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$EVWUDFW�� 7KLV� SDSHU� SUHVHQWV� DQ� DSSOLFDWLRQ� RI� WKH� PXOWL�DJHQW� V\VWHP� DSSURDFK� WR� D�VHUYLFH�PRELOH�PDQLSXODWRU� URERW� WKDW� LQWHUDFWV�ZLWK� D� KXPDQ� GXULQJ� DQ� REMHFW� GHOLYHU\�DQG� KDQG�RYHU� WDVN� LQ� WZR� GLPHQVLRQV�� 7KH� EDVH�� HOERZ� DQG� VKRXOGHU� RI� WKH� URERW� DUH�LGHQWLILHG�DV�WKUHH�GLIIHUHQW�DJHQWV��DQG�DUH�FRQWUROOHG�XVLQJ�IX]]\�FRQWURO��7KH�IX]]\�UXOHV�RI�HDFK�DJHQW�DUH�ZULWWHQ�FRQVLGHULQJ�WKH�VWDWH�RI�RWKHU�DJHQWV�EHVLGHV�LWV�RZQ�VWDWH��:KLOH�ZULWLQJ� WKH� UXOHV� HIIHFWLYH� GHOLYHU\� DQG� DYRLGLQJ� WKH� FRQWDFW� ZLWK� KXPDQ� QRW� WR� FDXVH�SK\VLFDO�KDUP�LV�FRQVLGHUHG��7KH�PHPEHUVKLS�IXQFWLRQV�RI�WKH�IX]]\�FRQWUROOHUV�DUH�WXQHG�XVLQJ� JHQHWLF� DOJRULWKPV�� ,Q� WXQLQJ�� WKH� SHUIRUPDQFH� LV� FDOFXODWHG� FRQVLGHULQJ� WKH�GHYLDWLRQ� IURP� WKH� RSWLPXP SDWK�� WLPH� VSHQW� WR� UHDFK� WKH� KXPDQ� KDQG� DQG� HQHUJ\�FRQVXPHG� E\� WKH� DFWXDWRUV�� 7KH� SURSRVHG�PXOWL� DJHQW� V\VWHP� VWUXFWXUH� EDVHG� RQ� IX]]\�FRQWURO� IRU� WKH� REMHFW� GHOLYHU\� WDVN� VXFFHHGHG� LQ� ERWK� HIIHFWLYH� DQG� VDIH� GHOLYHU\�&RS\ULJKW��������,)$&
.H\ZRUGV�� $JHQWV�� GLVWULEXWHG� FRQWURO�� IX]]\� FRQWURO�� JHQHWLF� DOJRULWKPV�� PHPEHUVKLS�IXQFWLRQV��GHOLYHU\�V\VWHPV��URERW�DUP��

���,1752'8&7,217KH� PXOWL�DJHQW� V\VWHPV� DSSURDFK� WR� GLVWULEXWHG�FRQWURO� V\VWHPV� LV� ZLGHO\� VSUHDG� IRU� LPSRUWDQW�XWLOLWLHV� LW� SURYLGHV�� 7KH\� RIIHU� D� GHFHQWUDOL]HG�FRQWURO� PRGHO� EDVHG� RQ� DJHQWV�� ,Q� WKLV� DSSURDFK�VHYHUDO�HOHPHQWV��QDPHO\�DJHQWV��FRRSHUDWH�ZLWK�HDFK�RWKHU� WR� UHDFK� WKHLU� RZQ�JRDOV�� DQG� WKHVH� JRDOV� VXP�XS� WR� WKH� ILQDO� JRDO� RI� WKH�ZKROH� V\VWHP��7KHUHIRUH��WKH�WDVNV�WR�EH�DFFRPSOLVKHG�WR�DFKLHYH�D�JOREDO�JRDO�DUH� GLVWULEXWHG� EHWZHHQ� DJHQWV� DQG� HDFK� DJHQW� LV� WR�SHUIRUP�LWV�VSHFLDO�WDVN��(DFK�DJHQW�LQ�WKH�V\VWHP�KDV�LWV�RZQ�FRQWURO�EORFN��
)X]]\�ORJLF� FRQWUROOHUV� DUH� VKRZQ� WR� EH� YHU\�VXFFHVVIXO� LQ� FRPSOH[� V\VWHPV� ZKHUH� LPSUHFLVLRQ�H[LVWV�� :LWK� WKLV� PHWKRG� KXPDQ� GHFLVLRQ� PDNLQJ�SURFHVV�LV�PRGHOOHG�ZLWK�D�FROOHFWLRQ�RI�UXOHV��DQG�E\�WKHVH� UXOHV� WKH� OLQJXLVWLF� WHUPV� DUH� FRQYHUWHG� WR�SUHFLVH�QXPHULF�YDOXHV��2QFH�D�FROOHFWLRQ�RI�UXOHV�LV�DVVHPEOHG�� LW�PD\� EH� SRVVLEOH� WR� WXQH� WKH� UXOH� EDVH�IRU� VHYHUDO� VSHFLILFDWLRQV�� *HQHWLF� DOJRULWKP� LV� D�SRZHUIXO� WRRO� IRU� RSWLPLVDWLRQ� LQ� FRPSOH[� VSDFHV��ZKLFK� LV�FDSDEOH�RI� MXPSLQJ�RYHU�WKH�ORFDO�H[WUHPHV�DQG� DSSURDFKLQJ� WR� WKH� JOREDO� H[WUHPH�� ,W� LV� D�FRPPRQ� XVDJH� WR� GHVLJQ� WKH� FRQWURO�PHFKDQLVPV�RI�

DJHQWV� LQ�PXOWL�DJHQW�V\VWHPV�ZLWK� IX]]\�FRQWUROOHUV��$QG� JHQHWLF� DOJRULWKP� LV� ZLGHO\� DSSOLHG� WR� IX]]\�FRQWURO� UXOH� EDVHV� WR� WXQH� WKH�PHPEHUVKLS� IXQFWLRQV�RI� WKH�UXOHV�� ,Q� WKLV�VWXG\� LW� LV�DLPHG�WR�DSSO\�WXQLQJ�RI� WKH�PHPEHUVKLS� IXQFWLRQV�RI� WKH�IX]]\�FRQWUROOHUV�RI� HDFK� DJHQW� LQ� D�PXOWL� DJHQW� FRQWURO� V\VWHP��XVLQJ�JHQHWLF�DOJRULWKPV�
7KH� PRGHO� XVHG� LQ� WKLV� DSSOLFDWLRQ� LV� WDNHQ� IURP�$JDK�� HW� DO�� �������� D� VHUYLFH� PRELOH� PDQLSXODWRU�URERW� WKDW� LQWHUDFWV� ZLWK� D� KXPDQ� GXULQJ� DQ� REMHFW�GHOLYHU\�DQG�KDQG�RYHU� WDVN�� ,Q� WKLV� WDVN�LV� WKH�URERW�GHVLUHG�WR�DFFRPSOLVK�WKH�GHOLYHU\�LQ�DQ�HIILFLHQW DQG�VDIH ZD\�� +HQFH�� WKH� GHOLYHU\� VKRXOG� EH� SHUIRUPHG�ZLWK� WKH�PLQLPXP� GLVWDQFHG� SDWK�� LQ�PLQLPXP� WLPH�DQG� GLVVLSDWLQJ� PLQLPXP� HQHUJ\�� 0RUHRYHU�� WKH�FRQWDFW�ZLWK� WKH� KXPDQ� VKRXOG� EH� VHYHUHO\� DYRLGHG��7KH� DJHQWV� GHILQHG� LQ� WKLV� V\VWHP� DUH� URERW� EDVH��URERW� VKRXOGHU� DQG� URERW� HOERZ�� (DFK� DJHQW� LV�FRQWUROOHG�ZLWK� IX]]\� FRQWUROOHUV��7KH�IX]]\� UXOHV�RI�HDFK� DJHQW� DUH�ZULWWHQ� FRQVLGHULQJ� WKH� VWDWH� RI�RWKHU�DJHQWV� EHVLGHV� LWV� RZQ� VWDWH�� 7KH� PHPEHUVKLS�IXQFWLRQV� RI� WKH� IX]]\� FRQWUROOHUV� DUH� WXQHG� XVLQJ�JHQHWLF�DOJRULWKPV�DIWHU�WKH�IX]]\�FRQWUROOHU�GHVLJQ�LV�FRPSOHWH��,Q�WXQLQJ��WKH�WLS�SRLQWV�RI�WKH�PHPEHUVKLS�IXQFWLRQV� DUH� DUUDQJHG�� 7KH� ILWQHVV� IXQFWLRQ�� KHQFH�
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WKH� SHUIRUPDQFH� LV� FDOFXODWHG FRQVLGHULQJ� WKH�GHYLDWLRQ�IURP�WKH�RSWLPXP�SDWK��WLPH�VSHQW�WR�UHDFK�WKH�KXPDQ�KDQG�DQG�HQHUJ\�FRQVXPHG�E\� WKH�HOERZ�DQG� VKRXOGHU� DFWXDWRUV�� 7KH� SURSRVHG� PXOWL� DJHQW�V\VWHP�VWUXFWXUH�EDVHG�RQ�IX]]\�FRQWURO�IRU�WKH�REMHFW�GHOLYHU\� WDVN� VXFFHHGHG� LQ� ERWK� HIIHFWLYH� DQG� VDIH�GHOLYHU\��
���/,7(5$785(�5(9,(:

,Q� �9DOHVFR�� HW� DO��� D� GLVWULEXWHG� FRQWURO� SUREOHP� LV�WDNHQ� LQWR� DFFRXQW� WKURXJK� PXOWL�DJHQW� V\VWHPV�SHUVSHFWLYH� DQG� D� JHQHUDO� VWUXFWXUH� LV� SUHVHQWHG�� $�0,;� PXOWL�DJHQW� SODWIRUP� LV� VXJJHVWHG� WR� GHILQH� D�OD\HUHG� PRGHO� RI� WKH� QHWZRUN� WKDW� SURYLGHV� DJHQWV�ZLWK� D� XQLIRUP� YLHZ� RI� WKH� QHW�� 7KLV� DSSURDFK� LV�DSSOLHG� WR� WKH� FDVH� RI� HFRQRPLF� FRQWURO� RI� D� IRVVLO�IXHO� ILUHG� SRZHU� SODQW��$JDK��HW� DO� ��������SUHVHQWV�WKH� FRQFHSW� RI� IX]]\� ORJLF� FRQWURO� EDVHG� RQ�GLVWULEXWHG� PXOWL�DJHQW� V\VWHPV�� EXW� LW� SURSRVHV� D�QHZ�DSSURDFK�LQ�ZKLFK�WKH�VRIWZDUH�DJHQWV�FRRSHUDWH�DQG� FRQWHQG� WR� FRQWURO� WKH� V\VWHP�� 7KH� PDLQ�FRQWUROOHU� LQ� WKH� V\VWHP� HYDOXDWHV� WKH� SURSRVDOV� RI�WKH� FRQWHQGLQJ� DJHQWV� DFFRUGLQJ� WR� WKHLU� UHOHYDQFH��FRQILGHQFH� DQG� HIIHFW�� DQG� WKHQ� VHOHFWV� WKH� ZLQQHU�DFWLRQ� WKDW�ZLOO�EH�WDNHQ�E\�WKH�V\VWHP��:DQJHUPDQ��HW� DO� �������� GHDOV� ZLWK� DSSO\LQJ� WKH� PXOWL�DJHQW�V\VWHPV� DSSURDFK� WR� DLU� WUDIILF� FRQWURO�� 7KH�SULQFLSOHG� QHJRWLDWLRQ� EHWZHHQ� LQWHOOLJHQW� DJHQWV� LV�WKH�PDLQ�VXEMHFW�RI� WKLV�SDSHU��7KH�VWUXFWXUH�RI�HDFK�DJHQW� LV� EDVHG� RQ� WKH� IXQFWLRQV� LW� SHUIRUPV�� 7KHVH�IXQFWLRQV� DUH� FODVVLILHG� DV� GHFODUDWLYH� IXQFWLRQV��SURFHGXUDO�IXQFWLRQV��DQG�UHIOH[LYH�IXQFWLRQV��
3DSHUV� �*XURFDN��������+HUUHUD��HW� DO��� ������3KDP�DQG� .DUDERJD�� ������ GHDO� ZLWK� WXQLQJ� IX]]\�FRQWUROOHUV�XVLQJ�JHQHWLF�DOJRULWKPV��*XURFDN��������SURSRVHV� WKH� PHWKRG� RI� WXQHV� WKH� UXOH� EDVH� E\�VKLIWLQJ� WKH� SHDN� ORFDWLRQV� RI� WKH� IX]]\� VHWV� RI� WKH�V\VWHP�ERWK�LQ� WKH�DQWHFHGHQW�DQG�FRQVHTXHQW�RI� WKH�UXOHV��*HQHWLF� DOJRULWKP�RSWLPLVDWLRQ� LV�XVHG� WR� ILQG�WKH� SHDN� ORFDWLRQV� WKDW� EHVW� ILW� WR� D� GHVLUHG� LQSXW�RXWSXW� UHODWLRQ� VHW�� +HUUHUD�� HW� DO� �������� JLYHV� D�JURXSLQJ�RI�JHQHWLF� IX]]\� V\VWHPV�GHSHQGLQJ�RQ� WKH�NQRZOHGJH� EDVH� FRPSRQHQWV� �GDWD� EDVH� DQG� UXOH�EDVH��LQFOXGHG�LQ�WKH�JHQHWLF�OHDUQLQJ�SURFHVV��,Q�WKH�SDSHU�D�JHQHWLF� IX]]\� V\VWHP�PHWKRGRORJ\�EDVHG�RQ�OHDUQLQJ�RI�FRPSOHWH�NQRZOHGJH�EDVH��ERWK�UXOHV�DQG�PHPEHUVKLS� IXQFWLRQV�� LV SURSRVHG�� 3KDP�� HW� DO���������SURSRVHV�D�QHZ�DGDSWLYH�IX]]\� ORJLF�FRQWURO�HPSOR\LQJ� QHXUDO� QHWZRUN� DQG� JHQHWLF� DOJRULWKPV�WHFKQLTXHV�� 7KH� LGHQWLILFDWLRQ� LV� SHUIRUPHG� XVLQJ� D�QHXUDO� QHWZRUN� PRGHO� DQG� WUDLQLQJ� LW� RQ�OLQH� XVLQJ�JHQHWLF� DOJRULWKPV�� 7KHQ� WKH� IX]]\� ORJLF� FRQWUROOHU�EHVW�DEOH�WR�FRQWURO�WKH�LGHQWLILHG�PRGHO�LV�GHVLJQHG��,Q� �1�1DJ\�� HW� DO��� ������ .RUHQ�� ������� WKH�PDWKHPDWLFDO� DSSURDFK� WR� URERW� DUP� VWUXFWXUH� LV�SUHVHQWHG�LQ�GHWDLO��DOVR�GUDZLQJV�IRU�WKH�VHUYRPRWRU�EORFN�GLDJUDPV�IRU�WKH�MXQFWLRQV�DUH�JLYHQ��

��6<67(0�'(6&5,37,21
,Q� WKH� V\VWHP� LV� D� VHUYLFH�PRELOH�PDQLSXODWRU� URERW�WKDW�LQWHUDFWV�ZLWK�D�KXPDQ�GXULQJ�DQ�REMHFW�GHOLYHU\�DQG�KDQG�RYHU�WDVN��7KH�DLP�LV�WR�FRQWURO�WKH�URERW�LQ�RUGHU� WR� GHOLYHU� WKH� REMHFW� LQ� DQ� HIILFLHQW� DQG� VDIH�ZD\�� 7KH� VWUXFWXUH� LV� JLYHQ� LQ� )LJ�� ,� ZLWK� WKH�SDUDPHWHUV� XWLOL]HG� LQ� WKH�FRQWURO�� ,Q� WKLV� V\VWHP� WKH�URERW� KDV� DFFHVV� WR� WKH� [�\� SRVLWLRQ� RI� WKH� KXPDQ�KDQG�ZLWK� UHVSHFW� WR� LWV� RZQ� KDQG� SRVLWLRQ� �G[�G\���7KHVH�DUH�WKH�PDLQ�LQSXWV�WR�WKH�URERW��

)LJ�� ,� 7KH� KXPDQ�URERW� V\VWHP� RI� REMHFW� GHOLYHU\�WDVN�
7KH� GLVWDQFH� RI� WKH� URERW� EDVH� IURP� WKH� KXPDQ�EDVH�[E��� WKH� VKRXOGHU� DQJOH�TV��� DQG� WKH� HOERZ�DQJOH�TH��PDNH�XS�WKH�VWDWH�RI�WKH�URERW��7KH�FRQWURO�SDUDPHWHUV� DUH� URERW� EDVH� YHORFLW\�YE��� VKRXOGHU�DQJXODU� YHORFLW\�ZV��� DQG� HOERZ� DQJXODU�YHORFLW\�ZH��� 7KH� FRQWURO� V\VWHP� LV� WR�PRGLI\� WKHVH�FRQWURO� SDUDPHWHUV� LQ� DQ� DSSURSULDWH� PDQQHU�DFFRUGLQJ� WR� WKH� LQSXW� DQG� VWDWH� SDUDPHWHUV� RI� WKH�URERW�� ,Q� WKLV� VWXG\� LW� LV� DVVXPHG� WKDW� WKH� GLUHFW�PDQLSXODWLRQ� RI� WKH� OLQHDU� DQG� DQJXODU� YHORFLWLHV� LV�SRVVLEOH�� ZKLFK� LV� QRW� WKH� FDVH� LQ� UHDO�ZRUOG�DSSOLFDWLRQV� ZKHUH� RQO\� WKH� HOHFWULFDO� LQSXWV� WR� WKH�DFWXDWRU�PRWRUV�DUH�PDQLSXODWHG��+RZHYHU��WKH�VWXG\�ZLOO� QRW� VXIIHU� IURP� WKLV�� VLQFH� DOPRVW� GLUHFW�PDQLSXODWLRQ� RI�PRWRU� VSHHGV� LQ� VPDOO� VSHHG� UDQJHV�LV�SRVVLEOH�ZLWK�WKH�LPSURYHG�VWHS�PRWRU�WHFKQRORJ\��
7KH�KXPDQ� SXWV�KLV KDQG� IRUZDUG� WR� WDNH� WKH�REMHFW�DQG� PD\� FKDQJH� WKH� SRVLWLRQ� RI� KLV� KDQG�FRQWLQXRXVO\�� 7KH� URERW� KDV� WR� WUDFN� WKH� KDQG� DQG�DUUDQJH�LWV�DFWLRQ�FRQWLQXRXVO\���������

���,'(17,),&$7,21�2)�$*(176
7KH� DJHQWV� DUH� LGHQWLILHG� DFFRUGLQJ� WR� WKH� GLIIHUHQW�WDVNV� WR EH�SHUIRUPHG� LQ� WKH� V\VWHP��7KHVH�DUH�EDVH�DJHQW��VKRXOGHU�DJHQW��DQG�HOERZ�DJHQW��SXW�LQ�FLUFOHV�LQ� )LJ�� ,�� IRU� EDVH� PDQLSXODWLRQ�� VKRXOGHU� DQJOH�PDQLSXODWLRQ�� DQG� HOERZ� DQJOH� PDQLSXODWLRQ�UHVSHFWLYHO\��7KH�LQSXWV�DQG�RXWSXWV�RI�WKH�DJHQWV�DUH�DV�LQ�7DEOH���
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7DEOH����,QSXW�DQG�RXWSXW�SDUDPHWHUV�RI�WKH�DJHQWV�$*(176 ,13876 2873876%DVH G[��G\ YE6KRXOGHU G[��G\��E ZV(OERZ G[��G\��D ZH
%DVH�DJHQW�PDQLSXODWHV�WKH�EDVH�YHORFLW\�RI�WKH�URERW�DFFRUGLQJ� WR� WKH� [�\� GLVWDQFHV� EHWZHHQ� URERW� KDQG�DQG�KXPDQ�KDQG� �G[�G\���7KH�HIIHFW� RI� WKH� VWDWHV� RI�WKH� VKRXOGHU� DQG� HOERZ� DJHQWV� ZLWK� LWV� RZQ� VWDWH��QDPHO\�TV��TH DQG�[E��DUH�UHIOHFWHG�WR�WKH�EDVH�DJHQW�LQ�G[�DQG�G\� LQIRUPDWLRQ��DQG� WKLV� LV�HQRXJK� IRU� WKH�WDVN�RI�EDVH�DJHQW��:KHQ�WKH�HOERZ�DQG�EDVH�DQJOHV�DUH� KHOG� FRQVWDQW�� WKH� FKDQJH� LQ� EDVH� SRVLWLRQ� ZLOO�GLUHFWO\�DIIHFW�WKH�FKDQJH�LQ�G[�
6KRXOGHU� DJHQW� PDQLSXODWHV� WKH� DQJXODU� YHORFLW\� RI�WKH� VKRXOGHU� DFFRUGLQJ� WR� G[�G\� GLVWDQFHV� DQG� EDQJOH��7KH�G[�DQG�G\� LQIRUPDWLRQ� DUH�QRW� HQRXJK� LQ�WKLV� FDVH� VLQFH� WKH� VWDWH� LQIRUPDWLRQ�RI�VKRXOGHU�DQG�HOERZ� DJHQWV� DUH� QRW� UHIOHFWHG� WR� WKHVH� IRU� VKRXOGHU�DQJOH� PDQLSXODWLRQ�� +RZHYHU�� WKH� E DQJOH� UHIOHFWV�WKHVH�WR�VKRXOGHU�DQJOH�PDQLSXODWLRQ��:KHQ�WKH�EDVH�SRVLWLRQ� DQG� HOERZ� DQJOH� DUH� IL[HG�� WKH� VKRXOGHU�DQJOH�PDQLSXODWLRQ�ZLOO� FKDQJH� WKH�E DQJOH�GLUHFWO\��DQG�WKLV�ZLOO�EH�WKH�FRQWULEXWLRQ�RI�WKH�VKRXOGHU�DJHQW�WR� ZKROH� V\VWHPV� DFWLRQ�� +HUH� E LV� HTXDO� WR� TV�TH��WKDW�LW�LV�WKH�FRRSHUDWHG�VWDWH�LQIRUPDWLRQ�RI�VWDWHV�RI�HOERZ�DQG�VKRXOGHU�
(OERZ�DJHQW�PDQLSXODWHV� WKH�DQJXODU�YHORFLW\�RI� WKH�HOERZ�DFFRUGLQJ�WR�G[�G\�GLVWDQFHV�DQG�D DQJOH��7KH�D DQJOH� UHIOHFWV� WKH� VKRXOGHU� DQG� HOERZ� DQJOH�LQIRUPDWLRQ�IRU� WKH�HOERZ�DQJOH�PDQLSXODWLRQ��:KHQ�WKH� EDVH� SRVLWLRQ� DQG� VKRXOGHU� DQJOH� DUH� IL[HG�� WKH�FKDQJH� LQ� HOERZ� DQJOH� ZLOO� GLUHFWO\� FKDQJH� WKH� DDQJOH�� DQG� RQO\� WKLV� ZLOO� WDNH� HIIHFW� LQ� G[�G\�PDQLSXODWLRQ��
���58/(6�$1'�0(0%(56+,3�)81&7,216�)25�7+(�)8==<�&21752//(56�2)�$*(176
7KH�FUXFLDO�SDUW�RI�WKLV�VWXG\�LV�WR�FRQVWUXFW�WKH�IX]]\�UXOHV� RI� IX]]\� FRQWUROOHU� RI� HDFK� DJHQW�� 7KHVH� UXOHV�ZLOO�UHODWH�WKH�RXWSXWV�RI�WKH�DJHQW�WR�WKH�LQSXWV��7KH�IROORZLQJ�GHVFULEHV� WKH� ORJLF� LQ�ZULWLQJ� WKH�UXOHV�IRU�HDFK�DJHQW�
%DVH�$JHQW���x $SSURDFK�WR�KXPDQ�ZLWK�KLJK�VSHHG�ZKHQ�G[�LV�ODUJH�x $SSURDFK�VORZO\�ZKHQ� G[� LV� VPDOO� EXW�~G\~LV�ODUJH�x $SSURDFK� YHU\� VORZO\� ZKHQ� ERWK� G[� DQG�~G\~ DUH�VPDOO��x *R�EDFNZDUGV�YHU\�IDVW�ZKHQ�G[�LV�QHJDWLYH�
6KRXOGHU�$JHQW��x:KHQ�E LV�VPDOO����������WKH�FKDQJH�LQ�TV ZLOO�FKDQJH�G[�PXFK��EXW�ZLOO�FKDQJH�G\�OLWWOH�x:KHQ� E LV� ELJ� ����������� WKH� FKDQJH� LQ� TVZLOO�FKDQJH�G[�OLWWOH�EXW�G\�PXFK�

x0DNH�G[�YDULDWLRQV�IDVW�ZKHQ�G[�LV�ODUJH��x0DNH�G\�YDULDWLRQV�IDVW�ZKHQ�~G\~ LV�ODUJH��x0DNH� WKH� PRYHPHQW� RI� VKRXOGHU� YHU\� VORZ�ZKHQ� WKH� KDQGV� DUH� YHU\� QHDU�� G[� DQG�~G\~DUH�YHU\�VPDOO�x:KHQ� G[� LV� QHJDWLYH�� GRQ¶W� DSSURDFK� WR� WKH�KDQG�� EXW HVFDSH� IURP� WKH� KDQG� PDNLQJ� WKH�VKRXOGHU� PRYHPHQW� LQ� UHYHUVH� GLUHFWLRQ�DFFRUGLQJ� WR� WKH� VLJQ� RI� G\�� ZLWK� D� YHORFLW\�SURSRUWLRQDO� WR�~G\~��:KHQ�WKH�URERW�DUP�LV�EHORZ� WKH� KXPDQ� DUP� G\� LV� SRVLWLYH�� LW� LV�QHJDWLYH� ZKHQ� WKH� URERW� DUP� LV� DERYH� WKH�KXPDQ�DUP�
(OERZ�$JHQW�x:KHQ�D LV� VPDOO� ��������� RU� ELJ� ������������WKH� FKDQJH� LQ� TH ZLOO� FKDQJH� G[� PXFK�� EXW�ZLOO�FKDQJH�G\�OLWWOH�x:KHQ�D LV�QRUPDO������������WKH�FKDQJH�LQ�THZLOO� FKDQJH� G[� OLWWOH�� EXW� ZLOO� FKDQJH� G\�PXFK�x0DNH�G[�YDULDWLRQV�IDVW�ZKHQ�G[�LV�ODUJH�x0DNH�G\�YDULDWLRQV�IDVW�ZKHQ�~G\~ LV�ODUJH��x0DNH� WKH� PRYHPHQW� RI� HOERZ� YHU\� VORZ�ZKHQ� WKH� KDQGV� DUH� YHU\� QHDU�� G[� DQG�~G\~DUH�YHU\�VPDOO�x:KHQ� G[� LV� QHJDWLYH�� GRQ¶W� DSSURDFK� WR� WKH�KDQG�� EXW� HVFDSH� IURP� WKH� KDQG� PDNLQJ� WKH�HOERZ� PRYHPHQW� LQ� UHYHUVH� GLUHFWLRQ�DFFRUGLQJ� WR� WKH� VLJQ� RI� G\�� ZLWK� D� YHORFLW\�SURSRUWLRQDO� WR�~G\~��:KHQ�WKH�URERW�DUP�LV�EHORZ� WKH� KXPDQ� DUP� G\� LV� SRVLWLYH�� LW� LV�QHJDWLYH� ZKHQ� WKH� URERW� DUP� LV� DERYH� WKH�KXPDQ�DUP�
7KH� PHPEHUVKLS� IXQFWLRQV� IRU� WKH� LQSXW�RXWSXW�YDULDEOHV�DUH�GHILQHG�DV�VKRZQ�LI�)LJ��,,��,,,��DQG�,9��)X]]\� UXOHV� DUH� JLYHQ� LQ� 7DEOHV� ��� ��� DQG� ��� 7KHVH�PHPEHUVKLS� IXQFWLRQV� DUH� QRW� WKH� WXQHG� RQHV�� 7KH\�VKRZ� WKH� EDVH� VWUXFWXUHV� RQ� ZKLFK� WKH� WXQLQJ� LV�DSSOLHG��6LQFH�WKHUH�DUH�WKUHH� LQSXWV�IRU� WKH�VKRXOGHU�DQG�HOERZ�DJHQWV��WKHLU�UXOHV�QHHG�WKUHH�WDEOHV��

)LJ�� ,,�� ,QSXW� DQG� RXWSXW� PHPEHUVKLS� IXQFWLRQV� IRU�WKH�EDVH�DJHQW�



)LJ�� ,,,�� ,QSXW� DQG� RXWSXW�PHPEHUVKLS� IXQFWLRQV� IRU�WKH�VKRXOGHU�DJHQW�

)LJ�� ,9�� ,QSXW� DQG� RXWSXW�PHPEHUVKLS� IXQFWLRQV� IRU�WKH�HOERZ�DJHQW�

7DEOH����5XOH�WDEOH�IRU�WKH�EDVH�DJHQW

7DEOH����5XOH�WDEOH�IRU�WKH�VKRXOGHU�DJHQW� ���������

���7
7XQLQJPHPEEDVH�PHPEXQFWLRQRXJVLQJ�KURPSSOLFNHQ�KURPDQJH�H� UDDQG� UHQFRGHFKURPPHPE

GK�����G[�196=396363%39%
GK�G[ 1% 16 = 36 3%
16 3% 36 = 1% 1%= 16 16 = 36 3636 1% 16 = 36 3%3% 1% 16 = 36 3%

EE 6��VPDOO�������������������������������������������������
7DEOH����5XOH�WDEOH�IRU�WKH�HOERZ�DJHQW�

81,1*�:,7+�*(1(7,&�$/*25,7+06
� LV� GRQH� E\� VKLIWLQJ� WKH� WLS� SRLQWV� RI� WKH�HUVKLS� IXQFWLRQV� LQ� WKH� UDQJH� GHILQHG� E\� WKH��)LJ�� 9��� ,W� LV� DSSOLHG� RQO\� RQ� WKH� LQSXW�HUVKLS�IXQFWLRQV���6LQFH�WKH�RXWSXW�PHPEHUVKLS�QV� RI� WKH� FRQWUROOHUV� RI� DOO� DJHQWV� DUH� GHQVH�K WKH\� DUH� FRQVLGHUHG� QRW� WR� QHHG� WXQLQJ���JHQHWLF� DOJRULWKPV� QHFHVVLWDWHV� GHILQLQJ� WKH�RVRPH� VWUXFWXUH� DQG� ILWQHVV� IXQFWLRQ� IRU� WKLV�DWLRQ�� 7KH� LGHD� IRU� FKURPRVRPH� VWUXFWXUH� LV�IURP� *XURFDN� �������� ,Q� WKLV� DSSURDFK� WKH�RVRPHV�HQFRGH� WKH�SODFH�RI� WKH�WLS�SRLQW�LQ�LWV�ZLWK� �¶V�DQG��¶V�� �����DVVLJQV� WKH� OHIWPRVW�RI�QJH�� ����� DVVLJQV� WKH� ULJKWPRVW� RI� WKH� UDQJH��
IH8FDWDFUWK

