDUHG� WR� ORZ�WHPSHUDWXUH�DSSOLFDWLRQV�DV�VKRZQ�LQ�)LJXUH�������
����+LJK�WHPSHUDWXUH�DLU�FRQGLWLRQLQJ�V\VWHPV��� V\VWHPV� ��� FORVHG� DQG� �� RSHQ� F\FOH�� RFFXS\� WKH�FDWHJRU\�RI����WR���q&�IRU�DLU�FRQGLWLRQLQJ�DSSOLFDWLRQ��'LUHFW�FRPSDULVRQ RI� WKHLU�DWWDLQDEOH�6&23V�VKRZ�WKDW�WKH�39� 9DSRXU�&RPSUHVVLRQ�V\VWHP�DWWDLQV�WKH�KLJKHVW�6&23� RI� ������ DW� ��q&�� *HQHUDOO\�� OLTXLG� V\VWHPV�SHUIRUP� EHWWHU� WKDQ� VROLG� V\VWHPV� IRU� WKH� VDPH�DSSOLFDWLRQ� EHFDXVH� WKH� IRUPHU� UHTXLUH� ORZHU� GULYLQJ�WHPSHUDWXUHV� IRU GHVRUSWLRQ� DV� ZHOO� DV� ORZHU� VSHFLILF�VROXWLRQ� IORZ� UDWHV�� I�� WKDW� WKH� ODWWHU��GXH� WR�FRQWLQXRXV�YHUVXV�LQWHUPLWWHQW�RSHUDWLRQV�IRU�WKH�WZR�V\VWHP�W\SHV��UHVSHFWLYHO\�� +RZHYHU�� LW� KDV� EHHQ� VKRZQ� WKDW� IRU�LGHQWLFDO�ERXQGDU\�FRQGLWLRQV�� WKH�WKHRUHWLFDO�PLQLPXP�GULYLQJ� WHPSHUDWXUH� IRU� OLTXLG� DEVRUSWLRQ� DQG� VROLG�VRUSWLRQ�V\VWHPV�DUH�QHDUO\�LGHQWLFDO�>��@�����/RZ�WHPSHUDWXUH�DLU�FRQGLWLRQLQJ�V\VWHPV)LJXUH���DOVR�VKRZV�WKH�DWWDLQDEOH�6&23V�IRU����XQLWV�LQ�WKH���WR���q&�UDQJH�IRU�ORZ�WHPSHUDWXUH�DLU�FRQGLWLRQLQJ�DSSOLFDWLRQV�� 7KHVH� V\VWHPV� PDLQO\� FRQVLVW� RI� FORVHG�F\FOHV�ZLWK�WKH�H[FHSWLRQ�WR�WKH�RSHQ�F\FOH�/L%U�FKLOOHU��7KH�39� &RPSUHVVLRQ�V\VWHP�DWWDLQV�WKH�KLJKHVW�6&23�RI������DW���q&�ZKLFK�LV�IROORZHG�FORVHO\�E\�WKH�OLTXLG�GRXEOH�HIIHFW�DEVRUSWLRQ�V\VWHP�DW���������q&���
����+LJK�WR�PHGLXP�WHPSHUDWXUH�UHIULJHUDWLRQ�V\VWHPV,Q� WKH� ILUVW� RI� WZR� WHPSHUDWXUH� UDQJHV� IRU� UHIULJHUDWLRQ�V\VWHPV�� �� XQLWV� RFFXS\� WKH� ±��� WR� �q&� UDQJH� IRU� LFH�PDNLQJ� DQG� FROG� VWRUDJH� DSSOLFDWLRQV�� $JDLQ�� WKH� 39�FRPSUHVVLRQ� V\VWHP� VKRZV� KLJKHVW� 6&23V� DW� ������������� IROORZHG� E\� WKH� VLQJOH�VWDJH� 1+��� +�2� �������������� DQG� VLQJOH�HIIHFW� 1+��� +�2� ��������������V\VWHPV��DQG�ILQDOO\�WKH�VROLG�VRUSWLRQ�V\VWHPV�

