
ŝ

+$5':$5(�,03/(0(17$7,21�2)�9�I�&21752/�2)�
,1'8&7,21�02725�86,1*�+653(&

',66(57$7,21
68%0,77('�,1�3$57,$/�)8/),//0(17�2)�7+(�5(48,5(0(176

)25�7+(�$:$5'�2)�7+(�'(*5((
2)

0$67(5�2)�7(&+12/2*<
,1

&21752/�$1'�,167580(17$7,21
6XEPLWWHG�E\�

$QLPHVK�.XPDU�3DWUD�
�.���&	,���

8QGHU�WKH�VXSHUYLVLRQ�RI

3URI��0DGKXVXGDQ�6LQJK

'(3$570(17�2)�(/(&75,&$/�(1*,1((5,1*
'(/+,�7(&+12/2*,&$/�81,9(56,7<

�)RUPHUO\�'HOKL�&ROOHJH�RI�(QJLQHHULQJ�
%DZDQD 5RDG��'HOKL�������

ϮϬϭϵ



ŝŝ

'(3$570(17�2)�(/(&75,&$/�(1*,1((5,1*
'(/+,�7(&+12/2*,&$/�81,9(56,7<

�)RUPHUO\�'HOKL�&ROOHJH�RI�(QJLQHHULQJ�
%DZDQD�5RDG��'HOKL�������

&(57,),&$7(

,��$QLPHVK�.XPDU�3DWUD��5ROO�1R���.���&	,����VWXGHQW�RI�0�7HFK��&RQWURO�DQG�,QVWUXPHQWDWLRQ�

�&	,���KHUHE\�GHFODUH�WKDW�WKH�GLVVHUWDWLRQ�SURMHFW�WLWOHG�³+$5':$5(�,03/(0(17$7,21�

2)�9�I�&21752/�2)�,1'8&7,21�02725�86,1*�+653(&´�XQGHU�WKH�VXSHUYLVLRQ�RI�

3URI��0DGKXVXGDQ�6LQJK RI�(OHFWULFDO�(QJLQHHULQJ�'HSDUWPHQW��'HOKL�7HFKQRORJLFDO�8QLYHUVLW\��

'HOKL�LQ�SDUWLDO�IXOILOOPHQW�RI�WKH�UHTXLUHPHQW�IRU�WKH�DZDUG�RI�WKH�GHJUHH�RI�0DVWHU�RI�7HFKQRORJ\�

KDV�QRW�EHHQ�VXEPLWWHG�HOVHZKHUH�IRU�WKH�DZDUG�RI�DQ\�'HJUHH�

�

3ODFH��'HOKL �$1,0(6+�.80$5�3$75$��

'DWH��

3URI��0DGKXVXGDQ�6LQJK
�683(59,625�

3URIHVVRU
'HSDUWPHQW�RI�(OHFWULFDO�(QJLQHHULQJ

�ĞůŚŝ�dĞĐŚŶŽůŽŐŝĐĂů�hŶŝǀĞƌƐŝƚǇ



ŝŝŝ

$&.12:/('*(0(17

,� DP� KLJKO\� JUDWHIXO� WR� WKH� 'HSDUWPHQW� RI� (OHFWULFDO� (QJLQHHULQJ��'HOKL� 7HFKQRORJLFDO�8QLYHUVLW\�

�'78��IRU�SURYLGLQJ�WKLV�RSSRUWXQLW\�WR�FDUU\�RXW�WKLV SURMHFW�ZRUN�

7KH�FRQVWDQW�JXLGDQFH�DQG�HQFRXUDJHPHQW�UHFHLYHG�IURP�P\�VXSHUYLVRU�3URI��0DGKXVXGDQ�6LQJK�RI�

'HSDUWPHQW�RI�(OHFWULFDO (QJLQHHULQJ��'78��KDV�EHHQ�RI�JUHDW�KHOS�LQ�FDUU\LQJ�P\�SUHVHQW�ZRUN�DQG�

LV�DFNQRZOHGJHG�ZLWK�UHYHUHQWLDO�WKDQNV�

,�ZRXOG�OLNH�WR�WKDQN�0U��6XU\DNDQW�6KXNOD �3K'�VFKRODU���0UV��3DOODYL�9HUPD��3K'�VFKRODU���0U��

$YGKHVK .XPDU�DQG�0U��+DUVK�&KDWXUYHGL��0�WHFK�6WXGHQW��IRU�WKHLU JXLGDQFH�DQG�FRQWLQXRXV�VXSSRUW�

LQ�FRPSOHWLRQ�RI�WKLV�SURMHFW�ZRUN�

,�ZRXOG�OLNH�WR�H[SUHVV�D�GHHS�VHQVH�RI�JUDWLWXGH�DQG�WKDQNV�WR�3URI��5DFKQD�*DUJ IRU�DOORZLQJ�PH�WR�

ZRUN�LQ�6PDUW�*ULG ODERUDWRU\�WR�FDUU\ RXW�WKLV SURMHFW�ZRUN��

)LQDOO\�� ,� ZRXOG� OLNH� WR� H[SUHVVHV� JUDWLWXGH� WR� DOO IDFXOW\� PHPEHUV� RI� (OHFWULFDO� (QJLQHHULQJ�

'HSDUWPHQW��'78�IRU�WKHLU�LQWHOOHFWXDO�VXSSRUW�LQ�P\�0�WHFK�VWXG\�DW�'78�

$1,0(6+�.80$5�3$75$
�.���&	,���

0��7HFK���&RQWURO�DQG�,QVWUXPHQWDWLRQ��
'HOKL�7HFKQRORJLFDO�8QLYHUVLW\



ŝǀ

$%675$&7

)3*$V LV�DQ�,QWHJUDWHG�&LUFXLW�GHVLJQHG�WR�EH�FRQILJXUHG�E\�D XVHU�RU�GHVLJQHU��7KH\�DUH�,QWHJUDWHG�

&LUFXLWV�ZKLFK� FDQ� EH� ILHOG� SURJUDPPHG� HYHQ� DIWHU�PDQXIDFWXULQJ��7KH\� DUH� EDVLFDOO\� XVHG� WR�

GHVLJQ� VSHFLDOL]HG� FLUFXLW� DQG� WHVW� WKHP� VR� WKDW� WKH� ,&V� FDQ� EH�PDQXIDFWXUHG� IRU� EXON� XVH� E\�

PDQXIDFWXUHUV� 7KH� LGHD� LV� WR� GHYHORS� UHFRQILJXUDEOH� HQYLURQPHQW� UDWKHU� WKDQ� FRQYHQWLRQDO�

HPEHGGHG�HQYLURQPHQW�

7KH�EDVLF DLP�RI�WKLV�SURMHFW�LV�WR�OHDUQ�WKH�)3*$V DQG�GHYHORS�FRQWUROOHU�IRU�LPSOHPHQWDWLRQ�RI�

9�I�FRQWURO�RI�LQGXFWLRQ�PRWRU�XVLQJ�)3*$�+653(&��ZKLFK�LV�GHVLJQHG�E\�&'$&��7KH�SURFHVVRU�

XVHG�LV�$/7(5$�&\FORQH�,,, (3�&��(���&�1��7KH�GHVLJQLQJ�RI�V\VWHP�LV�FDUULHG�RXW RQ�4XDUWXV�

SODWIRUP�DQG�WKH�FRGLQJ�LV GHYHORSHG�LQ�1,26�SODWIRUP�

)RU�DQDO\VLV�RI�LQGXFWLRQ�PRWRU�GULYHV WZR�GLIIHUHQW�IUHTXHQFLHV�DUH�FRQVLGHUHG WR�FKDQJH�WKH�9�I�

UDWLR��DQG�YDU\LQJ�ORDGV�DUH�XVHG�WR�FRPSDUH�WKH PRWRU WRUTXH��$�WDFKR�JHQHUDWRU�LV�XVHG WR�PRQLWRU

WKH�VSHHG RI�PRWRU�IRU�FORVH�ORRS�RSHUDWLRQ��7KH�RXWSXW�RI�VSHHG�VHQVRU�LV�IHG�DV�IHHGEDFN�WR�WKH�

$'&�FKDQQHO�RI�+653(&��7KH�DFWXDO�VSHHG�LV�FRPSDUHG�WR�WKH�UHIHUHQFH�VSHHG�DQG�HUURU�LV�XVHG�

IRU�WKH�JHQHUDWLRQ�RI�3:0��7KLV�3:0�VLJQDO�DUH�XVHG�WR�FRQWURO�WKH�LQYHUWHU�ZKLFK�GULYHV�D���

SKDVH�LQGXFWLRQ�PRWRU�DW�GHVLUHG�VSHHG�

6LPXODWLRQ�RI�SRZHU�(OHFWURQLFV�V\VWHPV�HQDEOH�SULRU�XQGHUVWDQGLQJ�RI�WKH�V\VWHP�EHKDYLRU�EHIRUH�

UHDO�WLPH�PRGHO�DUH�GHYHORSHG��6LPXODWLRQ�VWXG\�LQFOXGHV

�� 7KHLU�RIIOLQH�VLPXODWLRQ�RQ�GLJLWDO�FRPSXWHU��

�� 5HDO�WLPH�VLPXODWLRQ�

7KHVH�VLPXODWLRQ�VWXG\�KHOS�IRU�WKH�GHVLJQ�DQG�SHUIRUPDQFH�HYDOXDWLRQ�RI�FRQWUROOHU�IRU�WKH�3RZHU�

(OHFWURQLF�V\VWHPV�

7KH�UHDO�WLPH�VLPXODWLRQ�DOORZV�LQ�WR�SHUIRUP�+DUGZDUH�LQ�/RRS��+,/��VLPXODWLRQ�WR�WHVW�SK\VLFDO�

FRQWUROOHUV� ZKLFK� UHGXFHV� WKH� FRVW� RI� ILHOG� WHVWLQJ�� $� +LJK� 6SHHG� 5HFRQILJXUDEOH� 3RZHU�

(OHFWURQLFV�&RQWUROOHU��+653(&���ZKLFK�FDQ�UHSODFH�FRQYHQWLRQDO�'63�EDVHG�FRQWUROOHU�GHVLJQ�

IRU� UHDO� WLPH� FRQWURO� DQG�PRQLWRULQJ� RI� 3RZHU�(OHFWURQLFV� V\VWHP� LV� EHLQJ� XVHG� WR� LPSOHPHQW�

FRQWUROOHU�IRU�KLJK�SHUIRUPDQFH�LQGXFWLRQ�PRWRU�GULYH�



ǀ

&217(176
&HUWLILFDWH LL
$FNQRZOHGJHPHQW LLL
$EVWUDFW LY
&RQWHQWV Y
/LVW�RI�)LJXUHV YLLL
/LVW�RI�7DEOHV [L
$EEUHYLDWLRQV [LL
/LVW�RI�6\PEROV [LY