�����16 196 = 396 36
19% 19% 19% 19% 19%16 = = = 16396 396 396 396 39636 396 396 396 3963%� 36 36 36 3%39% 39% 39% 39% 39%
GK���������G[ 1% 16 = 36 3%
16 3% 3% 1% 1% 1%= = = = = =36 16 16 36 36 363% 1% 16 3% 3% 3%

EE %��ELJ���������������������������������������������
H
H

GK��������������G[ 1% 16 = 36 3%
16 3% 36 36 16 1%= 16 = = = 3636 16 16 36 36 363% 16 16 3% 3% 3%

DD 6��VPDOO�
GK��������������G[ 1% 16 = 36 3%
16 3% 3% = 1% 1%= 16 16 = 36 3636 1% 16 = 36 3%3% 1% 16 = 36 3%

DD 0��PHGLXP�
R

GK������������G[ 1% 16 = 36 3%
16 3% 36 16 16 1%= 16 = = = 3636 16 = 36 36 363% 16 16 3% 3% 3%

DD %��ELJ�
PDLQLQJ� IRXU�FRPELQDWLRQV� RI� �¶V� DQG� �¶V�� WKH� UHJLRQV� LQ� EHWZHHQ�� 7KH� ZKROH�VRPH� LV� PDGH� XS� RI DOO� WKH� FRGHV� IRU� DOO�UVKLS�IXQFWLRQV��)LJ��9,��



$V� PHQWLRQHG� EHIRUH� WKH� ILWQHVV� IXQFWLRQ� LV�FRQVWUXFWHG� E\� FRQVLGHULQJ� WKH� GHYLDWLRQ� IURP� WKH�RSWLPXP�SDWK�� WLPH� VSHQW� WR� UHDFK� WKH�KXPDQ�KDQG��DQG� HQHUJ\� FRQVXPHG� E\� WKH� VKRXOGHU� DQG� HOERZ�DFWXDWRUV��7KH�GHYLDWLRQ� LV� FDOFXODWHG� XVLQJ� WKH� DUHD�EHWZHHQ� WKH� DFWXDO� SDWK� RI� WKH� URERW� KDQG�� DQG� WKH�RSWLPXP� OLQH� EHWZHHQ� WKH� LQLWLDO� SRVLWLRQV� RI� WKH�URERW�KDQG�DQG�KXPDQ�KDQG��)LJ��9,,������

)LJ��9��&RGLQJ�WKH�VKIWLQJ�RI�WKH�WLSV�RI�PHPEHUVKLS�IXQFWLRQV�

)LJ��9,��&KURPRVRPH�VWUXFWXUH�

)LJ��9,,��'HYLDWLRQ�RI�WKH�URXWH�
7KH� HQHUJ\� FDOFXODWLRQV� IRU� WKH� VKRXOGHU� DQG� HOERZ�MXQFWLRQV� DUH� GRQH� XVLQJ� WKH� IRUPXOD�³ W GWWZW7( � ������ ��ZKHUH�7 VWDQGV� IRU� WRUTXH�DQG�
Z� VWDQGV� IRU� DQJXODU� VSHHG�� 7KH� RYHUDOO� ILWQHVV�FDOFXODWLRQ�LV�GRQH�ZHLJKWLQJ�WKH�WKUHH�IDFWRUV��,I�WKH�WLPH�VSHQW�LV�WI��WKHQ�WKH�ILWQHVV�LV�)LWQHVV &��ZG�G��ZH�(��ZW�WI��������������������ZKHUH�& LV�D�FRQVWDQW��DQG�ZG��ZH��ZW DUH�WKH�ZHLJKWV�IRU�GLVWDQFH��HQHUJ\��DQG�WLPH�UHVSHFWLYHO\�
)RU� FDOFXODWLQJ� WKH� ILWQHVV� RI� HDFK� FKURPRVRPH� WKH�FRQWUROOHU� HQFRGHG�E\� WKH�FKURPRVRPH�LV� DSSOLHG� WR�WKH�V\VWHP��7KH�V\V\WHP�LV�VLPXODWHG�EHJLQQLQJ�IURP�WKH� VDPH� URERW� KDQG� SRVLWLRQ� IRU� DOO� FKURPRVRPHV�ZKLOH�WKH�KXPDQ�KDQG�LV�VWDWLRQDU\�DW�WKH�VDPH�SRLQW���7KH�VWHSV�RI�WKH�JHQHWLF�DOJRULWKP�IRU�WKLV�DSSOLFDWLRQ�FDQ� EH� JLYHQ� DV� LQ� 7DEOH���� ,Q� DSSO\LQJ� WKH� JHQHWLF�DOJRULWKP� URXOHWWH� ZKHHO� VHOHFWLRQ�� FURVVRYHU� DQG�PXWDWLRQ� RSHUDWLRQV� DUH� XVHG� IRU� UHSURGXFWLRQ�� 7KH�FURVVRYHU�DQG�PXWDWLRQ�SUREDELOLWLHV�DUH�WDNHQ�DV�����

DQG� ����� UHVSHFWLYHO\�� 'XULQJ� WKH� DSSOLFDWLRQ� RI�JHQHWLF� DOJRULWKPV� WKH� EHVW� ILYH� FKURPRVRPHV�REWDLQHG� IURP� WKH� EHJLQQLQJ� DUH� VWRUHG� DQG� XSGDWHG�DIWHU�HDFK�SRSXODWLRQ�JHQHUDWLRQ�����
7DEOH���*HQHWLF�DOJRULWKP�VWHSV�IRU�WXQLQJ�

���6,08/$7,21�5(68/76
6RPH� JUDSKLFDO� UHVXOWV� REWDLQHG� ZLWK� GLIIHUHQW�ZHLJKWV�DUH�JLYHQ� LQ�)LJ��9,,,��,;��;��DQG�;,��7KHVH�DUH� WKH� JUDSKV� VKRZLQJ� WKH� SDWK� IROORZHG� E\� WKH�URERW�KDQG��ZLWK� WKH�RSWLPXP�OLQH��$OO�IRXU�WUDLQLQJV�DUH�GRQH�IRU�WKH�VDPH�LQLWLDO�URERW�DUP�DQG�VWDWLRQDU\�KXPDQ� KDQG� SRVLWLRQV�� 7KH� ZHLJKWV� RI� WKH� ILWQHVV�IXQFWLRQ�DUH�FKDQJHG�LQ�HDFK��7KH�WLPH�VSHQW�WR�UHDFK�WKH�KXPDQ�KDQG� LV� DOVR� LQGLFDWHG�DV� ILQDOWLPH�RQ� WKH�JUDSKV�
7KH�JUDSKV� DUH� FRQVLVWHQW�ZLWK� WKH�ZHLJKWV� XVHG� IRU�HDFK��)LJXUH�9,,,�LV�DQ�DYHUDJH�JUDSK��)LJXUH�,;�KDV�WKH SDWK�ZLWK� PLQLPXP� GLVWDQFH� GHYLDWLRQ� VLQFH� WKH�DUHD�HQFORVHG� LV� WKH�PLQLPXP��DQG�)LJXUH�;�KDV� WKH�PLQLPXP� WLPH� VSHQW� WR� UHDFK� WKH� KXPDQ� KDQG�� 7KH�PHDQLQJ� RI� )LJXUH� ;,� LV� QRW� UHDOL]DEOH� IURP� WKH�ILJXUH��EXW�LQ�VLPXODWLRQ�WKH�DUP�RI�URERW�PDNHV�VORZ�PRWLRQV�� DV� LI� GLVWULEXWLQJ� WKH� PRWLRQ� HTXDOO\�EHWZHHQ� EDVH�� VKRXOGHU�� DQG� DJHQW� :KHQ� WKH�VLPXODWLRQV� RI� WKHVH� IRXU� UHVXOWV� DUH� H[DPLQHG�� WKH�RQH�PRVW� UHVHPEOLQJ�WKH�KXPDQ�PRWLRQ�LV�WKH�RQH�LQ�)LJXUH� ;,�� +HQFH�� LW� LV� OLNHO\� WKDW� KXPDQ� WULHV� WR�PLQLPL]H�WKH�HQHUJ\�LQ�KLV�KHU�PRWLRQV��

���� ����

��������������������������������������������������������������������������)RU�WKH�ILUVW�PHPEHUVKLS�IXQFWLRQ� )RU�WKH�ODVW�PHPEHUVKLS�IXQFWLRQ�

7RWDO�GHYLDWLRQ��G�

6WHSV�RI�WKH�*HQHWLF�$OJRULWKP��� ,QLWLDOLVH�D�SRSXODWLRQ�RI�FKURPRVRPHV�ZLWK�UDQGRP��¶V�DQG��¶V���� $VVLJQ�WKH�ILWQHVV�YDOXH�RI�HDFK�FKURPRVRPH�LQ�WKH�SRSXODWLRQ�� 'HFRGH�WKH�FKURPRVRPH�� &RQVWUXFW�WKH�FRQWUROOHU�� 6LPXODWH�WKH�V\VWHP�ZLWK�WKLV�FRQWUROOHU�IRU�D�IL[HG�LQLWLDO�URERW�KDQG�SRVLWLRQ�DQG�VWDWLRQDU\�KXPDQ�KDQG�SRVLWLRQ�� &DOFXODWH�WKH�ILWQHVV�YDOXH�DV�LQ������ $VVLJQ�WKLV�YDOXH�WR�WKH�FKURPRVRPH�DV�LWV�ILWQHVV��� 3XW�WKH�EHVW�ILYH�FKURPRVRPHV�DVLGH�DQG�XSGDWH�D�VWRUH�KROG�IRU�WKH�EHVW�ILYH�FKURPRVRPHV��� &RQVWUXFW�WKH�QHZ�SRSXODWLRQ�IURP�WKH�ROG�RQH�XVLQJ�URXOHWWH�ZKHHO�VHOHFWLRQ��WKH�SUREDELOLW\�RI�EHLQJ�VHOHFWHG�LV�SURSRUWLRQDO�WR�WKH�FKURPRVRPH¶V�ILWQHVV�YDOXH���� $SSO\�FURVVRYHU�DQG�PXWDWLRQ�RSHUDWLRQV�RQ�WKH�SRSXODWLRQ��� ,I�WKH�SUHGHILQHG�QXPEHU�RI�JHQHUDWLRQ�LV�QRW�SHUIRUPHG�JR�WR�VWHS������ 7DNH�WKH�EHVW�FKURPRVRPH�IURP�WKH�EHVW�ILYH�VWRUH���7KH�EHVW�ILYH�VWRUH�JLYHV�WKH�EHVW�ILYH�FKURPRVRPHV�DFKLHYHG�GXULQJ�WKH�ZKROH�SURFHVV��



)LJ��9,,,��ZG ���ZH ���ZW ������������)LJ��,;��ZG ���ZH ���ZW �

)LJ��;��ZG ���ZH ���ZW ��������������)LJ��;,��ZG ���ZH ���ZW �)LJXUHV� VKRZLQJ� WKH� SDWKV� IROORZHG� E\� WKH� URERW�KDQG��ZLWK�WKH�RSWLPXP�OLQHV�
,Q� )LJXUH� ;,,�� WKH� PHPEHUVKLS� IXQFWLRQV� REWDLQHG�DIWHU� WUDLQLQJ� �LQSXW� PHPEHUVKLS� IXQFWLRQV� RI� WKH�DJHQWV��DUH�JLYHQ��IRU�WKH�FDVH�RI�)LJXUH�9,,,���

,QSXWV�RI�WKH�EDVH�

,QSXWV�RI�WKH�VKRXOGHU�

,QSXWV�RI�WKH�HOERZ�
)LJ��;,,��7XQHG�PHPEHUVKLS�IXQFWLRQV��LQSXWV��RI�WKH�IX]]\� FRQWUROOHUV� RI� WKH� DJHQWV� IRU� WKH� FDVH� RI�)LJXUH�9,,,�

���&21&/86,21
,Q� WKLV� VWXG\�� PXOWL�DJHQW� V\VWHP� DSSURDFK� WR�GLVWULEXWHG� FRQWUROOHUV� LV� DSSOLHG� WR� WKH� V\VWHP� RI� D�VHUYLFH�PRELOH�PDQLSXODWRU�URERW�WKDW�LQWHUDFWV�ZLWK�D�KXPDQ�GXULQJ�DQ�REMHFW�GHOLYHU\�DQG�KDQG�RYHU� WDVN�

LQ� WZR� GLPHQVLRQV�� 7KH� DJHQWV� DUH� LGHQWLILHG� DV� WKH�EDVH�� VKRXOGHU�� DQG� HOERZ� RI� WKH� URERW�� (DFK� DJHQW�FRQWUROV�WKH�PRYHPHQW�RI�WKH�MXQFWLRQ�UHIHUUHG�E\�WKH�QDPH�� $JHQWV� DUH� FRQWUROOHG� ZLWK� IX]]\� FRQWUROOHUV��7KH� UXOHV� IRU� WKH� IX]]\� FRQWUROOHUV� DUH� ZULWWHQ�FRQVLGHULQJ� ERWK� HIILFLHQW� DQG� VDIH� GHOLYHU\�� 7KH�PXOWL�DJHQW�V\VWHP�DSSURDFK�SUHVHQWHG�KHUH�VHHPV�WR�VLPSOLI\� WKH� FRQWURO� FRQVLGHULQJ� ERWK� GHVLJQ� DQG�LPSOHPHQWDWLRQ�� 7KH� UHVXOWV� DUH� VDWLVIDFWRU\� LQ� ERWK�HIILFLHQF\� DQG� VDIHW\�� ,Q� WKLV�ZRUN�� DGGLWLRQDO� WR� WKH�GHVLJQ��WKH�WUDLQLQJ�RI�WKH�FRQWUROOHUV�LV�SHUIRUPHG�E\WXQLQJ� WKH� PHPEHUVKLS� IXQFWLRQV� ZLWK� JHQHWLF�DOJRULWKPV�� 2SWLPXP� SDWK�� PLQLPXP� WLPH�� DQG�PLQLPXP� HQHUJ\� FRQVLGHUDWLRQV� DUH� PDGH� LQ� WKH�WXQLQJ� SURFHVV�� $OWKRXJK� WKH� WXQLQJ� LPSURYHG� WKH�FRQWUROOHU� WKH� LPSURYHPHQW� ZDV� QRW� VR� VLJQLILFDQW��7KLV� LV� EHFDXVH� WKH� IX]]\� UXOHV� ZULWWHQ� DUH� UREXVW�ZLWK� UHVSHFW� WR� WKH�PHPEHUVKLS� IXQFWLRQV��$� IXUWKHU�VWXG\� IRU� WKLV� DSSOLFDWLRQ� PD\� EH� WR� WUDLQ� WKH� UXOHV�LQVWHDG� RI� WKH�PHPEHUVKLS� IXQFWLRQV�� RU� ERWK� DW� WKH�VDPH� WLPH�� $QRWKHU� VWXG\� PD\� EH� SHUIRUPHG� WR�JHQHUDOL]H� WKH� PXOWL� DJHQW� V\VWHP� EDVHG� FRQWURO� IRU�URERWV�DUPV�ZLWK�PRUH�WKDQ�WZR�OLQNV�WKDW�DUH�PRYLQJ�LQ�WKUHH�GLPHQVLRQDO�VSDFH��
5()(5(1&(6

$JDK��$��DQG�.��7DQLH���������)X]]\�ORJLF�FRQWUROOHU�GHVLJQ� XWLOL]LQJ� PXOWLSOH� FRQWHQGLQJ� VRIWZDUH�DJHQWV��)X]]\�6HWV�DQG�6\VWHPV���������������*�URFDN�� +�%�� �������� $� JHQHWLF�DOJRULWKP�EDVHG�PHWKRG�IRU� WXQLQJ�IX]]\� ORJLF�FRQWUROOHUV��)X]]\�6HWV�DQG�6\VWHPV�������������+HUUHUD��)���0��/R]DQR�DQG�-�/��9HUGHJD\���������$�OHDUQLQJ� SURFHVV� IRU� IX]]\� FRQWURO� UXOHV� XVLQJ�JHQHWLF�DOJRULWKPV��)X]]\�6HWV�DQG�6\VWHPV���������������.RUHQ��<����������5RERWLFV�IRU�(QJLQHHUV��0F*UDZ�+LOO�,QF�1�1DJ\�� )�� DQG� $�� 6LHJOHU� �������� (QJLQHHULQJ�)RXQGDWLRQV� RI� 5RERWLFV�� 3UHQWLFH�+DOO�,QWHUQDWLRQDO��8.��/WG�3KDP�� '�7�� DQG� '�� .DUDERJD� �������� 6HOI�WXQLQJ�IX]]\� FRQWUROOHU� GHVLJQ� XVLQJ� JHQHWLF�RSWLPL]DWLRQ� DQG� QHXUDO� QHWZRUN� PRGHOLQJ��$UWLILFLDO� ,QWHOOLJHQFH� LQ� (QJLQHHULQJ�� ���� ��������9DOHVFR��-�5���-�&��*RQ]DOH]��/��0DJGDOHQD�DQG�&�$��,JOHVLDV�� 0XOWL�DJHQW� EDVHG� FRQWURO� V\VWHPV�� $�K\EULG�DSSURDFK�WR�GLVWULEXWHG�SURFHVV�FRQWURO�:DQJHUPDQQ�� -�3�� DQG� 5�)�� 6WHQJHO� ��������3ULQFLSOHG� QHJRWLDWLRQ� EHWZHHQ� DJHQWV�� D� PRGHO�IRU�DLU�WUDIILF�PDQDJHPHQW��$UWLILFLDO�,QWHOOLJHQFH�LQ�(QJLQHHULQJ��������������

5RERW�KDQG�SDWK�
2SWLPDO�OLQH�
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