����0HGLXP�WR�ORZ�WHPSHUDWXUH�UHIULJHUDWLRQ�V\VWHPV$V�DQ�H[WHQVLRQ�WR�WKH�SUHYLRXV�DSSOLFDWLRQ�WHPSHUDWXUH�UDQJH�RI� FRROLQJ� V\VWHPV�� WZR�GHHS�IUHH]HUV� KDYH�EHHQ�LGHQWLILHG�WKDW�FDQ�SURYLGH�WHPSHUDWXUHV�DV�ORZ�DV�±���WR����q&��7KHVH�DUH�WKH�6(�1+��+�2�DQG�39�&RPSUHVVLRQ�XQLWV�ZLWK�6&23V�UDQJLQJ�EHWZHHQ��������������DW�±���WR� ���q&�� DQG� ������������ �DW� ±��� WR� ���q&���UHVSHFWLYHO\����� &21&/86,216
7KLV� SDSHU� SUHVHQWV� D� IUDPHZRUN� IRU� FODVVLILFDWLRQ� DQG�FRPSDULVRQ� RI� ��� SUHVHQWO\� DYDLODEOH� DQG� IRUWKFRPLQJ�WHFKQRORJ\� RSWLRQV� IRU� VRODU� DLU�FRQGLWLRQLQJ�� LFH�PDNLQJ� DQG� GHHS�IUHH]LQJ� GHSHQGLQJ� RQ� WKH� UHTXLUHG�DSSOLFDWLRQ�WHPSHUDWXUHV��
7KH�SUHGLFWHG�SHUIRUPDQFH�SDUDPHWHUV�RI�WKH�F\FOH�&23�DQG� VRODU� FROOHFWRU� HIILFLHQFLHV� �EDVHG� RQ� WKH� UHTXLUHG�GHVRUSWLRQ� WHPSHUDWXUHV�� SURGXFH� V\VWHP� VSHFLILF� VRODU�FRROLQJ� &23V�� %DFNHG� E\� FDVHV� RI� RSHUDWLRQDO�HTXLSPHQW� DV�ZHOO� DV� H[SHULPHQWDO� SURMHFWV� WKURXJKRXW�WKH� ZRUOG�� WKHVH� YDOXHV� RIIHU� D� EHQFKPDUN� IRU�DVVHVVPHQW�RI�VRODU�FRROLQJ�VFKHPHV�DW�DQ\�ORFDWLRQ�
7KH�UHVXOWV� LQGLFDWH� WKDW� WKH�SUHIHUUHG�FKRLFH�RI�V\VWHP�W\SHV� IRU� ORZ� WHPSHUDWXUH� ZDWHU� FKLOOLQJ� ��� WR� ��q&���KLJK� WHPSHUDWXUH� GLUHFW� FRROLQJ� RI� VXSSO\� DLU� ���� WR���q&��� KLJK� WR�PHGLXP� WHPSHUDWXUH� UHIULJHUDWLRQ� �FROG�VWRUDJH�� LFH� PDNLQJ�� ���� WR� �q&�� DQG� PHGLXP� WR� ORZ�WHPSHUDWXUH� UHIULJHUDWLRQ� ����� WR���q&��� UHVSHFWLYHO\�DUH���� 39� &RPSUHVVLRQ��� 'RXEOH�HIIHFW�DEVRUSWLRQ��/L%U�+�2���� 6LQJOH�HIIHFW�DEVRUSWLRQ��1+��+�2������)857+(5�:25.,W� ZRXOG� EH� RI� LQWHUHVW� WR� FRPSDUH� WKH� H[HUJHWLF� &23��(;&23�� RI� WKH� YDULRXV� VRUSWLRQ� V\VWHPV� ZLWK� WKH�PHFKDQLFDO� FRPSUHVVLRQ� V\VWHP� DW� WKH� JLYHQ� FRROLQJ�WHPSHUDWXUHV��)URP�WKLV� WR�DVVHVV� WKH�UHODWLYH�HFRQRPLF�UDQN� RI� WKH� DOWHUQDWLYHV� EDVHG� RQ� D� GHWDLOHG� OLIH� F\FOH�FRVW� DQDO\VLV�ZLWK�GLIIHUHQW�TXDOLWLHV�RI�SULPDU\�HQHUJ\�VRXUFHV�IRU�DX[LOLDU\�EDFNXS��7KLV�LV�EHFDXVH�WKH�SULFHV�RI� HQHUJ\� VRXUFHV� DUH� SURSRUWLRQDO� DW� D� PXFK� FORVHU�GHJUHH�WR�WKH�H[HUJ\�FRQWHQW�WKDQ�WKHLU�HQHUJ\�FRQWHQW������5()(5(1&(6
>�@�+LWFKLQ��(�5���%5(�5HVHDUFK� 8.�FDUERQ�HPLVVLRQV�IURP�DLU�FRQGLWLRQLQJ�LQ�WKH�QH[W�WZR�GHFDGHV��SS������������>�@&RUFROHRWDV�*��:LOOLDPVRQ�-�6�� 62/(5$6� VRODU�FRROLQJ�SURMHFW��$6+5$( 7UDQVDFWLRQV��9RO������3DUW����SS������������������>�@�:DUG��'��6���'XII��:��6���:DUG��-��&��DQG�/RI��*��2��*��� ,QWHJUDWLRQ� RI� (YDFXDWHG� 7XEXODU� VRODU� FROOHFWRUV�ZLWK� /L%U� DEVRUSWLRQ� FRROLQJ� V\VWHPV�� 6RODU� (QHUJ\��9RO������SS���������������>�@� 6WXPS�� /�$��� $EVRUSWLRQ� HTXLSPHQW� IRU� VRODU� DLU�FRQGLWLRQLQJ��%XLOGLQJ�6\VWHPV�'HVLJQ��SS�������������
