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$EVWUDFW7KH�DSSOLFDWLRQ�RI�WKH�7DJXFKL�DQDO\VLV�WR�WKH�H[SHULPHQWDO�UHVXOWV�RI�WKH�H[WUDFWLRQ�RI�JROG� �,,,�� LRQV� E\� D� WKUHH�SKDVH� :�2�:� HPXOVLRQ� OLTXLG� PHPEUDQH� V\VWHP� KDV� EHHQ�VWXGLHG�� ([SHULPHQWV� ZHUH� SHUIRUPHG� XVLQJ� DONDOLQH� DTXHRXV� VRGLXP� VXOILWH� DV� WKH�LQWHUQDO� SKDVH� DQG� /.���� DV� D� QRYHO� HPXOVLILHU� IRU� WKH� ILUVW� WLPH� LQ� HPXOVLRQ� OLTXLG�PHPEUDQH�WHFKQRORJ\��7KH�HIIHFWV�RI�YDULRXV�RSHUDWLRQDO�DQG�FRPSRVLWLRQDO�SDUDPHWHUV�ZHUH�VWXGLHG��5HVXOWV� VKRZHG� WKDW�QHDUO\�DOO�RI� WKH�$X��,,,�� LRQV� LQ� WKH�DTXHRXV�SKDVH�ZHUH�H[WUDFWHG�LQ�D�IHZ�PLQXWHV��7KH�DQDO\VLV�GHWHUPLQHG�WKH�HIIHFWV�DQG�FRQWULEXWLRQ�RI�HDFK�RI�WKH�SDUDPHWHUV�RQ�WKH�H[WUDFWLRQ�HIILFLHQF\��LQWHUDFWLRQ�EHWZHHQ�WKH�SDUDPHWHUV�DQG�DOVR�WKH�RSWLPXP�SDUDPHWHUV�WR�DFKLHYH�WKH�EHVW�H[WUDFWLRQ�HIILFLHQF\��7KH�DQDO\VLV�VKRZHG�WKDW�WKH�S+�RI�WKH�H[WHUQDO�SKDVH�ZLWK�D�FRQWULEXWLRQ�RI�����LV�WKH�KLJKHVW��DQG�WKH�FRQFHQWUDWLRQ�RI�FDUULHU�ZLWK�D�FRQWULEXWLRQ�RI����LV�WKH�OHDVW�HIIHFWLYH�LQ�WKH�ILQDO�V\VWHP�UHVSRQVH�.H\ZRUGV� HPXOVLRQ�OLTXLG�PHPEUDQH� JROG�± H[WUDFWLRQ� FDUULHU�� 7DJXFKL�DQDO\VLV

 � (�PDLO��NDJKD]FK#DXW�DF�LU

,QWURGXFWLRQ7KH� 7DJXFKL� PHWKRG� >���@� LV� D� V\VWHPDWLF�DSSOLFDWLRQ� RI� GHVLJQ� DQG� DQDO\VLV� RI� H[�SHULPHQWV� IRU� WKH� SXUSRVH� RI� GHVLJQLQJ� DQG�LPSURYLQJ� SURGXFW� TXDOLW\�� ,Q� UHFHQW� \HDUV��WKH� 7DJXFKL�PHWKRG� KDV� EHFRPH� D� SRZHUIXO�WRRO� IRU� LPSURYLQJ� SURGXFWLYLW\� GXULQJ� UH�VHDUFK� DQG� GHYHORSPHQW� VR� WKDW�KLJK�TXDOLW\�SURGXFWV�FDQ�EH�SURGXFHG�TXLFNO\�DQG�DW�ORZ�FRVW�2SWLPL]DWLRQ�RI�SURFHVV�SDUDPHWHUV�LV�WKH�NH\�VWHS� LQ� WKH� 7DJXFKL� PHWKRG� LQ� DFKLHYLQJ� D�KLJK�TXDOLW\�ZLWKRXW�LQFUHDVLQJ�WKH�FRVW��7KLV�LV� EHFDXVH� WKH� RSWLPL]DWLRQ� RI� SURFHVV� SDUD�PHWHUV� FDQ� LPSURYH� SHUIRUPDQFH� FKDUDF�WHULVWLFV� DQG� WKH� RSWLPDO� SURFHVV� SDUDPHWHUV�REWDLQHG� IURP� WKH� 7DJXFKL� PHWKRG� DUH�

LQVHQVLWLYH� WR� WKH� YDULDWLRQ�RI� HQYLURQPHQWDO�FRQGLWLRQV�DQG�RWKHU�QRLVH�IDFWRUV��%DVLFDOO\��FODVVLFDO� SURFHVV� SDUDPHWHU� GHVLJQ� LV� FRP�SOH[�DQG�QRW�HDV\�WR�XVH��HVSHFLDOO\�DV�D�ODUJH�QXPEHU�RI�H[SHULPHQWV�KDYH�WR�EH�FDUULHG�RXW�ZKHQ� WKH� QXPEHU� RI� WKH� SURFHVV� SDUDPHWHUV�LQFUHDVHV�� 7R� VROYH� WKLV� WDVN�� WKH� 7DJXFKL�PHWKRG� XVHV� D� VSHFLDO� GHVLJQ� RI� RUWKRJRQDO�DUUD\V� WR� VWXG\� WKH� HQWLUH� SURFHVV� SDUDPHWHU�VSDFH� ZLWK� D� VPDOO� QXPEHU� RI� H[SHULPHQWV�RQO\�� $� ORVV� IXQFWLRQ� LV� WKHQ� GHILQHG� WR�FDOFXODWH� WKH� GHYLDWLRQ� EHWZHHQ� WKH� H[SHUL�PHQWDO�YDOXH� DQG� WKH�GHVLUHG�YDOXH��7DJXFKL�UHFRPPHQGV� WKH� XVH� RI� WKH� ORVV� IXQFWLRQ� WR�PHDVXUH� WKH� SHUIRUPDQFH� FKDUDFWHULVWLF� GH�YLDWLRQ� IURP� WKH�GHVLUHG�YDOXH��7KH�YDOXH�RI�WKH�ORVV�IXQFWLRQ�LV�IXUWKHU�WUDQVIRUPHG�LQWR�D�
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VLJQDO�WR�QRLVH��6�1��UDWLR�8VXDOO\�� WKHUH�DUH� WKUHH�FDWHJRULHV�RI�SHUIRU�PDQFH� FKDUDFWHULVWLF� LQ� WKH� DQDO\VLV� RI� WKH�6�1�UDWLR��L�H��WKH�ORZHU�WKH�EHWWHU��WKH�KLJKHU�WKH�EHWWHU�� DQG� WKH� QRPLQDO�WKH�EHWWHU�� 7KH�6�1�UDWLR�IRU�HDFK�OHYHO�RI�SURFHVV�SDUDPHWHUV�LV� FRPSXWHG� EDVHG� RQ� WKH� 6�1� DQDO\VLV��5HJDUGOHVV� RI� WKH� FDWHJRU\� RI� WKH� SHUIRU�PDQFH� FKDUDFWHULVWLF�� D� ODUJHU� 6�1� UDWLR�FRUUHVSRQGV� WR� D� EHWWHU� SHUIRUPDQFH� FKDUDF�WHULVWLF�� 7KHUHIRUH�� WKH� RSWLPDO� OHYHO� RI� WKH�SURFHVV� SDUDPHWHUV� LV� WKH� OHYHO ZLWK� WKH�KLJKHVW� 6�1� UDWLR�� 7KLV� LV� WUXH� IRU� WKH�RSWLPL]DWLRQ�RI�D�VLQJOH�SHUIRUPDQFH�FKDUDF�WHULVWLF�
([WUDFWLRQ�E\�HPXOVLRQ�OLTXLG�PHPEUDQHV7KH� LGHD� WR� SHUIRUP� H[WUDFWLRQ� LQ� D� WKUHH�SKDVH� V\VWHP� ZLWK� HPXOVLRQ� OLTXLG� PHP�EUDQHV� �(/0¶V�� LV� UHODWLYHO\� QHZ�� (PXOVLRQ�OLTXLG� PHPEUDQHV� WHFKQRORJ\� ZDV� ILUVW�SURSRVHG� E\� 1�1�� /L� IRU� WKH� VHSDUDWLRQ� RI�

K\GURFDUERQV� >���@�� )URP� WKHQ� RQ�� VHYHUDO�DSSOLFDWLRQV�KDYH�EHHQ�GHYHORSHG�FRQFHUQLQJ�WKH� UHPRYDO� DQG� UHFRYHU\� RI� VHYHUDO� VROXWHV�IURP� HLWKHU� DTXHRXV� RU� RUJDQLF� VROXWLRQV� LQ�FOXGLQJ� VHSDUDWLRQ� RI� K\GURFDUERQV� >�@�� UH�FRYHU\� DQG� UHPRYDO� RI� RUJDQLF� DFLGV� DQG�DPLQHV� >���@�� ZDVWH� ZDWHU� WUHDWPHQW� >����@��UHFRYHU\� DQG� SXULILFDWLRQ� RI�PHWDO� LRQV� >�����@� DQG� ELRPHGLFDO� DSSOLFDWLRQV� VXFK� DV�DUWLILFLDO�NLGQH\�>�@�,Q� WKLV� WHFKQRORJ\�� VROXWHV� DUH� QRW� RQO\�UHPRYHG�� EXW� DOVR� FRQFHQWUDWHG�� H[WUDFWLRQ�DQG�VWULSSLQJ�DUH�FDUULHG�RXW�LQ�D�VLQJOH�VWHS��$� VFKHPDWLF� GLDJUDP� RI� WKLV� WHFKQRORJ\� LV�SUHVHQWHG�LQ�)LJXUH����(PXOVLRQ� OLTXLG� PHPEUDQHV� DUH� W\SLFDOO\�PDGH�E\��ILUVW�GLVSHUVLQJ�WKH LQWHUQDO�SKDVH�LQ�DQ�LPPLVFLEOH�OLTXLG�DQG�WKHQ�GLVSHUVLQJ�WKLV�HPXOVLRQ�LQ�D�WKLUG�SKDVH��FDOOHG�WKH�H[WHUQDO�SKDVH��� 1RUPDOO\�� WKH� LQWHUQDO� DQG� WKH� H[�WHUQDO� SKDVHV� DUH� PLVFLEOH�� EXW� ERWK� DUH�LPPLVFLEOH�ZLWK�WKH�PHPEUDQH�SKDVH�VHSDUD�WLQJ�WKHP�>�����@�

)LJXUH��� 6FKHPDWLF RI�D�FRQWLQXRXV�HPXOVLRQ�OLTXLG�PHPEUDQH SURFHVV

(08/6,),&$7,21 3(50($7,21 6(77/,1* '(08/6,),&$7,21
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7KH�HIIOXHQW�WR�EH�WUHDWHG�LV�FRQWDFWHG�ZLWK�DQ�HPXOVLRQ� GLVSHUVHG� LQ� JOREXOHV� �ZLWK� GLD�PHWHUV� LQ� WKH� �����PP� UDQJH���(DFK�JOREXOH�FRQVLVWV� RI� GURSOHWV� RI� DQ� DTXHRXV� LQWHUQDO�UHFHLYLQJ� SKDVH� �ZLWK� GLDPHWHUV� LQ� WKH� ������P�UDQJH��HQFDSVXODWHG�LQ�D�PHPEUDQH�SKDVH�FRQWDLQLQJ� D� VXUIDFWDQW� �)LJXUH� ���� 7KH�HPXOVLRQ�ZDV�SUHYLRXVO\�SUHSDUHG�E\�VWLUULQJ�DW� KLJK�PL[LQJ� VSHHG� �HPXOVLILFDWLRQ� VWDJH���'HSHQGLQJ� RQ� WKH� QDWXUH� RI� H[WHUQDO� DQG�LQWHUQDO�SKDVHV�� WKH�HPXOVLRQ�FDQ�EH�:�2�RU2�:� W\SH�� VR� WKH� WKUHH�SKDVH� H[WUDFWLRQ�V\VWHP� LV� HLWKHU� 2�:�2� RU� :�2�:� W\SH��'XULQJ� WKH� FRQWDFW� EHWZHHQ� ZDVWHZDWHU� DQG�HPXOVLRQ�JOREXOHV��SHUPHDWLRQ���VROXWH�WUDQV�SRUW� RFFXUV� WKURXJK� WKH� PHPEUDQH� DQG� LQWR�WKH� LQWHUQDO� UHFHLYLQJ� SKDVH�� ZKHUH� LW� LV�FRQFHQWUDWHG��$IWHU�WKH�VXEVHTXHQW�VHSDUDWLRQ�RI� WKH� HIIOXHQW� IURP� WKH� HPXOVLRQ�E\�JUDYLW\��VHWWOLQJ���VSOLWWLQJ�RI�WKH�HPXOVLRQ��GHPXOVL�ILFDWLRQ�� LV� FDUULHG� RXW�� 'HPXOVLILFDWLRQ� LV�XVXDOO\� SHUIRUPHG� E\� DSSO\LQJ� DQ� HOHFWULFDO�ILHOG�� LQ� RUGHU� WR� VHSDUDWH� WKH� SKDVHV��ZKLFK�PDNH� XS� WKH� HPXOVLRQ�WKH� LQWHUQDO� DTXHRXV�SKDVH� DQG� WKH� RUJDQLF� PHPEUDQH� SKDVH�� $W�WKH� HQG� RI� WKH� SURFHVV�� WKH�PHPEUDQH� SKDVH�FDQ� EH� UHXVHG� DQG� WKH� UHFHLYLQJ� SKDVH�HQULFKHG� LQ� WKH� UHFRYHUHG� VROXWH�FDQ� EH�UHF\FOHG� RU� UHFRYHUHG� IRU� VROXWH�� $FFRUGLQJ�WR� LWV� FRPSRVLWLRQ�� WKH� HIIOXHQW� PD\� EH�VXEPLWWHG� WR� DGGLWLRQDO� WUHDWPHQW� SURFHVVHV�RU�VLPSO\�GLVFKDUJHG�)LYH� LQGXVWULDO� SODQWV� RI� HPXOVLRQ� OLTXLG�PHPEUDQHV�KDYH�DOUHDG\�EHHQ�UHSRUWHG�LQ�WKH�

OLWHUDWXUH�� IRXU� DSSOLHG� WR�]LQF� UHPRYDO� IURP�ZDVWHZDWHU� RI� WKH� YLVFRVH� ILEHU� LQGXVWU\� DQG�RQH� DSSOLHG� WR� WKH� WUHDWPHQW� RI� SKHQROLF�ZDVWH� ZDWHU� RI� D� SODVWLF� IDFWRU\� LQ� WKH�3HRSOH¶V�5HSXEOLF�RI�&KLQD�>��@�%HVLGHV� WKH� UHIHUUHG� LQGXVWULDO� DSSOLFDWLRQ��VHYHUDO� EDWFK� VWXGLHV� ZLWK� SKHQROV� DUH�NQRZQ�� 7KH� PDMRULW\� KDV� EHHQ SHUIRUPHG�ZLWK� V\QWKHWLF� DTXHRXV� VROXWLRQV� RI� SKHQRO�>����@�� EXW� WKHUH� DUH� DOVR� VWXGLHV� XVLQJ�DTXHRXV� VROXWLRQV� RI� RWKHU� SKHQROV�� VXFK� DV�FUHVROV�� FKORURSKHQROV� DQG� QLWURSKHQROV� >�����@�� /DFN� RI� ZRUN� ZLWK� LQGXVWULDO� HIIOXHQWV�LQFOXGLQJ� PRGHOLQJ� LV�� KRZHYHU�� VWLOO� QRWL�FHDEOH�6ROYHQW� H[WUDFWLRQ� KDV� EHHQ� ZLGHO\� XVHG� LQ�WKH� UHFRYHU\� RI� PHWDOV� IURP� DTXHRXV�VROXWLRQV� >��@�� ,Q� WKHVH� SURFHVVHV�� PHWDO� LRQ�FRQWDLQLQJ� VROXWLRQ� PDNHV� FRQWDFW� ZLWK� D�ODUJH� DPRXQW� RI� VHOHFWLYH� VROYHQW�� $IWHU�H[WUDFWLRQ�� WKLV� SURFHVV� LV IROORZHG� E\� VWULS�SLQJ�� 6ROYHQW� H[WUDFWLRQ� LV� YHU\� GLIILFXOW� IRU�WKH�VHSDUDWLRQ�RI�WUDFH�DPRXQWV�RI�PHWDO�LRQV�EHFDXVH�RI�ORZ�GULYLQJ�IRUFH��DQG�DOVR�D�ODUJH�DPRXQW� RI� VROYHQW� LV� UHTXLUHG�� 7KHVH� PDNH�WKH� H[WUDFWLRQ� DQG� VWULSSLQJ� RI� WKH� GHVLUHG�VSHFLHV� YHU\� H[SHQVLYH�� ([WUDFWLRQ� RI� PHWDO�LRQV�E\�(/0�V\VWHPV�KDV�EHHQ�FRQVLGHUHG�DV�D� SRZHUIXO� DOWHUQDWLYH� IRU� FRQYHQWLRQDO�VROYHQW� H[WUDFWLRQ� V\VWHPV�� 'XH� WR� KLJKO\�H[SHQVLYH� VHOHFWLYH� VROYHQWV� IRU� JROG�� JROG�H[WUDFWLRQ� XVLQJ� OLTXLG�OLTXLG� H[WUDFWLRQ� LV�QRW�HFRQRPLFDO�

)LJXUH��� $�VFKHPDWLF�GLDJUDP�RI�HPXOVLRQ�OLTXLG�PHPEUDQH��HPXOVLRQ�JOREXOH�

,QWHUQDO�'URSOHWV

(PXOVLRQ�*OREXOHV
0HPEUDQH�3KDVH



$SSOLFDWLRQ�RI�([SHULPHQWDO�'HVLJQ�WR�(PXOVLRQ /LTXLG�0HPEUDQH�3HUWUDFWLRQ�RI*ROG��,,,��,RQV�IURP�$TXHRXV�6ROXWLRQV
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$� EULHI� FRPSDULVRQ� RI� OLTXLG�OLTXLG� H[WUDF�WLRQ� DQG� OLTXLG� SHUWUDFWLRQ� KDV� EHHQ� GRQH�>��@�� ,W� IROORZV� IURP� WKH� DERYH� WKDW� OLTXLG�SHUWUDFWLRQ� LV� D� FRPELQDWLRQ LQ� WLPH� DQG�VSDFH�RI�WZR�ZHOO�NQRZQ�VHSDUDWLRQ�SURFHVV�VHV�VROYHQW� H[WUDFWLRQ� DQG� VROYHQW� VWULSSLQJ��7KLV� FRPELQDWLRQ� RIIHUV� WZR� VXEVWDQWLDO� DG�YDQWDJHV� RYHU� WKH� FODVVLFDO� OLTXLG�OLTXLG� H[�WUDFWLRQ�� 3HUWUDFWLRQ� SURYLGHV�PD[LPXP�GULYLQJ�IRUFH� VR� WKDW� WKH�XVH�RI�PXOWLVWDJH�DQG�FRXQWHU�FXUUHQW� SURFHVVHV� LV� QRW� UH�TXLUHG�� 6LQFH�WKH�RUJDQLF�OLTXLG�LV�D�VKRUW� WHUP�PHGLDWRU�RQO\��LWV�H[WUDFWLRQ�FDSDFLW\�LV�RI�QR�HVVHQWLDO�VLJQLILFDQFH��$V�D�UHVXOW��D� JUHDW� YDULHW\� RI� LQVROXEOH�� LQHUW� DQG�KDUPOHVV�RUJDQLF�OLTXLGV�FDQ�EH�XVHG�DV�DQ� LQWHUPHGLDWH� OLTXLG�� FRQWDLQLQJ�RQO\�D�VPDOO�DPRXQW�RI�FDUULHU��$V�D�FDUULHU��QHZ�� KLJKO\� VHOHFWLYH� DQG� DOVR� VROLG�H[WUDFWDQWV�FDQ�EH�V\QWKHVL]HG�,Q� WKH� SUHYLRXV� ZRUNV�� VHSDUDWLRQ� RI� K\�GURFDUERQV�� RUJDQLF� DFLGV�� DPLQHV�� VRPH�PHWDO� LRQV�� ZDVWHZDWHU� WUHDWPHQW�� HWF�� KDV�EHHQ� VWXGLHG�� EXW� OLWWOH� DWWHQWLRQ�ZDV�SDLG� WR�WKH� VHSDUDWLRQ� RI� JROG� LRQV�� 6HYHUDO� WHFK�QLTXHV� IRU� JROG� H[WUDFWLRQ� IURP� DTXHRXV�VROXWLRQV�KDYH�EHHQ�LQYHQWHG�VXFK�DV�VROYHQW�H[WUDFWLRQ�� FDUERQ� DGVRUSWLRQ�� LRQ� H[FKDQJH��FHPHQWDWLRQ�� HWF�� >��@�� ,Q� WKH� FDVH� RI� FRQ�YHQWLRQDO�VROYHQW�H[WUDFWLRQ�WHFKQLTXH�IRU�WKH�UHFRYHU\� RI� JROG� IURP� K\GURFKORULF� DFLG�VROXWLRQV�� VHYHUDO� VWXGLHV� KDYH� EHHQ� SHUIRU�PHG� XVLQJ� YDULRXV� W\SHV� RI� H[WUDFWDQWV� VXFK�DV� EDVLF� H[WUDFWDQWV� OLNH� DPLQHV�� VROYDWLQJ�H[WUDFWDQWV�VXFK�DV�QHXWUDO�RUJDQRSKRVSKRUXV�FRPSRXQGV� DQG� RWKHU� H[WUDFWDQWV� FRQWDLQLQJ�6�DV� WKH�GRQRU�DWRP��)HZ�VWXGLHV�KDYH�EHHQ�GRQH�RQ�WKH�VHSDUDWLRQ�RI�JROG�LRQV�E\�OLTXLG�PHPEUDQHV� >���� �����@��0RVW� RI� WKHP�ZHUH�GRQH� E\� XVLQJ� VXSSRUWHG� OLTXLG� PHPEUDQHV�>��@�� 7KH� RQO\� VWXG\� RI� JROG� H[WUDFWLRQ� E\�HPXOVLRQ� OLTXLG� PHPEUDQH� ZDV� FDUULHG� E\�<DQ�HW�DO��>��@�,Q� WKH� SUHVHQW� VWXG\��D� QRYHO� HPXOVLILHU�ZDV�XVHG� IRU� WKH�SUHSDUDWLRQ�RI� WKH�GHVLUHG�HPX�

OVLRQV��ZKLFK�LV�YHU\�VWDEOH�WR�KLJKO\�DONDOLQH�UHGXFLQJ� DQG DFLGLF� DTXHRXV� VROXWLRQV�� 7KH�HPXOVLILHU� KDV� D� QDWXUDO� EDVH� DQG� VR� LV�ELRGHJUDGDEOH��:H� QDPHG� LW�/.�����&KHPL�FDOO\��LW�LV�D�ZD[��EHLQJ�D�FRPSOH[�PL[WXUH�RI�HVWHUV� DQG� SRO\HVWHUV� RI� ��� KLJK�PROHFXODU�ZHLJKW� DOFRKROV� DQG� ��� IDWW\� DFLGV�� ,Q� WKLV�ZRUN�� PHWK\O� LVR�EXW\O� NHWRQH� �0,%.�� ZDV�XVHG�DV� WKH�FDUULHU� DQG� OLTXLG�SDUDIILQ�DV� WKH�PHPEUDQH�SKDVH�([SHULPHQWDO$SSDUDWXV$OO�H[SHULPHQWV�ZHUH�SHUIRUPHG�DW�D�FRQVWDQW�WHPSHUDWXUH� RI� ��r���q&� XVLQJ� D� ZDWHU� EDWK�HTXLSSHG� ZLWK� D� 3� W\SH� FRQWUROOHU� DQG� DQ�DJLWDWRU��([WUDFWLRQ�H[SHULPHQWV�ZHUH�FDUULHG�RXW� LQ� D� F\OLQGULFDO� JODVV� FRQWDLQHU� ZLWK����PP� GLDPHWHU� DQG� ���PP� KHLJKW� HTXLS�SHG�ZLWK�IRXU�URXQG�JODVV�EDIIOHV�ZLWK�D��PP�GLDPHWHU�� 7KH� VWLUUHU� IRU� WKH� H[WUDFWLRQ� H[�SHULPHQWV� ZDV� PDGH� RI� JODVV� ZLWK� D� ��PP�GLDPHWHU� DQG�KDG� IRXU� SLWFKHG�EODGHV�ZLWK�D���q DQJOH��7KH�VWLUULQJ�GULYHU�ZDV�D�ODERUDWRU\�PL[HU� PRGHO� 5(����� IURP� ,ND�:HUN� *HU�PDQ\�ZLWK�D�YDULDEOH�VSHHG�RI���������USP��7KH� VWLUUHU� IRU� WKH� HPXOVLRQ�SUHSDUDWLRQ�ZDV�PDGH� IURP� VWDLQOHVV� VWHHO� DQG� FRDWHG� ZLWK�/'3(� WR�PLQLPL]H� WKH� FRQWDPLQDWLRQ� RI� WKH�HPXOVLRQ�� ,W� KDG� VL[� SLWFK� EODGHV� ZLWK� ��qDQJOH�DQG���PP�GLDPHWHU��6DPSOLQJ� ZHUH� GRQH� DW� SUHGHWHUPLQHG� WLPH�LQWHUYDOV� E\�GLVSRVDEOH� VDQLWDU\�V\ULQJHV�DQG�FHQWULIXJHG� E\� D� ODERUDWRU\� FHQWULIXJH� LQ�RUGHU�WR�VHSDUDWH�WKH HPXOVLRQ�SKDVH�IURP�WKH�H[WHUQDO� SKDVH�� 7R� GHWHUPLQH� WKH� FRQFHQWUD�WLRQ� RI� JROG� LRQV� LQ� WKH� H[WHUQDO� SKDVH�� DQ�DWRPLF� DEVRUSWLRQ� VSHFWURSKRWRPHWHU� �8QL�FDP�PRGHO������ZDV�XVHG��S+�PHDVXUHPHQWV�ZHUH�FDUULHG�RXW�XVLQJ�D�7HE�$]PD�S+�PHWHU�
5HDJHQWV6RGLXP� K\GUR[LGH� �1D2+��� VRGLXP� VXOILWH��1D�62����LVR�EXW\O�PHWK\O�NHWRQH��&+�� �&+&+�&2&+���� QLWULF� DFLG� �+12���DQG� DXULF� FKORULGH� �$X�+&O���+�2��ZHUH� RI�UHDJHQW� JUDGH� DQG� SXUFKDVHG� IURP� 0HUFN��
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(PXOVLILHU� /.����ZDV� SXUFKDVHG� IURP� ORFDO�PDUNHW�� 7KH�+/%�YDOXH� IRU� /.����ZDV� �����/LTXLG� SDUDIILQ� ZLWK� D� GHQVLW\� RI� ����������JU�FP� DW���q&�DQG�D�YLVFRVLW\�RI�������F3�DW���q&�ZDV VXSSOLHG�IURP�5RVH�3RO\PHU�&R�6WRFN� JROG� FKORULGH� VROXWLRQV�ZHUH� SUHSDUHG�E\� GLVVROXWLRQ� RI� SXUH� PHWDOOLF� JROG� ZLWK������� DVVD\V� LQ� D� PL[WXUH RI� K\GURFKORULF�DFLG�DQG�QLWULF�DFLG�ZLWK�D�GHILQHG�YROXPHWULF�UDWLR� �DTXD� UHJLD��� 7KH� VROXWLRQ� WKDW� FRP�SOHWHO\� GULHG� E\� HYDSRUDWLRQ� ZDV� WKHQ� GLV�VROYHG�LQ�D�PL[WXUH�RI�K\GURFKORULF�DFLG�DQG�GLVWLOOHG� ZDWHU� ZLWK� D� GHILQHG� SURSRUWLRQ��'LVWLOOHG�ZDWHU�ZDV�XVHG�WKURXJKRXW�
3URFHGXUH$OO�H[SHULPHQWV�ZHUH�SHUIRUPHG�DW���r���q&��(PXOVLRQV�ZHUH� SUHSDUHG� E\�PL[LQJ� WKH� OLT�XLG� SDUDIILQ� DQG� WKH� HPXOVLILHU� XQGHU� PR�GHUDWH� KHDWLQJ��7KHQ�� WKH� LQWHUQDO� SKDVH�ZDV�DGGHG� WR� WKH� PL[WXUH� DQG� PL[HG� IRU� ���PLQXWHV�DW�����USP��)LQDOO\��WKH�FDUULHU�ZDV�DGGHG� WR� WKH� HPXOVLRQ� DQG� PL[HG� IRU� DQ�DGGLWLRQDO���PLQXWHV��7KH�ILQDO�YROXPH�RI�WKH�HPXOVLRQ�ZDV�DERXW�����PO�7KH� H[WHUQDO� SKDVHV� ZHUH� SUHSDUHG� E\�GLOXWLQJ� WKH� VWRFN� VROXWLRQ� ZLWK� GLVWLOOHG�ZDWHU� WR� ���PO� IROORZHG� E\� S+� DGMXVWPHQW��7KH�H[WHUQDO�SKDVHV�ZHUH�SODFHG�LQWR�D�ZDWHU�EDWK� IRU� ��� PLQXWHV� DQG� WKHQ� WKH� HPXOVLRQ�ZDV�DGGHG�WR�WKH�H[WHUQDO�SKDVH�ZLWK�VWLUULQJ��7KH�H[WHUQDO�SKDVH�VROXWLRQ�ZDV�SHULRGLFDOO\�VDPSOHG� DW� FHUWDLQ� WLPH� LQWHUYDOV�� 7KH� FRQ�FHQWUDWLRQ� RI� JROG� LQ� WKH� VROXWLRQ� ZDV�GHWHUPLQHG� DIWHU� VHSDUDWLRQ� RI� WKH� HPXOVLRQ�SKDVH�� E\� WKH� DWRPLF� DEVRUSWLRQ� VSHFWUR�SKRWRPHWHU�DW�������QP�
5HVXOWV�DQG�'LVFXVVLRQ.LQHWLF�RI�SHUWUDFWLRQ,W�LV�ZHOO�HVWDEOLVKHG�WKDW�DQ�DQLRQ�FDUULHU�FDQ�DFW�DV�D�VHOHFWLYH�FDUULHU�IRU�FKHPLFDO�VSHFLHV�LQ� WUDQVSRUWDWLRQ� SURFHVVHV� >��@�� ,Q� FKORULGH�VROXWLRQV�� JROG� H[LVWV� DV� FRPSOH[� DQLRQ�$X&O�� �� 0,%.� PROHFXOH� SUHVHQWV� R[\JHQ�XQSDLUHG�HOHFWURQV��VR�WKH\�WHQG�WR�XQLWH�ZLWK�

SURWRQV��+���LQ�DFLGLF�VROXWLRQ�DQG�WKHQ�UHDFW�ZLWK� $X&O�� ��7KH�FDUULHU�0,%.�H[WUDFWV�JROG�RQ� WKH� H[WHUQDO� VXUIDFH� RI� HPXOVLRQ� GURSOHWV�DFFRUGLQJ�WR�WKH�IROORZLQJ�UHDFWLRQV�

���

���

���
7KH�JROG�0,%.�FRPSOH[�WUDQVIHUV�DFURVV�WKH�PHPEUDQH�SKDVH�DQG�UHDFWV�ZLWK�WKH�LQWHUQDO�SKDVH� DW� WKH� RXWHU� VXUIDFH� RI� LQWHUQDO� SKDVH�GURSOHWV�DFFRUGLQJ�WR�WKH�IROORZLQJ�UHDFWLRQ�

���
$FFRUGLQJ� WR� WKH� DERYH� UHDFWLRQ�� $X��UHGXFHV�WR�$X� LQ�WKH�DONDOLQH�VXOILWH�VROXWLRQ��$W�WKH�H[WUDFWLRQ�FRQGLWLRQ��$X� LRQV�DUH�QRW�DEOH� WR� IRUP� D FRPSOH[� IRUPDWLRQ� ZLWK�0,%.� DQG� PRYH� EDFN� WR� WKH� H[WHUQDO�VROXWLRQ�>��@�
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$V�WKH�VWRLFKLRPHWULF�UHODWLRQ�IRU�WKH�0,%.�JROG� FRPSOH[� IRUPDWLRQ� ZDV� FRQVLGHUHG� DV�HTXDWLRQ�RI������WKHQ�
���

7KH� H[SHULPHQWDO� UXQV� ZHUH� SHUIRUPHG� DW���q&�� XVLQJ� YDULRXV� 0,%.� FRQFHQWUDWLRQV�ZLWKLQ�WKH�RUJDQLF�SKDVH��6DPSOHV�ZHUH�WDNHQ�IURP� WKH� DTXHRXV� SKDVH� XQWLO� HTXLOLEULXP�FRQGLWLRQV� ZHUH� HVWDEOLVKHG�� 7KH� FRQFHQWUD�WLRQ�RI� $X&O�� LQ�WKH�DTXHRXV�SKDVH�ZDV�PHD�VXUHG��7KH�FRQFHQWUDWLRQV�RI�WKH�ODWWHU�ZLWKLQ�WKH� RUJDQLF� SKDVH�ZHUH� GHWHUPLQHG� IURP� WKH�GLIIHUHQFHV�EHWZHHQ�WKH�LQLWLDO�FRQFHQWUDWLRQV�RI� $X&O�� DQG�WKRVH�PHDVXUHG�LQ�WKH�DTXHRXV�SKDVH�)URP� )LJXUH� ��� FRQVWUXFWHG� E\� SORWWLQJ� WKH�
�

�
>� � @ORJ > @ > @Q RUJ

DT DT
0,%. + $X&O+ $X&O� �

� � YV�� ORJ> @RUJ0,%. ��
LW� PD\� EH� REVHUYHG� WKDW� D� OLQHDU� FXUYH� KDV�EHHQ� IRUPHG�� KDYLQJ� D� VORSH� RI� ������� DQG�LQWHUFHSW� RI� � ±�������� WKHQ�� Q �� DQG� .H[�  ��������� � �� � �GP PRO �

)LJXUH��� (TXLOLEULXP�H[WUDFWLRQ�RI�$X�� E\�0,%.

&RQVHTXHQWO\��WKH� VWRLFKLRPHWULF� UHODWLRQ� IRU�WKH�UHDFWLRQ�PD\�EH�ZULWWHQ�DV�IROORZV�

���
(IIHFW�RI�H[WHUQDO�SKDVH�FRQFHQWUDWLRQ$Q� LPSRUWDQW� SDUDPHWHU� DIIHFWLQJ� WKH� H[�WUDFWLRQ�VWULSSLQJ� SURFHVV� DSSHDUV� WR� EH� WKH�LQLWLDO� $X�� FRQFHQWUDWLRQ�� 7KH� $X�� FRQ�FHQWUDWLRQ�LQ WKH�VRXUFH�DTXHRXV�VROXWLRQ�ZDV�YDULHG� IURP������ WR�������SSP�� ,Q�)LJXUH����NLQHWLF� SURILOHV� RI� H[WUDFWLRQ� �DQG� DOVR�VWULSSLQJ�� GHJUHHV� DW� GLIIHUHQW� LQLWLDO� $X��FRQFHQWUDWLRQV��DW�D�VSHHG�RI�DJLWDWLRQ�RI�����USP��DUH�GHPRQVWUDWHG��

)LJXUH� �� (IIHFW� RI� WKH� H[WHUQDO� SKDVH� RQ� WKH�H[WUDFWLRQ�HIILFLHQF\

,W� LV� UHDVRQDEOH� WKDW� E\� LQFUHDVLQJ� WKH� $X��FRQFHQWUDWLRQ� LQ� WKH�H[WHUQDO�SKDVH�� WKH� WLPH�IRU�H[WUDFWLRQ�DOVR�LQFUHDVHV��7KH�IL[HG�DPR�XQW� RI� FDUULHU� LQ� WKH� H[SHULPHQWV� FDXVHV�QHDUO\� WKH� VDPH� H[WUDFWLRQ� UDWH�� ,Q� RWKHU�ZRUGV�� WKH� WLPH� IRU� H[WUDFWLRQ� LQFUHDVHV� E\�LQFUHDVLQJ� WKH� H[WHUQDO� SKDVH� FRQFHQWUDWLRQ��7KLV�LV�WUXH�IRU�DOO�H[WUDFWLRQ�SURFHVVHV�
/RJ�>0,%.@

WLPH��PLQ�

$X��S
SP�
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(IIHFW�RI�WKH�FDUULHU�FRQFHQWUDWLRQ7KH� HIIHFW� RI� 0,%.� DV� WKH� FDUULHU� LQ� WKH�PHPEUDQH� SKDVH� LQ WKH� UDQJH� RI� ������ WR������YRO���LV�VKRZQ�LQ�)LJXUH���,W� LV� ZHOO� NQRZQ� WKDW� WKH� UDWH� RI� IDFLOLWDWHG�WUDQVSRUW� RI� WKH� DQDO\WHV� LV� GLUHFWO\� DIIHFWHG�E\� WKH� DPRXQW� RI� FDUULHU� LPPRELOL]HG� LQ� WKH�FRUUHVSRQGLQJ�OLTXLG�PHPEUDQH�

)LJXUH� �� (IIHFW� RI� FDUULHU� FRQFHQWUDWLRQ� RQ� WKH�H[WUDFWLRQ�HIILFLHQF\

,QFUHDVLQJ� WKH� DPRXQW� RI� FDUULHU� KDV� WZR�HIIHFWV��7KH�YLVFRVLW\�RI�WKH�PHPEUDQH�SKDVH��ZKLFK�OLPLWV�WKH�H[WUDFWLRQ�UDWH��GHFUHDVHV�E\�

LQFUHDVLQJ� WKH� FDUULHU� FRQFHQWUDWLRQ�� DQG�KHQFH� WKH� FDUULHU� DFWV� DV� D� WKLQQHU� IRU� WKH�PHPEUDQH� SKDVH�� $W� WKH� VDPH� WLPH�� LQFUHD�VLQJ� WKH� FDUULHU� FRQFHQWUDWLRQ� RYHU� D� FHUWDLQ�OLPLW� GHFUHDVHV� WKH� VWDELOLW\� RI� WKH� HPXOVLRQ�>�����@��2Q�WKH�RWKHU�KDQG��DQ�LQFUHDVH�LQ�WKH�FRQFHQWUDWLRQ�RI� WKH�FDUULHU� LQ� WKH�PHPEUDQH�SKDVH� LQFUHDVHV� WKH� DELOLW\� RI� WKH�PHPEUDQH�SKDVH� IRU� H[WUDFWLRQ�� 7KH� EHVW� YDOXH� RI� WKH�FDUULHU� FRQFHQWUDWLRQ� ZDV� IRXQG� WR� EH� DERXW�����YRO��� EDVHG� RQ� WKH� HPXOVLRQ� SKDVH� LQ�RXU�H[SHULPHQWV�
(IIHFW� RI� UHDJHQW� FRQFHQWUDWLRQ� LQ� WKH� LQWHUQDO�SKDVH7KH�HIIHFW�RI�WKH LQWHUQDO�SKDVH�FRQFHQWUDWLRQ�RQ� WKH� H[WUDFWLRQ� HIILFLHQF\� KDV� EHHQ� VKRZQ�LQ� )LJXUH� ��� ,QFUHDVH� LQ� WKH� LQWHUQDO� SKDVH�UHDJHQW�FRQFHQWUDWLRQ� LQFUHDVHV� WKH�DELOLW\�RI�WKH� LQWHUQDO� SKDVH� IRU� VWULSSLQJ� WKH� JROG�0,%.�FRPSOH[�DW�WKH�H[WHUQDO�VXUIDFH�RI�WKH�LQWHUQDO� GURSOHWV� DQG� UHGXFHV� WKH� FRQFHQWUD�WLRQ�SRODUL]DWLRQ�DW�WKH�VXUIDFH��VR�WKH�GULYLQJ�IRUFH� IRU� WKH� H[WUDFWLRQ� LQFUHDVHV� >��@�� 7KH�UHVXOWV�VKRZHG�WKDW�WKH�EHVW�FRQFHQWUDWLRQ�IRU�WKH� LQWHUQDO� SKDVH� UHJHQW� ZDV� ���0� IRU�VRGLXP�VXOILWH��7KHVH�H[SHULPHQWV�ZHUH�SHU�IRUPHG�DW�D�FRQVWDQW�1D2+�FRQFHQWUDWLRQ�RI����0�DQG�GLIIHUHQW�FRQFHQWUDWLRQV�RI�VRGLXP�VXOILWH�

)LJXUH��� (IIHFW�RI�LQWHUQDO�SKDVH�UHDJHQW�FRQFHQWUDWLRQ�RQ�WKH�H[WUDFWLRQ�HIILFLHQF\

WLPH��PLQ�

$X��S
SP�

WLPH��PLQ�

$X��S
SP�
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(IIHFW�RI�WKH�H[WHUQDO�SKDVH�S+7KH�HIIHFW�RI�WKH�S+�DW�WKH�H[WHUQDO�SKDVH�RQ�WKH� H[WUDFWLRQ� HIILFLHQF\� KDV� EHHQ� VKRZQ� LQ�)LJXUH� ��� $Q\� GHFUHDVH� LQ� S+� LQFUHDVHV� WKH�H[WUDFWLRQ�HIILFLHQF\�7KLV�HIIHFW�FDQ�EH�H[SODLQHG�E\�(TQV������DQG������ WKH� UDWH� RI� WKH� FRPSOH[� IRUPDWLRQ�GHSHQGV� GLUHFWO\� RQ� WKH� +� FRQFHQWUDWLRQ� LQ�WKH� H[WHUQDO� SKDVH�� VR� E\� UHGXFLQJ� WKH� S+�YDOXH�IRU� WKH�H[WUDFWLRQ�SKDVH�� WKH�H[WUDFWLRQ�

HIILFLHQF\�LQFUHDVHV�
(IIHFW�RI�DJLWDWLRQ�VSHHG:KHQ� WKH� SHUPHDWLRQ� VWLUULQJ� VSHHG� LV�LQFUHDVHG�� WKH� VKHDU� IRUFHV��ZKLFK�DFW�RQ� WKH�HPXOVLRQ� JOREXOHV�� LQFUHDVH�� DQG� WKHQ� WKH�DYHUDJH� HPXOVLRQ� JOREXOHV� UDGLXV� GHFUHDVHV�DQG�WKH�LQWHUIDFLDO�DUHD�DYDLODEOH�IRU�WKH�PDVV�WUDQVIHU� LQFUHDVHV�� 7KXV�� WKH� PDVV� WUDQVIHU�UDWH�LQFUHDVHV�DV�LOOXVWUDWHG�LQ�)LJXUH���

)LJXUH��� (IIHFW�RI�H[WHUQDO�SKDVH�S+�RQ�WKH�H[WUDFWLRQ�HIILFLHQF\

)LJXUH��� (IIHFW�RI�VSHHG�RI�DJLWDWLRQ�WKH�H[WUDFWLRQ�HIILFLHQF\

WLPH��PLQ�

$X��S
SP�

WLPH��PLQ�

$X��S
SP�
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$V� RWKHU� DXWKRUV� KDYH� SRLQWHG� RXW�� WKH�H[WHUQDO� VXUIDFH� DUHD� RI� JOREXOHV� UDWKHU� WKDQ�WKH�LQWHUQDO�SKDVH�GURSOHW�VXUIDFH�DUHD�FRQWURO�WKH� H[WUDFWLRQ� SURFHVV� ZLWK� (/0V� >�����������@�� VR� E\� LQFUHDVLQJ� WKH� VSHHG� RI�DJLWDWLRQ� WKH�DUHD� IRU�PDVV� WUDQVIHU� LQFUHDVHV�DQG� WKH� H[WUDFWLRQ� HIILFLHQF\� LQFUHDVHV��+RZHYHU�� WKHUH� LV� DQ� XSSHU� OLPLW� IRU� WKLV�HIIHFW��FDXVHG�E\�WKH�QRQ�LGHDOLW\�SKHQRPHQD�LQ� WKLV� V\VWHP� �QDPHO\� PHPEUDQH� SKDVH�OHDNDJH� ZLWK� H[LW� RI� LQWHUQDO� SKDVH� LQWR� WKH�H[WHUQDO� SKDVH��� WKXV� UHGXFLQJ� WKH� HIILFLHQF\�RI� WKH� ZKROH� SURFHVV�� $� ORZHU� OLPLW� IRU� WKH�SHUPHDWLRQ� VWLUULQJ� VSHHG� PLJKW� DOVR� EH�GUDZQ�� LW� VKRXOG� EH�KLJK�HQRXJK� WR�GLVSHUVH�WKH� HPXOVLRQ�JOREXOHV� HYHQO\� LQ� WKH�H[WHUQDO�SKDVH�� 7KLV� VLWXDWLRQ� GHSHQGV� RQ� WKH� SHU�PHDWLRQ�UHDFWRU�JHRPHWU\�>��@�
$QDO\VLV�RI�WKH�5HVXOWV,Q�WKH�SUHVHQW�VWXG\��WKHUH�DUH�HOHYHQ�GHJUHHV�RI� IUHHGRP�RZQLQJ� WR� WKH� IRXU� VHWV�RI� WKUHH�OHYHO� DQG� RQH� OHYHO� RI� WKUHH�OHYHO� H[WUDFWLRQ�

SURFHVV� SDUDPHWHUV�� 7KH� GHJUHH� RI� IUHHGRP�IRU� WKH� RUWKRJRQDO� DUUD\� VKRXOG� EH� JUHDWHU�WKDQ�RU�DW�OHDVW�HTXDO�WR�WKRVH�IRU�WKH�SURFHVV�SDUDPHWHUV�� 7KH� H[WUDFWLRQ� SDUDPHWHUV� DQG�WKHLU�OHYHOV�DUH�VKRZQ�LQ�7DEOH���,Q� WKLV� VWXG\�� D� 0�� RUWKRJRQDO DUUD\� ZLWK�IRXU� FROXPQV� DQG� VL[WHHQ� URZV� ZDV� XVHG��7KLV�DUUD\�KDV�ILIWHHQ�GHJUHHV�RI�IUHHGRP�DQG�FDQ� KDQGOH� IRXU�OHYHO� SURFHVV� SDUDPHWHUV��ZLWK� �� GHJUHHV� RI� IUHHGRP� IRU� WKH� HUURU��6L[WHHQ�H[SHULPHQWV�DUH�UHTXLUHG�WR�VWXG\�WKH�HQWLUH� H[WUDFWLRQ� SDUDPHWHU� VSDFH� ZKHQ� WKH�0���RUWKRJRQDO�DUUD\�LV�XVHG�6L[WHHQ�H[SHULPHQWV�ZLWK�WKH�DUUDQJHPHQW�RI�0�� ZHUH�SHUIRUPHG��7KH�H[WUDFWLRQ�UDWH�ZDV�PHDVXUHG� DIWHU� ��� PLQXWHV�� 7KH� H[WUDFWLRQ�UDWH� LV� WKH� KLJKHU�WKH�EHWWHU� SHUIRUPDQFH�FKDUDFWHULVWLF��7KH�UHVXOWV�DUH�VKRZQ�LQ 7DEOH���� 7KH� HIIHFW� RI� HDFK� H[WUDFWLRQ� SURFHVV�SDUDPHWHU� RQ� WKH� PDLQ� HIIHFW� DW� GLIIHUHQW�OHYHOV� FDQ� EH� VHSDUDWHG� RXW� EHFDXVH� WKH�H[SHULPHQWDO�GHVLJQ�LV�RUWKRJRQDO��)LJXUHV������VKRZ�WKH�UHVSRQVH�YDOXH�IRU�HDFK�OHYHO�
7DEOH��� ([WUDFWLRQ�SDUDPHWHUV�DQG�WKHLU�OHYHOV6\PERO 3URFHVV�SDUDPHWHU 8QLW /HYHO�� /HYHO�� /HYHO�� /HYHO��$ &F 9RO� ����� ����� ����� �����% &L PRO�OLW ��� ��� ��� ���& S+ � �1�+&O �1�+&O ���� ����' 1 USP ��� ��� ��� �

)LJXUH���0DLQ�HIIHFWV�RI�WKH�FRQFHQWUDWLRQ�RI�FDUULHU�RQ�WKH�H[WUDFWLRQ�HIILFLHQF\
&F �YRO��

��([
WUDFWL

RQ
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7DEOH��� ([SHULPHQWDO�OD\RXW�DQG�WKH�UHVXOWV�IRU�SHUFHQW�RI�H[WUDFWLRQ�DIWHU����PLQXWHV3URFHVV�SDUDPHWHU�OHYHO([SHULPHQW�QXPEHU $ % & ' ([WUDFWLRQ�� 6�1�UDWLR��G%�
� � � � � ����� ������ � � � � ������ ������ � � � � ����� ������ � � � � ���� ����� � � � � ����� ������ � � � � ����� ������ � � � � ���� ����� � � � � ����� ������ � � � � ����� ������� � � � � ���� ������� � � � � ������ ������� � � � � ����� ������� � � � � ����� ������� � � � � ����� ������� � � � � ����� ������� � � � � ����� �����

)LJXUH����0DLQ�HIIHFWV�RI�WKH�FRQFHQWUDWLRQ�RI�LQWHUQDO�SKDVH�RQ�WKH�H[WUDFWLRQ�HIILFLHQF\
&L �PRO�OLW�

��([
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)LJXUH����0DLQ�HIIHFWV�RI�WKH�S+�RI�H[WHUQDO�SKDVH�RQ�WKH�H[WUDFWLRQ�HIILFLHQF\

)LJXUH����0DLQ�HIIHFWV�RI�WKH�VSHHG�RI�DJLWDWLRQ�RQ�WKH�H[WUDFWLRQ�HIILFLHQF\

7KH� DERYH� UHVXOWV� VKRZ� WKDW� WKHUH� DUH� VRPH�LQWHUDFWLRQV�EHWZHHQ� WKH�SDUDPHWHUV��7R�ILQG�WKH� LQWHUDFWLRQ� EHWZHHQ� WKH� SDUDPHWHUV�� WKH�UHVSRQVH�RI�HDFK�SDUDPHWHU�DJDLQVW�WKH�RWKHUV�PXVW� EH� FRQVWUXFWHG�� 7KH� UHVXOWV� RI� DQDO\VLV�DUH�OLVWHG�LQ�7DEOH���7KH�UHVXOWV�RI�LQWHUDFWLRQ�VKRZ�WKDW�WKH�PDLQ�

LQWHUDFWLRQV� DUH� EHWZHHQ� &F� � &L� DQG� &F�S+��7KLV� LV� GXH� WR� WKH� GHSHQGHQFH� RI� WKH�H[WUDFWLRQ� DELOLW\� RI�0,%.� WR� WKH� S+�RI� WKH�DTXHRXV� SKDVH�� 7KLV� UHVXOW� LV� LQ� DJUHHPHQW�ZLWK�RXU�H[SHULPHQWDO�GDWD�DQG�(TQV������DQG������

6SHHG�RI�DJLWDWLRQ��USP�

��([
WUDFWL

RQ

S+

��([
WUDFWL

RQ
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7DEOH��� 5HVXOWV�RI�SHUFHQW�RI�LQWHUDFWLRQ�EHWZHHQ�WKH�SURFHVV�SDUDPHWHUV3URFHVV�SDUDPHWHU $ % & '$ � ����� ����� ����% ����� � ����� ����& ����� ����� � �����' ���� ���� ����� �
%DVLFDOO\�� WKH� ODUJHU� WKH� UHVSRQVH�� WKH� EHWWHU�WKH�SHUIRUPDQFH�FKDUDFWHULVWLF��+RZHYHU�� WKH�UHODWLYH� LPSRUWDQFH� DPRQJ� WKH� H[WUDFWLRQ�SURFHVV� SDUDPHWHUV� IRU� WKH� SHUIRUPDQFH�FKDUDFWHULVWLF� VWLOO�QHHGV� WR�EH�NQRZQ�VR�WKDW�WKH� RSWLPDO� FRPELQDWLRQV� RI� WKH� H[WUDFWLRQ�SURFHVV� SDUDPHWHU� OHYHOV� FDQ� EH� GHWHUPLQHG�PRUH� DFFXUDWHO\�� %\� FRQVLGHULQJ� WKH� DERYH�UHVXOWV�� LW� ZDV� IRXQG� WKDW� WKH� EHVW� FRPELQD�WLRQ� RI� WKH� H[WUDFWLRQ� SURFHVV� SDUDPHWHUV� LV�$ % & '� � � � �� ,Q� RWKHU� ZRUGV�� E\� VHOHFWLRQ� RI�WKLV� FRPELQDWLRQ� RI� WKH� H[WUDFWLRQ� SURFHVV�SDUDPHWHUV�� WKH�EHVW�UHVSRQVH�ZLWK�PLQLPXP�UHTXLUHG� FRQGLWLRQV� �FRVW�� ZRXOG� EH� DW�WDLQDEOH�>��@�$QDO\VLV�RI�YDULDQFH7KH�SXUSRVH�RI�WKH�$129$�LV�WR�LQYHVWLJDWH�ZKLFK�H[WUDFWLRQ�SURFHVV�SDUDPHWHUV� VLJQLI\�FDQWO\� DIIHFW� WKH� SHUIRUPDQFH� FKDUDFWHULVWLF��7KLV� LV� DFFRPSOLVKHG� E\� VHSDUDWLQJ� WKH� WRWDO�YDULDELOLW\� RI� HDFK� OHYHO�� ZKLFK� LV� PHDVXUHG�E\�WKH�VXP�RI�WKH�VTXDUHG�GHYLDWLRQV�IURP�WKH�WRWDO�PHDQ�RI�WKH�UHVSRQVHV��LQWR FRQWULEXWLRQ�E\�HDFK�H[WUDFWLRQ�SURFHVV�SDUDPHWHU�DQG�WKH�HUURU��7KH�SHUFHQWDJH�FRQWULEXWLRQ�E\�HDFK�RI�WKH�SURFHVV�SDUDPHWHUV�LQ�WKH�WRWDO�VXP�RI�WKH�VTXDUHG� GHYLDWLRQV� FDQ� EH� XVHG� WR� HYDOXDWH�

WKH� LPSRUWDQFH� RI� WKH� SURFHVV� SDUDPHWHU�FKDQJH�RQ� WKH� SHUIRUPDQFH� FKDUDFWHULVWLF�� ,Q�DGGLWLRQ�� WKH� )�WHVW� QDPHG� DIWHU� )LVKHU� >��@�FDQ� DOVR� EH� XVHG� WR� GHWHUPLQH� ZKLFK� H[�WUDFWLRQ� SDUDPHWHUV� KDYH� D� VLJQLILFDQW� HIIHFW�RQ� WKH� SHUIRUPDQFH� FKDUDFWHULVWLF�� 8VXDOO\��FKDQJLQJ� WKH� H[WUDFWLRQ� SURFHVV� SDUDPHWHU�KDV� VLJQLILFDQW� HIIHFW� RQ� WKH� SHUIRUPDQFH�FKDUDFWHULVWLF�ZKHQ�WKH�)�YDOXH�LV�ODUJH�7KH� UHVXOWV� RI� $129$� WKDW� DUH� VKRZQ� LQ�7DEOH� ��� LQGLFDWH� WKDW� WKH� S+� YDOXH� RI� WKH�H[WHUQDO� SKDVH�� VSHHG� RI� DJLWDWLRQ� DQG�FRQFHQWUDWLRQ�RI�VRGLXP�VXOILWH�LQ�WKH�LQWHUQDO�SKDVH� DUH� WKH� VLJQLILFDQW� H[WUDFWLRQ� SURFHVV�SDUDPHWHUV� IRU� DIIHFWLQJ� WKH� SHUIRUPDQFH�FKDUDFWHULVWLF�� )XUWKHUPRUH�� WKH� S+� YDOXH� RI�WKH� H[WHUQDO� SKDVH� LV� WKH� PRVW� VLJQLILFDQW�H[WUDFWLRQ� SURFHVV� SDUDPHWHU� GXH� WR� LWV�KLJKHVW� SHUFHQWDJH� FRQWULEXWLRQ� ����������DPRQJ� WKH�SURFHVV�SDUDPHWHUV��%DVHG�RQ� WKH�DERYH� GLVFXVVLRQ�� WKH� RSWLPDO� H[WUDFWLRQ�SURFHVV� SDUDPHWHUV� DUH� WKH� FRQFHQWUDWLRQ� RI�FDUULHU�OHYHO����FRQFHQWUDWLRQ�RI�WKH�UHDJHQW�LQ�WKH� LQWHUQDO� SKDVH� OHYHO� ��� S+� YDOXH� RI�H[WHUQDO�SKDVH�OHYHO���DQG�VSHHG�RI�DJLWDWLRQ�OHYHO���� $ % & '� � � � ��
7DEOH��� 5HVXOWV�RI�WKH�DQDO\VLV�RI�YDULDQFH3URFHVV�SDUDPHWHU '2) 9DULDQFH )�UDWLR &RQWULEXWLRQ�&RQFHQWUDWLRQ�RI�FDUULHU��$� � ������� ���� �����&RQFHQWUDWLRQ�RI�LQWHUQDO�SKDVH��%� � ������� ����� �����S+�RI�H[W��SKDVH��&� � ��������� ������ ������6SHHG�RI�DJLWDWLRQ��'� � ��������� ����� ������2WKHU�(UURU � ������� � ������7RWDO �� � � ��������
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%\�XVH�RI�WKH�DERYH�DQDO\VLV��ERWK�WKH�HIIHFWV�RI�HDFK�SDUDPHWHU�RQ�WKH�H[WUDFWLRQ�HIILFLHQF\�DQG�WKH�FRXQWHU�HIIHFWV�RI�SDUDPHWHUV�RQ�HDFK�RWKHU�FDQ�EH�REVHUYHG��)URP�WKH�)LVKHU�WDEOHV�>��@� ZLWK� ���� DQG� ���� FRQILGHQFH��
������� ����������� � ����) )  DQG�
�������� ������������ � ����) )  �� $FFRUGLQJ� WR�WKHVH� YDOXHV�� WKH� )� YDOXH� IRU� S+� DQG� WKH�VSHHG� RI� DJLWDWLRQ� DUH� JUHDWHU� WKDQ� WKH�FRUUHVSRQGLQJ�YDOXHV�RI�)LVKHU�WDEOHV��VR�WKH�WHVWV� DUH� UHOLDEOH� ZLWK� ���� DQG� ����FRQILGHQFH�� UHVSHFWLYHO\�� DQG� WKHVH� SDUD�PHWHUV�KDYH�JUHDW�HIIHFWV�RQ�WKH�SHUIRUPDQFH�

FKDUDFWHULVWLF� RI� WKH� H[WUDFWLRQ� SURFHVV�� 7KH�FRQWULEXWLRQ�RI�WKH�HUURU�LV��������ZKLFK�LV�LQ�D UHDVRQDEOH�UDQJH�RI�HUURUV�7KH�H[SHULPHQW�ZLWK� WKH�RSWLPDO�FRQGLWLRQV��ZKLFK�ZDV�SUHGLFWHG�E\�WKH�7DJXFKL�DQDO\VLV��ZDV� SHUIRUPHG�� 7KH� UHVXOWV� DUH� SUHVHQWHG� LQ�)LJXUH� ���� 7KH� UHVXOWV� VKRZHG� WKDW� WKH�UHPDLQLQJ� JROG� LRQV� FRQFHQWUDWLRQ� LQ� WKH�DTXHRXV� VROXWLRQ�� DIWHU� ��� PLQXWHV�� ZDV�EHKLQG� WKH� GHWHFWLRQ� OLPLW� RI� WKH� VSHFW�URSKRWRPHWHU� �OHVV� WKDQ� ���SSP��� VR� WKH�H[WUDFWLRQ�HIILFLHQF\�ZDV�PRUH�WKDQ�������

)LJXUH���� 5HVXOW�RI�H[WUDFWLRQ�DW�WKH�RSWLPXP�FRQGLWLRQV

&RQFOXVLRQWKH� DSSOLFDWLRQ� RI� WKH� 7DJXFKL� PHWKRG� DV� D�SRZHUIXO� WHFKQLTXH� IRU� WKH� DQDO\VLV� RI� WKH�H[SHULPHQWDO� UHVXOWV� RI� JROG� LRQV� H[WUDFWLRQ�E\�(/0�KDV�EHHQ�VKRZQ��7KH�DQDO\VLV�RI�WKH�GDWD� VKRZV� WKDW� WKHUH� DUH� VRPH� LQWHUDFWLRQV�EHWZHHQ� WKH� H[WUDFWLRQ� SDUDPHWHUV� DQG� WKH�EHVW� H[SHULPHQWDO� FRQGLWLRQ�� ZKLFK� ZDV�SUHGLFWHG� XVLQJ� WKH� 7DJXFKL� DQDO\VLV� LV�� $ % & '� � � � ��� 7KH� FRQWULEXWLRQV� RI� S+� DQG�

VSHHG�RI�DJLWDWLRQ�RQ�WKH�H[WUDFWLRQ�HIILFLHQF\�DUH� JUHDWHU� LQ� FRPSDULVRQ� ZLWK� WKH� RWKHU�SDUDPHWHUV�� ZKHUHDV� WKH� FRQWULEXWLRQ� RI�FDUULHU� FRQFHQWUDWLRQ� LV� QHJOLJLEO\� VPDOO�� ,Q�WKLV�VWXG\�D�QHZ�HIILFLHQW�HPXOVLILHU��/.�����KDV�EHHQ�LQWURGXFHG�IRU�WKH�H[WUDFWLRQ�RI�JROG��,,,�� LRQV� IURP� DFLGLF� DTXHRXV� PHGLD� XVLQJ�0,%.� DV� WKH� FDUULHU� DQG� DONDOLQH� VRGLXP�VXOILWH� VROXWLRQ� DV� WKH� LQWHUQDO� UHDJHQW�� 7KH�H[WUDFWLRQ� UDWH� LQFUHDVHV�ZLWK� WKH�LQFUHDVH�RI�
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WKH�FDUULHU�FRQFHQWUDWLRQ�� LQWHUQDO�SKDVH�FRQ�FHQWUDWLRQ�� DJLWDWLRQ� VSHHG� DQG� GHFUHDVH� RI�WKH� H[WHUQDO� SKDVH� S+�� 7KLV� HPXOVLRQ� LV�FDSDEOH�RI�H[WUDFWLQJ��DOPRVW�FRPSOHWHO\��WKH�WRWDO� JROG� LRQV� SUHVHQW� LQ� WKH� H[WHUQDO�SKDVH�ZLWKLQ�D�IHZ�PLQXWHV�>��@�
1RPHQFODWXUH

F& &RQFHQWUDWLRQ� RI� FDUULHU� LQ� WKH� HPXO�VLRQ�SKDVH��YRO��
H& &RQFHQWUDWLRQ�RI�JROG� �,,,�� LRQV� LQ� WKH�H[WHUQDO�SKDVH��SSP�
L& &RQFHQWUDWLRQ�RI� VRGLXP�VXOILWH� LQ� WKH�LQWHUQDO�SKDVH��PRO�OLW�
HZ5 7KH� UDWLR� RI� HPXOVLRQ� SKDVH� WR� WKH�H[WHUQDO�SKDVH��YRO�YRO�1 6SHHG�RI�DJLWDWLRQ��USP�

5HIHUHQFHV�� 7DJXFKL��*���,QWURGXFWLRQ�WR�TXDOLW\�HQJLQHHULQJ��$VLDQ�3URGXFWLYLW\�2UJDQL]DWLRQ��7RN\R������������ 3HDFH�� *�6��� 7DJXFKL� PHWKRGV�� $� KDQG�RQ�DSSURDFK�� $GGLVRQ� :HVOH\� 5HDGLQJ�� 0$������������ /L��1�1���86�3DWHQW��������������������� (O]LQJD��(�5��DQG�/L��1�1���86�3DWHQW�������������������� /L�� 1�1��� 3HUPHDWLRQ� WKURXJK� OLTXLG� VXUIDFWDQW�PHPEUDQHV��$,&K(�-��������������������� (\DO��$�(��DQG�%UHVVOHU��(���,QGXVWULDO�VHSDUDWLRQ�RI� FDUER[\OLF� DQG� DPLQR� DFLGV� E\� OLTXLG�PHPEUDQHV�� $SSOLFDELOLW\�� SURFHVV�FRQVLGHUDWLRQV�� DQG� SRWHQWLDO� DGYDQWDJHV�%LRWHFK��DQG�%LRHQJ��������������������� :D\�� -�'���1REHO��5�'��� )O\QQ��7�0�� DQG�6RDQ��(�'��� /LTXLG� PHPEUDQH� WUDQVSRUW�� $� VXUYH\� -��0HPEUDQH�6FL��������������������� :DQ�� <�+��� :DQJ�� ;�'�� DQG� =KDQJ�� ;�-���7UHDWPHQW� RI� KLJK� FRQFHQWUDWLRQ� SKHQROLF�ZDVWHZDWHU� E\� OLTXLG� PHPEUDQH� ZLWK� 1 ��� DV�PRELOH� FDUULHU�� -�� 0HPEUDQH� 6FL�� ����� �����������

�� +R��:�6���+DWWRQ��7�$���/LJKWIRRW��(�1�� DQG�/L��1�1��� %DWFK� H[WUDFWLRQ� ZLWK� OLTXLG� VXUIDFWDQW�PHPEUDQHV�� $� GLIIXVLRQ�FRQWUROOHG� PRGHO��$,&K(�-���������������������� %KRZDO�� $�� DQG� 'DWWD�� 6��� 6WXGLHV� RQ� WUDQVSRUW�PHFKDQLVP�RI�&U� �9,��H[WUDFWLRQ� IURP�DQ�DFLGLF�VROXWLRQ� XVLQJ� OLTXLG� VXUIDFWDQW� PHPEUDQH�� -��0HPEUDQH�6FL��������������������� -DEEDUL�� $��� (VPDHLOL�� 0�� DQG� 6KDPVLSXU�� 0���6HOHFWLYH� WUDQVSRUW� RI� PHUFXU\� DV� +J &O� ���WKURXJK� D EXON� OLTXLG� PHPEUDQH� XVLQJ� . � �GLF\FORKH[\O����FURZQ��� DV� FDUULHU�� 6HS�� DQG�3XUL��7HFK�� ������������������� =KDQJ�� 5�+�� DQG� ;LDR�� /��� 'HVLJQ� RI� D� OLTXLG�PHPEUDQH� V\VWHP� IRU� H[WUDFWLQJ� UDUH� HDUWKV�� -��0HPEUDQH�6FL���������������������� +R�� :�6�:�� DQG� 6LUNDU�� .�.��� 0HPEUDQH�+DQGERRN��&KDSPDQ�	�+DOO�,QF���1�<�������������� 5DXWHQEDFK�5�� DQG�0DFKKDPPHU��2���0RGHOLQJ�RI� OLTXLG� PHPEUDQH� VHSDUDWLRQ� SURFHVVHV�� -��0HPEUDQH�6FL���������������������� &DKQ�� 5�3�� DQG� /L�� 1�1��� 6HSDUDWLRQ� RI� SKHQRO�IURP� ZDVWHZDWHU� E\� WKH� OLTXLG� PHPEUDQH�WHFKQLTXH��6HS��6FL���� �������������������� 7HUU\��5�5���/L��1�1��DQG�+R��:�6���([WUDFWLRQ�RI�SKHQROLF�FRPSRXQGV�DQG�RUJDQLF�DFLGV�E\�OLTXLG�PHPEUDQHV��-��0HPEUDQH�6FL���������������������� 7HUDPRWR�� 0��� 7DNLKDQD�� +�� DQG� 6KLEXWDQL��0���([WUDFWLRQ� RI� SKHQRO� DQG� FUHVRO� E\� OLTXLG�VXUIDFWDQW� PHPEUDQH�� 6HS�� 6FL�� 7HFK��� ���� ��������������� .DNRL��7���*RWR��0���1DWVXNDZD��6���,NHPL]X��.���1DNDVKLR�� )��� 0DWVXPRWR�� 0�� DQG� +DQR�� 7���5HFRYHU\� RI� SKHQROV� XVLQJ� OLTXLG� VXUIDFWDQW�PHPEUDQHV� SUHSDUHG� ZLWK� QHZO\� V\QWKHVL]HG�VXUIDFWDQWV��6HS��6FL��7HFK���������������������� &RUUHLD�� 3�)�0�0�� DQG� &DUYDOKR�� -�0�5���5HFRYHU\� RI� ��FKORURSKHQRO� IURP� DTXHRXV�VROXWLRQV� E\� HPXOVLRQ� OLTXLG� PHPEUDQHV�� EDWFK�H[SHULPHQWDO� VWXGLHV� DQG� PRGHOOLQJ�� -��0HPEUDQH�6FL����������� ����������� &RUUHLD�� 3�)�0�0�� DQG� &DUYDOKR�� -�0�5��� $�FRPSDULVRQ� RI� PRGHOV� IRU� ��FKORURSKHQRO�UHFRYHU\� IURP� DTXHRXV� VROXWLRQV� E\� HPXOVLRQ�



.DUJDUL��.DJKD]FKL��6RKUDEL��6ROHLPDQL

,UDQLDQ�-RXUQDO�RI�&KHPLFDO�(QJLQHHULQJ��9RO�����1R��� ��

OLTXLG� PHPEUDQHV�� &KHP�� (QJ�� 6FL��� ���� ���������������� =KDQJ�� 7��� +XDQJ�� %��� =KRX��:���*DR��+���:X��+�� DQG�:X�� -��� ([WUDFWLRQ� DQG� UHFRYHU\� RI� JROG�IURP�.$X�&1�� XVLQJ� FHW\O�WULPHWK\ODPPRQLXP�EURPLGH� PLFURHPXOVLRQV�� -�� &KHP�� 7HFK��%LRWHFK����������������������� 6FKORVVHU��6�� DQG�.RVVDF]N\��(���&RPSDULVRQ�RI�SHUWUDFWLRQ�WKURXJK�OLTXLG�PHPEUDQHV�DQG�GRXEOH�OLTXLG�OLTXLG�H[WUDFWLRQ� -��0HPEUDQH�6FL�������������������� 6DVWUH��$���0DGL��$���&RUWLQD�� -�/��DQG�0LUDOOHV��1��� 0RGHOLQJ� RI� PDVV� WUDQVIHU� LQ� IDFLOLWDWHG�VXSSRUWHG�OLTXLG�PHPEUDQH�WUDQVSRUW�RI�JROG��,,,��XVLQJ� SKRVSKROHQH� GHULYDWLYHV� DV� FDUULHUV�� -��0HPEUDQH�6FL���������������������� )X�� -��� 1DNDPXUD�� 6�� DQG� $NLED�� .��� /LTXLG�PHPEUDQH� WUDQVSRUW� RI� JROG� E\� D� WULRFW\ODPLQH�PRELOH�FDUULHU��$QDO\WLFDO�6FL���������������������� 'HQJ�� 7�/��� /LDR�� 0�;��� :DQJ�� 0�+��� &KHQ��<�:�� DQG� � � %HO]LOH�� 1��� (QKDQFHPHQW� RI� JROG�H[WUDFWLRQ� IURP� ELR�R[LGDWLRQ� UHVLGXHV� XVLQJ� DQ�DFLGLF� VRGLXP� VXOSKLWH� � WKLRXUHD� V\VWHP��0LQHUDOV�(QJ���������������������� <DQ�� 1��� 6KL�� <�� DQG� 6X�� <��� $� VWXG\� RI� JROG�H[WUDFWLRQ� E\� OLTXLG� PHPEUDQHV�� :DWHU�7UHDWPHQW�������������������� (QVDIL�� $�$�� DQG� (VNDQGDUL�� +��� (IILFLHQW� DQG�VHOHFWLYH� H[WUDFWLRQ� RI� LRGLGH� WKURXJK� D� OLTXLG�PHPEUDQH��0LFURFKHPLFDO�-��������������������� 0XNNRODWK��$�9���*DGHUNDU��3�7��DQG�7LZDUL��.���$� QHZ� PHWKRG� IRU� WKH� UHGXFWLRQ� RI� VZHOOLQJ� LQ�OLTXLG� HPXOVLRQ� PHPEUDQH� V\VWHPV�� &KHP�� 	�,QG�����������0DUFK������������ <DQ��-� DQG�3DO��5���2VPRWLF�VZHOOLQJ�EHKDYLRU�RI�JOREXOHV�RI�:�2�:�HPXOVLRQ� OLTXLG�PHPEUDQHV��-��0HPEUDQH�6FL���������������������� :DOVWUD�� 3��� 3ULQFLSOH� RI� HPXOVLRQ� IRUPDWLRQ��&KHP��(QJ��6FL�� ��������������������� &ODXVVH�� '��� 3H]URQ�� ,�� DQG� .RPXQMHU�� /���6WDELOLW\ RI� :�2� DQG� :�2�:� HPXOVLRQV� DV� D�UHVXOW� RI� SDUWLDO� VROLGLILFDWLRQ�� &ROORLGV� DQG�6XUIDFHV�$��������������������� %RELQ�� 0�)��� 0LFKHO�� 9�� DQG� 0DUWLQL�� 0�&���6WXG\� RI� IRUPXODWLRQ� DQG� VWDELOLW\� RI� HPXOVLRQV�

ZLWK� SRO\PHULF� HPXOVLILHUV�� &ROORLGV� DQG�6XUIDFHV�$��������������������� 6KHUH��$�-��DQG�&KHXQJ��0���0RGHOLQJ�RI�OHDNDJH�LQ� OLTXLG� VXUIDFWDQW� PHPEUDQH� V\VWHP�� &KHP��(QJ���&RPP���������������������� 7UDQJ�� <�6��� HW� DO��� 7KH� XVH� RI� JUH\�EDVHG�7DJXFKL� PHWKRGV� WR� GHWHUPLQH� VXEPHUJHG� DUF�ZHOGLQJ� SURFHVV� SDUDPHWHUV� LQ� KDUG IDFLQJ�� -��0DWHULDOV�3URFHVVLQJ�7HFK��������������������� )LVKHU�� 5�$��� 6WDWLVWLFDO� PHWKRGV� IRU� UHVHDUFK�ZRUNHUV��2OLYHU�	�%R\G��/RQGRQ������������� .DUJDUL�� $��� ([WUDFWLRQ� RI� JROG� �,,,�� LRQV� IURP�DTXHRXV� VROXWLRQV� XVLQJ� HPXOVLRQ� OLTXLG�PHPEUDQH� V\VWHP�� 3K�'�� 7KHVLV�� $PLUNDELU�8QLYHUVLW\�RI�7HFKQRORJ\��7HKUDQ��,UDQ���������


