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5DMHVK 5HGG\��'XYYXUX

$VVLVWDQW�3URIHVVRU��(OHFWULFDO�DQG�(OHFWURQLFV�(QJLQHHULQJ 'HSDUWPHQW��
1DUD\DQD�(QJLQHHULQJ�&ROOHJH��*XGXU��$QGKUD�3UDGHVK��,QGLD

&K��1DUHQGUD�.XPDU

$VVRFLDWH�3URIHVVRU��(OHFWULFDO�DQG�(OHFWURQLFV�(QJLQHHULQJ 'HSDUWPHQW��
0DOOD�5HGG\�(QJLQHHULQJ�&ROOHJH��$���+\GHUDEDG��7HODQJDQD��,QGLD

&K��5DPL�5HGG\

$VVRFLDWH�3URIHVVRU��(OHFWULFDO�DQG�(OHFWURQLFV�(QJLQHHULQJ 'HSDUWPHQW��
0DOOD�5HGG\�(QJLQHHULQJ�&ROOHJH��$���+\GHUDEDG��7HODQJDQD��,QGLD

$%675$&7

,Q� WKLV� ZRUN�� QRYHO� FRQWURO� DSSURDFK� IRU� 3)&� RI� ��SK� 3:0� $&� FKRSSHUV� LV�
GHVLJQHG��7KH�FRQWURO�VWUDWHJ\�LV�EDVHG�RQ�WKH�+%&&�PHWKRG�IHG���SK�VTXLUUHO�FDJH�
,QGXFWLRQ�0RWRU�ZLWK�IOH[LEOH�VWDUWLQJ�DQG�VPRRWK�VSHHG�FRQWURO�RSHUDWLQJ�PRGHV��7KH�
PDLQ�DLP�RI�WKLV�ZRUN�LV�WR�JHW�WKH�,0�GULYH¶V�LQSXW�3)&�WR�ZRUN�XQGHU�YDULRXV�RSHUDWLQJ�
FRQGLWLRQV��3)&�LV�DFKLHYHG�E\�GULYLQJ�WKH�DFWXDO���SK�VXSSO\�ZLWK�D�FRQVWDQW�FXUUHQW�
DQG�WKH�FRUUHVSRQGLQJ�UHIHUHQFH�FXUUHQWV��ZKLFK�DUH�SURGXFHG�LQ�SKDVH�ZLWK�WKH�VXSSO\�
YROWDJHV�XVLQJ�WKH�+%&&�WHFKQLTXH��7KH�VXJJHVWHG�FRQWURO�VWUDWHJ\�KDV�WZR�ORRSV��DQ�
LQQHU� ORRS�DQG�DQ�RXWHU� ORRS��7KH�DPSOLWXGH�RI� WKH�VXSSO\�UHIHUHQFH�FXUUHQW�DULVLQJ�
IURP�HLWKHU�WKH�VSHHG�FRQWUROOHU�RU�WKH�VWDUWLQJ�FRQWUROOHU�LV�WKH�RXWSXW�RI�WKH�LQQHU�ORRS��
ZKLFK� LV� 3:0� VLJQDOV� IURP� WKH� DF� FKRSSHU� DQG� WKH� RXWSXW� RI� WKH� RXWHU� ORRS� LV� WKH�
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DPSOLWXGH�RI�WKH�VXSSO\�UHIHUHQFH�FXUUHQW�DULVLQJ�IURP�HLWKHU�WKH�VSHHG�FRQWUROOHU�RU�WKH�
VWDUWLQJ� FRQWUROOHU�� $V� D� FRQVHTXHQFH�� WKH� SURSRVHG� V\VWHP� LV� VLPSOH�� GHSHQGDEOH��
UHOLDEOH�DQG�HFRQRPLFDO��0DWKHPDWLFDO�DQDO\VLV�RI�WKH�GULYH�PHFKDQLVP�LV�SHUIRUPHG��
7KH�LQSXW�/&�ILOWHU
V�FRPSRQHQWV�DUH�GHVLJQHG�XVLQJ�IUHTXHQF\�UHVSRQVH��7KH�SURSRVHG�
FRQWURO� WHFKQLTXH� LV� DQDO\VHG��PHDVXUHG�DQG� VLPXODWLRQ�RI� UHVXOWV�DUH�REWDLQHG� LQ�D�
YDULHW\�RI�WHVWLQJ�FLUFXPVWDQFHV�

.H\ ZRUGV� +\VWHUHVLV�%DQG�&XUUHQW�&RQWURO��+%&&���,QGXFWLRQ�0RWRU�GULYH��,0���
3RZHU�)DFWRU�&RUUHFWLRQ��3)&���3XOVH�:LGWK�0RGXODWLRQ��3:0���WKUHH�SKDVH�$&�
FKRSSHU

&LWH�WKLV�$UWLFOH� 5DMD�5HGG\��'XYYXUX��7�6�.��0DQRM��$�9��6XGKDNDUD�5HGG\��5DMHVK�
5HGG\��'XYYXUX��&K��1DUHQGUD�.XPDU�DQG�&K��5DPL�5HGG\��)X]]\�/RJLF�&RQWUROOHU�
%DVHG� 7KUHH�3KDVH� 3:0� $&� &KRSSHU� )HG� ,QGXFWLRQ� 0RWRU� 'ULYH� ZLWK� +%&&�
7HFKQLTXH��,QWHUQDWLRQDO�-RXUQDO�RI�(OHFWULFDO�(QJLQHHULQJ�DQG�7HFKQRORJ\��,-((7���
�������������SS����������
KWWSV���LDHPH�FRP�+RPH�LVVXH�,-((7"9ROXPH ��	,VVXH �

�� ,1752'8&7,21
$&�YROWDJH�UHJXODWRUV� FRQMRLQWO\ FDOOHG $&�YROWDJH�FRQWUROOHUV� VTXDUH�PHDVXUH HPSOR\HG�LQ
PDQ\�YDULRXV DSSOLFDWLRQV WKDW�QHHG D�FRQWUROOHG�$&�YROWDJH� VLPSO\ D�QXPEHU�RI H[DPSOHV
VTXDUH�PHDVXUH UKHRVWDW FLUFXLW�OLJKWLQJ PDQDJHPHQW��UHVLGHQWLDO�DQG�LQGXVWULDO�KHDWLQJ��VSHHG
PDQDJHPHQW�� DQG� VRIW� VWDUWHUV� IRU� LQGXFWLRQ�PRWRUV� >�@�� >�@�� 7KHVH� UHJXODWRUV DUH� DYDLODEOH
YDULHW\ RI� WRSRORJLHV�DQG PDQDJHPHQW PHFKDQLVPV IRU�VLQJOH�SKDVH�DSSOLFDWLRQV��7K\ULVWRUV�
�L�H� FKHPLFDO�HOHPHQW &RQWUROOHG�5HFWLILHUV� DU XWLOL]HG DV�SRZHU�VZLWFKHV ZLWKLQ�WKH 21�2))
PDQDJHPHQW PHWKRGRORJ\ WR� UHSHDWHGO\ FRQQHFW�GLVFRQQHFW� WKH� ORDG�FLUFXLW� WR�IURP� WKH�$&�
YROWDJH SURYLGH�� 7KH� IHHGLQJ� YROWDJH� LV� FRQQHFWHG� IRU D� FRXSOH� RI LQWHJUDO� F\FOHV� EHIRUH�
GLVFRQQHFWLRQ�� 7KH� QXPEHU� RI� FRQGXFWHG� DQG GLVFRQWLQXRXV F\FOHV� GHWHUPLQHV� WKH� 506�
PDJQLWXGH� RI� WKH� RXWSXW��8QZDQWHG� VXE� KDUPRQLF HOHPHQWV�� RQ WKH� RSSRVLWH KDQG� PD\� EH
FUHDWHG� >�@�� 7KLV� WHFKQRORJ\� LV� UHVWULFWHG� WR� KHDWLQJ� DQG� WHPSHUDWXUH PDQDJHPHQW V\VWHPV
WKDQNV�WR WKH�IDFLOLW\ VRXUFH
V VHSDUDWLRQ DW�ORZ�GHPDQG�OHYHOV� '\QDPLFDO WKH�ILULQJ�UHJXODWHV�
WKH�RXWSXW�RI�WKH�$&�YROWDJH�FRQWUROOHU ZLWKLQ�WKH 3$ V\VWHP��$�VLQJOH�SKDVH�UHJXODWRU�ZLWK�3$�
UHJXODWLRQ�XVHV � WK\ULVWRUV�MRLQHG�EDFN�WR�EDFN�EHWZHHQ�WKH�$& VXSSO\ DQG�DOVR�WKH ORDG�FLUFXLW�
ZKHUHDV D ��SKDVH� UHJXODWRU� XVHV� WKUHH� SDLUV� RI� 6&5V�� >�@�� >�@ RXWOLQH VRIW EHJLQQLQJ IRU� D�
WK\ULVWRUL]HG�YROWDJH�UHJXODWRU�GULYHQ�LQGXFWLRQ�PRWRU��,0���$UWLILFLDO�WHFKQLTXHV DU XWLOL]HG��,Q�
>�@ EHJLQQLQJ RI $1 $&�PRWRU
V�RXWSXW�YROWDJH ZLWKLQ�WKH UDPS�WHFKQLTXH��WKH�YROWDJH�ULVHV ELW�
E\�ELW�

+RZHYHU DQ�RXWVL]HG UDQJH RI�VHQVRUV� OLNHZLVH DV�GHWHFWLRQ�RI�]HUR�FURVVLQJV��=&'��7KHVH�
FRQWUROOHUV� QHFHVVLWDWH� FLUFXLWV� WKDW FUHDWH WKHP FRPSOLFDWHG� PRUHRYHU� LW
V H[SHQVLYH�
0RUHRYHU��WKH�$&�YROWDJH�WK\ULVWRUL]HG LPSRUWDQW KDUPRQLFV�DQG�ORZ�LQSXW DU SURYLGHG�E\�WKH�
FRQWUROOHU� 1RW�ZLWKVWDQGLQJ WKH�ORDG�LV�SXUH�UHVLVWLYH��SRZHU LVVXH �3)� LV�YHU\�LPSRUWDQW��$&�
YROWDJH�UHJXODWRUV PD\�EH FRQWUROOHG YLFWLPLVDWLRQ 3:0�ZLWK IDVKLRQDEOH SRZHU�VZLWFKHV��,Q�
WHUPV�RI�KDUPRQLFV��SHUIRUPDQFH PD\�EH LPSURYHG��%\�DGMXVWLQJ�WKH�GXW\ PDJQLWXGH�UHODWLRQ
RI�WKH�FKRSSHU�,*%7V��WKH�506 ZRUWK RI�WKH�PRWRU�YROWDJH PD\�EH FRQWUROOHG� DQG�DOVR�WKH
PRWRU�VSHHG PD\�EH DGMXVWHG OLNHZLVH��7KH�FKRSSHU GXULQJ�WKLV LPDJH LV�LQ�EXFN�PRGH��7KHUH
DU PRGHV�IRU�EXFNLQJ�DQG�ERRVWLQJ�������6LQJOH�SKDVH�3:0�$&�FKRSSHU
V�SHUIRUPDQFH PD\�
EH FUHDWHG HYHQ KLJKHU E\�UHPRYLQJ�WKH�YROWDJH�KDUPRQLFV�DQG ZD\V��%DODQFHG � VHFWLRQ FXUYHG
FXUUHQWV PD\�EH DFKLHYHG YLFWLPLVDWLRQ WKH�+%&&�DSSURDFK� WKH�IDFLOLW\ FLUFXLW�RI WKLV�PHWKRG��
RQ WKH�RSSRVLWH KDQG��HPSOR\V�VL[�,*%7V�ZLWK�VL[�JDWH�SXOVHV� FUHDWLQJ WKH�V\VWHP FRPSOLFDWHG
DQG�GHDU� WKLV�PHWKRG FRQMRLQWO\ FRQWDLQV� D ORZ� LQSXW�3)��5HVHDUFKHUV�KDYH�SDLG YHU\� OLWWOH
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DWWHQWLRQ�WR�WKH JUHHQKRXVH�HPLVVLRQ RI�WKUHH�SKDVH�3:0�$&�FKRSSHUV��GHVSLWH WKH�YHU\�IDFW
WKDW�VLQJOH�SKDVH�3:0�$&�FKRSSHUV�ZHUH�WKH�FHQWUH�RI� WKHLU�VWXG\� JUHHQKRXVH�HPLVVLRQ LV
QHHGHG E\�LQWHUQDWLRQDO�VWDQGDUGV�>��@��>��@��2Q WKH�RSSRVLWH KDQG��IRU PDQDJHPHQW VLPSOLFLW\�
DQG GHSHQGDEOHQHVV� D� GLVFRXQW ZLWKLQ� WKH UDQJH RI� VHPLFRQGXFWRU� GHYLFHV DQG� DOVR� WKH
LQWURGXFWLRQ�RI�QRYHO PDQDJHPHQW WHFKQLTXHV�LV QHHGHG��7KH�+%&& PHWKRGRORJ\ LV�HPSOR\HG
GXULQJ�WKLV VWXG\�WR�GHYHORS D�EUDQG�QHZ PDQDJHPHQW PHWKRG�IRU JUHHQKRXVH�HPLVVLRQ RI D��
VHFWLRQ 3:0�$&� FKRSSHU� LW
V UHFRPPHQGHG WKDW� WR� XVH FRPSOHWHO\� GLIIHUHQW LQ� RSHUDWLRQ
PRGHV� WKH�IDFLOLW\ LVVXH LV�WKDW�WKH PDJQLWXGH�UHODWLRQ RI DQ�HQWLUH HOHFWULFDO�LQVWDOODWLRQ
V KHOSIXO
�5HDO��SRZHU��N:��WR WKH�HQWLUH �DSSDUHQW��SRZHU��N9$��FRQVXPHG�

,W
V D�PHWULF� IRU GHFLVLYH KRZHYHU HIIHFWLYHO\ HOHFWULFLW\ LV ERUQ�DJDLQ LQWR KHOSIXO ZRUN�
RXWSXW��8QLW\�RU�RQH LV�WKDW�WKH LGHDO�SRZHU LVVXH��,I WKH�TXDQWLW\ LV�D�VPDOOHU�DPRXQW WKDQ�RQH�
D�ORW�RI HIIRUW LV�UHTXLUHG WR�ILQLVK WKH�WDVN� RQFH WKH�IDFLOLW\ LVVXH LV�D�VPDOOHU�DPRXQW WKDQ�RQH��
WKH� �PLVVLQJ�� SRZHU� LV VDLG DV� UHDFWLYH� SRZHU� WKDW LV XQOXFNLO\ QHHGHG WR� SURYLGH WKH�
PDJQHWLVLQJ� ILHOG QHHGHG E\�PRWRUV�DQG DOWHUQDWLYH GHYLFHV� DOWHUQDWLYH LQGXFWLYH PDVVHV WR�
ILQLVK WKHLU�WDVNV� LW
V FRQMRLQWO\ SRWHQWLDO WR�LQWHUSUHW�UHDFWLYH�SRZHU�DV�ZDWWOHVV��PDJQHWLVLQJ��
RU�ZDVWHG�SRZHU�DQG�LW�DGGV�WR�WKH�HOHFWULFDO�ORDG� FOLHQW OLNHZLVH EHFDXVH�WKH SURYLGH FKDLQ�
$1 LQGXFWLYH�ORDG� OLNH $1 LQGXFWLRQ�PRWRU� DQ�LQIOXHQFH HOHFWULFDO�GHYLFH RU�D�EDOODVW LQ�DQ�
H[FHHGLQJO\ ODPS��D IDVWHQLQJ VHW�� LQGXFWLRQ FKDPEHU��D�GLVFKDUJH�� D� UHFWLILHU� $1 HOHFWULFDO�
FRQYHUWHU��D�YDULDEOH�VSHHG�GULYH��DQG�D�VZLWFKHG�PRGH�SRZHU SURYLGH IXUWKHU HOHFWURQLF PDVVHV�
OLNH OLJKWV�,QGXFWLYH PDVVHV FDXVH�D�SRRU�SRZHU LVVXH�

7KH�S�I�FDQ�EH�XWWHUHG�LQ�WZR�ZD\V�

��� 3RZHU�IDFWRU��SI�� �5HDOO�SRZHU��:��GLYLGHG�E\�WKH�DSSDUHQW�SRZHU��9$��

��� 3RZHU�IDFWRU��SI�  �7KH�FRVLQH�RI�WKH�DQJOH�EHWZHHQ�XVHIXO�SRZHU�DQG�WRWDO�SRZHU� �FRV�¡�

7KH�IROORZLQJ�DUH�VRPH�RI�WKH�DGYDQWDJHV�WKDW�FDQ�EH�REWDLQHG�E\�DGRSWLQJ�SURSHU�SRZHU�
IDFWRU�FRUUHFWLRQ�

D�� (QYLURQPHQWDO�EHQHILW�

E� /RZHU�HQHUJ\�XVDJH�DV�D�UHVXOW�RI�LQFUHDVHG�HQHUJ\�HIILFLHQF\�

F�� /HVV�HOHFWULFLW\�XVDJH�HTXDOV�OHVV�JUHHQKRXVH�JDV�HPLVVLRQV�DQG�OHVV�GHSOHWLRQ�RI�IRVVLO�IXHOV�

6WDWLRQV�RI�HQHUJ\

G�� (OHFWULFLW\�ELOO�UHGXFWLRQV

H� $GGLWLRQDO�N9$�IURP�WKH�H[LVWLQJ�SRZHU�VRXUFH�,�5�ORVV�UHGXFWLRQ�

7KH�HQG�UHVXOW ZLOO�EH D�GLVWRUWHG�FXUUHQW�ZDYHIRUP��6RPH�LQYHUWHUV�DUH�PDUNHWHG�ZLWK DQ�
LQIOXHQFH IDFWRU RI�KLJKHU WKDQ�������FRPSDUHG�WR YHULW\ SRZHU�IDFWRU�EHWZHHQ�����DQG�������7KH�
FRVLQH�DQJOH�JLYHV�XV������EHWZHHQ�YROWDJH�DQG�FXUUHQW��EXW� LJQRUHV WKH�DFWXDO� IDFW WKDW WKLV
ZDYHIRUP LVQ
W UHFWDQJXODU��$V�D�UHVXOW��ODUJHU�ORVVHV�UHVXOW�IURP�WKH�GLVFRQWLQXLW\��$Q�LQGXFWLYH�
ORDG�JHQHUDWRU�QHFHVVLWDWHV WR�PDNH D IRUFH�ILHOG��)RU�LQVWDQFH�FRQVLGHU�SRZHU�IDFWRU�RI�VLQJOH�
SKDVH� LQGXFWLRQ�PRWRU� WKH�SUHVHQW IORZLQJ�ZRXOG�EH� LQ�SKDVH�ZLWK� WKH�YROWDJH� LI� WKH�PRWRU�
RIIHUV D�YHU\ UHVLVWLYH�ORDG�WR WKH�SURYLVLRQ� WKLV�LV�RIWHQ DQ�H[DPSOH�RI�FUHDWLYLW\��%XW WKLV�FDQ�
EH QRW� WUXH�� 7KH�PDJQHW ZLWKLQ� WKH PRWRU LVQ
W LQ� SKDVH�ZLWK� WKH�PDJQHWLVLQJ� FXUUHQW�� 7KH�
PDJQHWLVLQJ�FXUUHQW LV�WKDW WKH FXUUHQW WKDW�PDNHV WKH�IOX[ ZLWKLQ�WKH LURQ��:KHQ LW
V QRW�SUHVHQW��
LW�FDXVHV�WKH�ORVV�RI�IOX[��7KH�PDJQHWL]LQJ�FXUUHQW GRHVQ
W FRQWULEXWH�WR�WKH�ZRUN�RXWSXW�RI�WKH�
PRWRU�
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���6<67(0�'(6&5,37,21�$1'�23(5$7,1*�35,1&,3/(
7KH�SRZHU�VZLWFK�RI�)LJXUH���LOOXVWUDWHV�D�VFKHPDWLF�GLDJUDP�RI�D�SURSRVHG�WKUHH�SKDVH�

$&�3:0�&KRSSHU�WKDW�VXSSOLHV�SRZHU�WR�WKH�,0��7KHUH�DUH�RQO\�IRXU�SRZHU�HOHFWURQLFV�LQ�WKH�
&KRSSHU��7KH�ILJXUH�VKRZV�WKH�VZLWFKHV��6���6���6��DQG�6����6���6��DQG�6��DUH�WKUHH�SRZHU�
VZLWFKHV�� 2Q� WKH� RWKHU� KDQG�� WKH� LJQLWLRQ� VZLWFK� �6��� LV� FRQQHFWHG� LQ� SDUDOOHO� WKURXJK� D�
PXOWLSKDVH�EULGJH�

)LJXUH����6FKHPDWLF�GLDJUDP�RI�D�SURSRVHG�WKUHH�SKDVH�$&�3:0�&KRSSHU�

���352326('�&21752/�675$7(*<�
7KH�IXWXUH�FRQWURO�SODQ�KDV���PDLQ�FRQWURO�REMHFWLYHV��IOH[LEOH�VWDUWLQJ��VPRRWK�6SHHG�FRQWURO��
DQG� LQSXW� SRZHU� IDFWRU� FRUUHFWLRQ� �3)&��� 7KH� DSSOLHG� YROWDJH� DFURVV� WKH� ,0� WHUPLQDOV� LV�
UHJXODWHG� XVLQJ� DQ� $&� FKRSSHU� LQ� WKLV� VWUDWHJ\�� 7KH� IXWXUH� FRQWURO� VWUDWHJ\� LV� LOOXVWUDWHG�
VFKHPDWLFDOO\�LQ�)LJ����7ZR�FRQWURO�ORRSV�DUH�SUHVHQW��+%&&�LV�XVHG�LQ�WKH�LQQHU�FRQWURO�ORRS�
7KLV�WHFKQLTXH�LV�UHOLDQW�RQ�WKH�DELOLW\�WR�PRQLWRU�WKH�HQYLURQPHQW

)LJXUH�� 3URSRVHG�+%&&�LV�XVHG�LQ�WKH�LQQHU�FRQWURO�ORRS

$��6RIW�6WDUWLQJ�0RGH�
7KH�IOH[LEOH�VWDUWLQJ�PRGH
V�IXQFWLRQ�LV�WR�SURGXFH�WKH�VXSSO\�FXUUHQW
V�UHIHUHQFH�YDOXH�LQ�VXFK�
D�ZD\�WKDW�WKH�,0
V�VWDUWLQJ�FXUUHQW�LV�OLPLWHG�WR�D�SUHGHWHUPLQHG�YDOXH��7KH�DFWXDO�FXUUHQW�RI�
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,0��,P��LV�GHWHUPLQHG��DQG�WKH�506�YDOXH�RI�WKH�FXUUHQW LV�FDOFXODWHG�XVLQJ�WKH�506�GHWHFWRU��
7KH�PRWRU�FXUUHQW��,P��LV�FRPSDUHG�WR�LWV�FRPPDQG�RU�SUHVHW�YDOXH��,P��

%��6SHHG�&RQWURO�0RGH�
7KH�&RQWUROOLQJ�WKH�SDFH�RI�WKUHH�SKDVH�,0V�FDQ�EH�GRQH�LQ�D�YDULHW\�RI�ZD\V��7KHUH�DUH�WZR�
W\SHV�RI�DSSURDFKHV� $FFRUGLQJ WR�WKH�,0
V�FRQWURO�OLQH��WKH�IROORZLQJ�DUH�WKH�PDMRU�FDWHJRULHV�

D�� 6WDWRU�EDVHG� VSHHG� FRQWURO� PHWKRGV�� VXFK� DV� DGMXVWLQJ� WKH� DSSOLHG� IUHTXHQF\�� DSSOLHG�
YROWDJH�� DQG� DSSOLHG� &XUUHQW�� 9ROWDJH�IUHTXHQF\� �Y�I�� DQG� WKH� QXPEHU� RI� VWDWRU� SROHV�
PRQLWRU�

E� 0HWKRGV IRU VSHHG FRQWURO YLD URWRU VOLS SRZHU UHFRYHU\�

&��3)&�&RQWURO�
:KHQ�$&���$&�3:0�FKRSSHUV�DUH�XVHG�LQ�,0�GULYH�V\VWHPV��WKH\�DUH�JHQHUDOO\�QHJDWLYHO\�
DIIHFWHG�GXH�WR�WKHLU�ORZ�3)�EHFDXVH�WKH\�FDQ�RQO\�FKDQJH�WKH�DPSOLWXGH�RI�WKH�DSSOLHG�YROWDJH��
$V�D�UHVXOW��WKH�NH\�UROH�RI�WKH�SURSRVHG�FRQWURO�VWUDWHJ\�LV�WR�DFKLHYH�D�KLJK�3)�RI�DSSUR[LPDWHO\�
�� VLPLODU� WR� D� UHVLVWLYH� ORDG�� 'XULQJ� WKH� VWDUW� DQG� VSHHG� FRQWURO� PRGHV� RI� RSHUDWLRQ�� WKH�
UHFRPPHQGHG� 3)&� VWUDWHJ\� LV� HQWHUHG�� 2Q� WKH� RWKHU� KDQG�� WKH� WKHRU\� RI UHDFWLYH� SRZHU�
PDQDJHPHQW�LV�WR�LPSOHPHQW�3)&�RQ�WKH�EDVLV�RI�WKH�SURSRVHG�FXUUHQW�FRQWURO�VWUDWHJ\��LQ�ZKLFK�
WKH�DFWXDO�FXUUHQW�LV�DGMXVWHG�

���)8==<�/2*,&�&21752//(5
�����)X]]\�/RJLF
,Q�UHFHQW�\HDUV��WKH�QXPEHU�DQG�W\SHV�RI�IX]]\�ORJLF�DSSOLFDWLRQV�KDYH�LQFUHDVHG�FRQVLGHUDEO\��
&DPHUDV�� FDPFRUGHUV��ZDVKLQJ�PDFKLQHV�� DQG�PLFURZDYH� RYHQV� DUH� H[DPSOHV� RI� FRQVXPHU�
SURGXFWV�� DOWKRXJK� LQGXVWULDO�SURFHVV�FRQWURO��PHGLFDO�HTXLSPHQW�� DQG�RWKHU�DSSOLFDWLRQV�DUH�
DOVR�LQFOXGHG��7R�XQGHUVWDQG�ZK\�IX]]\�ORJLF�LV�EHFRPLQJ�PRUH�DQG�PRUH�SRSXODU��\RX�QHHG�WR�
ILUVW�XQGHUVWDQG�ZKDW�IX]]\�ORJLF�LV��7KHUH�DUH�WZR�GHILQLWLRQV�RI�IX]]\�ORJLF��)X]]\�ORJLF�LV�D�
PXOWL�YDOYH�ORJLF�H[WHQGHG�ORJLF�V\VWHP�LQ�WKH�VWULFWHVW�VHQVH��+RZHYHU��LQ�D�EURDG�VHQVH��IX]]\�
ORJLF��)/��LV�DOPRVW�V\QRQ\PRXV�ZLWK�IX]]\�VHW�WKHRU\��ZKLFK�GHDOV�ZLWK�FDWHJRULHV�RI�REMHFWV�
ZLWK�IX]]\�OLPLWV�DQG�GHJUHHV�RI�PHPEHUVKLS��)URP�WKLV�SHUVSHFWLYH��IX]]\�ORJLF�LV�D�SUREOHP�
LQ�LWV�OLPLWHG�GHILQLWLRQ��)X]]\�ORJLF�VKRXOG�EH�UHJDUGHG�DV�)/�LQ�)X]]\�/RJLF�7RROER[�VRIWZDUH��
ZKLFK�PHDQV�WKDW�WKH�GHILQLWLRQ�RI�IX]]\�ORJLF�LV�WKH�PRVW�H[WHQVLYH��7KH�EDVLV�RI�IX]]\�ORJLF�
H[SODLQV�WKH�EDVLF�FRQFHSWV�EHKLQG�)/�LQ�D�YHU\�VLPSOH�DQG�LQWXLWLYH�ZD\��,W�LV�ZRUWK�QRWLQJ�WKDW�
WKH�EDVLF�FRQFHSW�EHKLQG�)/�LV� WKH�FRQFHSW�RI� OLQJXLVWLF�YDULDEOHV�� WKDW� LV��YDULDEOHV� WKDW�XVH�
ZRUGV�LQVWHDG�RI�QXPEHUV�DV�YDOXHV��$V�D�UHVXOW��D�ODUJH�SDUW�RI�)ORULGD
V�HFRQRP\�LV�EDVHG�RQ�
WRXULVP��)X]]\�LI�WKHQ�UXOHV�RU�VLPSOH�IX]]\�UXOHV�DUH DQRWKHU�EDVLF�FRQFHSW�LQ�)/�DQG�SOD\�D�
YLWDO�UROH�LQ�PRVW�DSSOLFDWLRQV��$OWKRXJK�UXOH�EDVHG�V\VWHPV�KDYH�EHHQ�XVHG�LQ�$,�IRU�D�ORQJ�
WLPH��WKH\�ODFN�PHWKRGV�IRU�GHDOLQJ�ZLWK�IX]]\�DQWHFHGHQWV�DQG�FRQVHTXHQFHV��7KH�PHFKDQLVP�
LV�JLYHQ�E\�WKH�IX]]\�ORJLF�PHFKDQLVP��7KH�FRPELQDWLRQ�RI�IX]]\�ORJLF�ZLWK�QHXUDO�FRPSXWLQJ�
DQG�JHQHWLF�DOJRULWKPV�LV�EHFRPLQJ�LQFUHDVLQJO\�FRPPRQ��0RUH�JHQHUDOO\��IX]]\�ORJLF��QHXUDO�
FRPSXWLQJ�� DQG� JHQHWLF� DOJRULWKPV� FDQ� EH� FRQVLGHUHG� NH\� FRPSRQHQWV� RI� VR�FDOOHG� VRIW�
FRPSXWLQJ�� &RPSDUHG WR� WUDGLWLRQDO� FRPSXWLQJ�� VRIW� FRPSXWLQJ� WDNHV� LQWR� DFFRXQW� WKH�
LPSUHFLVLRQ�RI�WKH�UHDO�ZRUOG��

7KH�JXLGLQJ�LGHRORJ\�RI�VRIW�FRPSXWLQJ�LV�WR�XVH�LPSUHFLVLRQ��XQFHUWDLQW\��DQG�WROHUDQFH�IRU�
SDUWLDO� WUXWK� WR� DFKLHYH� SURFHVVDELOLW\�� IOH[LELOLW\�� DQG� ORZ�FRVW VROXWLRQ� FRVWV��&RPSDUHG� WR�
V\VWHPV�EXLOW�ZLWK�WUDGLWLRQDO�PHWKRGV�LQ�WKH�IXWXUH��VRIW�FRPSXWLQJ�PD\�SOD\�D�ODUJHU�UROH�LQ�
WKH�FRQFHSW�DQG�FUHDWLRQ�RI� V\VWHPV�ZLWK�KLJKHU�0,4��PDFKLQH� LQWHOOLJHQFH���$W�SUHVHQW�� LQ�
PDQ\�VRIW�FRPSXWLQJ�PHWKRGV��WKH�FRPELQDWLRQ�RI�IX]]\�ORJLF�DQG�QHXUDO�FRPSXWLQJ��OHDGLQJ�
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WR�QHXUR�IX]]\�V\VWHPV�� LV� WKH�PRVW�REYLRXV��6XFK�D� V\VWHP� LV�SDUWLFXODUO\� LPSRUWDQW� LQ� WKH�
LQGXFWLRQ�RI�UXOHV�IURP�WKH�REVHUYDWLRQ�RI�IX]]\�ORJLF��'U��5RJHU�-DQJ�KDV�FUHDWHG�DQ�H[FHOOHQW�
PHWKRG� IRU� WKLV� SXUSRVH�� FDOOHG� $1),6� �$GDSWLYH� 1HXURSDWKLF� )LEURVLV� 6\QGURPH��� ,Q� DOO�
UHVSHFWV��WKH�IX]]\�ORJLF�WRROVHW�LV�H[FHOOHQW��7KHUHIRUH��IX]]\�ORJLF�KDV�EHFRPH�DQ�H[FHOOHQW�
WRRO�IRU� WKH�FRQFHSWLRQ�DQG�FRQVWUXFWLRQ�RI�LQWHOOLJHQW�V\VWHPV��7KH�)X]]\�/RJLF�7RROER[�LV�
HDV\�WR�XQGHUVWDQG�DQG�XVH��/DVW�EXW�QRW�OHDVW��LW�SURYLGHV�UHDGHUV�ZLWK�DQ�XS�WR�GDWH��HDV\�WR�
UHDG�LQWURGXFWLRQ�WR�IX]]\�ORJLF�PHWKRGV�DQG�WKHLU�JHQHUDOL]HG�DSSOLFDWLRQV�

�����)X]]\�/RJLF�7RRO�%R[
7KH�)X]]\�/RJLF�7RROER[ DV�VKRZQ�LI�ILJ�� DGGV�WRROV�IRU�FUHDWLQJ�V\VWHPV�EDVHG�RQ�IX]]\�ORJLF�
WR�WKH�0$7/$%�WHFKQLFDO�FRPSXWLQJ�HQYLURQPHQW��7KH�SKDVHV�RI�GHVLJQLQJ�D�IX]]\�LQIHUHQFH�
V\VWHP� DUH� JXLGHG� WKURXJK� JUDSKLFDO� XVHU� LQWHUIDFHV� �*8,V��� 0DQ\� SRSXODU� IX]]\� ORJLF�
DSSURDFKHV�� VXFK� DV� IX]]\� FOXVWHULQJ� DQG� DGDSWLYH� QHXUDO� IX]]\� OHDUQLQJ�� KDYH� IXQFWLRQV�
DYDLODEOH��7KH�WRRONLW�DOORZV�\RX�WR�PRGHO�FRPSOLFDWHG�V\VWHP�EHKDYLRXUV�XVLQJ�EDVLF�ORJLF�
UXOHV�� ZKLFK� DUH� WKHQ� SXW� LQWR� DFWLRQ� LQ� D� IX]]\� LQIHUHQFH� V\VWHP�� $V� D� VWDQGDORQH� IX]]\�
LQIHUHQFH�HQJLQH��WKH�WRROER[�FDQ EH�XVHG��

)LJXUH����)X]]\�ORJLF�WRRO�ER[

7KH�LQWHUIDFH�DOORZV�\RX�WR�FUHDWH�WUDGLWLRQDO�IX]]\�V\VWHPV DV�VKRZQ�LQ�ILJ��DQG�UHFRJQL]H�
SDWWHUQV��<RX�FDQ�XVH� WKLV� WRRONLW� WR� FUHDWH� DQG�DQDO\]H� IX]]\� LQIHUHQFH� V\VWHPV�� DV�ZHOO� DV�
DGDSWLYH�QHXUR�IX]]\�LQIHUHQFH�V\VWHPV�DQG�IX]]\�FOXVWHULQJ��7KH�WRROER[�DOVR�FRQWDLQV�D�IX]]\�
FRQWUROOHU�PRGXOH�WKDW�FDQ�EH�XVHG�ZLWK�6LPXOLQN�WR�FUHDWH�DQG�VLPXODWH�IX]]\�ORJLF�FRQWURO�
V\VWHPV��8VLQJ�WKH�JUDSKLFDO�XVHU�LQWHUIDFH��*8,��WRRO�SURYLGHG�E\�WKH�)X]]\�/RJLF�7RROER[��
ZH�ZLOO�FUHDWH�D�VLPSOH�SURPSW�H[DPSOH�LQ�WKLV�VHFWLRQ��$OWKRXJK�WKH�)X]]\�/RJLF�7RROER[�FDQ�
EH�XVHG�HQWLUHO\�IURP�WKH�FRPPDQG�OLQH��EXLOGLQJ�D�V\VWHP�JUDSKLFDOO\�LV�JHQHUDOO\�FRQVLGHUDEO\�
HDVLHU��,Q�WKH�*8,�IRU�GHYHORSLQJ��FKDQJLQJ��DQG�ZDWFKLQJ�IX]]\�LQIHUHQFH�V\VWHPV��WKHUH�DUH�
ILYH�EDVLF�RSWLRQV��7KH�V\VWHP
V�KLJK�OHYHO�LVVXHV�DUH�GHDOW�ZLWK�E\�WKH�),6�(GLWRU��+RZ�PDQ\�
GLIIHUHQW�YDULDEOHV�DUH�WKHUH�LQ�WKH�LQSXW�DQG�RXWSXW"�'R�\RX�NQRZ�ZKDW�WKHLU�QDPHV�DUH"�7KH�
DPRXQW�RI�LQSXWV�LQ�WKH�)X]]\ /RJLF�7RROER[�LVQ
W�UHVWULFWHG��<RXU�PDFKLQH
V�DYDLODEOH�5$0�
PD\��KRZHYHU��OLPLW�WKH�DPRXQW�RI�LQSXWV��,W�PD\�DOVR�EH�GLIILFXOW�WR�H[DPLQH�WKH�)�LI�WKHUH�DUH�
WRR�PDQ\�LQSXWV�RU�PHPEHUVKLS�IXQFWLRQV�
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)LJXUH����)X]]\�,QWHUIDFH�6\VWHP

7KH�IX]]\�FRQWURO�V\VWHP�LV�D�FRQWURO�V\VWHP�EDVHG�RQ�IX]]\�ORJLF DV�VKRZQ�LQ�ILJ����7KH�
PDWKHPDWLFDO�V\VWHP�DQDO\]HV�WKH�ORJLFDO�YDULDEOHV�RI�WKH�DQDORJ�LQSXW�YDOXHV�DFFRUGLQJ�WR�WKH�
ORJLFDO�YDULDEOHV��/RJLFDO�YDULDEOHV�XVH�FRQWLQXRXV�YDOXHV�EHWZHHQ���DQG����ZKLOH�FODVVLFDO�RU�
GLJLWDO�ORJLF��GLVFUHWH�YDOXHV����RU���

)LJXUH��� )X]]\�ORJLF�FRQWUROOHU

���+<67(5(6,6�%$1'�&855(17�&21752/
&XUUHQW�FRQWURO�VWUDWHJLHV�SOD\�DQ�LPSRUWDQW�UROH�LQ�WKH�GHYHORSPHQW�RI�DFWLYH�SDUDOOHO�ILOWHUV��
7KH�K\VWHUHVLV�EDQG�FXUUHQW�FRQWURO�PHWKRG��$QVKXPDQ�6KXNOD�HW�DO���������LV�ZLGHO\�XVHG�GXH�
WR�LWV�VLPSOH�LPSOHPHQWDWLRQ DV�VKRZQ�LQ�ILJ����7KH�K\VWHUHVLV�EDQG�FXUUHQW�FRQWUROOHU�GHULYHV�
WKH�VZLWFKLQJ�VLJQDO�RI�WKH�LQYHUWHU�SRZHU�VZLWFK�LQ�D�ZD\�WR�UHGXFH�WKH�FXUUHQW�HUURU��7KH�VZLWFK�
LV�FRQWUROOHG�DV\QFKURQRXVO\� WR� LQFUHDVH�DQG�GHFUHDVH� WKH�FXUUHQW� IORZLQJ� WR� WKH� LQGXFWRU� WR�
IROORZ� WKH� UHIHUHQFH�� :KHQ� WKH� FXUUHQW� WKURXJK� WKH� LQGXFWRU� H[FHHGV� WKH� XSSHU� OLPLW� RI�
K\VWHUHVLV�� WKH� LQYHUWHU� DSSOLHV� D� QHJDWLYH� YROWDJH� WR� WKH� LQGXFWRU�� 7KLV FDXVHV� WKH� FXUUHQW�
WKURXJK� WKH� LQGXFWRU� WR�GHFUHDVH��2QFH� WKH�FXUUHQW� UHDFKHV� WKH� ORZHU� OLPLW�RI�K\VWHUHVLV�� WKH�
LQYHUWHU�DSSOLHV�D�SRVLWLYH�YROWDJH�DFURVV�WKH�LQGXFWRU��FDXVLQJ�WKH�FXUUHQW�WR�ULVH�DQG�UHSHDW�WKH�
F\FOH��7KH�WKUHH�SKDVH�FXUUHQW�FRQWUROOHU�LV�GHVLJQHG�WR�ZRUN�LQGHSHQGHQWO\��7KH\�GHWHUPLQHG�
WKDW�WKH�VZLWFKLQJ�VLJQDO�RI�WKLV�PHWKRG�KDV�WKH�GLVDGYDQWDJH�RI�D�YDULDEOH�VZLWFKLQJ�IUHTXHQF\�
RI���,Q�WKH�FDVH�RI�D�WKUHH�SKDVH�DFWLYH�ILOWHU�WKDW�KDV�DQ�LVRODWHG�QHXWUDO�SRLQW�DQG�DQ�LUUHJXODU�
PRGXODWLRQ�SXOVH�SRVLWLRQ��VHULRXV�LQWHUIHUHQFH�EHWZHHQ�SKDVHV��6LPRQH�HW�DO����������7KHVH�
VKRUWFRPLQJV� OHDG� WR� LQSXW� ILOWHU� GHVLJQ� GLIILFXOWLHV�� QRLVH�� DQG� KLJK� FXUUHQW� ULSSOH�� ,Q� WKLV�



)X]]\�/RJLF�&RQWUROOHU�%DVHG�7KUHH�3KDVH�3:0�$&�&KRSSHU�)HG�,QGXFWLRQ�0RWRU�'ULYH�ZLWK�+%&&�
7HFKQLTXH

KWWSV���LDHPH�FRP�+RPH�MRXUQDO�,-((7 ��� HGLWRU#LDHPH�FRP

FKDSWHU�� D� FRQVWDQW� IUHTXHQF\� K\VWHUHVLV� FXUUHQW� GULYHU� LV� SURSRVHG� IRU� DFWLYH VKXQW� ILOWHU�
DSSOLFDWLRQV�

)LJXUH �� 3URSRVHG�+%&&�WHFKQLTXH�

���6,08/$7,21�5(68/76
7KH�SURSRVHG�$&�&KRSSHU�ZDV�VLPXODWHG�LQ� WKH�0$7/$%���6LPXOLQN�HQYLURQPHQW�DQG�WKH�
SURWRW\SH�PRGHO�ZDV�PDGH��7KH�VLPXODWLRQ� UHVXOWV� WKHRUHWLFDOO\�YHULI\� WKH�SURSRVHG�FRQWURO�
VWUDWHJ\��$OWKRXJK�H[SHULPHQWDO�SURWRW\SHV�KDYH�EHHQ�EXLOW�WR�FRQILUP�WKH�SURSRVHG�VWUDWHJ\�
WKURXJK� H[SHULPHQWV�� )RXU� WHVW� FDVHV� ZHUH� YHULILHG�� 7KH� VLPXODWLRQ� UHVXOWV� DQG� WKH�
FRUUHVSRQGLQJ�H[SHULPHQWDO�UHVXOWV�DUH�REWDLQHG�DQG�FRPSDUHG��7KH�IROORZLQJ�WDEOH�VKRZV�WKH�
SDUDPHWHUV�XVHG�LQ�WKLV�DUWLFOH�

�D� 6WDUWLQJ�RI�WKH�PRWRU�ZLWK �E��3)&�RI�WKH�GULYH�V\VWHP�GXULQJ�VWDUW �F��9DULDWLRQ�RI�WKH�PRWRU�VSHHG��WKH�

3URSRVHG�3:0�$&�&KRSSHU XS�RI�WKH�,0 FXUUHQW�DQG�SKDVH�YROWDJH�DW�DFWL�

YDWLRQ�RI�WKH�VSHHG�FRQWUROOHU
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�G��9DULDWLRQ�RI�WKH�PRWRU�VSHHG� �H��9DULDWLRQ�RI�PRWRU�VSHHG��&XUUHQW �I��5HIHUHQFH�DQG�PHDVXUHG�FXUUHQWV

&XUUHQW�DQG�SKDVH�YROWDJH�DW DQG�SKDVH�YROWDJH�DW�VWHS�FKDQJH RI�WKH�VXSSO\

6WHS�FKDQJH�LQ�WKH�ORDG�WRUTXH� LQ�WKH�UHIHUHQFH�VSHHG

�J��6XSSO\�YROWDJH�DQG�FXUUHQW�DW�GLIIHUHQW�WHVWLQJ�FDVHV�RI�WKH�SURSRVHG�V\VWHP

)LJXUH � 6LPXODWLRQ�5HVXOWV

���&21&/86,216
$� QHZ� 3:0�$&� FKRSSHU FRQWURO� VWUDWHJ\� IHHGLQJ� WKH� �� SK� ,0� EDVHG� VTXLUUHO� FDJH� ZDV�
VLPXODWHG� 7KH�PDLQ�SXUSRVH�RI�WKH�FRQWURO�LV�WR�FRUUHFW�WKH�LQSXW�3)�DFFRUGLQJ�WR�WKH�GLIIHUHQW�
ZRUNLQJ�FRQGLWLRQV�RI� WKH� LQGXFWLRQ�PRWRU�GULYH�V\VWHP��%\�XVLQJ WKH�+%&&�WHFKQRORJ\� WR�
IRUFH�WKH�DFWXDO�FXUUHQW�IURP�WKH�FKRSSHU�WR�WUDFN�LWV�UHIHUHQFH�FXUUHQW�LQ�SKDVH�ZLWK�WKH�LQSXW�
YROWDJH�� WKH�LQSXW�3)&�FDQ�EH�UHDOL]HG��7KH�SURSRVHG�FRQWURO�VWUDWHJ\�XVHV�RQO\�WZR�VLJQDOV�
3:0�WR�GULYH�DFWLYH�$&�FKRSSHU�VZLWFK���7KH SURSRVHG�V\VWHP�LV�VLPSOH��UHOLDEOH�DQG�ORZ�FRVW�
EHFDXVH� LW� RQO\� KDV� IRXU� ,*%7� VZLWFKHV�� 7KH� ZRUNLQJ� SULQFLSOH� RI� WKH� V\VWHP� DQG� WKH�
PDWKHPDWLFDO� DQDO\VLV� RI� DUH� LQWURGXFHG�� 7KH� V\VWHP� ZDV� VLPXODWHG� XVLQJ�
0$7/$%�6,08/,1.��DQG�WKH�ODERUDWRU\�V\VWHP�ZDV�LPSOHPHQWHG��7KH�HIIHFWLYHQHVV�RI�WKH�
FRQWURO�VWUDWHJ\�KDV�EHHQ�WHVWHG�XQGHU�VWDUWXS��UHIHUHQFH�VSHHG�FKDQJH�DQG�ORDG�WRUTXH�FKDQJH��
7KH�UHVXOWV�REWDLQHG�IURP�WKH�H[SHULPHQW�DQG�FRPSXWHU�VLPXODWLRQ�ZRUN�SURYH�WKH�HIIHFWLYHQHVV�
RI�WKH�SURSRVHG�FRQWURO�VWUDWHJ\ XQGHU�DOO�WHVW�FRQGLWLRQV��,Q�WKH�WKUHH�WHVW�FDVHV��FRPSDUHG�ZLWK�
WKH�SURSRVHG�WHFKQRORJ\�3)&���WKH�SHUIRUPDQFH�RI�WKH�V\VWHP�ZLWKRXW�3)&�LV�DSSUR[LPDWHO\���
7KH� UHVXOW� RI� FRPSDULVRQ� VKRZV� WKDW� WKH� V\VWHP�ZLWK� WKH� SURSRVHG� 3)&� WHFKQRORJ\� KDV� D�
FRUUHFWHG�3) DQG� WKHUHIRUH�KDV�EHWWHU�SHUIRUPDQFH��)LQDOO\� WKH� UHVXOWV�RI�ERWK�SURSRVHG�DQG�
FRQYHQWLRQDO�WRSRORJ\�ZDV�REVHUYHG��)URP�WKH�UHVXOWV�ZH�FDQ�FRQFOXGH�DV�)/&�DFWLRQV�RXWSXW�
DFFXUDWHO\�DV�FRPSDUHG�ZLWK�3,�FRQWUROOHU�ZKLFK�UHVXOWV�LQ�JLYLQJ�EHWWHU�VSHHG�SLFNXS WLPH��OHVV�
VHWWOLQJ�WLPH�

5()(5(1&(6
>�@ 7��0LVKLPD��<��1DNDJDZD��DQG�0��1DNDRND��µµ$�EULGJHOHVV�%+%�=96�3:0�$&±$&�FRQYHUWHU�

IRU�KLJK�IUHTXHQF\�LQGXFWLRQ�KHDWLQJ�DSSOLFDWLRQV�¶¶�,(((�7UDQV��,QG��$SSO��YRO������QR�����SS��
����±������-XO��$XJ��������GRL����������7,$��������������

>�@ 6�� 0DKHQGUDQ�� ,�� *QDQDPEDO�� DQG� $�� 0DKHVZDUL�� µµ)3*$�EDVHG� JHQHWLF� DOJRULWKP�
LPSOHPHQWDWLRQ�IRU�$&�FKRSSHU�IHG�LQGXFWLRQ�PRWRU�¶¶� ,QW��-� (OHFWURQ��YRO�������QR������SS��
����±������$SU��������GRL���������������������������������



)X]]\�/RJLF�&RQWUROOHU�%DVHG�7KUHH�3KDVH�3:0�$&�&KRSSHU�)HG�,QGXFWLRQ�0RWRU�'ULYH�ZLWK�+%&&�
7HFKQLTXH

KWWSV���LDHPH�FRP�+RPH�MRXUQDO�,-((7 ��� HGLWRU#LDHPH�FRP

>�@ )��/XR� +��<H��DQG�0��+��5DVKLG��'LJLWDO�3RZHU�(OHFWURQLFV�DQG�$SSOLFDWLRQV��$PVWHUGDP��7KH�
1HWKHUODQGV��(OVHYLHU�������

>�@ /��5DMDML��&��.XPDU��DQG�0��9DVXGHYDQ��µµ)X]]\�DQG�$1),6�EDVHG�VRIW�VWDUWHU�IHG�LQGXFWLRQ�
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