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>�@� %HVW�� 5��� DQG� 3LODWRZVNL�� ,��� 6RODU� DVVLVWHG� FRROLQJ�ZLWK�VRUSWLRQ�V\VWHPV��6WDWXV�RI�WKH�UHVHDUFK�LQ�0H[LFR�DQG� /DWLQ� $PHULFD�� ,QW�� -�� 5HIULJ��� 9RO�� ���� 1R���� SS����������������>�@�$O�+RPXRG��$��$��� 6XUL��5��.��� $O�5RXPL�� 5�� DQG�0DKHVKZDUL�� *�� 3�� ([SHULHQFHV� ZLWK� VRODU� FRROLQJ�V\VWHPV�LQ�.XZDLW��5HQHZDEOH�(QHUJ\��9RO�����SS����������������>�@� $PHHQ�� $��� &KDQ�� 6�� .�� DQG� 7DQ�� )�� /��� 6RODU�DVVLVWHG� FRROLQJ� RI� DQ� LQVWLWXWLRQDO� EXLOGLQJ� LQ�6LQJDSRUH�� D� FDVH� VWXG\�� 5(5,&� ,QW�� (QHUJ\� -RXUQDO��9RO�����1R����-XQH������>�@� /X�� 6��0��� HW� DO��� 'HYHORSPHQW� DQG� H[SHULPHQWDO�YDOLGDWLRQ� RI� WZR� QRYHO� VRODU� GHVLFFDQW�GHKXPLGLILFDWLRQ� UHJHQHUDWLRQ� V\VWHPV�� (QHUJ\��9RO�����1R����SS���������������>�@� /X�� 6��0��� DQG� <DQ�� :� �-��� 'HYHORSPHQW� DQG�H[SHULPHQWDO� YDOLGDWLRQ� RI� D� IXOO�VFDOH� VRODU� GHVLFFDQW�HQKDQFHG� UDGLDWLYH�FRROLQJ� V\VWHP��5HQHZDEOH�(QHUJ\��9RO����1R����SS���������������>��@�3HVDUDQ��$��$��DQG�:LSNH��.��%���8VH�RI�XQJOD]HG�WUDQVSLUHG� VRODU� FROOHFWRUV� IRU� GHVLFFDQW� FRROLQJ�� 6RODU�(QHUJ\������SS���������������>��@ .KDOLG� $KPHG�� &�� 6��� *DQGKLGDVDQ�� 3�� DQG� $O�)DUD\HGKL��$��$��6LPXODWLRQ�RI�D�K\EULG�OLTXLG�GHVLFFDQW�EDVHG� DLU�FRQGLWLRQLQJ� V\VWHP�� $SSOLHG� 7KHUPDO�(QJLQHHULQJ��9RO�����1R����SS����������������>��@�0RQJDU��$��/���/LTXLG�GHVLFFDQW� WHFKQRORJ\� 6WDWH�RI�WKH�DUW��'HVLFFDQW�DQG�VRODU�DVVLVWHG�FRROLQJ�VHPLQDU��*DLD�5HVHDUFK��:DUZLFN�8QLYHUVLW\��$SULO�������>��@�:DUGRQR�� %�� DQG� 1HOVRQ�� 5��0��� 6LPXODWLRQ� RI� D�VRODU�DVVLVWHG� /L%U�+�2� FRROLQJ� V\VWHP�� $6+5$(�7UDQVDFWLRQV��9RO������1R����SS����������������>��@� 0HXQLHU�� )��� 6RUSWLRQ� VRODU� FRROLQJ�� 5HQHZDEOH�HQHUJ\��9RO����SS���������������>��@� /DPS�� 3�� DQG� =LHJOHU�� )��� (XURSHDQ� UHVHDUFK� RI�VRODU� DVVLVWHG� DLU�FRQGLWLRQLQJ�� ,QW� -�� 5HIULJ��� 9RO�����1R����SS��������������>��@�6XPDWK\��-���DQG�/L��=�)���7HFKQRORJ\�GHYHORSPHQW�LQ� WKH� VRODU� DEVRUSWLRQ� DLU�FRQGLWLRQLQJ� V\VWHPV��5HQHZDEOH�DQG�6XVWDLQDEOH�(QHUJ\�5HYLHZV�����SS���������������>��@� +DZODQGHU�� 0�1�$��� 6RODU� DVVLVWHG� RSHQ� F\FOH�DEVRUSWLRQ� FRROLQJ�� 5(5,&� ,QWHUQDWLRQDO� (QHUJ\�-RXUQDO��9RO�����1R����SS��������������>��@� ,ORHMH�� 2�� &��� 'HVLJQ�� FRQVWUXFWLRQ� DQG� WHVW� RI� D�&D&O��VRODU�UHIULJHUDWRU��6RODU�(QHUJ\��9RO�����SS����������������>��@�(UKDUG��$��DQG�+DKQH��$���7HVW�DQG�VLPXODWLRQ�RI�D�VRODU� SRZHUHG� DEVRUSWLRQ� FRROLQJ� PDFKLQH�� 6RODU�(QHUJ\��9RO�����SS����������������>��@�1DKUHQGRUI��)�� HW� DO���'HYHORSPHQW�RI� D� IL[HG�EHG�DEVRUSWLRQ�UHIULJHUDWRU�ZLWK�KLJK�SRZHU�GHQVLW\� IRU�XVH�ZLWK�ORZ�JUDGH�KHDW�VRXUFHV��,QW��-��5HIULJ���9RO������SS����������������>��@�*UHQLHU��3���([SHULPHQWDO�5HVXOWV�RQ�D����P� VRODU�SRZHUHG�FROG�VWRUH�XVLQJ�WKH�LQWHUPLWWHQW�=HROLWH���;���+�2� F\FOH�� 3URF�� ,QW�� 6RO�� (QHUJ\� 6RF�� &RQI��� 3HUWK�������>��@� *UHQLHU�� 3�� DQG� 3RQV�� 0��� ([SHULPHQWDO� DQG�WKHRUHWLFDO�UHVXOWV�RQ�WKH�XVH�RI�DQ�DFWLYDWHG�FDUERQ�DQG�PHWKDQRO� F\FOH� IRU� WKH� DSSOLFDWLRQ� WR� D� VRODU� SRZHUHG�

LFH� PDNHU�� 3URF�� ,QW�� 6RO�� (QHUJ\� 6RF�� &RQI��� 3HUWK�������>��@� %DUEHU�� 5�(��� 6RODU� 5DQNLQH� DLU�FRQGLWLRQLQJ�V\VWHPV�� $6+5$(� 7UDQVDFWLRQV�� 9RO�� ���� 1R�� ��� SS����������������>��@� %DUEHU�� 5�(��� 6RODU� 5DQNLQH� DLU�FRQGLWLRQLQJ�V\VWHPV�� $6+5$(� 7UDQVDFWLRQV�� 9RO�� ���� 1R�� ��� SS����������������>��@� 2OLYHLUD�� $�� &�� $OIRQVR�� &���0DWRV�� -��� 5LIIDW�� 6���1JX\HQ��0���'RKHUW\��3���$� FRPELQHG� KHDW� DQG�SRZHU�V\VWHP�IRU�EXLOGLQJV�GULYHQ�E\�VRODU�HQHUJ\�DQG�JDV���QG,QW��+HDW�3RZHUHG�&\FOHV�&RQIHUHQFH��3DULV��������>��@� +XDQJ�� %�� -��� &KDQJ�� -�� 0��� 3HWUHQNR�� 9�� $�� DQG�=KXN�� .�� %�� $� VRODU� HMHFWRU� FRROLQJ� V\VWHP� XVLQJ�5���E�� 6RODU� (QHUJ\�� 9RO����� 1RV������ SS���������������>��@�-RXOH�3URMHFW�GHVFULSWLRQ��,QGLYLGXDO�DVVHVVPHQW�RI�FRPSOHWHG� SURMHFWV�� 3KRWRYROWDLF� DLU�FRQGLWLRQLQJ��&RQWUDFW�1R���-28��&7��������>��@�-RXOH�3URMHFW�GHVFULSWLRQ��,QGLYLGXDO�DVVHVVPHQW�RI�FRPSOHWHG�SURMHFWV� &RQFHSWLRQ�UHDOLVDWLRQ��WHVW�RI�D�39FROG�VWRUDJH�URRP��&RQWUDFW�1R��-28��&7��������>��@� 0DUWLQH]�� HW� DO��� (VWXGLR� SURVSHFWLYR� GH� OD�WHFKQRORJLD� GH� SURGXFFLRQ� GU� IULR� FRQ� HQHUJLD� VRODU��/DERUDWRULR� GU� (QHUJLD� 6RODU�� ,,0�81$0�� )LQDO�5HSRUW�������>��@�%HVW��5���3LODWRZVN\��,���6RODU�DVVLVWHG FRROLQJ�ZLWK�VRUSWLRQ�V\VWHPV��VWDWXV�RI�UHVHDUFK�LQ�0H[LFR�DQG�/DWLQ�$PHULFD�� ,QW�� -�� 5HIULJ��� 9RO�� ���� 1R�� ���� SS�� ��������������>��@� %HVW�� 5��� DQG� 2UWHJD�� 1��� 6RODU� UHIULJHUDWLRQ� DQG�FRROLQJ��5HQHZDEOH�(QHUJ\������SS����������������>��@� 1RUWRQ�� %��� 6RODU� HQHUJ\� WKHUPDO� WHFKQRORJ\��6SULQJHU�9HUODJ��HG����SS���������>��@� 'XIILH�� -�� $�� DQG� %HFNPDQ�� :�� $��� 6RODU�HQJLQHHULQJ� RI� WKHUPDO� SURFHVVHV�� :LOH\�,QWHUVFLHQFH��1HZ�<RUN�������>��@� ,OHUL��$���$�GLVFXVVLRQ�RQ�SHUIRUPDQFH�SDUDPHWHUV�IRU�VRODU� DLGHG�DEVRUSWLRQ�FRROLQJ�V\VWHPV��5HQHZDEOH�(QHUJ\��9RO�����1R����SS���������������>��@� /DPS�� 3��� 6FKZHLJOHU�� &�� DQG� =LHJOHU�� )��2SSRUWXQLWLHV�IRU�VRUSWLRQ�FRROLQJ�XVLQJ�ORZ�JUDGH�KHDW��$SSOLHG� 7KHUPDO� (QJLQHHULQJ�� 9RO����� SS����������������
����5HIHUHQFHV�IURP�7DEOH��>�$@� *UHHQ�� 0� �$��� 7KLUG� JHQHUDWLRQ� SKRWRYROWDLFV��8OWUD� KLJK�FRQYHUVLRQ�HIILFLHQFLHV�DW�ORZ�FRVW��3URJUHVV�LQ� 3KRWRYROWDLFV�� 5HVLGHQWLDO� DSSOLFDWLRQV�� 9RO����SS������������������>�$@� ,($� +HDW� 3XPS� 3URJUDPPH� �$QQH[� ����� 5HSRUW�1R�+33�$1������SS����������>�$@� .KDOLG� $KPHG�� &�� 6��� *DQGKLGDVDQ�� 3�� DQG� $O�)DUD\HGKL��$��$��6LPXODWLRQ�RI�D�K\EULG�OLTXLG�GHVLFFDQW�EDVHG� DLU�FRQGLWLRQLQJ� V\VWHP�� $SSOLHG� 7KHUPDO�(QJLQHHULQJ��9RO�����1R����SS���������������>�$@�)��1DKUHQGRUI� HW� DO���'HYHORSPHQW�RI� D� IL[HG EHG�DEVRUSWLRQ� UHIULJHUDWRU�ZLWK� KLJK�SRZHU� GHQVLW\� IRU� WKH�XVH� RI� ORZ� JUDGH� KHDW� VRXUFHV�� ,QW� -�� 5HIULJ�� 9RO�����1R����SS���������������>�$@�&KHQJ�+XDQJ��=���;LD��:��DQG�:HL�ELQ��0���$���6WDJH� /L%U� DEVRUSWLRQ� FKLOOHU� IRU� VRODU� FRROLQJ�� 3URF��6RODU�:RUOG &RQJUHVV��'HQYHU���������SS�����������
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>�$@� %DUEHU�� 5�(��� 6RODU� 5DQNLQH� DLU�FRQGLWLRQLQJ�V\VWHPV�� $6+5$(� 7UDQVDFWLRQV�� 9RO�� ���� 1R�� ��� SS����������������>�$@�:DUGRQR��%�� DQG�1HOVRQ��5��0��� 6LPXODWLRQ�RI� D�VRODU�DVVLVWHG� /L%U�+�2� FRROLQJ� V\VWHP�� $6+5$(�7UDQVDFWLRQV��9RO������1R����SS���������������>�$@� +HOOPDQQ�� +�0��� *URVVPDQ�� *��� ,QYHVWLJDWLRQ� RI�DQ� RSHQ� F\FOH� GHKXPLGLILHU�HYDSRUDWRU�UHJHQHUDWRU��'(5��DEVRUSWLRQ�FKLOOHU� IRU� ORZ�JUDGH�KHDW�XWLOLVDWLRQ��$6+5$(�7UDQVDFWLRQV��SS�����������������>�$@� 6FKZHLJOHU�� &�� -��� 5HLVFK�� 3��� 'HPPHO�� 6�� DQG�$OHIHOG�� *��� $� QHZ� DEVRUSWLRQ� FKLOOHU� WR� HVWDEOLVK�FRPELQHG�FROG��KHDW�DQG�SRZHU�JHQHUDWLRQ�XWLOLVLQJ�ORZ�WHPSHUDWXUH�KHDW��$6+5$(�7UDQVDFWLRQV��9RO������3W����������>��$@� *XWLHUUH]�� )��� %HKDYLRXU� RI� D� KRXVHKROG�DEVRUSWLRQ�GLIIXVLRQ� UHIULJHUDWRU� DGDSWHG� IRU� VRODU�RSHUDWLRQ��6RODU�(QHUJ\��9RO�����1R����SS�������������>��$@� 7DPDLQRW�7HOWR�� =�� DQG� &ULWRSK�� 5�� (��� 6RODU�VRUSWLRQ� UHIULJHUDWRU� XVLQJ� &3&� FROOHFWRU�� 5HQHZDEOH�(QHUJ\��9RO�����SS���������������>��$@� ,ORHMH��2��&���'HVLJQ�� FRQVWUXFWLRQ� DQG� WHVW� RI� D�&D&O��VRODU�UHIULJHUDWRU��6RODU�(QHUJ\��9RO�����SS����������������>��$@� +HDGOH\�� 2�� 6W�&��� .RWKGLZDOD�� $�� )�� DQG�0F'RRP�� $��� &KDUFRDO� 0HWKDQRO� DGVRUSWLRQ�UHIULJHUDWRU� SRZHUHG� E\� D� FRPSRXQG� SDUDEROLF�FRQFHQWUDWLQJ VRODU� FROOHFWRU�� 6RODU� (QHUJ\�� 9RO�����SS���������������

>��$@�(UKDUG��$��DQG�+DKQH��$���7HVW�DQG�VLPXODWLRQ�RI�D� VRODU� SRZHUHG� DEVRUSWLRQ� FRROLQJ� PDFKLQH�� 6RODU�(QHUJ\��9RO�����SS����������������>��$@� 6WDLFRYLFL�� 0�� '��� $Q� DXWRQRPRXV� VRODU�DPPRQLD�� ZDWHU� UHIULJHUDWLRQ� V\VWHP�� 6RODU� (QHUJ\��9RO�����1R����SS�������������������120(1&/$785(
K &ROOHFWRU�HIILFLHQF\ GLPHQVLRQOHVV�WD� 7UDQVPLWWDQFH� ± DEVRUSWDQFH�SURGXFW GLPHQVRQOHVV
&S )OXLG�VSHFLILF�KHDW�FDSDFLW\ N-�NJ.)¶ )LQ�HIILFLHQF\�IDFWRU GLPHQVLRQOHVV)5 2YHUDOO�FROOHFWRU�KHDW�UHPRYDO�HIILFLHQF\�IDFWRU GLPHQVLRQOHVV
,EW ,QFLGHQW�EHDP�UDGLDWLRQ :P��,GW ,QFLGHQW�GLIIXVH�UDGLDWLRQ :P��,7 7RWDO�LQFLGHQW�UDGLDWLRQ�RQ�IODW�VXUIDFH� :P��
P 0DVV�IORZ�UDWH NJ�V1V 1XPEHU�RI�LGHQWLFDO�FROOHFWRUV�PRXQWHG�LQ�VHULHV5UD 7KHUPDO� UHVLVWDQFH� EHWZHHQ�UHFHLYHU�DQG�DPELHQW�DLU GLPHQVLRQOHVV
7D $PELHQW�GU\�EXOE�WHPSHUDWXUH .7, &ROOHFWRU�LQOHW�WHPSHUDWXUH .8/ 2YHUDOO�KHDW�ORVV�FRHIILFLHQW� :P��

���

��� ��� ��� ��� ��� � �� �� ��$SSOLFDWLRQ�WHPSHUDWXUHV

6RODU
�&RHI

ILFLHQ
W�RI�3

HUIRU
PDQF

H��6&
23�

'(�$EVRUSWLRQ/L%U�+�2

6SUD\�/L%U

6(�$EVRUSWLRQ/L%U�+�2
6(�1+��+�2

39�&RPSUHVVLRQ 2SHQ�&\FOH�/L%U 6(�'/�+�2�+�2�/L%U 'LIIXVLRQ�1+��+�2 6LOLFD�JHO�+�2
=HROLWH�+�2 5RWDU\�6LOLFD )L[HG�EHG�6LOLFD JHO $FWLYDWHG�&�&+�2+ 6U&O��1+�

'(�/L%U�+�2 6(�1+��+�2 6SUD\�/L%U 6(�/L%U�+�2 5DQNLQH�&RPS� ��6WDJH�/L%U�+�2 &5�6U&O��1+�

&D&O��1+� $FWLYDWHG�&�1+� ��6WDJH�1+��+�2

39� &RPSUHVVLRQ
���

�

���

���

���

�

)LJXUH��� 3HUIRUPDQFH�FRPSDULVRQ�RI�OLTXLG�DQG�VROLG�VRODU�FRROLQJ�V\VWHPV�EDVHG�RQ�IRXU�DSSOLFDWLRQ�WHPSHUDWXUH�UDQJHV�
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7DEOH��� (IILFLHQF\�FRPSDULVRQ�RI�VRODU�FRROLQJ�VFKHPHV�EDVHG�RQ�UHTXLUHG�DSSOLFDWLRQ�WHPSHUDWXUHV�
�'DWD�REWDLQHG�WKURXJK�XVH�RI�VRIWZDUH�

�*HQHUDO�YDOXHV�WDNHQ�IURP�FDVH�VWXGLHV�


�6SHFLILF�YDOXHV�WDNHQ�IURP�JUDSKV��
$VVXPSWLRQV����$PELHQW�GU\�EXOE�WHPSHUDWXUH��7D  ����.����$YHUDJH�LQFLGHQW�VRODU�UDGLDWLRQ� ����:P������&ROOHFWRU�LQOHW�ZDWHU�WHPSHUDWXUH��7I�LQ LV���.�7GHVRUSWLRQ����6RODU�LQFLGHQFH�DQJOH� L!��

$SS7HPSV�qq&�
'HVRUS7HPSV�qq&�

&ROOHFWRU�,QOHW�7HPSV�qq&�
&\FOH�&23 &\FOH�7\SH &ROOHFWRU�(IILFLHQF\ &ROOHFWRU�7\SH 'DWD�6RXUFH

�� 1�$ 1�$ ����
 9DSRXU�&RPSUHVVLRQ ��������� 39 *UHHQ��������$?��� ����� �� �������

 )L[HG�EHG�6LOLFD�JHO ����� )ODW�3ODWH ,($�$QQH[����$���� ����� �� �������

 )L[HG�EHG�6LOLFD�JHO ����� (7& ,($�$QQH[������ ����� �� �������

 5RWDU\�6LOLFD�JHO ����� )ODW�3ODWH ,($�$QQH[����� ����� �� �������

 5RWDU\�6LOLFD�JHO ����� (7& ,($�$QQH[����� �� �� ����


 6SUD\�/L%U ����� )ODW�3ODWH $KPHG��������$�� �� �� ����


 6SUD\�/L%U ����� (7& $KPHG��������� �� �� �����


 6LQJOH�(IIHFW�/L%U�+�2 ����� )ODW�3ODWH ,($�$QQH[����� �� �� �����


 6LQJOH�(IIHFW�/L%U�+�2 ����� (7& ,($�$QQH[����� �� �� �����


 6LQJOH�(IIHFW�/L%U�+�2 ����� &3& ,($�$QQH[����� �� �� �����

 &K��5HDFW��6U&O��1+� ����� )ODW�3ODWH 1DKUHQGRUI�HW�DO��������$�� �� �� �����

 &K��5HDFW��6U&O��1+� ����� (7& 1DKUHQGRUI�HW�DO��������� �� �� �����

 &K��5HDFW��6U&O��1+� ����� &3& 1DKUHQGRUI�HW�DO��������� �� �� ����


 6SUD\�/L%U ����� )ODW�3ODWH $KPHG��������� �� �� ����


 6SUD\�/L%U ����� (7& $KPHG��������� �� �� ����


 6SUD\�/L%U ����� &3& $KPHG��������� �� �� ����


 6SUD\�/L%U ����� )ODW�3ODWH $KPHG��������� �� �� ����


 6SUD\�/L%U ����� )ODW�3ODWH $KPHG��������� �� �� ����


 6SUD\�/L%U ����� (7& $KPHG��������� �� �� ����


 6SUD\�/L%U ����� &3& $KPHG��������� �� �� ����


 6LQJOH�(IIHFW�/L%U�+�2 ����� )ODW�3ODWH ,($�$QQH[����� �� �� ����


 6LQJOH�(IIHFW�/L%U�+�2 ����� (7& ,($�$QQH[����� �� �� ����


 6LQJOH�(IIHFW�/L%U�+�2 ����� &3& ,($�$QQH[����� �� �� �����


 ��6WJ��/L%U�+�2 ����� )ODW�3ODWH &KHQJ�HW�DO��������$�� �� �� �����


 ��6WJ��/L%U�+�2 ����� (7& &KHQJ�HW�DO��������� �� �� �����


 ��6WJ��/L%U�+�2 ����� &3& &KHQJ�HW�DO��������� �� �� ����

 5DQNLQH ����� (7& %DUEHU��������$�� �� �� ����

 5DQNLQH ����� &3& %DUEHU����������� ��� ��� ����


 'RXEOH�(IIHFW�/L%U�+�2 ����� (7& :DUGRQR�	�1HOVRQ��������$���� ��� ��� ����


 'RXEOH�(IIHFW�/L%U�+�2 ����� &3& :DUGRQR�	�1HOVRQ��������� ��� ��� �����


 'RXEOH�(IIHFW�/L%U�+�2 ����� (7& :DUGRQR�	�1HOVRQ��������� ��� ��� �����


 'RXEOH�(IIHFW�/L%U�+�2 ����� &3& :DUGRQR�	�1HOVRQ��������� �� �� �����

 ��6WJ��/L%U�+�2 ����� )ODW�3ODWH &KHQJ�HW�DO��������� �� �� �����

 ��6WJ��/L%U�+�2 ����� (7& &KHQJ�HW�DO��������� �� �� �����

 ��6WJ��/L%U�+�2 ����� &3& &KHQJ�HW�DO��������� �� �� ����

 5DQNLQH ����� )ODW�3ODWH %DUEHU��������� �� �� ����

 5DQNLQH ����� (7& %DUEHU��������� �� �� ����

 5DQNLQH ����� &3& %DUEHU��������� �� �� �����

 ��6WJ��/L%U�+�2 ����� )ODW�3ODWH &KHQJ�HW�DO��������� �� �� �����

 ��6WJ��/L%U�+�2 ����� (7& &KHQJ�HW�DO��������� �� �� �����

 ��6WJ��/L%U�+�2 ����� &3& &KHQJ�HW�DO��������� �� �� ����


 6LQJOH�(IIHFW�/L%U�+�2 ����� (7& ,($�$QQH[����� �� �� ����


 6LQJOH�(IIHFW�/L%U�+�2 ����� &3& ,($�$QQH[����� �� �� �����

 &K��5HDFW��6U&O��1+� ����� (7& 1DKUHQGRUI�HW�DO��������� �� �� �����

 &K��5HDFW��6U&O��1+� ����� &3& 1DKUHQGRUI�HW�DO��������� ��� ��� �����


 'RXEOH�(IIHFW�/L%U�+�2 ����� (7& :DUGRQR�	�1HOVRQ��������� ��� ��� �����


 'RXEOH�(IIHFW�/L%U�+�2 ����� &3& :DUGRQR�	�1HOVRQ��������� 1�$ 1�$ ����
 9DSRXU�&RPSUHVVLRQ ��������� 39 *UHHQ�������� �� �� �����


 2SHQ�&\FOH�/L%U ����� )ODW�3ODWH +HOOPDQ�	�*URVVPDQ��������$� �� �� �����


 2SHQ�&\FOH�/L%U ����� (7& +HOOPDQ�	�*URVVPDQ�������
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� �� �� �����

 ��6WJ����)OG��/L%U�1+� ����� (7& &KHQJ�HW�DO�������� �� �� �����

 ��6WJ����)OG��/L%U�1+� ����� &3& &KHQJ�HW�DO�������� �� �� ����

 6(�'/�+�2�+�2�/L%U ����� (7& 6FKZHLJOHU�HW�DO��������$� �� �� ����

 6(�'/�+�2�+�2�/L%U ����� &3& 6FKZHLJOHU�HW�DO�������� ��� �� �����


 6LQJOH�(IIHFW�/L%U�+�2 ����� (7& ,($�$QQH[���� ��� �� �����


 6LQJOH�(IIHFW�/L%U�+�2 ����� &3& ,($�$QQH[���� ��� ��� �����


 'RXEOH�(IIHFW�/L%U�+�2 ����� (7& :DUGRQR�	�1HOVRQ�������� ��� ��� �����


 'RXEOH�(IIHFW�/L%U�+�2 ����� &3& :DUGRQR�	�1HOVRQ�������� ������ ��� ����

 6LOLFD�JHO��+�2 ����� (7& ,($�$QQH[���� ������ ��� ����

 6LOLFD�JHO��+�2 ����� &3& ,($�$QQH[���� ������ ��� ����

 =HROLWH�+�2 ����� (7& ,($�$QQH[���� ������ ��� ����

 =HROLWH�+�2 ����� &3& ,($�$QQH[���� �� �� ����


 2SHQ�&\FOH�/L%U ����� )ODW�3ODWH +HOOPDQ�	�*URVVPDQ�������� ��� ��� �����

 'LIIXV��$EVRUS�1+��+�2 ����� (7& *XLWHUUH]���������$� ��� ��� �����

 'LIIXV��$EVRUS�1+��+�2 ����� &3& *XLWHUUH]�������� ��� ��� �����

 $FWLYDWHG�&DUERQ��1+� ����� (7& 7HOWR�	�&ULWRSK���������$� ��� ��� �����

 $FWLYDWHG�&DUERQ��1+� ����� &3& 7HOWR�	�&ULWRSK�������� �� �� �����

 &D&O��1+� ����� (7& ,ORHMH���������$� �� �� �����

 &D&O��1+� ����� &3& ,ORHMH�������� �� �� �����


 2SHQ�&\FOH�/L%U ����� )ODW�3ODWH +HOOPDQ�	�*URVVPDQ�������� ��� ��� �����


 6LQJOH�(IIHFW�1+��+�2 ����� (7& ,($�$QQH[���� ��� ��� �����


 6LQJOH�(IIHFW�1+��+�2 ����� &3& ,($�$QQH[���� 1�$ 1�$ ����
 9DSRXU�&RPSUHVVLRQ ��������� 39 *UHHQ��������� ��� ��� �����

 $FWLYDWHG�&DUERQ��&+�2+ ����� (7& +HDGOH\�HW�DO���������$
�� ��� ��� �����

 $FWLYDWHG�&DUERQ��&+�2+ ����� &3& +HDGOH\�HW�DO�������
�� �� �� �����

 &D&O��1+� ����� (7& ,ORHMH��������� �� �� �����

 &D&O��1+� ����� &3& ,ORHMH��������� ��� ��� �����

 $FWLYDWHG�&DUERQ��1+� ����� (7& 7HOWR�	�&ULWRSK��������� ��� ��� �����

 $FWLYDWHG�&DUERQ��1+� ����� &3& 7HOWR�	�&ULWRSK���������� ��� ��� �����


 6LQJOH�(IIHFW�1+��+�2 ����� (7& ,($�$QQH[������ ��� ��� �����


 6LQJOH�(IIHFW�1+��+�2 ����� &3& ,($�$QQH[������ ��� �� �����

 6U&O��1+� ����� (7& (UKDUG�	�+DKQH���������$��� ��� �� �����
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