&+$37(5���,1752'8&7,21 ��

�����,QWURGXFWLRQ ��

�����6SHHG�FRQWURO�RI�,QGXFWLRQ�0RWRU ��

�������6FDODU�FRQWURO�RI�,QGXFWLRQ�0RWRU ��

���������3ROH�FKDQJLQJ�PHWKRG ��

���������9DULDEOH�YROWDJH�FRQWURO ��

���������5RWRU�UHVLVWDQFH�FRQWURO ��

���������9DULDEOH�IUHTXHQF\�FRQWURO ��

���������9�I�FRQWURO ��

�����9HFWRU�FRQWURO�RI�,QGXFWLRQ�0RWRU ��

�������&ODUNH�7UDQVIRUPDWLRQ ��

�������3DUN�7UDQVIRUPDWLRQ ��

�����'LUHFW�7RUTXH�&RQWURO�6FKHPH ��

�����)LHOG�2ULHQWHG�&RQWURO�6FKHPH ��

�����(VWLPDWLRQ�RI�)OX[�LQ�9HFWRU�&RQWURO ��

�����2EMHFWLYH�RI�SUHVHQW�ZRUN ��

�����2XWOLQH�RI�WKHVLV ��

&+$37(5���02'(//,1*�2)�,1'8&7,21�02725 ��

�����,QWURGXFWLRQ ��



ǀŝŝ

�����,QGXFWLRQ�0RWRU�0RGHOLQJ�IRU 9HFWRU &RQWURO ��

�����&RQFOXVLRQ ��

&+$37(5���+LJK�6SHHG�5HFRQILJXUDEOH�3RZHU (OHFWURQLF &RQWUROOHU ��

���� ,QWURGXFWLRQ ��

���� 6RSF�%DVHG�3( &RQWUROOHU $UFKLWHFWXUH ��

���� +653(& 6SHFLILFDWLRQ ��

���� 'HVLJQ 0HWKRGRORJ\ ��

���� 'HYHORSPHQW HQYLURQPHQW ��

����� +DUGZDUH 'HVLJQ 7RROV ��

���� &RQFOXVLRQ ��

&+$37(5���9�I�&21752/�2) ,1'8&7,2102725 ��

���� ,QWURGXFWLRQ ��

���� &KDUDFWHULVWLF�RI�,QGXFWLRQ�0RWRU�LQ�FRQYHQWLRQDO 9�I

FRQWUROOHG GULYH ��

���� &RQFOXVLRQ ��

&+$37(5���6LPXODWLRQ�DQG�H[SHULPHQWDO�LPSOHPHQWDWLRQ�RI�Y�I�FRQWURO RI�

WKUHH�SKDVH�LQGXFWLRQ�PRWRU XVLQJ�+653(& ��

���� ,QWURGXFWLRQ ��

���� 0RGHOOLQJ�RI�V\VWHP XVLQJ�+653(& ��

���� 0RGHOOLQJ�RI�V\VWHP XVLQJ 0$7/$%�6LPXOLQN ��

���� +DUGZDUH�VHWXS�IRU�9�I�FRQWURO�RI LQGXFWLRQ PRWRU ��

���� 5HVXOWV DQG 'LVFXVVLRQV ��

������ 6LPXODWLRQ UHVXOWV ��

�������� RXWSXW�RI�RSHQ ORRS VLPXODWLRQ ��

�������� RXWSXW�RI�FORVH ORRS VLPXODWLRQ ��



ǀŝŝŝ

������ +DUGZDUH VHWXS UHVXOWV ��

�������� 2SHQ�/RRS�9�I�&RQWURO�DW ���+] ��

������� 2SHQ�/RRS�9�I�&RQWURO�DW ���+] ��

������� &ORVH�/RRS�9�I�&RQWURO�DW �� +] ��

���������&ORVH�ORRS�9�I�FRQWURO�DW ���+] ��

���� &RQFOXVLRQ ��

&+$37(5���&21&/86,21�$1'�)8785( 6&23(2):25. ��
���� &RQFOXVLRQ ��
���� )XWXUH�6FRSH RI ZRUN ��

5()(5(1&(6 ��

$33(1',; , ��

$33(1',; ,,� ��



ǀŝŝŝ

/,67�2)�),*85(6

)LJXUH���&ODVVLILFDWLRQ�RI�YHFWRU�FRQWURO�PHWKRGV�XVHG�IRU�VSHHG�FRQWURO�RI�

,QGXFWLRQ�0RWRU� ��

)LJXUH���%ORFN�GLDJUDP�RI�9�)�VSHHG�FRQWURO� ��

)LJXUH���&ODUNH�7UDQVIRUPDWLRQ� ��

)LJXUH���3DUN�7UDQVIRUPDWLRQ� ��

)LJXUH���%ORFN�GLDJUDP�IRU�'LUHFW�7RUTXH�&RQWURO�VFKHPH� ��

)LJXUH���%ORFN�GLDJUDP�IRU�'LUHFW�)LHOG�2ULHQWHG�&RQWURO ��

)LJXUH���'LDJUDP�VKRZLQJ�WKH�GLUHFW�ILHOG�RULHQWHG FRQWURO� ��

)LJXUH���3KDVRU�GLDJUDP�IRU�,QGXFWLRQ�0RWRU� ��

)LJXUH�� 3KDVRU�GLDJUDP�IRU�Įȕ�IUDPH�RI�UHIHUHQFH� ��

)LJXUH����3KDVRU�GLDJUDP�IRU�GT�IUDPH�RI�UHIHUHQFH� ��

)LJXUH����(TXLYDOHQW�G\QDPLF�PRGHO�UHSUHVHQWLQJ�HTXDWLRQ����� ��

)LJXUH����(TXLYDOHQW�G\QDPLF�PRGHO�UHSUHVHQWLQJ�HTXDWLRQ����� ��

)LJXUH����%ORFN�GLDJUDP�RI�3(�FRQWUROOHU�V\VWHP�LPSOHPHQWHG�LQ�&RQYHQWLRQDO�0HWKRG ��

)LJXUH����%ORFN�GLDJUDP�RI�3(�FRQWUROOHU�V\VWHP�LPSOHPHQWHG�LQ�623&�0HWKRG ��

)LJXUH����&RQWUROOHU�&DUG� ��

)LJXUH��� 623&�'HVLJQ�0HWKRGRORJ\�IRU�3RZHU�(OHFWURQLF�&RQWUROOHU�'HYHORSPHQW ��

)LJXUH����6LPSOLILHG�VWHDG\�VWDWH�HTXLYDOHQW�FLUFXLW�RI�LQGXFWLRQ�PRWRU� ��

)LJXUH����6WDWRU�YROWDJH�YHUVXV�)UHTXHQF\�SURILOH�XQGHU�9�I�FRQWURO� ��

)LJXUH����7RUTXH 9HUVXV 6OLS 6SHHG RI DQ ,QGXFWLRQ 0RWRU ��

)LJXUH����6WDQGDUG�7RUTXH 9HUVXV 6OLS 6SHHG RI DQ ,QGXFWLRQ 0RWRU ��

)LJXUH����)ORZFKDUW�RI�9�I�FRQWURO�RI���SKDVH�$&�LQGXFWLRQ�PRWRU ��



ŝǆ

)LJXUH����3RZHU�(OHFWURQLF�3URFHVVRU�GHVLJQHG�IRU�9�I�FRQWURO�RI���SKDVH�LQGXFWLRQ

0RWRU� ��

)LJXUH����2SHQ�ORRS�6LPXODWLRQ�RI�9�I�FRQWURO�RI�,QGXFWLRQ�0RWRU� ��

)LJXUH����3:0�JHQHUDWLRQ�WHFKQLTXH�IRU�9�I�FRQWURO� ��

)LJXUH ���&ORVH�ORRS�VLPXODWLRQ�RI�9�I�FRQWURO�RI�,QGXFWLRQ�0RWRU ��

)LJXUH����6HWXS�IRU�9�I�FRQWURO�RI�LQGXFWLRQ�PRWRU� ��

)LJXUH��� &RPSOHWH�VHWXS�IRU�9�I�FRQWURO�RI�LQGXFWLRQ�PRWRU� ��

)LJXUH����$QJXODU�VSHHG��߱௘�� WRUTXH��7H���RXWSXW�YROWDJH��ݒ௔௕௖��DQG�RXWSXW�FXUUHQW�

�݅௔௕௖��IRU�RSHQ�ORRS�FRQWURO�DW����+] ��

)LJXUH����$QJXODU�VSHHG��߱௘�� WRUTXH��7H���RXWSXW�YROWDJH��ݒ௔௕௖��DQG�RXWSXW�FXUUHQW�

�݅௔௕௖��IRU�RSHQ�ORRS�FRQWURO�DW����+] ��

)LJXUH����$QJXODU�VSHHG��߱௘�� WRUTXH��7H���RXWSXW�YROWDJH��ݒ௔௕௖��DQG�RXWSXW�FXUUHQW�

�݅௔௕௖��IRU�FORVH�ORRS�FRQWURO�DW����+] ��

)LJXUH����$QJXODU�VSHHG��߱௘�� WRUTXH��7H���RXWSXW�YROWDJH��ݒ௔௕௖��DQG�RXWSXW�FXUUHQW�

�݅௔௕௖��IRU�FORVH�ORRS�FRQWURO�DW����+] ��

)LJXUH��� 1R�ORDG�2XWSXW�9ROWDJH�DQG�&XUUHQW DW���+] ��

)LJXUH��� 2XWSXW�9ROWDJH�DQG�&XUUHQW�DW�/RDG�� DW���+] ��

)LJXUH��� 2XWSXW�9ROWDJH�DQG�&XUUHQW�DW�/RDG�� DW���+] ��

)LJXUH��� 2XWSXW�9ROWDJH�DQG�&XUUHQW�DW�/RDG�� DW���+] ��

)LJXUH��� 2XWSXW�6LQJOH�SKDVH�2XWSXW�9ROWDJH�DQG�&XUUHQW�:DYHIRUP�DW����+] ��

)LJXUH��� 2XWSXW�1R�/RDG�9ROWDJH�DQG�&XUUHQW DW���+] ��

)LJXUH��� 2XWSXW�9ROWDJH�DQG�&XUUHQW�DW�/RDG�� DW���+] ��



ǆ

)LJXUH��� 2XWSXW�9ROWDJH�DQG�&XUUHQW�DW�/RDG���DW���+] ��

)LJXUH��� 2XWSXW�9ROWDJH�DQG�&XUUHQW�DW�/RDG�� DW���+] ��

)LJXUH��� 2XWSXW�1R�ORDG�2XWSXW�9ROWDJH�DQG�&XUUHQW DW���+] ��

)LJXUH��� 2XWSXW�9ROWDJH�DQG�&XUUHQW�DW�/RDG�� DW���+] ��

)LJXUH��� 2XWSXW�9ROWDJH�DQG�&XUUHQW�DW�/RDG�� DW���+] ��

)LJXUH��� 2XWSXW�9ROWDJH�DQG�&XUUHQW�DW�/RDG�� DW���+] ��

)LJXUH��� 2XWSXW�6LQJOH�SKDVH�YROWDJH�DW����+] ��

)LJXUH��� 2XWSXW�1R�ORDG�2XWSXW�9ROWDJH�DQG�&XUUHQW DW����+] ��

)LJXUH��� 2XWSXW�9ROWDJH�DQG�&XUUHQW�DW�/RDG�� DW����+] ��

)LJXUH��� 2XWSXW�9ROWDJH�DQG�&XUUHQW�DW�/RDG���DW����+] ��

)LJXUH��� 2XWSXW�9ROWDJH�DQG�&XUUHQW�DW�/RDG�� DW����+] ��



ǆŝ

/,67�2)�7$%/(6

7DEOH����,QGXFWLRQ�0RWRU�SDUDPHWHUV ��

7DEOH����2XWSXW�IRU�2SHQ�ORRS�9�I�FRQWURO�DW����+] ��

7DEOH����2XWSXW�IRU�2SHQ�ORRS�9�I�FRQWURO�DW����+] ��

7DEOH����2XWSXW�IRU�&ORVH�ORRS�9�I�FRQWURO�DW����+] ��

7DEOH����2XWSXW�IRU�&ORVH�ORRS�9�I�FRQWURO�DW����+] ��



ǆŝŝ

$%%5(9,$7,216

'7&� 'LUHFW�7RUTXH�&RQWURO

)2& )LHOG�2ULHQWHG�&RQWURO

03& 0RGHO�3UHGLFWLYH�&RQWURO

00)

(0)

0DJQHWR�0RWLYH�)RUFH

(OHFWUR�0RWLYH�)RUFH

,0 ,QGXFWLRQ�0RWRU

3, 3URSRUWLRQDO�,QWHJUDO

$& $OWHUQDWLQJ�&XUUHQW

'&

(9

)3*$

$6,&

3/'

+653(&

&$'

+'/

'63

'LUHFW�FXUUHQW

(OHFWULF�9HKLFOHV

)LHOG�3URJUDPPDEOH�*DWH�

$UUD\V

$SSOLFDWLRQ�6SHFLILF�,QWHJUDWHG�

&LUFXLW

3URJUDPPDEOH�/RJLF�'HVLJQ

+LJK�6SHHG�5H�&RQILJXUDEOH�

3RZHU�(OHFWURQLFV�&RQWUROOHU

&RPSXWHU�$LGHG�'HVLJQ

+DUGZDUH�'HVFULSWLRQ�

/DQJXDJHV

'LJLWDO�6LJQDO�3URFHVVRUV



ǆŝŝŝ

3:0

&/%

623&

3(

,3V

$'&

'$&

63,

8$57

3)&

3,2

,54

,'(

,6$

'0,36

96,

3XOVH�:LGWK�0RGXODWLRQ

&RQILJXUDEOH�/RJLF�%ORFN

6\VWHP�RQ�3URJUDPPDEOH�&KLS

3RZHU�(OHFWURQLF

,QWHOOHFWXDO�3URSHUWLHV

$QDORJ�WR�'LJLWDO�&RQYHUWHU

'LJLWDO�WR�$QDORJ�&RQYHUWHU

6HULDO�3HULSKHUDO�,QWHUIDFH

8QLYHUVDO�$V\QFKURQRXV�

5HFHLYHU�7UDQVPLWWHU

3RZHU�)DFWRU�&RUUHFWLRQ

3DUDOOHO�,QSXW�2XWSXW

,QWHUUXSW�5HTXHVW

,QWHJUDWHG�'HYHORSPHQW�

(QYLURQPHQW

,QVWUXFWLRQ�6HW�$UFKLWHFWXUH

'KU\VWRQH�0LOOLRQ�,QVWUXFWLRQ�

SHU�6HFRQG

9ROWDJH�6RXUFH�,QYHUWHU
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ܶ ௗ 'HYHORSHG�7RUTXH�

ܶ ௟ /RDG�7RUTXH�

߱ ௠ $QJXODU�IUHTXHQF\�RI�,QGXFWLRQ�0RWRU�

߱ ௦௟௜௣ 6OLS�DQJXODU�IUHTXHQF\�

݅௔ $UPDWXUH�&XUUHQW�

݅௔௕௖ 7KUHH�SKDVH�FXUUHQW�YHFWRU�

݅ఈఉఊ 7ZR�SKDVH�VWDWLRQDU\�UHIHUHQFH�IUDPH�

FXUUHQW�YHFWRU�

݅ௗ௤଴ 7ZR�SKDVH�URWDWLQJ�UHIHUHQFH�IUDPH�

FXUUHQW�YHFWRU�

ݏܴ 6WDWRU�5HVLVWDQFH�

ݎܴ 5RWRU�5HVLVWDQFH�

ݎܮ 5RWRU�VHOI�,QGXFWDQFH�

ݏܮ 6WDWRU�VHOI�,QGXFWDQFH�

݉ܮ 0XWXDO�,QGXFWDQFH�RI�,QGXFWLRQ�0RWRU�

݅௤ 4�D[LV�FXUUHQW �5RWDWLQJ�IUDPH�RI�

UHIHUHQFH��

݅ௗ '�D[LV�FXUUHQW �5RWDWLQJ�IUDPH�RI�

UHIHUHQFH��
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݅ఈ Į�D[LV�FXUUHQW �6WDWLRQDU\�IUDPH�RI�

UHIHUHQFH��

݅ఉ ȕ�D[LV�FXUUHQW �6WDWLRQDU\�IUDPH�RI�

UHIHUHQFH��

ݍܸ 4�D[LV�YROWDJH �5RWDWLQJ�IUDPH�RI�

UHIHUHQFH��

ܸ݀ '�D[LV�YROWDJH �5RWDWLQJ�IUDPH�RI�

UHIHUHQFH��

ߙܸ Į�D[LV�YROWDJH �6WDWLRQDU\�IUDPH�RI�

UHIHUHQFH��

ߚܸ ȕ D[LV�YROWDJH �6WDWLRQDU\�IUDPH�RI�

UHIHUHQFH��

Ȝ� /DPEGD �WXQLQJ�SDUDPHWHU��

߮௦ 7RWDO�VWDWRU�IOX[�

߮௥ 5RWRU�IOX[�

߮௠ 0DJQHWL]LQJ�FRPSRQHQW�RI�IOX[�
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,QGXFWLRQ 0RWRUV��,0��DUH�ZLGHO\RXVHG�LQ�DOO�LQGXVWULDORDSSOLFDWLRQV�EHFDXVH�RI�WKHLURORZRFRVW��
UXJJHG�DQG�UREXVW�SHUIRUPDQFH��7KH�SHUIRUPDQFH�RI�,QGXFWLRQ�0RWRU�LV�YHU\�SURPLVLQJ�LQ YDULDEOH
VSHHG�DSSOLFDWLRQV��&RQYHQWLRQDOO\�'&�PRWRU�ZHUH�H[WHQVLYHO\�XVHG�IRU�YDULDEOH�VSHHG�DSSOLFDWLRQ�
GXH�WR�WKHLU�HDV\�DQG�IOH[LEOH�VSHHG�FRQWURO��7KH�WRUTXHRDQGRVSHHGRLQR'&RPRWRU�DUH�GHFRXSOHG�
DQG�FDQ�EH�FRQWUROOHG�LQGHSHQGHQWO\�
,Q� '&� PDFKLQHV� 00)� D[LV� LV� GHYHORSHG DW� ��Û� HOHFWULFDO� WR� WKH� PDLQ� ILHOG� D[LV�� 7KH�
HOHFWURPDJQHWLFRWRUTXHRLV GLUHFWO\ SURSRUWLRQDORWRRWKH� SURGXFW� RI� DUPDWXUHRFXUUHQWRDQGRILHOG�
IOX[��7KH�ILHOGRIOX[RLVRSURSRUWLRQDORWRRWKH�ILHOG�FXUUHQW�GXH WR RUWKRJRQDO�RULHQWDWLRQ�EHWZHHQ�
DUPDWXUH�00) DQG�ILHOG�00)��DQG�LV�XQDIIHFWHG�E\�WKH�DUPDWXUH�FXUUHQW��7KXV��WKH�WRUTXH�LQ�D�
VHSDUDWHO\�H[FLWHG�'&RPDFKLQHRLV�GLUHFWO\�SURSRUWLRQDORWRRWKHRDUPDWXUHRFXUUHQW��ZLWK�D�FRQVWDQW�
YDOXH�RI�ILHOG�IOX[��'LUHFW�FRQWURO�RI�DUPDWXUH�FXUUHQW LQ�'&�PRWRU DOORZV GLUHFW�FRQWURO�RI�WRUTXH�
DQG� TXLFN UHVSRQVH KRZHYHU�� LQ� ,QGXFWLRQ� 0RWRU� WKH� IOX[RDQGRWRUTXHRFRPSRQHQWVRRIRVWDWRU
FXUUHQWRDUH PXWXDOO\ FRXSOHG�� VR� WKHRFRQWURORRIR,QGXFWLRQR0RWRURLVRPRUHRFRPSOH[�� 7KH '&�
PRWRU�LV�QRW�HFRQRPLFDO�DV� LW�KDV�WKH�DGGLWLRQDO�FRVW�RI�PDLQWHQDQFH�RI�EUXVKHV��EUXVK�KROGHUV��
FRPPXWDWRUV�HWF��1RZ�D�GD\V�,QGXFWLRQ�0RWRU DUH�XVHG�LQ�SODFH�RI�WKH�'&�PRWRU� 7R�GHFRXSOH�WKH�
IOX[�DQG�WRUTXH�FRPSRQHQW�RI VWDWRU�FXUUHQW�LQ ,QGXFWLRQ�0RWRU�YHFWRURFRQWURO�LV�D�SRSXODU�PHWKRG�
IRU�,QGXFWLRQ�0RWRU >��@�

,QGXFWLRQR0RWRURFRQWURORFDQREH�FODVVLILHG�EURDGO\�LQWRRWZRRSDUWV�
���6FDODURFRQWURO�RI�,QGXFWLRQ�0RWRU
���9HFWRURFRQWURO�RI�,QGXFWLRQ�0RWRU
7KHVH FRQWURO� VFKHPHV� FDQ� EH� IXUWKHU� GLYLGHG�� )LJ��� VKRZV� WKH� YDULRXV FRQWURO� VFKHPHV� IRU
,QGXFWLRQ�0RWRU�
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)LJ����&ODVVLILFDWLRQ�RI�FRQWURO�PHWKRGV�XVHG�IRU�VSHHG�FRQWURO�LQ�,QGXFWLRQ�0RWRU
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$Q ,QGXFWLRQR0RWRURLVRSUDFWLFDOO\RDRFRQVWDQWRVSHHG�PRWRU��WKDW�PHDQV� FKDQJH�LQ�VSHHG�RIRWKH�
PRWRU� LV� UHODWLYHO\RVPDOO� IRURWKHRHQWLUHRORDGLQJRUDQJH� 6SHHGRRIRDR'&RPRWRU FDQ� EHRHDVLO\�
YDULHGRZLWKRJRRGRHIILFLHQF\�� EXWRLQRFDVHRRIR,QGXFWLRQR0RWRUV�� VSHHGRUHGXFWLRQRLV�
DFFRPSDQLHGRE\� DRFRUUHVSRQGLQJRORVVRRIRHIILFLHQF\RDQGRSRRURSRZHURIDFWRU�� $VRLQGXFWLRQ�
PRWRUVRDUHRZLGHO\REHLQJRXVHG�� WKHLURVSHHG� FRQWURORPD\� EHRUHTXLUHG� LQRPDQ\�
DSSOLFDWLRQV� 9DULRXV LQGXFWLRQ�PRWRU�VSHHG�FRQWURO�WHFKQLTXHV DUH�H[SODLQHG�EHORZ�

�������6FDODU�FRQWURO�RI�,QGXFWLRQ�0RWRU

9DULRXV�PHWKRGV�IRU�VFDODU�FRQWURO�RI�,QGXFWLRQ�0RWRU�DUH�>��@�
���3ROH�FKDQJLQJ�PHWKRG
���9DULDEOH�YROWDJH�FRQWURO
���5RWRU�UHVLVWDQFH�FRQWURO
���9DULDEOH�IUHTXHQF\�FRQWURO
���9�I�FRQWURO�

���������3ROH�FKDQJLQJ�PHWKRG

6SHHGRFRQWURO�RI� VTXLUUHO� FDJH� ,QGXFWLRQ�0RWRUV� FDQ�EHRDFKLHYHG WKURXJK�YDULDEOH�SROH� VWDWRU�
ZLQGLQJ�LQ�VTXLUUHO�FDJH�W\SH�,QGXFWLRQ�0RWRU��7KH�QXPEHU�RI�URWRU�SROHV�LV�HTXDO�WR�WKH�VWDWRU�
ZLQGLQJ�SROHV DQG�KHQFH FKDQJHRLQ�VSHHGRRIRWKHR,QGXFWLRQ�0RWRU�LV�SRVVLEOH�



ϯ

���������9DULDEOH�YROWDJH�FRQWURO

%\�YDU\LQJ�WKH�YROWDJH��WKH�VSHHGRFDQREHRFRQWUROOHG��7KH�WRUTXH�RI�,0�LV�GLUHFWO\�SURSRUWLRQDO�WR�
VTXDUH�RI�WKH�YROWDJH��VR�XQWLO�WKH�UHTXLUHG�WRUTXH�LV�QRW�DFKLHYHG�WKH�YROWDJH�LV�YDULHG��7KLV�PHWKRG�
LV�XVHG�ZKHUH�WKH�ORDG�WRUTXH�UHGXFHV�ZLWK�VSHHG�IRU�H[DPSOH�LQ�IDQ�ORDGV��7KLV�PHWKRG�FDQ�EH�
XVHG� IRU� VSHHG� FRQWURO�RQO\� IRU�EHORZ�V\QFKURQRXV� VSHHGV�� EHFDXVH� LI� WKH�YROWDJH� LV� LQFUHDVHG�
EH\RQG�WKH�UDWHG�YROWDJH�WKHQ�WKH�LQVXODWLRQ�PD\�EUHDNGRZQ�

���������5RWRU�UHVLVWDQFH�FRQWURO

7KLV�PHWKRG� LV�XVHG� WR�FRQWURO�ZRXQG� URWRU� W\SH� ,QGXFWLRQ�0RWRU� 9DULDEOH� UHVLVWDQFHV FDQ�EH�
FRQQHFWHG� WKURXJK� VOLS� ULQJV� WR� WKH� URWRU� FLUFXLW� RI� ,QGXFWLRQ�0RWRU�� 7KH�PD[LPXP� WRUTXH� LV�
LQGHSHQGHQWRRIRWKHRURWRURUHVLVWDQFH�� EXWRWKHRVOLSRDWRZKLFKRWKHRPD[LPXPRWRUTXHRRFFXUV�
GHSHQG�XSRQ�WKH�UHVLVWDQFH��$V�WKH�URWRU UHVLVWDQFH�LQFUHDVHV� VOLS�LQFUHDVHV DQG�KHQFH WKH�VOLSRDW�
ZKLFK�PD[LPXP�WRUTXH�LV�FKDQJHG��+RZHYHU�GXH�WR�WKH�DGGLWLRQDO URWRU UHVLVWDQFH�URWRU�FXUUHQW
ORVV LV�LQFUHDVHG�DQG�HIILFLHQF\�RI�PRWRU�UHGXFHV�

���������9DULDEOHRIUHTXHQF\�FRQWURO

9DULDEOHR)UHTXHQF\�&RQWURO LV�D WHFKQLTXH XVHGRWRRFRQWURORWKHRVSHHGRRIRDQR,QGXFWLRQ�0RWRU��
,WRLVRSRVVLEOHRWRRFRQWURORWKHRVSHHG�RI�,QGXFWLRQ�0RWRU�E\RYDU\LQJ�WKH�IUHTXHQF\� ,I�WKH�VXSSO\�
IUHTXHQF\�LV�FKDQJHG� LQGXFHG�(0)�FKDQJHV VR DV�WRRPDLQWDLQRWKH�FRQVWDQW DLU�JDS�IOX[�

���������9�I�VSHHG�FRQWURO

7KH� V\QFKURQRXV� VSHHGRRIR,QGXFWLRQRPRWRURLVRGLUHFWO\RSURSRUWLRQDOWR� VXSSO\ IUHTXHQF\� DQG�
DOVR�LQGXFHG�HPI�LQ�VWDWRU�ZLQGLQJ��6R��LI�VXSSO\�IUHTXHQF\�LV�YDULHG� WKH�VXSSO\�YROWDJH�PDJQLWXGH�
LV�DOVR�FKDQJHG�DFFRUGLQJO\ WR�PDLQWDLQ�WKH�VDPH�DLU�JDS�IOX[��7KLV�PHWKRG�LV�HIILFLHQW��EXW�KDV�D�
OLPLWDWLRQ�DV�IRU�LPSOHPHQWDWLRQ�RI�WKLV�FRQWURO�YDULDEOH�VXSSO\�IUHTXHQF\�LV�QHHGHG� )LJ�� KHUH�
VKRZV�WKH�EORFNRGLDJUDPRRIRRSHQ�DQG�FORVH�ORRS�FRQWURO�RI�9�I�VSHHG�FRQWURO�PHWKRG�
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)LJ����%ORFN�GLDJUDP�RI�9�)�VSHHG�FRQWURO
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7KH�PHWKRG�YHFWRU� FRQWURO� RI� ,QGXFWLRQ�0RWRU�ZDV� LQLWLDOO\� GHYHORSHG� E\�%ODVFKNH�� ,Q� YHFWRU�
FRQWURO� WZR� TXDGUDWXUH� FRPSRQHQWV� RI� WKUHH� SKDVH� FXUUHQWV� DUH� V\QWKHVL]HG�� RQH� RI� ZKLFK� LV�
UHVSRQVLEOH� IRU� IOX[� FRPSRQHQW� ZKLFK� LQ� WXUQ� HIIHFW� WKH� VSHHG� DQG� WKH� VHFRQG� FRPSRQHQW� LV�
UHVSRQVLEOH�IRU�WKH�WRUTXH�>�����@�
7KH�WUDQVIRUPDWLRQ�PHWKRGV�ZKLFK WUDQVIRUP WKH�WKUHH�SKDVH�TXDQWLWLHV�LQWR�WZR�SKDVH�TXDGUDWXUH�
TXDQWLWLHV�DUH�
���&ODUNH�7UDQVIRUP
���3DUN�7UDQVIRUP

�������&ODUNH�7UDQVIRUPDWLRQ

&ODUNH� WUDQVIRUPDWLRQ� LV� VKRZQ� LQ�)LJ���� ,W� LV�XVHG� WR� WUDQVIRUP� WKH� WKUHH�SKDVH�TXDQWLWLHV� LQWR�
VWDWLRQDU\� WZR�SKDVH� TXDQWLWLHV� ZKLFK� DUH� RUWKRJRQDO� WR� HDFK� RWKHU�� &ODUNH� WUDQVIRUPDWLRQ� LV�
GHVFULEHG E\�HT��������

)LJ����&ODUNH�7UDQVIRUPDWLRQ
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ZKHUH�݅௔ ݅௕ ݅௖ DUH�WKUHH�SKDVH�TXDQWLWLHV�DQG�݅ఈ ݅ఉ ݅ఊ DUH�WUDQVIRUPHG�TXDQWLWLHV�DQG�݅ఊ LV�]HUR�DV�
YHFWRU�VXP�RI�WKUHH�SKDVH�TXDQWLWLHV�GLVSODFHG�HTXDOO\�DQG�RI�VDPH�PDJQLWXGH�LV�]HUR��VR�݅ఈ ݅ఉ DUH�
JLYHQ�E\�HT� ����� DQG�������
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$OVR�� LQYHUVH� &ODUNH� WUDQVIRUPDWLRQ� LV� XVHG� WR� WUDQVIRUP� WKH� VWDWLRQDU\� WZR�SKDVH� RUWKRJRQDO�
FRPSRQHQWV�WR�WKUHH�SKDVH�EDODQFHG�FRPSRQHQWV�ZKLFK�LV�JLYHQ�E\�HT��������
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�������3DUN�7UDQVIRUPDWLRQ

%\�&ODUNH�WUDQVIRUPDWLRQ�WKH���SKDVH�TXDQWLWLHV�DUH�FKDQJHG�WR�VWDWLRQDU\� WZR�SKDVH�TXDQWLWLHV��
3DUN�WUDQVIRUPDWLRQ�LV�XVHG�WR�WUDQVIRUP�WKH�VWDWLRQDU\�IUDPH�UHIHUHQFH�WR�URWDWLQJ�IUDPH�UHIHUHQFH�
DQG�LW�LV�GHVFULEHG�DV HT� ������
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ZKHUH�݅ௗ௤ LV�WKH�URWDWLQJ�UHIHUHQFH�IUDPH�TXDQWLWLHV��݅ఈఉ LV WKH�VWDWLRQDU\�UHIHUHQFH�IUDPH�TXDQWLWLHV�
DQG�ș�LV�WKH�URWRU�DQJOH�WKDW�KDV�WR�EH�NQRZQ�IRU�FDOFXODWLQJ�WKH�SDUN�WUDQVIRUPDWLRQ�PDWUL[��)LJ��
VKRZV�WKH�JHRPHWULFDO�LQWHUSUHWDWLRQ�RI�SDUN�WUDQVIRUPDWLRQ�
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)LJ����3DUN�7UDQVIRUPDWLRQ

7KH�LQYHUVH�SDUN WUDQVIRUPDWLRQ�LV�JLYHQ�E\�HT�������
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,Q� 'LUHFW� 7RUTXH� &RQWURO �'7&� WKH� IOX[� DQG� WRUTXH� DUH� HVWLPDWHG�� 7KH� IOX[� LV� HVWLPDWHG� E\�
LQWHJUDWLQJ� EDFN� HPI�� WRUTXH� LV� WKHQ� HVWLPDWHG� E\� FURVV� SURGXFW� RI� IOX[� DQG� VWDWRU� TXDGUDWXUH�
FXUUHQWV�� 7KHVH� HVWLPDWHG� YDOXHV� DUH� WKHQ� FRPSDUHG� WR� WKH� SUHVHW� UHIHUHQFH� YDOXHV� DQG� LI� WKH�
GHYLDWLRQ�LV�KLJK�WKHQ�WKH�VZLWFKLQJ�RI�SRZHU�HOHFWURQLF�GHYLFH�LV�GRQH�VXFK�WKDW�WKHVH�YDOXHV�DUH�
EURXJKW�EDFN�WR�WKHLU�UHIHUHQFHV��7KH�UHIHUHQFH�YDOXHV�RI�WRUTXH�DQG�IOX[�DUH�REWDLQHG�E\�UHIHUHQFH�
VSHHG��5HIHUHQFH�VSHHG�DQG�PHDVXUHG�VSHHG�DUH�FRPSDUHG�DQG�WKHQ�ZLWK�D�3,�UHJXODWRU�UHIHUHQFH�
WRUTXH�LV�REWDLQHG��$OVR��WKH�UHIHUHQFH�YDOXH�RI�IOX[�FDQ�EH�FDOFXODWHG�WKURXJK�IOX[�WDEOH��)LJ��
VKRZV�EORFN�GLDJUDP�RI�'LUHFW�7RUTXH�&RQWURO�VFKHPH�>�������@�
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)LJ����%ORFN�GLDJUDP�IRU�'LUHFW�7RUTXH�&RQWURO�VFKHPH
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,Q�)LJ���VKRZV�WKH�EDVLF�'7&�ZKHUH�6D��6E�DQG�6F�DUH�WKH�VZLWFKLQJ�LQVWDQWV��7KH ��SKDVH�9ROWDJH�
6RXUFH�,QYHUWHU �96,� KDV�WKUHH�DUPV�DQG�VL[�VZLWFKHV��7KH�VSHHG�RI�,QGXFWLRQ�0RWRUV LV�FRQWUROOHG�
WKURXJK�JHQHUDWLRQ�RI�GLIIHUHQW VZLWFKLQJ�SDWWHUQV��7KUHH�VZLWFKHV�IURP�GLIIHUHQW�OHJV DUH 21�DQG�
WKH�UHPDLQLQJ�DUH 2))��DQG�DFFRUGLQJO\ VZLWFKLQJ�YROWDJH�YHFWRUV DSSHDUV�RQ�WKH�WHUPLQDOV�RI�WKH�
��SKDVH�,QGXFWLRQ�0RWRU��ZKLFK�HIIHFWV�WKH�SHUIRUPDQFH�RI�,QGXFWLRQ�0RWRU�

�����),(/'�25,(17('�&21752/�6&+(0(

7KH�WKUHH�SKDVH�,QGXFWLRQ�0RWRU�LV�FRQWUROOHG�DV�D�'&�PRWRU�LQ WKH ILHOG�RULHQWHG�FRQWURO��7KH���
SKDVH�FXUUHQW�DQG�YROWDJH�DUH�PHDVXUHG�DQG�WKHQ�WUDQVIRUPHG�LQWR�WZR SKDVH�YROWDJH�DQG�FXUUHQW�
XVLQJ &ODUNH�DQG�3DUN�WUDQVIRUPDWLRQ��7KH�UHIHUHQFH�YDOXH�RI�IOX[�SURGXFLQJ�FRPSRQHQW�RI�VWDWRU�
FXUUHQW�݅ௗ LV�FDOFXODWHG�E\�DSSO\LQJ�D�3,�FRQWURO�ZKLFK�LV�IHG�ZLWK�WKH�HUURU�LQ�VSHHG�>���������@��
$QRWKHU 3,�FRQWUROOHU�RXWSXW�JLYHV�WKH�WRUTXH�DQG�IURP�WKLV�YDOXH�݅௤ LV�FDOFXODWHG�E\�WKH�UHODWLRQ�
JLYHQ�LQ�HT��������
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,Q�DERYH�HT�� ௥ܮ LV�WKH�URWRU�LQGXFWDQFHܮ��௠ LV�WKH�PXWXDO�LQGXFWDQFH�� ௘ܶ LV�WKH�HOHFWULFDO�WRUTXH�DQG�
ɔ UHSUHVHQWV�WKH�FDOFXODWHG�IOX[�

)URP�UHIHUHQFH�IOX[�݅ௗ LV�FDOFXODWHG�ZKLFK�LV�JLYHQ�LQ�HT��������

݅ௗൌ
஦

௅೘
�����

1RZ� WKHVH� WZR�SKDVH�YDOXHV� DUH� FRQYHUWHG� LQWR� ��SKDVH� FXUUHQWV� DQG� WKHQ�D�K\VWHUHVLV� FXUUHQW�
FRQWUROOHU�LV�IHG�ZLWK�WKH�HUURU�EHWZHHQ�WKH�UHIHUHQFH�DQG�PHDVXUHG�YDOXHV�RI�WKUHH�SKDVH�FXUUHQWV��
2XWSXW�RI�K\VWHUHVLV�FXUUHQW�FRQWUROOHU�SURYLGHV�WKH�VZLWFKLQJ�IRU�LQYHUWHU�IURP�ZKLFK�WKH�,QGXFWLRQ�
0RWRU�LV�FRQWUROOHG��)LJ� � VKRZV�WKH�EORFNRGLDJUDPRRI�)LHOG�2ULHQWHG�&RQWURO��)2&��
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9GF

ŝƐĚ
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^ď
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ɽ
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ͺ
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ɲͲɴ
ĂďĐ

9GF
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9VT
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ĚͲƋ
ɲͲɴ

ŝƐƋͺƌĞĨ

ŝƐƋ

ŝƐĚ

/&K�ͬ�&K�

ŝƐĂďĐ

)LJ����%ORFN�GLDJUDP�IRU�'LUHFW�)LHOG�2ULHQWHG�&RQWURO

7KH�)LHOG�2ULHQWHG�&RQWURO� �)2&�� LV� IXUWKHU�VXEGLYLGHG� LQWR� WZR�PHWKRGV� L�H� 'LUHFW�)2&�DQG�
,QGLUHFW�)2&��)LJ� � LV�VKRZLQJ�WKH�'LUHFW�)2&�DV�WKH�PHDVXUHG�VSHHG�LV�GLUHFWO\�VHQVHG�WKURXJK�
WKH�WDFKR�JHQHUDWRU�DQG�WKHQ�FRPSDUHG�WR�WKH�UHIHUHQFH��'XH�WR�WKH�QHHG�RI�WKH�WDFKR�JHQHUDWRU�IRU�
'LUHFW�)2&��WKLV�DSSURDFK�EHFRPHV�EXONLHU�DQG�FRVWO\��7R�UHPRYH�WDFKR�JHQHUDWRU��,QGLUHFW�)2&�
LV�LPSOHPHQWHG�LQ�ZKLFK�WKH�VSHHG�LV�DOVR�HVWLPDWHG�IURP�WHUPLQDO�YROWDJH�DQG�FXUUHQWV�DQG�WKH�
RQO\�FRPSRQHQW�ZKLFK�KDYH�WR�EH�PHDVXUHG�IURP�WKH�PRWRU�WHUPLQDOV�DUH�RQO\���SKDVH�YROWDJHV�
DQG�FXUUHQWV�

�����(67,0$7,21�2)�)/8;�,1�9(&725�&21752/�

,Q 9HFWRU�&RQWURO��'LUHFW�7RUTXH�&RQWURO�DQG�,QGLUHFW�)LHOG�2ULHQWHG�&RQWURO���WKH�HVWLPDWLRQ�RI�
IOX[�DQG�URWRU�DQJOHߠ� DUH�QHFHVVDU\�IRU� LPSOHPHQWDWLRQ�RI�YHFWRU�FRQWURO�GULYH�RQ� WKUHH�SKDVH�
,QGXFWLRQ� 0RWRU�� (VWLPDWLRQ� SDUW� RI� DQ\� FRQWUROOLQJ� VFKHPH� LV� YHU\� LPSRUWDQW�� ,Q� WKHVH� WZR�
VFKHPHV�DOVR�WKH�HVWLPDWLRQ�RI�URWRU�IOX[�LV�GRQH��7KH�WZR�PHWKRGV�IRU�HVWLPDWLQJ�WKH�URWRU�IOX[�
DUH�
���&XUUHQW�PRGHO�EDVHG�HVWLPDWLRQ�RI�URWRU�IOX[
���9ROWDJH�PRGHO�EDVHG�HVWLPDWLRQ�RI�URWRU�IOX[
,Q�FXUUHQW�PRGHO�WKH�HVWLPDWLRQ�LV�GRQH�E\�XVLQJ�WKH�URWRU�SDUDPHWHUV�L�H� URWRURUHVLVWDQFH��URWRU�
LQGXFWDQFH��DQG�PXWXDO�LQGXFWDQFH�DORQJ�ZLWK�WKH�WHUPLQDO�YROWDJHV�DQG�FXUUHQWV��EHFDXVH�RI�WKLV�
WKH� FXUUHQW� PRGHO� LV� QRW� UHOLDEOH� EHFDXVH� WKH� URWRU� SDUDPHWHUV� FKDQJH� ZLWK� WKH� SHUIRUPLQJ�
FRQGLWLRQVRRIRWKH�,QGXFWLRQ�0RWRU��2QRWKHRRWKHURKDQG��WKH�YROWDJH�PRGHO�HVWLPDWLRQ�IRU�IOX[�LV�
GRQH�E\�XVLQJ�RQO\�RQH�SDUDPHWHU�RI�,QGXFWLRQ�0RWRU�L�H��VWDWRU�UHVLVWDQFH�DORQJ�ZLWK�WKH�WHUPLQDO�
YROWDJHV�DQG�FXUUHQWV��7KH�VWDWRU�UHVLVWDQFH�UHPDLQV�DOPRVW�FRQVWDQW�GXULQJ�WUDQVLHQW�DQG�VWHDG\�
VWDWH�RSHUDWLRQ�RI�,QGXFWLRQ�0RWRU�ZLWK�YHU\�ZLGH�UDQJH�RI�VSHHG��
,Q�YROWDJH�PRGHO�WKH�IOX[�LV�EDVLFDOO\�HVWLPDWHG�E\�LQWHJUDWLQJ�WKH�EDFN�HPI�RI�WKH�PRWRU��7KH�EDFN�
HPI�RI�WKH�PRWRU�LV�FDOFXODWHG�E\�HT������� DQG�WKH�HVWLPDWHG�URWRU�IOX[�FDQ�EH�REWDLQHG�IURP�HT��
������

݁ ൌ��െ݅Ǥ�ܴ௦ �����



ϵ

߮ ൌ׬� ݁ ൌ׬��ሺ�െ݅Ǥ ܴ௦ሻ� ������
ZKHUH�Y DQG� ݅ UHSUHVHQWV� WHUPLQDO�YROWDJH�DQG�FXUUHQW� UHVSHFWLYHO\�DQG�56�UHSUHVHQWV� WKH�VWDWRU�
UHVLVWDQFH�

�����2%-(&7,9(�2)�7+(�35(6(17�:25.

7KH�PDLQ�IRFXV�RI�WKH�SUHVHQW�ZRUN�LV�DW�
�� 7R� GHYHORS� PDWKHPDWLFDO� PRGHO� RI� 9�I� FRQWURO� RI� WKUHHRSKDVH� ,QGXFWLRQ� 0RWRU� LQ�

0$7/$%�6LPXOLQN�DQG�DQDO\]H�WKH�SHUIRUPDQFH�RI�WKH�,QGXFWLRQ�0RWRU�GULYH�WKURXJK�RII�
OLQH�VLPXODWLRQ�

�� 5HDO�WLPH�VLPXODWLRQRRI�9�I�FRQWURO�LQ�WKUHH�SKDVH�,QGXFWLRQ�0RWRU�WKURXJK�+LJK�6SHHG�
5HFRQILJXUDEOH�3RZHU�(OHFWURQLFV�&RQWUROOHU��+653(&��GHYHORSHG�E\�&�'$&�

�� 7R� DQDO\]H� WKH� 9�I� FRQWURO� WHFKQLTXH� DQG� FRPSDUH� WKHP� LQ� ERWK� RII� OLQH� DQG� RQOLQH�
VLPXODWLRQ�

���� 287/,1(�2)�7+(�7+(6,6

7KHUH�DUH�WRWDO�VL[ FKDSWHUV�LQ�WKLV�GLVVHUWDWLRQ�ZRUN�
�� &KDSWHU� �� SUHVHQWV� D� EULHI� LQWURGXFWLRQ� RQ� FRQYHQWLRQDO� VSHHGRFRQWURORPHWKRGV� RI�

,QGXFWLRQ� 0RWRU� DQG� WKHRFRQFHSWRRI� )LHOG� 2ULHQWHG� &RQWURO� WR� REWDLQ� '&� PRWRU� OLNH�
FRQWURO�LQ�,QGXFWLRQ�0RWRU�

�� &KDSWHU���SUHVHQWV�WKH�PDWKHPDWLFDO�PRGHOOLQJRRI�,QGXFWLRQ�0RWRU��7KLV�LV�XVHG�WR�PRGHO�
WKH�,QGXFWLRQ�0RWRU�LQ�0$7/$%�6LPXOLQN�

�� &KDSWHU���JLYHV�WKH�FRPSOHWH�RYHUYLHZ�RI�+LJK�6SHHG�5HFRQILJXUDEOH�3RZHU�(OHFWURQLFV�
&RQWUROOHU� XVHG� IRU� RQOLQH� VLPXODWLRQ� RI� 9�I� FRQWURO� RI� ,QGXFWLRQ� 0RWRU�� WKH� GHVLJQ�
HQYLURQPHQW�XVHG�LQ�WKH�FRQWUROOHU��WKH�KDUGZDUH�GHVLJQ�WRROV�DQG�WKH�DGYDQWDJH�RI�)3*$�
RYHU�FRQYHQWLRQDO�'63�FRQWUROOHU

�� &KDSWHU� �� GLVFXVVHV� WKH�9�I� FRQWURO� WHFKQLTXHRXVHGRIRU� WKH� VSHHGRFRQWURO� RI� ,QGXFWLRQ�
0RWRU��,W�GLVFXVVHV�DERXW�WKH�UHODWLRQ�EHWZHHQ�WRUTXH��VSHHG�DQG�IOX[�

�� &KDSWHU���GLVFXVVHV�WKH�PRGHOOLQJ�RI�,QGXFWLRQ�0RWRU�XVLQJ�ERWK�RIIOLQH�DQG�RQOLQH DORQJ�
ZLWK� WKHLU� UHVXOWV� DQG� GLVFXVVLRQ�� ,W� GLVFXVVHV� DERXW� WKH� SURFHVVRU� GHVLJQLQJ� DQG� FRGH�
ZULWLQJ�SODWIRUP�IRU�+653(&��7KH�0$7/$%�6LPXOLQN�PRGHOV�DUH�SUHVHQWHG�DQG�RQOLQH�
VLPXODWLRQ�LV�DOVR�GHVFULEHG�DORQJ�ZLWK�WKH�RXWSXW�

�� &KDSWHU� �� JLYHV� D� EULHI� FRQFOXVLRQ� RIRWKH� ZRUN� SUHVHQWHGRLQ� WKH� GLVVHUWDWLRQ�
DQGRWKHRIXWXUH�VFRSH�RI�WKLV�GLVVHUWDWLRQ�



ϭϬ

&+$37(5��

0$7+(0$7,&$/�02'(//,1*�2)�,1'8&7,21�02725
'5,9(6

���� ,1752'8&7,21

7KH�G\QDPLFRVLPXODWLRQRLV�RQHRRIRWKH�PDLQ VWHSV LQ�YDOLGDWLQJ WKH GHVLJQ�SURFHVV�RI�WKH�PRWRU
GULYH�V\VWHP�� HOLPLQDWLQJ WKH�HUURUV� DQG�GHVLJQLQJ�PLVWDNHV� LQ� WKHRFRQVWUXFWLRQRDQGRWHVWLQJ RI
SURWRW\SH��7KH�G\QDPLFRPRGHORRIRWKHR,QGXFWLRQ�0RWRU�LQ�GLUHFW��TXDGUDWXUH��DQG�]HUR�VHTXHQFH�
D[HVRFDQREH�REWDLQHG IURP�IXQGDPHQWDO�HTXDWLRQV�RI�WUDQVIRUPDWLRQ�� ,Q�WKH�DUELWUDU\RUHIHUHQFH�
IUDPH� WKH� G\QDPLFRDQDO\VLVRRI� WKH� V\PPHWULFDO� LQGXFWLRQ� PDFKLQHV�
KDVREHHQRLQWHQVLYHO\RXVHGRDV�D�FRQYHQWLRQDO�VLPXODWLRQ�VWDUWHJ\ IURP�ZKLFK�DQ\�VSHFLILF PRGH�
RI�RSHUDWLRQ�FRXOG EH�FUHDWHG��,QRPRGHOOLQJRWKH�LQGXFWLRQ�PDFKLQH�XVLQJ�GT��D[LVŽWUDQVIRUPDWLRQ�
0$7/$%�6LPXOLQN�KDVRDQ�HGJHRRYHURRWKHURPDFKLQHRVLPXODWRUV�

�����,1'8&7,21�02725�02'(//,1*�)25�9(&725�&21752/

,QGXFWLRQ�0RWRU�YHFWRURFRQWURO� LV�XVHG� IRU�KLJKRSHUIRUPDQFH� ,QGXFWLRQ�0RWRUV��)RU� ,QGXFWLRQ�
0RWRU�� YHFWRURFRQWURO� LV� XVHG� WR� DFKLHYH WKH� SHUIRUPDQFH� HTXLYDOHQW� WR� '&� PRWRU�� 7ZR�
FRPSRQHQWV RI�VWDWRU�FXUUHQW RQH�LV�DFFRXQWDEOH IRU�WRUTXH�DQG�RWKHU�LV�UHVSRQVLEOH�IRU IOX[ DUH�
GHWHUPLQHG�WKURXJK�WUDQVIRUPDWLRQ�RI�WKUHH�SKDVH�FXUUHQW�LQWR�WZR�SKDVH�FXUUHQW�
7KH�FXUUHQW�ZKLFK�LV�SURSRUWLRQDO�WR�WRUTXH��DQG�WKH�IOX[ ߮ ZKLFK�LV�RUWKRJRQDO�WR�WRUTXH�SURGXFLQJ�
FRPSRQHQW DUH�REWDLQHG�>��������@�

)LJ����'LDJUDP�VKRZLQJ�WKH�GLUHFW�ILHOG�RULHQWHG FRQWURO

,Q� )LJ� ��� ߮ UHSUHVHQWV� WKH� WRWDO� IOX[� FRPSRQHQW� DQG� ݅଴ UHSUHVHQWV� WKH� URWRU� IOX[� SURGXFLQJ�
FRPSRQHQW�DQG�݅ଶ UHSUHVHQWV�WKH�WRUTXH�SURGXFLQJ�FRPSRQHQW��)LJ�� UHSUHVHQWV�WKH�SKDVRU�GLDJUDP�
UHSUHVHQWLQJ�WKH�WRWDO�IOX[�FRPSRQHQW�݅௦��PDJQHWL]LQJ FXUUHQW�݅௠��DQG�WRUTXH�SURGXFLQJ�FRPSRQHQW�

݅௦ ݅ଵ ൌ ݅ଶ
ᇱ

݅଴



ϭϭ

݅௥��7KH�UHIHUHQFH�IRU�SKDVRU�GLDJUDP�LQ�)LJ� � LV�WDNHQ�DV�߮௠��݅ఝ LV�WKH�FRPSRQHQW�LQ�WKH�GLUHFWLRQ�
RI�SXUH�LQGXFWDQFH DQG�݅௥ LV�LQ�WKH�GLUHFWLRQ�RI�UHVLVWDQFH�DQG�LQGXFWDQFH�

݅௦ͩ;߮௦Ϳ

݅௥ͩ;߮௥Ϳ
ߠ

݅ఝͩ߮௠ ߮௠

)LJ����3KDVRU�GLDJUDP�IRU�,QGXFWLRQ�0RWRU

7KH (0) LQGXFHG�LV�WKH�Q�WLPHV�WKH�UDWH�RI�FKDQJH�RI�IOX[��VR�YROWDJH
DFURVV�5U�V�LV�JLYHQ�E\�HT��������

ೃೝݒ
ೞ

ൌ
ୢ஦ೝ

ୢ୲
ൌ�݆Ǥ�߱Ǥ�߮௥ Ǥ��ݐ߱��� �����

7KH WRWDO�FRPSRQHQW�݅௦ KDV WZR�FRPSRQHQWV��DQG�DFFRUGLQJO\ WKH G\QDPLF�PRGHO�LV GHYHORSHG�
1RZ�LI�WKH�FXUUHQW�µ݅௦¶ LV�WR�EH�UHVROYHG DORQJ�߮௥ DQG�SHUSHQGLFXODU�WR�LW��WKH�SRVLWLRQ�RI�߮௥ XQGHU�
DOO�G\QDPLF�FRQGLWLRQ PXVW�EH�NQRZQ��7KLV�LV�WKH� ³EDVLF�FRQFHSWRRI�9HFWRUR&RQWURORRI�,QGXFWLRQ�
0RWRU´�
1RZ�E\�&ODUNH�WUDQVIRUPDWLRQ�WKUHH�SKDVH�TXDQWLWLHV��DEF��DUH�FKDQJHG�WR�Įȕ�FRPSRQHQW�ZKLFK�LV�
WKH ³³VWDWLRQDU\�IUDPH�RI�UHIHUHQFH´´ JLYHQ�E\�HT� ����� DQG�������

݅௦ൌ�݅ఈ ൅�݆Ǥ�݅ఉ ሺ����
ఉݒ�ఈ൅�݆Ǥݒ�௦ൌݒ ሺ����

Į�D[LV�LV�DOZD\V�SODFHG�DW�WKH�SKDVH�µD¶�D[LV��(T�� ����� DQG������ FDQ�EH�UHSUHVHQWHG�E\������ DQG�
������ 1RZ�LQ�VWHDG\�VWDWH�WKHVH�SKDVHV�URWDWH�WKDW�LVࢥ� URWDWH�DQG�DQJOHV�DUH�IL[HG�EHWZHHQ�YROWDJH�
DQG�FXUUHQWV�DQG�LQ�G\QDPLF�PRGHOࢥ� DQG�PDJQLWXGH�ERWK�YDULHV�

݅௦ൌ�ȁ݅௦ȁǤ�݁
௝ఠ௧ ሺ����

௦ݒ௦ൌ�ȁݒ ȁǤ�݁
௝ఠ௧ ሺ����

)LJ�� VKRZV�SKDVRU�IRU� ³VWDWLRQDU\�IUDPHRRIRUHIHUHQFH´��7KH�VWDWRURDQG�URWRU�HTXDWLRQV�DUH�JLYHQ�
E\�HT� ������DQG�������



ϭϮ

)LJ����3KDVRU�GLDJUDP�IRU�Įȕ�IUDPH�RI�UHIHUHQFH

)RU�VWDWRU

௦ൌ�ܴ௦Ǥ�݅௦ݒ ൅ܮ�௦௦Ǥ
ୢ௜ೞ

ୢ୲
൅ܯ�Ǥ

ୢ௜ೝ

ୢ୲
�����

)RU�VTXLUUHO�FDJH�URWRU��URWRU�LV�VKRUWHG�LQ�,0�VR�QHW�YROWDJH�VXP�DFURVV�WKH�PHVK�LV�HTXDO�WR�]HUR�

Ͳ�ൌ�ܴ௥Ǥ�݅௥ ൅ܮ�௥௥ Ǥ
ୢ௜ೝ

ୢ୲
൅ܯ�Ǥ

ୢ௜ೞ

ୢ୲
�����

7R� ILQG� LQVWDQWDQHRXV� SRVLWLRQ� RI� URWRU� IOX[� IRU� FRQYHUWLQJ� ߚߙ LQWR� ݍ݀ UHIHUHQFH� IUDPH� L�H��
V\QFKURQRXV�IUDPH�RI�UHIHUHQFH��6R��LI�ZH�NQRZ�WKH�LQVWDQWDQHRXV�SRVLWLRQ�RI�߶ݎ L�H� WKH�URWRU�IOX[�
WKHQ�ZH�FDQ�SRVLWLRQ�݀ݍ DORQJ� �ݎ߶
)LJ� ���VKRZV�WKH�VKLIWLQJ�RIߚߙ� UHIHUHQFHRIUDPH�WR�݀ݍ UHIHUHQFHRIUDPH��KHUHߠ� VKRZV�WKH�URWRU�
DQJOH�DQG�߶ͳ DQG�߶ʹ VKRZV�DQJOH�ZLWK�݅௦ DQGݒ�௦ ZLWK�UHVSHFW�WR�VWDWLRQDU\�UHIHUHQFH�IUDPH�D[LVߙ��

)LJ�����3KDVRU�GLDJUDP�IRU�݀ݍ IUDPH�RI�UHIHUHQFH

1RZ�IRU�WUDQVIRUPLQJ�YROWDJHV�DQG�FXUUHQWV�IURP�VWDWLRQDU\�IUDPHRRIRUHIHUHQFHRWR�V\QFKURQRXV�
IUDPHRRIRUHIHUHQFH�HT���������������� DQG����� DUH�XVHG�>����������@�

௦ௗݒ ൌ�ȁݒ௦ ȁǤ�����ሺ߶ͳെߠ�ሻ �����
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௦௤ݒ ൌ�ȁݒ௦ ȁǤ�����ሺ߶ͳെߠ�ሻ �����
݅௦ௗ ൌ�ȁ݅௦ȁǤ�����ሺ߶ʹ െߠ�ሻ ������
݅௦௤ ൌ�ȁ݅௦ȁǤ�����ሺ߶ʹ െߠ�ሻ ������

1RZ�WKH�ILQDO�G\QDPLF�HTXDWLRQV�IRU�VWDWRU�DQG�URWRU�ZLWK�݀ݍ IUDPH�RI�UHIHUHQFH�DUH�JLYHQ�LQ�HT��
���������������� DQG������
)RU�VWDWRU�G�D[LV�YROWDJH�HT��

௦ௗݒ ൌܴ௦Ǥ�݅௦ௗ ൅ܮ௦௦Ǥ
ୢ௜ೞ೏

ୢ୲
െܮ௦௦Ǥ ǤܯǤ�݅௦௤൅ߠ߱

ୢ௜ೝ೏

ୢ୲
െܯǤ�߱ߠǤ�݅௥௤ ������

)RU�VWDWRU�T D[LV�YROWDJH�HT��

௦௤ݒ ൌܴ௦Ǥ�݅௦௤൅ܮ௦௦Ǥ
ୢ௜ೞ೜

ୢ୲
െܮ௦௦Ǥ�߱ߠǤ�݅௦ௗ൅ܯǤ

ୢ௜ೝ೜

ୢ୲
െܯǤ�߱ߠǤ ݅௥ௗ ������

)RU�URWRU�G�D[LV�YROWDJH�HT��

Ͳൌܴ௥Ǥ ݅௥ௗ ൅ܮ௥௥ Ǥ
ୢ௜ೝ೏

ୢ୲
െܮ௥௥ Ǥሺ߱ߠെ߱ݎሻǤ ݅௥௤ ൅ܯǤ

ୢ௜ೞ೏

ୢ୲
െܯǤሺ߱ߠെ߱ݎሻǤ ݅௦௤ ������

)RU�URWRU�T�D[LV�YROWDJH�HT��

Ͳൌܴ௥Ǥ ݅௥௤൅ܮ௥௥ Ǥ
ୢ௜ೝ೜

ୢ୲
െܮ௥௥ Ǥሺ߱ߠെ߱ݎሻǤ ݅௥ௗ൅ܯǤ

ୢ௜ೞ೜

ୢ୲
െܯǤሺ߱ߠെ߱ݎሻǤ ݅௦ௗ ������

,Q�DERYH�HTXDWLRQV
6WDWRU�LQGXFWDQFH� ܮ�௦௦ ௦LV�VWDWRU�VHOI�LQGXFWDQFHܮ�௦��ZKHUH�0�LV�PXWXDO�LQGXFWDQFH�DQGܮ��0 
5RWRU�LQGXFWDQFH� ܮ�௥௥ ௥ܮ�௥��ZKHUH�0�LV�PXWXDO�LQGXFWDQFH�DQGܮ��0  LV�URWRU�VHOI�LQGXFWDQFH
߱ఏ  $QJXODU�IUHTXHQF\�ZLWK�ZKLFK�݀ݍ D[LV�LV�URWDWLQJ
߱௥  �$QJXODU�IUHTXHQF\�RI�URWRU
௦ௗݒ DQGݒ�௦௤  �6WDWRU�YROWDJHV�FRUUHVSRQG�WR�G�DQG�T�D[LV

݅௦ௗ DQG�݅௦௤ DUH VWDWRU�FXUUHQWV�FRUUHVSRQG�WR�G�DQG�T�D[LV

݅௥ௗ DQG�݅௥௤ DUH�URWRU�FXUUHQWV�FRUUHVSRQG�WR�G�DQG�T�D[LV
5U�DQG�5V�DUH URWRU�DQG�VWDWRU�UHVLVWDQFH UHVSHFWLYHO\
1RZ�EDVHG�RQ�WKH�DERYH�HTXDWLRQV�WKH�HTXLYDOHQW�G\QDPLF�PRGHO�LV�VKRZQ�LQ�)LJ� �� DQG�)LJ� ���
G�D[LV�HTXLYDOHQW�FLUFXLW�PRGHO



ϭϰ

)LJ�����(TXLYDOHQW#G\QDPLF�PRGHO�UHSUHVHQWLQJ�HT������

T�D[LV�HTXLYDOHQW�FLUFXLW�PRGHO

)LJ�����(TXLYDOHQW#G\QDPLF�PRGHO�UHSUHVHQWLQJ�HT������

݅௦ௗ
݅௥ௗ

௦ௗݒ

݅௦௤ ݅௥௤

௦௤ݒ
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,Q�)LJ����DQG�)LJ���� ߶௦௤ ��߶௥௤��߶௦ௗ��߶௥ௗ DUH�JLYHQ�EHORZ�

߶௦௤ ൌ�߱ ఏሺܮ௦௦ ݅௦௤ ൅ܯ�Ǥ�݅௥௤ሻ ������
߶௥௤ ൌ�ሺ߱ ఏെ ߱௥ ሻǤ�ሺܮ௥௥ ݅௥௤ ൅ܯ�Ǥ�݅௦௤ሻ ������
߶௦ௗ ൌ�߱ ఏ ሺܮ௦௦ ݅௦ௗ ൅ܯ�Ǥ�݅௥ௗሻ ������
߶௥ௗ ൌ�ሺ߱ ఏെ ߱௥ ሻǤ�ሺܮ௥௥ ݅௥ௗ ൅ܯ�Ǥ�݅௦ௗ ሻ ������

+HUH�݀ݍ D[LV� LV� URWDWLQJ�ZLWK� VSHHG�߱ ఏ �� VR�ZKHQ�߱ ఏ LV� ]HUR� WKHQ� LW� UHSUHVHQWV� WKH� VWDWLRQDU\�
UHIHUHQFH�IUDPH�DQG�ZKHQ�߱ ఏ LV�HTXDO�WR�V\QFKURQRXV�VSHHG�WKHQ�LW�UHSUHVHQWV�WKH�V\QFKURQRXV�
UHIHUHQFH�IUDPH�
6R��DOO�WKH�DERYHRHTXDWLRQVRFDQREH�UHSUHVHQWHG�LQ�PDWUL[RIRUP�DQG�JLYHQ�E\�HT�� �����

���� &21&/86,21

7KH� IROORZLQJ� FKDSWHU� GLVFXVVHVRWKHRPDWKHPDWLFDORPRGHOOLQJ� RI� WKH� ,QGXFWLRQ� 0RWRU�� 7KHVH�
HTXDWLRQV� KHOS� LQ� G\QDPLF� PRGHOOLQJRRI� ,QGXFWLRQ� 0RWRU� LQ� 0$7/$%�6LPXOLQN�� 7KXV�� WKH�
G\QDPLF�PRGHO�GHYHORSHG�LV�XVHG�WR�WHVW�WKH�,QGXFWLRQ�0RWRU�IRU�YDULRXV�SXUSRVHV��KHUH�LW�ZLOO�EH�
XVHG�IRU�9�I�VSHHG�FRQWURO�

������
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&+$37(5��

+,*+�63(('�5(&21),*85$%/(�32:(5�(/(&7521,&6�
&21752//(5

���� ,1752'8&7,21

1RZ� D� GD\V�� PRVW� RI� ,QGXFWLRQ� 0RWRUV� DUH� GULYHQ� E\� 9ROWDJH� 6RXUFH� ,QYHUWHU� �96,��� 7KHVH�
LQYHUWHUV�FRQVLVW�RI�SRZHU�VHPLFRQGXFWRU�GHYLFHV�VXFK�DV�026)(7V�DQG�,*%7V��3:0�WHFKQLTXHV�
DUH� EHLQJ� GHYHORSHG� WR� FRQWURO� 96,V� IRU� SURGXFLQJ� GHVLUHG� YROWDJH� DQG� RSWLPXP� FRQYHUWHUV�
KDUPRQLFV��7R�PHHW�WKH�VZLWFKLQJ�UHTXLUHPHQWV�RI�96,V�PLFUR�FRQWUROOHUV��'63�DQG�)3*$�KDYH�
EHHQ�XVHGRIRURFRQWURORRI�,QGXFWLRQ�0RWRU��$W�WKH�FRUH�RI�HYHU\�SRZHU�HOHFWURQLFV�V\VWHP OLHV�D�
FRQWUROOHU�IRU�PHHWLQJ�WKH�V\VWHP�UHTXLUHPHQWV��7KHVH�FRQWUROOHUV�DUH�RIWHQ UHDOL]HG LQ�RII�WKH�VKHOI�
PLFURFRQWUROOHUV�RU�'63V�ZKLFK�DUH�VWLII�DQG�OLPLWHG�LQ�WHUPV�RI�UHVRXUFHV�DQG�DUH�DW�WKH�ULVN�RI�
EHFRPLQJ� REVROHWH� 8VLQJ� RWKHU� RQ�ERDUG� SHULSKHUDOV� DQG� 3/'V�� WKHVH� FRQVWUDLQWV� DUH�
FRQYHQWLRQDOO\��7KLVRPHWKRGRLVRORSVLGHGRE\�KLJKHU SRZHU�FRQVXPSWLRQ��FRPSRQHQWRGHQVLW\�DQG�
FRVW��$6,&V�ZHUH� FRQVLGHUHG� DV� WKH� DOWHUQDWLYHV� IRU� JHQHUDO� SXUSRVH� FRQWUROOHUV� IRU� ORQJ� WLPH��
+RZHYHU��WKH\�SURYHG�WR�EH�D�FRVWOLHU�VXEVWLWXWH�DV�DQ\�FKDQJH�LQ�WKH�V\VWHP�ZLOO�UHTXLUH�UH�GHVLJQ�
DQG� UH�IDEULFDWLRQ� ZKLFK� LV� H[SHQVLYH� DV� ZHOO� DV� WLPH� FRQVXPLQJ�� WDNLQJ� LQWR� DFFRXQW� WKH�
FRPSOH[LW\�RI�UHFHQW�HPEHGGHG�GHVLJQ�FRQVLGHUDWLRQV��$Q�DOWHUQDWLYH LV�SURYLGHG LQ�WKH�IRUP�RI�D�
+LJK�6SHHG�5H�&RQILJXUDEOH�3RZHU�(OHFWURQLFV�&RQWUROOHU �+653(&� GHYHORSHG� LQ� DQ� )3*$�
XVLQJ� 623&� PHWKRGRORJ\�� 5HFRQILJXUDEOH� DUFKLWHFWXUHV� DUH� WKRVH� WKDW� FDQ� EH� G\QDPLFDOO\�
FRQILJXUHG�DQG�UHXVHG�IRU�YDU\LQJ�DSSOLFDWLRQV��5HXVDEOH�FRPSRQHQWV�LQFOXGLQJ�&38�FRPH�LQ�WKH�
IRUP� RI� ,QWHOOHFWXDO� 3URSHUW\� �,3�� FRUHV� DV� VRIW�� KDUG� RU� ILUP� FRUHV�� 6RIW� FRUHV� JHQHUDOO\� RIIHU
PD[LPXP IOH[LELOLW\��HQDEOLQJ PDQ\�FRUH�SDUDPHWHUV�WR�EH�DOWHUHG SULRU�WR�V\QWKHVLV��ZKLOH�KDUG�
FRUHV� RIIHU OLWWOH� RU� QR� IOH[LELOLW\� >��@�� )RU� GHVLJQLQJ� +LJK� 6SHHG� 5H�&RQILJXUDEOH� 3RZHU�
(OHFWURQLFV�&RQWUROOHU��VRPH�RI�WKH�W\SLFDO�SRZHU�HOHFWURQLFV�DSSOLFDWLRQV�VXFK�DV�FRQYHUWHUV�DQG�
LQYHUWHUV�ZHUH�DQDO\]HG�VR�DV�WR�LGHQWLI\�WKH�UHTXLUHPHQWV�RI�FRQWURO�DOJRULWKPV�DQG�PRGXOHV�OLNH�
3:0�� 3,�� 8$57�� 3KDVH� 7UDQVIRUPDWLRQV� HWF�� 6LQFH� WKHLU� LQFHSWLRQ� LQ� WKH� PLG�����V�� )LHOG�
3URJUDPPDEOH�*DWH�$UUD\V��)3*$V��ZHUH�D�SRSXODU�FKRLFH�IRU�UHFRQILJXUDEOH�SURWRW\SLQJ�DQG�
SURGXFWLRQ�RI�SURGXFWV�LQ�VPDOO�WR�PRGHUDWH�TXDQWLWLHV�>������@�6\VWHP�GHVLJQ�LQ )3*$ FKLSV�LV�
W\SLFDOO\�GRQH�XVLQJ &$'��&RPSXWHU�$LGHG�'HVLJQ��VRIWZDUH�ZKLFK�VXSSRUWV�WRROV�IRU�LQWHJUDWLQJ�
,3�FRUHV�RI�SURFHVVRUV�DQG�SHULSKHUDOV�LQFOXGLQJ�PHPRU\�DQG�DOVR�SURYLGH�DSSOLFDWLRQ�VRIWZDUH�
GHYHORSPHQW�HQYLURQPHQW��0RGHUQ�&$'�WRROVRVXSSRUWRGHVLJQRHQWU\RXVLQJRVHYHUDO�WHFKQLTXHV��
$V�WKH�FRPSOH[LW\�RI�WKH�FLUFXLW�LQFUHDVHV��WKH RQO\�SUDFWLFDO�FKRLFH�LV�WKH�+DUGZDUH�'HVFULSWLRQ�
/DQJXDJHV� �+'/V��� +'/V� VXSSRUWRFLUFXLWRGHVFULSWLRQRXVLQJRKLJK�OHYHO� ODQJXDJHRFRQVWUXFWV�
7KH�&$'�WRRO�DXWRPDWLFDOO\ KDQGOHV�WKH�/RZ�OHYHO�H[HFXWLRQ�LQIRUPDWLRQ��VR�WKDW�WKH�GHVLJQHU�FDQ�
FRQFHQWUDWH RQ�WKH�GHVLJQ�IXQFWLRQDOLW\��7KH�UHTXLUHG�PRGXOHV�DUH�GHYHORSHG�LQ�+'/ DV�JHQHULF�
,3�FRUHV��7KHVH�FRUHV�DUH�DGGHG�RQ�WR�WKH�,3�OLEUDU\�RI�WKH�&$'�WRRO�VR�WKDW WKH\�FDQ�EH�SODFHG�DV�
DGG�RQ�SHULSKHUDOV� WR WKH�JHQHULF &38�VRIW� FRUH ,3�ZKLFK� LV� UHDGLO\� DYDLODEOH��7KH�GULYHUV� IRU�
LQWHJUDWLRQ�RI�WKHVH�,3V�WR�WKH�&38�FRUH�DQG�FXVWRP�IXQFWLRQV�IRU�XVLQJ�WKHP�LQ�WKH�DSSOLFDWLRQ�
VRIWZDUH�DUH�DOVR�GHYHORSHG� 7KH�6\VWHP�$UFKLWHFWXUH��'HVLJQ�0HWKRGRORJ\��,PSOHPHQWDWLRQ�DQG�
$SSOLFDWLRQ�'HYHORSPHQW�DUH�GLVFXVVHG�LQ IXUWKHU�VHFWLRQV�



ϭϳ

���� 623&� %$6('� 32:(5� (/(&7521,&6� &21752//(5�
$5&+,7(&785(

&RQYHQWLRQDO�GHVLJQV�RI�3RZHU�(OHFWURQLF�FRQWURO�DUH�EDVHG�RQ�PLFURFRQWUROOHUV�DQG�'LJLWDO�6LJQDO�
3URFHVVRUV��'63V��>������@��0LFURFRQWUROOHUV�PDUNHW�LV�VR�G\QDPLF�WKDW�IRU�D�GHVLJQHU��RYHUKHDGV�
DUH�KLJK�WR�NHHS�SDFH�ZLWK�FKDQJLQJ�WHFKQRORJ\��7UDGLWLRQDO�'63V�DUH�ZHOO VXLWHG�IRU LQWHQVLYH�
DOJRULWKPLF DSSOLFDWLRQV� EXW�LQ�WHUPV�RI FORFN�UDWH�HIILFLHQF\�DQG�WKH�VHTXHQWLDO�QDWXUH RI�WKHLU�
LQWHUQDO�GHVLJQ DUH�OLPLWHG��7\SLFDOO\��WKUHH�RU�IRXU�FORFN�F\FOHV�DUH�QHHGHG SHU�DULWKPHWLF�ORJLF�
XQLW��$/8��RSHUDWLRQ ZKLFK�LV�DJDLQ�OLPLWHG�E\�ZDLW�VWDWHV�UHTXLUHPHQW�RI�H[WHUQDO�PHPRULHV��$OVR�
OLPLWHG� UHVRXUFHV� VXFK� DV� 3:0� FKDQQHOV� DQG� FRPPXQLFDWLRQ� LQWHUIDFH� FRQWUROOHUV� RIIHU� RWKHU�
FKDOOHQJHV��,Q�WKH�SDVW�VHYHUDO�VROXWLRQV�KDYH�EHHQ�VXJJHVWHG��LQFOXGLQJ�WKH�XVH�RI�PXOWLSOH�FRUH
'63V ZLWKLQ� D� GHYLFH� RU�PXOWLSOH�'63V RQ� D� ERDUG�� KRZHYHU�� VXFK� V\VWHP RIWHQ� FRQVLGHUDEO\�
LQFUHDVHV�WKH FRVWV�VLJQLILFDQWO\�DQG�VLPSO\�VKLIW�WKH�SUREOHP�WR�DQRWKHU�DUHQD�

)LJ���� %ORFN�GLDJUDP�RI�3(�FRQWUROOHU�V\VWHP�LPSOHPHQWHG�LQ�&RQYHQWLRQDO�0HWKRG

$� VROXWLRQRWR� WKH� JURZLQJ� LVVXHV RI� '63� LPSOHPHQWDWLRQVRFDPH� ZLWK� WKH� LQWURGXFWLRQRRI�
)3*$RWHFKQRORJ\� HQDEOLQJRUH�FRQILJXUDELOLW\�� 8QOLNH� WUDGLWLRQDO�'63V�� )3*$V� KDYH PDVVLYHO\�
SDUDOOHO� VWUXFWXUHV�FRQWDLQLQJ�D� VWDQGDUGL]HG�VHW�RI DUUD\V RI�FRQILJXUDEOH� ORJLF�EORFNV� �&/%V���
PHPRU\��'63�VOLFHV�DQG�RWKHU�FRPSRQHQWV VXFK�DV�KDUGZDUH�PXOWLSOLHUV��%HVLGHV�VRIW�SURFHVVRU�
FRUHV�� VHYHUDO� RWKHU� ,3� FRUHV� LQFOXGLQJ� PHPRU\� FRQWUROOHUV�� LQWHUUXSW� FRQWUROOHUV�� (WKHUQHW�
FRQWUROOHUV�� 8$57V� WLPHUV�� EXVHV�� DQG� RWKHUV� DUH� UHDGLO\� DYDLODEOH� IRU� GLUHFW� XVH� LQ� D� KLJKO\�
RSWLPL]HGRIRUP�ZLWKLQRWKH�)3*$��'HVLJQHU�FDQ�DGGLWLRQDOO\�FUHDWH�VSHFLILF�,3�FRUHV�DQG�SODFH�WKHP�
DORQJ�ZLWK�LQ�EXLOW�FRUHV��$OO�FRPSRQHQWV�RI�D�FRPSXWHU�V\VWHP�FDQ�EH�SODFHG�RQ�D�VLQJOH�)3*$
XVLQJ�WKHVH�PRGXOHV DQG�RQ�FKLS�PHPRU\��7KLV�FRQFHSW�LV�NQRZQ�DV�D�6\VWHP�RQ�3URJUDPPDEOH�
&KLS��623&���7KH µV\VWHP�EXLOGHU¶�WRROV�DYDLODEOH�ZLWK�&$'�VRIWZDUH KHOS�LQ�UHDOL]LQJ�WKLV�
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)LJ���� %ORFN�GLDJUDP�RI�3(�FRQWUROOHU�V\VWHP�LPSOHPHQWHG�LQ�623&�0HWKRG

$Q\�FKDQJH�LQ DSSOLFDWLRQ�ZLOO�UHVXOW�PDLQO\�LQ�FKDQJHV�LQ�,3�FRQILJXUDWLRQ�LQVLGH�)3*$�ZKHUHDV�
FKDQJHV� DW� ERDUG� OHYHO� KDUGZDUH�ZLOO� EH� YHU\� OLPLWHG��8QOLNH� WKH�'63� HQYLURQPHQW�ZKHUH� WKH�
DSSOLFDWLRQ�VRIWZDUH�LV�KLJKO\�OLQNHG�WR�WKH�KDUGZDUH��WKH�,3�FRUHV�LQ�)3*$�HQYLURQPHQW�LV�UHDOL]HG�
LQ�+'/V��PDNLQJ�LW�HDV\�WR�SRUW�EHWZHHQ�GLIIHUHQW�YDULDQWV�RU�HYHQ�EHWZHHQ�)3*$V�IURP�GLIIHUHQW�
YHQGRUV��7KXV��UHOLDELOLW\�DQG�UHXVDELOLW\�RI�WKH�GHVLJQ�LV�PRUH�DQG�D�EHWWHU�WLPH�WR�PDUNHW�FDQ�EH�
DFKLHYHG�>����������@�

���� +653(&�86(6�$1'�$'9$17$*(6

7KH�³623&�%DVHG�3RZHU�(OHFWURQLFV�&RQWUROOHU´�SURMHFW�LV�FRQFHLYHG�ZLWK�WKH�LGHD�RI�GHYHORSLQJ�
D� UHFRQILJXUDEOHRFRQWUROOHURDUFKLWHFWXUH WR UHSODFHRWKH� VWDQGDUG� LQWHJUDWHG PLFUR�
FRQWUROOHU�'LJLWDO�6LJQDO�3URFHVVRU�EDVHG�FRQWUROOHU�GHVLJQ��IRU�3RZHU�(OHFWURQLFV�V\VWHP�UHDO�WLPH�
FRQWURO� DQG� PRQLWRULQJ�� 7KH� EDVLFRFRQWUROOHUREXLOGLQJ� EORFNV� IRU� VXFK� D� V\VWHP� ZLOO� EH�
LQFRUSRUDWHG LQ KDUGZDUH�DQG�VRIWZDUHRLQWRRDRSURJUDPPDEOHRV\VWHP�OLNH�)3*$��ZKLFK�VKDOO�EH�
DSSURSULDWHO\�UHFRQILJXUHG�IRU�VSHFLILF�DSSOLFDWLRQ�OLNH�GULYH�FRQWURO��SRZHU�TXDOLW\�FRQWURO��VRODU�
SRZHU�FRQGLWLRQHUV��'&�'&�FRQYHUWHU�V\VWHPV�HWF��
,Q�WKLV�V\VWHP��WKH�XVHURFDQRLPSOHPHQW�D�FRQWUROOHU�IRU�D�VSHFLILFRDSSOLFDWLRQ�ZLWK�PLQLPDO HIIRUWV�
WKDQ�UHTXLUHG�LQ�FRQYHQWLRQDO�SURFHVVRU�KDUGZDUH�DQG�LWV�VRIWZDUH�GHYHORSPHQW UHTXLUHPHQW��7KH�
FRQWURO�RSWLPL]HG�IXQFWLRQV�VSHFLDOO\�GHYHORSHG�IRU�3RZHU�HOHFWURQLF��3(��$SSOLFDWLRQV �FXVWRP�
PDGH� ,3V��ZLOO� KHOS� LQ� IDVWHU� FRQWUROOHU� GHYHORSPHQW�� UHGXFH� WKH� SURFHVVRU� REVROHVFH� ULVN� DQG�
VDWLVILHV�PLQLPXP�WLPH�WR�PDUNHW�FULWHULD��7KH�623&�PHWKRGRORJ\�FUHDWHG IRU�3(�DSSOLFDWLRQV�
GLVFXVVHV WKH�FRQFHSW RI�XVLQJ�FRQWURO�EORFNV�DVRKDUGZDUH�,3V �GHVLJQHG�LQ�+'/�DV�FXVWRP�,3V���
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ZKLFKRLVRIDVWHURDQG�PRUH�UHXVDEOH�WKDQ�LWVRHTXLYDOHQWRVRIWZDUHRLPSOHPHQWDWLRQ��7KHVHR,3VRFDQ�
HLWKHUREHRXVHGRDVRSHULSKHUDORRI�D�VRIW��KDUG�&38�FRUH�RU�DV�VWDQGDORQH�,3V��8VLQJ�WKH�FXVWRP�
IXQFWLRQV�LQVWUXFWLRQV� FUHDWHG�� WKH� ,3V� ZLWK� VRIW�KDUG� &38RFRUHVRFDQREHRLQYRNHGRIURPRWKH�
DSSOLFDWLRQ�VRIWZDUH�SURMHFW��ZKLFK�FDQ HDVLO\�EH�XQGHUVWRRG E\�WKH�3(�V\VWHP�GHYHORSHU�

7KH�)3*$�RIIHUV�YDULRXV�DGYDQWDJHV VXFK�DV�

�� 5HFRQILJXUDEOH�KDUGZDUH�IRU�YDULRXV�3(�DSSOLFDWLRQV
�� 5HGXFHG�SURFHVVRU�REVROHVFHQFH�ULVN
�� )3*$�LQGHSHQGHQW�GHVLJQ
�� )DVWHU�SHUIRUPDQFH
�� )DVWHU�FRQFHSW�WR�V\VWHP�GHVLJQ
�� *HQHULF�ERDUG�GHVLJQ�KDQGOHV�D�YDULHW\�RI�3(�DSSOLFDWLRQV

0DLQ�XVHV�DQG�GRPDLQ

'RPDLQ�� 623&� EDVHG� +DUGZDUH� ,3� 0RGXOH� 'HYHORSPHQW

3RWHQWLDO�$SSOLFDWLRQ�$UHDV
$V�D�'LJLWDO�&RQWUROOHU�IRU
���6RODU�0337�$SSOLFDWLRQV�
���+LJK�)UHTXHQF\�,QYHUWHU�
���+LJK�3HUIRUPDQFH�$&�'ULYH�
���'&�'ULYH�
���836�
���'&�'&�&RQYHUWHUV�
���0XOWL�OHYHO ,QYHUWHUV�
���,QWHUOHDYHG '&�'&�&RQYHUWHUV�
���&\FOR�&RQYHUWHUV�
����0DWUL[�&RQYHUWHUV�
����6PDUW�PHWHULQJ�
����3RZHU�)DFWRU�&RUUHFWLRQ��3)&��
����3RZHU�4XDOLW\�$SSOLFDWLRQV�
����&RQWUROOHU�ZLWK�&XVWRP�VWDQGDUG�&RPPXQLFDWLRQ�3URWRFRO�



ϮϬ

)LJ�����&RQWUROOHU�&DUG

���� '(6,*1�0(7+2'2/2*<

7KH�PHWKRGRORJ\��DV� VKRZQ� LQ� WKH�)LJ�� ���� LV� D� WZR�VWDJH SURFHVV��$IWHU�DQDO\]LQJ� WKH�V\VWHP�
UHTXLUHPHQWV��WKH�FRQWUROOHU�KDUGZDUH�LV�FUHDWHG�ZLWK�D�VRIW�SURFHVVRU�,3�FRUH�>��@�DW�LWV�FHQWHU��7KH�
SURFHVVRU�VKRXOG�KDYH�WKH�LPSRUWDQW�IHDWXUH�RI�LQWHJUDWLQJ�FXVWRP�KDUGZDUH�RU�SHULSKHUDOV�LQVLGH�
WKH�SURFHVVRU�DQG�LI�QHFHVVDU\��WR�LQFOXGH�FXVWRP�LQVWUXFWLRQ�WR�VXSSRUW�WKDW�KDUGZDUH��7KH�V\VWHP�
UHTXLUHPHQWV�DUH�SULPDULO\�PHW�E\� LQWHJUDWLQJ�RII�WKH�VKHOI ,3�FRUHV�ZLWK� WKH�VRIW�SURFHVVRU�� ,3
FRUHV�WKDW�DUH�QRW�DYDLODEOH LQ�WKH�V\VWHP�EXLOGHU�VRIWZDUH�LV�FUHDWHG�LQ�+'/�DQG�DGGHG�RQ�WR�WKH�
OLEUDU\� IRU� LQWHJUDWLRQ ZLWK� WKH SURFHVVRU� FRUH� LQVLGH� DQ )3*$�� 2QO\RWKHRWRS�
OHYHORHQWLW\RRIR+'/RFRGHRQHHGVRWR� EH� FKDQJHG GHSHQGLQJ� RQ� WKH� VRIW�FRUH� SURFHVVRU� 7KH�
FRQWUROOHU VRIWZDUH LV�GHYHORSHG�GXULQJ�WKH�VHFRQG�VWDJH�LQ�D�VRIWZDUH�GHYHORSPHQW�HQYLURQPHQW�
IRU�WKH�VRIW�SURFHVVRU��$�KDUGZDUH�LQIRUPDWLRQ�ILOH�JHQHUDWHG�LQ�VWDJH���XVLQJ�WKH�V\VWHP�EXLOGHU�
WRRO�SURYLGHV�WKH�QHFHVVDU\�LQIRUPDWLRQ�UHJDUGLQJ�WKH�KDUGZDUH�WR�WKH�VRIWZDUH�HQYLURQPHQW��2II�
WKH�VKHOI KDUGZDUH� PRGXOHVRKDYHREXLOW�LQRGULYHURILOHVRIRURWKHRVRIWZDUHRLQWHUIDFH�� )RURWKH�
FXVWRPRGHYHORSHGR,3RFRUHV��WKHRRQXVRLVRRQRGHVLJQHURWRRFUHDWHRWKHVHRGULYHURILOHV�



Ϯϭ

)LJ�����623&�'HVLJQ�0HWKRGRORJ\�IRU�3RZHU�(OHFWURQLF�&RQWUROOHU�'HYHORSPHQW

���� '(9(/230(17�(19,5210(17

'HYHORSPHQW�HQYLURQPHQW�ZLOO�EH�EDVHG�RQ�WKH�IROORZLQJ�V\VWHPV�

�� $OWHUD�48$5786�,,�,'(�ZLWK�46<6��623&�%XLOGHU��IURP�$/7(5$�
�� 1,26�,,�(PEHGGHG�6XLW�IRU�6\VWHP�6RIWZDUH�'HYHORSPHQW�
�� 0RGHO 6LP�IRU�623&�6LPXODWLRQ�
�� 3&�ZLWK�:LQGRZV��/LQX[�



ϮϮ

7KHUH�DUH�WZR�PDMRU�VWHSV�LQ�WKH�GHVLJQ�IORZ�

D��+DUGZDUH�SURMHFW�±

�� )RU�FRQILJXULQJ�WKH�&38�FRUH�DQG�3(�VSHFLILF�,3V�
�� $V�UHDG\�WR�XVH�,3V�GHVLJQHG�LQ�+'/V�
�� 3(�6SHFLILF�,3V�LOOXVWUDWHG�KHUH�DUH�GHVLJQHG�E\�&'$&�
�� 'UDJ�DQG�GURS�DSSURDFK�

E��6RIWZDUH�3URMHFW ±

�� 7R�GHVLJQ��GHEXJ��FRPSLOH�DQG�GRZQ�ORDG�WKH�DSSOLFDWLRQ�VRIWZDUH�
�� µ&¶�RU�DVVHPEO\�EDVHG HQYLURQPHQW�
�� 8VHU�FDQ�XVH�FXVWRP�LQVWUXFWLRQV���IXQFWLRQV�WR�LQYRNH�WKH�,3V�

7KH�$OWHUD�EDVHG�623&�GHVLJQ�ZLOO�EH�XVHG�LQ�WKH�FXUUHQW�V\VWHP�DV�WKH�,3�FRUHV�HVSHFLDOO\�WKH�
SURFHVVRU� ,3� �1,26� ,,�� E\� $OWHUD� LV� ZLGHO\� DFFHSWHG� LQ� LQGXVWU\� WKDQ� ;LOLQ[¶V� 0LFUR EOD]H�
SURFHVVRU�,3��0RUHRYHU�� WKH�$OWHUD�623&�GHVLJQ�FDQ�EH�HYHQWXDOO\�LPSOHPHQWHG�DV�DQ�$6,&�LI�
UHTXLUHG��IRU�EXON�DSSOLFDWLRQ�

������ +DUGZDUH�'HVLJQ�7RROV�

D��623&�%XLOGHU�46<6�

623&��46<6�%XLOGHURLV�DRSRZHUIXORV\VWHPRGHYHORSPHQWRWRRO�WKDW�ZRUNV XQGHU WKH 48$5786�
,,� )3*$� SURMHFW�� ZKLFK� HQDEOHVRWRRGHILQHRDQGRJHQHUDWHRDRFRPSOHWH� 6\VWHP�2Q�D�
3URJUDPPDEOH�&KLS� �623&�� LQ� PXFKROHVVRWLPHRWKDQRXVLQJRWUDGLWLRQDO�� PDQXDORLQWHJUDWLRQ�
WHFKQLTXHV�� 623&� %XLOGHU� LVRDRJHQHUDO�SXUSRVHRWRRORIRURFUHDWLQJRV\VWHPVRWKDWRPD\RRURPD\�
QRWRFRQWDLQRDRSURFHVVRURDQGRPD\RLQFOXGHRDRVRIWRSURFHVVRURRWKHU� WKDQRWKH�1LRV� ,,� SURFHVVRU��
623&�%XLOGHU DXWRPDWLFDOO\� JHQHUDWHVRWKHRLQWHUFRQQHFWRORJLFRWR� LQWHJUDWHRWKHRFRPSRQHQWVRLQ�
WKHRKDUGZDUHRV\VWHP��RQFH�WKH�623&�%XLOGHU�LV�UHDG\�ZLWK�DOO�,3V�UHTXLUHG�IRU�WKH�DSSOLFDWLRQ��

E��$UFKLWHFWXUH�RI�623&�%XLOGHU�6\VWHPV�

7KHREXLOGLQJREORFNVRIRURFUHDWLQJ� D� 623&� EXLOGHURV\VWHP� WKH� 623&� EXLOGHURPRGXOHV� DUH
UHTXLUHG�� 7KH� 623&� %XLOGHU� PRGXOHV� XVHR$YDORQRLQWHUIDFHVRIRURWKHRSK\VLFDORFRQQHFWLRQRRI�
FRPSRQHQWV� VXFKRDVRPHPRU\�PDSSHG�� VWUHDPLQJRDQGR,54�� ,QWHJUDWHRFXVWRPRORJLFRLQVLGHRRU�
RXWVLGH�WKH�623&�%XLOGHU�V\VWHP��&XVWRP�ORJLF�RXWVLGH�RI�WKH�623&�%XLOGHU�V\VWHP�LV�FRQQHFWHG�
WRRWKHR623&�%XLOGHU�V\VWHPRWKURXJK�D�3DUDOOHO�,QSXW�2XWSXW��3,2��LQWHUIDFH��
623&�%XLOGHU�UHDG\�WR�XVH�FRPSRQHQWV��LQFOXGHV��

�� 0LFURSURFHVVRUV��VXFKRDVRWKHR1LRVR,,�SURFHVVRU�
�� 0LFURFRQWUROOHURSHULSKHUDOV��VXFK�DV�D�6FDWWHU�*DWKHUR'0$R&RQWUROOHU��RQ�FKLS PHPRU\�

HWF��
�� 6HULDORFRPPXQLFDWLRQRLQWHUIDFHV��VXFK�DV�D�8$57�DQG�DR6HULDO�3HULSKHUDOR,QWHUIDFH�

�63,���
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�� *HQHUDORSXUSRVHR,�2�
�� &RPPXQLFDWLRQVRSHULSKHUDOV��VXFKRDVRD�������������(WKHUQHW�0$&��3&,�([SUHVV�
�� ,QWHUIDFHV�WR�RII�FKLS�GHYLFHV�
�� 3RZHU�HOHFWURQLF�,3V�GHVLJQHG�E\�&'$&�FDQ�EH�LPSRUWHG�WR�WKH�EXLOGHU�HDVLO\�

7KH�SULPDU\RRXWSXWVRRI 623&�%XLOGHU�DUH�WKH�IROORZLQJ�ILOH�W\SHV��
ϭ͘ 623&� %XLOGHU� 'HVLJQ� )LOH� ��VRSF�²FRQWDLQVRWKHRKDUGZDUHRFRQWHQWVRRIRWKH 623&�

%XLOGHU�V\VWHP��
�� 623&� ,QIRUPDWLRQ� )LOH� ��VRSFLQIR�²FRQWDLQVRDRKXPDQ�UHDGDEOHRGHVFULSWLRQRRIRWKH�

FRQWHQWV�RI�WKH��VRSF�ILOH��7KHR1LRV�,,�('6RXVHVRWKH��VRSFLQIR ILOHRWRRFRPSLOHRVRIWZDUH�
IRURWKHRWDUJHWRKDUGZDUH��

�� +DUGZDUH� GHVFULSWLRQ� ODQJXDJH� �+'/�� ILOHV²DUHRWKHRKDUGZDUHRGHVLJQRILOHVRWKDW�
GHVFULEHRWKH� 623&� %XLOGHURV\VWHP�� 7KH� 4XDUWXV� ,,� VRIWZDUHRXVHVRWKH� +'/� ILOHVRWR�
FRPSLOHRWKHRRYHUDOO� )3*$� GHVLJQRLQWRRDQ� 65$0� 2EMHFW� )LOH� ��VRI�� RU� 3URJUDPPHU�
2EMHFW�)LOH���SRI���

���� &21&/86,21

7KH�IROORZLQJ�FKDSWHU�GLVFXVVHV�LQ�GHWDLO�DERXW�WKH�DGYDQWDJHV�RI�)3*$�RYHU�FRQYHQWLRQDO�'63�
DORQJ�ZLWK�WKH�VSHFLILFDWLRQ�RI�+653(&�
7KH�GHVLJQ�PHWKRGRORJ\�WHOOV�DERXW�WKH�YDULRXV�VWHSV�LQYROYHG�LQ�WKH�FUHDWLRQ�RI�D�PRGHO�LQ�)3*$�
�+653(&��IRU�YDULRXV�SRZHU�HOHFWURQLFV�DSSOLFDWLRQ�
7KH�GHYHORSPHQW�HQYLURQPHQW�GLVFXVVHV�DERXW�WKH�KDUGZDUH�DQG�VRIWZDUH�WRROV�UHTXLUHG�IRU�WKH�
GHVLJQ�PHWKRGRORJ\�



Ϯϰ

&+$37(5��

9�I &21752/�2)�,1'8&7,21�02725

���� ,1752'8&7,21

7KH�,QGXFWLRQ�0RWRU�GULYH�V\VWHP�FRQWUROOHG�E\�9�I�LV�ZLGHO\�XVHG�LQ�YDULRXV�LQGXVWULDO�ILHOGV��
+RZHYHU��LWV�DSSOLFDELOLW\�LV�UHVWULFWHG��GXH�WR�OLPLWHG�VSHHG�YDULDWLRQ��7KH�9�I�FRQWURO�SURYLGHV�
ODUJH�WRUTXH�LQ�ORZ�VSHHG�UDQJH�EXW�LQ�KLJK�VSHHG�UDQJH�WKH�WRUTXH�LV�FRPSURPLVHG� ,Q�YLHZ�RI�WKLV�
IDFW�WKH�FRRUGLQDWLRQ�RI�9�I�DQG�YHFWRU�FRQWURO�LV�DOVR�H[SORUHG�IRU�ZLGH�UDQJH�VSHHG�FRQWURO�RI�
,QGXFWLRQ�0RWRU
7KH� ,QGXFWLRQ�0RWRU� VSHHG� LV� JRYHUQHG LQ� WKH�9�I� FRQWURO E\� FKDQJLQJ WKH� VWDWRU� YROWDJH� DQG�
IUHTXHQF\�PDJQLWXGH�LQRVXFK�D�PDQQHU�WKDWRWKH�DLUJDS�IOX[�DOZD\V�VWD\V�DW�WKH�UHTXLUHG�VWHDG\�
VWDWH� YDOXH�� 6RPHWLPH� WKLV� V\VWHP� LVRFDOOHGRVFDODURFRQWUROREHFDXVHRLWRIRFXVHV� H[FOXVLYHO\
RQRWKH�VWHDG\�VWDWH G\QDPLFV�

���� &+$5$&7(5,67,&6�2)�,1'8&7,21�02725�,1�&219(17,21$/�
9�I�&21752//('�'5,9(

)LJ� �� VKRZVRWKH�HTXLYDOHQW� FLUFXLW� RI� ,QGXFWLRQ�0RWRU��ZKHQ�5V� DQG�5U�DUH� VWDWRU� DQG� URWRU�
ZLQGLQJ�UHVLVWDQFHVܮ��௠ LV�PDJQHWL]LQJ�LQGXFWDQFH��݅ଵǡ ݅௠ DQG�݅ଶ DUH�VWDWRU��PDJQHWL]LQJ�DQG�URWRU�
FXUUHQW�UHVSHFWLYHO\�
,Q�WKLV�HTXLYDOHQW�FLUFXLW�WKH�WHUPLQDO�YROWDJH�LV�JLYHQ�DV

௦ݒ  �െ݆߱௥ܮ௠݅௠ �����
:KHUH�߱௥ LV�HOHFWULFDO�DQJXODU�VSHHG�RI�URWRU

,I�WKH�,QGXFWLRQ�0RWRU�LVRRSHUDWLQJRLQ�OLQHDU�PDJQHWLF�UHJLRQܮ��௠ LV�FRQVWDQW��7KHQ�WKHRHTXDWLRQ�
FDQ�EH�ZULWWHQ�DV�

݅௠  
௩ೞ

ଶగ௙௅೘
�����
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)LJ������6LPSOLILHGRVWHDG\RVWDWHRHTXLYDOHQW�FLUFXLW�RI�LQGXFWLRQ�PRWRU

)URP�HT���������LW�IROORZV�WKDWRLI�WKH�9�I SURSRUWLRQ�VWD\V FRQVWDQWRIRURDQ\RFKDQJH LQ DQ\�JLYHQ�
IUHTXHQF\RRWKHQRIOX[RUHPDLQVRFRQVWDQWRDQGRWKHRWRUTXHREHFRPHVRLQGHSHQGHQWRRIRWKHRVXSSO\
IUHTXHQF\� ,QRRUGHURWRRNHHS IOX[RFRQVWDQW� WKH 9V�I UDWLR�DW� WKH�GLIIHUHQW�VSHHG�ZRXOGRDOVRREH
FRQVWDQW� $V WKHRVSHHG LQFUHDVHV� WKH VWDWRURYROWDJHVRPXVW� WKHUHIRUH� EH SURSRUWLRQDOO\RLQFUHDVHG
LQ�RUGHURWR PDLQWDLQ WKHRUDWLR RI 9V�I FRQVWDQW� +RZHYHU� GXH�WR�VOLS�DV�D�IXQFWLRQ�RI�PRWRU�ORDG��
WKH IUHTXHQF\ �RU V\QFKURQRXV VSHHG� LV�QRW WKH DFWXDO VSHHG� 7KH VOLS LV�YHU\ VPDOO DW�QR�ORDG�
WRUTXH DQG WKH VSHHG LV�DOPRVW�HTXDO�WR WKH V\QFKURQRXV VSHHG >������@� 7KXV� ZLWK�WKH�SUHVHQFH�RI�
WKH�ORDG�WRUTXH��WKH VLPSOHRRSHQ�ORRS 9V�I V\VWHP FDQQRW DFFXUDWHO\ UHJXODWH WKH VSHHG� :LWK�WKH�
VSHHG�PHDVXUHPHQW� WKH VOLSRFRPSHQVDWLRQRFDQREH VLPSO\RDGGHGRLQRWKHRV\VWHP�

ଓ௠෦

௦ܮ



Ϯϲ

)LJ�����6WDWRU�YROWDJH�YHUVXV�)UHTXHQF\�SURILOH�XQGHU�9�I�FRQWURO

7KHRUDWLR� RI VWDWRURYROWDJH� WR� IUHTXHQF\RLVRXVXDOO\REDVHGRRQRWKH� UDWHGRYDOXHVRRI� WKHVH�
YDULDEOHV��)LJ��� VKRZV�WKH�W\SLFDO�9�I�SURILOH��%DVLFDOO\��LQ�WKH�9�I�SURILOH�WKHUH�DUH�WKUHH�VSHHG�
UDQJHV�DV�IROORZV�

�� $�YROWDJH�LV�UHTXLUHG�DW���IF�+]��VR�WKH�YROWDJHRGURSRDFURVVRWKHRVWDWRURUHVLVWDQFHRFDQQRW�
EH�LJQRUHG DQGRPXVWREHRFRPSHQVDWHG�IRU�E\RLQFUHDVLQJ�WKH�9V��6R��WKH�9�I SURILOH�LVRQRW�
OLQHDU�� )URPRWKHRVWHDG\� VWDWH� HTXLYDOHQW� FLUFXLW� ZLWK� 5V� QRW� HTXDO� WR� ��� WKH� FXWRII�
IUHTXHQF\��IF��DQG�WKH�DSSURSULDWH VWDWRU�YROWDJHV�PD\REHRDQDO\WLFDOO\�FDOFXODWHG�

�� $W�IF�IUDWHG�+]��LWRIROORZVRWKHRFRQVWDQW�9�I UHODWLRQVKLS��7KHRVORSHRDFWXDOO\RUHSUHVHQWV�
WKH�DLURJDS�IOX[RTXDQWLW\RDVRVHHQ�LQ�HT��������

�� 7KH� FRQVWDQW� 9V�I� UDWLR� FDQQRWREHRVDWLVILHG� DW KLJKHU IUDWHG +]� EHFDXVH
WKHRVWDWRURYROWDJHV ZRXOG EHROLPLWHGRDW WKHRUDWHGRYDOXH LQRRUGHURWR SUHYHQW LQVXODWLRQ
EUHDN GRZQ DW VWDWRU ZLQGLQJV� 7KH UHVXOWLQJ DLU JDS IOX[ ZRXOG WKHUHIRUH EH GHFUHDVHG�
DQG WKLV ZLOO LQHYLWDEO\ UHVXOW�LQ GHFUHDVLQJ WKH GHYHORSHG WRUTXH FRUUHVSRQGLQJO\� 8VXDOO\�
WKLV UHJLRQ LV�FDOOHG D ³ILHOG ZHDNHQLQJ UHJLRQ´��,Q�RUGHU�WR�SUHYHQWRWKLV� WKH FRQVWDQW 9�I
SULQFLSOH LVRDOVRRYLRODWHGRDWRVXFKRIUHTXHQFLHV�

,Q�WKHRVSHHGRWRUTXH�FKDUDFWHULVWLFV�RI�,QGXFWLRQ�0RWRU�WKH�PD[LPXPRWRUTXH�LVRLQGHSHQGHQW�RI�
WKH�URWRURUHVLVWDQFH��+RZHYHU��WKHRVOLS�DW�ZKLFK�WKHSPD[LPXP�WRUTXH�RFFXUV�YDULHV�ZLWKSURWRU�
UHVLVWDQFH��:KHQXWKH�URWRU�UHVLVWDQFHSLV�LQFUHDVHG��VR�LVRWKHRVOLSRIRURPD[LPXPRWRUTXH��DQG�WKH�
VWDEOHRRSHUDWLQJRVOLS�UDQJHMRI�WKH�PRWRU�LQFUHDVHV��7\SLFDOQFKDUDFWHULVWLFV�RI�DQ�,QGXFWLRQQ0RWRU�
IRU�GLIIHUHQW�YDOXHV�RI�URWRU�UHVLVWDQFHVXDUH�VKRZQ�LQ�)LJ������7KH�ILJXUH�LOOXVWUDWHV�WKDW�WKH�VWDUWLQJ�
WRUTXHQFDQ� EHRLQFUHDVHGRE\RLQFUHDVLQJRWKHRURWRURUHVLVWDQFH�� 7KH� PD[LPXPQWRUTXH� RFFXUV� DW�
VWDUWLQJ�LI�WKH�URWRU�UHVLVWDQFH�LVNLQFUHDVHG�WR�D�YDOXH�
,I�WKH�VWDWRU�UHVLVWDQFH�LV�QHJOHFWHG�WKH�URWRU\UHVLVWDQFH�QHHGV�WRREHRLQFUHDVHGRWRRDRYDOXHRHTXDO�
WRRWKHKURWRUROHDNDJH�UHVLVWDQFH��,I�WKH�URWRU�UHVLVWDQFH�LV LQFUHDVHG�EH\RQG�WKLV�YDOXH�WKH�VWDUWLQJ�
WRUTXH� GHFUHDVHV�� 7KHNEUHDNGRZQ� WRUTXHNRFFXUV� DW� VOLSVRJUHDWHU� WKDQNRQH� �LQ� WKHREUDNLQJ�



Ϯϳ

UHJLRQ���7KH�VWDUWLQJSFXUUHQW�GHFUHDVHVRDQG�WKHXVWDUWLQJ�SRZHU�IDFWRU�LV�EHWWHUUDW�LQFUHDVHG�YDOXHV�
RI�URWRU�UHVLVWDQFHV��7KH�IXOO�ORDGSVOLS�FKDQJHV��IDFLOLWDWLQJ�VSHHG�FRQWURO�LQ�D�OLPLWHG�UDQJHRZKHQ�
WKH�URWRU� UHVLVWDQFH� LVRYDULHG��+RZHYHU��HIILFLHQF\� LV� LPSDLUHGKDW�KLJK� URWRU� UHVLVWDQFHV�GXHXWR�
LQFUHDVHG�ORVVHV�

)LJ������7RUTXH 9HUVXV 6OLS 6SHHG RI DQ ,QGXFWLRQ 0RWRU

%DVHGRRQRWKH�FRQVWDQW�9�I SULQFLSOH��WKH�VSHHGRRIRDQ�$&�LQGXFWLRQ�PRWRURFDQREHRFRQWUROOHGRE\�
ERWKRRSHQRORRSRDQG� FORVHG� ORRS� 2SHQ�ORRS VSHHGRFRQWURORLVRXVHGRZKHQRVSHHGRUHVSRQVH
SUHFLVLRQ LV�QRW D FRQFHUQ��IRU�H[DPSOH�LQ�+9$& �KHDWLQJ� YHQWLODWLRQ DQG DLU FRQGLWLRQLQJ�� IDQ
RU EORZHU DSSOLFDWLRQV� ,QRWKLV FDVH� WKH VXSSO\RIUHTXHQF\RLVRGHWHUPLQHG RQ� WKH� EDVLV� RI� WKH
GHVLUHGRVSHHG DQG WKH DVVXPSWLRQ WKDW WKH PRWRU ZLOO URXJKO\ IROORZ LWV V\QFKURQRXV VSHHG�
7KHRHUURURLQ�VSHHGRUHVXOWHGRIURPRVOLSRRIRWKHRPRWRURLVRFRQVLGHUHGRDFFHSWDEOH�

�ŽŶƐƚĂŶƚ�
ƚŽƌƋƵĞ�ƌĞŐŝŽŶ

�ŽŶƐƚĂŶƚ
ƉŽǁĞƌ�ƌĞŐŝŽŶ

^ƉĞĞĚ

^ƚĂƚŽƌ�sŽůƚĂŐĞ

dŽƌƋƵĞ

^ƚĂƚŽƌ�
ĐƵƌƌĞŶƚ ^ůŝƉ

,ŝŐŚ
^ƉĞĞĚ�ƌĞŐŝŽŶ

)LJ������6WDQGDUG�7RUTXHR9HUVXV 6OLS 6SHHG RI DQ ,QGXFWLRQ 0RWRU

ZϮϯхZϮϮхZϮϭ
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���� &21&/86,21
7KLV�FKDSWHU�GLVFXVVHV�DERXW�

�� 7KH�EDVLFV�RI�9�I�FRQWURO�WHFKQLTXH�
�� &KDUDFWHULVWLFV� RI� ,QGXFWLRQ�0RWRU� LQ� FRQYHQWLRQDO� 9�I� FRQWUROOHG� GULYH� DQG� WKH� VSHHG�

WRUTXH�FKDUDFWHULVWLF�
7KXV��WKH�VSHHG�GURSV�ZLWK�LQFUHDVH�LQ�ORDG�WRUTXH��$OVR��GXH�WR�VLJQLILFDQW�YROWDJH�GURS�LQ�VWDWRU�
UHVLVWDQFH�ܴ௦ LQ�ORZ�VSHHG�UDQJH�EUHDNGRZQ�WRUTXH�LV�UHGXFHG�
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&+$37(5��

6,08/$7,21�$1'�(;3(5,0(17$/�,03/(0(17$7,21�2)�
9�)�&21752/�2)�7+5((�3+$6(�,1'8&7,21�02725�

86,1*�+653(&

���� ,1752'8&7,21

7KHRPDWKHPDWLFDORPRGHOOLQJRRIR,QGXFWLRQR0RWRURLVRGHYHORSHGRLQR0$7/$%�6LPXOLQN�RDQG
WKHRRQOLQHRVLPXODWLRQRLVRFDUULHGRRQRXVLQJR+653(&�R7KHVHRPRGHOVRDUHRXVHGRWRRDQDO\]HR
WKHREHKDYLRURRIR,QGXFWLRQR0RWRURIRUR9�IRFRQWURORLQRRSHQRDVRZHOORDVRFORVHRORRSRRSHUDWLRQ�
2SHQRORRS�9�I�&RQWURORLV LPSOHPHQWHG�E\�YDU\LQJRWKHRVXSSO\RIUHTXHQF\RDQGRWHUPLQDORYROWDJH�
VXFKRWKDWRWKH�9�I�UDWLR�UHPDLQVRWKHRVDPH��WKH�IOX[�SURGXFHG�E\�WKH�VWDWRU�UHPDLQHG�FRQVWDQW��$V�
D�UHVXOW��WKH�PD[LPXP�WRUTXH�RI�WKH�PRWRU�UHPDLQHG�FRQVWDQW�DFURVV�WKH�VSHHG�UDQJH�
&ORVHG�ORRS 9�I�&RQWURO�XVHV�D�3URSRUWLRQDO�DQG�,QWHJUDO�&RQWUROOHU�WRRSURFHVV�WKH�HUURU�EHWZHHQ�
WKH�DFWXDO�URWRU�VSHHG�DQG�UHIHUHQFH�VSHHG�DQG�XVHV�WKLV�WR�YDU\�WKH�VXSSO\�IUHTXHQF\��7KH�9ROWDJH�
6RXUFH� ,QYHUWHU� �96,�� YDULHV� WKHRPDJQLWXGH� RIRWKHRWHUPLQDORYROWDJHRDFFRUGLQJO\RVRRWKDWRWKH�
9�I� UDWLR� UHPDLQHGRWKH� VDPH VR� WKDWRWKHRPD[LPXPRWRUTXH� UHPDLQV FRQVWDQWRDFURVVRWKHRVSHHG�
UDQJH��+HQFH��WKHRPRWRU�LV IXOO\RXWLOL]HGRDQGRVXFFHVVIXORVSHHGRFRQWURO�LV DFKLHYHG�

���� 02'(//,1*�2)�6<67(0�86,1* +653(&

7KH�,QGXFWLRQ�0RWRU�YHORFLW\�LV�JRYHUQHG�E\�WKHRDGMXVWDEOHRPDJQLWXGHRRIRVWDWRURYROWDJHVRDQG�
IUHTXHQF\RLQ�WKH�9�I�FRQWURO�VRRWKDW�WKH�DLUJDS�IOX[�LV�DOZD\V�FRQVWDQW�DW�WKH�UHTXLUHG�YDOXH�DW�WKH�
VWDEOH� VWDWH�� ,Q� WKLV� LPSOHPHQWDWLRQ�� WKH�$'&�FKDQQHO� LV� XVHG� WR� LQSXW� WKH�PRWRU� VSHHG� WKDW� LV�
LQFRUSRUDWHG�IRU�DQJXODU�SRVLWLRQLQJ�>����������@��

௥௘௙߱׬ൌߐ ݐ݀ �����
ș�EDVHG�ORRN�XS�WDEOHV�IRU�VLQ�ș��DQG�FRV�ș��IRURDRF\FOHRDUHRHYDOXDWHG��7KH�YDOXHV�RI�VLQ�ș��DQG�
FRV�ș�� DUH� REWDLQHGRIURPRWKH� ORRN�XS� WDEOHV� RQ� WKH� EDVLV� RI ș� HYDOXDWHG� IURP� VSHHG�� ZKLFK�
FRUUHVSRQG�WR�DOSKD�DQG�EHWD��7KH�SKDVHRYROWDJHRLVRFDOFXODWHGRXVLQJ�WKH�HT��������

଴൅݇Ǥݒ௣௛ൌݒ ߱௥௘௙ �����
:KHUHݒ�଴ LV�VWDWRU YROWDJH GURS��N 9�Ȧ��߱௥௘௙ LV�WKH�HOHFWULFDORURWRU�VSHHGݒ��௣௛ YDOXHV�DUH�SURYLGHG
DV�LQSXW�WR�DOSKDBEHWD�BWRBDEF�,3�ZKLFK�JHQHUDWHV�3:0�UHIHUHQFHV�FRUUHVSRQGLQJ�WRݒ�௔ݒ��௕ DQG�
௖ݒ YROWDJHV�ZKLFK� LV� WR�EH�DSSOLHG� WR� WKH� LQYHUWHU�EULGJH��7KH�SXOVHV�RI�3:0�YDU\� WKH�VXSSO\�
IUHTXHQF\�DQG�WKH�YROWDJH�RI�WKH�SKDVHRLVRYDULHGRWRRNHHSRWKHRIOX[RFRQVWDQW� )LJ� ���VKRZV�WKH�
EORFNRVFKHPDWLF�RI�9�I�FRQWURO RI�WKH���SKDVH�$&�LQGXFWLRQ�PRWRU��



ϯϬ

)LJ�����)ORZFKDUW�RI�9�I�FRQWURO�RI���SKDVH�$&�LQGXFWLRQ�PRWRU



ϯϭ

7KH�SURFHVVRU�RI�+653(&�LV�GHVLJQHG�RQ�4XDUWXV�SODWIRUP�DQG�WKH�PRGHO�RI�WKH�SURFHVVRU�KDV�
EHHQ�VKRZQ�LQ�)LJ� ���

)LJ�����3RZHU�(OHFWURQLF�3URFHVVRU�GHVLJQHG�IRU�9�I�FRQWURO�RI���SKDVH�LQGXFWLRQ�PRWRU

7KH�WKUHH�SKDVH�3:0�JHQHUDWRU�,3 �3:0B3(*B9�� ZDV XVHG�WR�JHQHUDWH�WKH�WKUHH�SKDVH�3:0��
7KLV 3:0� DOORZV� WKH� XVHU� WR� LQSXW� WKH� FDUULHU� ZDYH� IUHTXHQF\� DV� ZHOO� DV� PRGXODWLQJ� ZDYH�
IUHTXHQF\��ZKLFK�HQDEOHV�WKH�XVHU�WR�JHQHUDWH�3:0�WKH�3:0�RI�UHTXLUHG�IUHTXHQF\� 7KH�WKUHH�
SKDVH�3:0�,3�JHQHUDWHV RQO\�WKUHH�3:0�VR�WKUHH�QRW�JDWHV�ZHUH�XVHG�WR�JHW�VL[�SXOVHV�IRU�WKH�
LQYHUWHU�OHJ�

7KH�YROWDJH�IHHGEDFN�IURP�WKH�FRQYHUWHU�LV�GLJLWL]HG�XVLQJ�$QDORJ�WR�'LJLWDO�&RQYHUWHU��$'������
LQ�WKH�623&�3(&�SHULSKHUDO�LQWHUIDFH�FDUG�ZKLFK�LV�D�VHULDO�$'&��7KH�VHULDO RXWSXW�IURP�$'&�LV�
UHFHLYHG�E\�WKH�6HULDO�$'&�&RQWUROOHU�,3��$'&B3(*B9���FRQILUPLQJ�63,�VWDQGDUG� 7KH�VHULDO�
$'&�FRQWUROOHU�,3�LV XVHG�WR�VSHFLI\�WKH�SLQV�WR�EH�XVHG�IRU�WKH�LQWHUIDFLQJ�RI�DQDORJ�GDWD�WR�WKH�
FRQWUROOHU��8VLQJ�WKLV ,3� WKH�XVHU�FDQ�GHILQH�ZKLFK�SRUW�WR�EH�XVHG�IRU�WKH�LQSXWWLQJ�RI�DQDORJ�GDWD�
WR�WKH�FRQWUROOHU��WKH�FRQWUROOHU�WKHQ�SURFHVVHV�WKH�GDWD�DQG�FRQYHUWV�LW�WR�WKH�GLJLWDO�IRUP�WR�EH�XVHG�
LQ�WKH�FRGLQJ�

)RU�GHEXJJLQJ�SXUSRVH��D�VHULDO�'$&�LV�SURYLGHG�LQ�WKH�623&�3(&�SHULSKHUDO�LQWHUIDFH�FDUG�ZKLFK�
FDQ�EH�FRQILJXUHG�XVLQJ�WKH�6HULDO�'$&�&RQWUROOHU�,3��'$&B3(*B9���

7KH�FRQWURO�ORRS�FRQVLVWV�RI�3,�FRQWUROOHU�,3��3,B3(*B9����7KH�HUURU�VLJQDO�LV�WKH�LQSXW�WR�WKH�3,�
FRQWUROOHU�ZKLFK�LQ�WXUQ�JHQHUDWHV�WKH�UHIHUHQFH�VLJQDO�IRU�WKH�3:0�JHQHUDWRU��7KH�3:0�SXOVHV�
IURP�3:0�JHQHUDWRU�,3�DFW�DV�VZLWFKLQJ�SXOVHV�IRU�WKH�,*%7�



ϯϮ

7KH�FRPPRQ�IODVK� LQWHUIDFH�FRQWUROOHU�FRUH��&),�FRQWUROOHU��FRQQHFWV�623&�%XLOGHU�V\VWHP�WR�
H[WHUQDO� IODVK� PHPRU\� WR� ZKLFK� WKH� DSSOLFDWLRQ� SURJUDP� LV� ORDGHG�� 7KH� �MDP� ILOH �)3*$�
&RQILJXUDWLRQ�)LOH��LV�ORDGHG�LQ�WR�WKH�H[WHUQDO�VHULDO�IODVK�PHPRU\�XVLQJ�(3&6�GHYLFH�FRQWUROOHU�
FRUH��7KH�WUL�VWDWH�EULGJH�,3�GULYHV�WKH�&),�IODVK�PHPRU\�VLJQDOV��
7KH�-7$*�,QWHUIDFH� ,3�HQDEOHV�FRPPXQLFDWLRQ�EHWZHHQ�623&�EXLOGHU�V\VWHP�DQG�-7$*�KRVW��
7KH�V\VWHP� ,'�FRUH�SURYLGHV�623&�EXLOGHU� V\VWHP�ZLWK�D�XQLTXH� LGHQWLILHU��1LRV� ,,� SURFHVVRU�
V\VWHPV�XVH�WKH�V\VWHP�,'�FRUH�WR�YHULI\�WKDW�DQ�H[HFXWDEOH�SURJUDP�ZDV�FRPSLOHG�WDUJHWLQJ�WKH�
DFWXDO�KDUGZDUH�LPDJH�FRQILJXUHG�LQ�WKH�WDUJHW�)3*$��,I�WKHRH[SHFWHGR,'�LQRWKHRH[HFXWDEOH�GRHV�
QRW�PDWFKRWKH� V\VWHP� ,'� FRUH� LQ� WKH� )3*$�� LW� LV� SRVVLEOH� WKDW� WKH� VRIWZDUHRZLOORQRW� H[HFXWH�
FRUUHFWO\�

���� 02'(//,1*�2)�6<67(0�86,1* 0$7/$%�6,08/,1.

7KH� 3:0� JHQHUDWLRQ� DQG� VSHHG� FRQWURO� RI� LQGXFWLRQ� PRWRU� LV� LPSOHPHQWHG� XVLQJ
0$7/$%�6LPXOLQN� DQG� KDV� EHHQ� VKRZQ� LQ� )LJ� �� >��@� $� �� +3�� ���9�� ��+]�� ����� 530�
,QGXFWLRQ�0RWRU�LV�FRQVLGHUHG�IRU�WKH�VLPXODWLRQ�VWXG\�ZLWK�WKH�SDUDPHWHUV�JLYHQ�LQ�7DEOH���

)LJ�����2SHQ�ORRS�6LPXODWLRQ�RI�9�I�FRQWURO�RI�,QGXFWLRQ�0RWRU

3DUDPHWHUV 9DOXHV
ݏܴ ����� RKP
ݏܮ ��������� KHQU\
ݎܴ ����� RKP
ݎܮ �������� KHQU\
݉ܮ ������ KHQU\

1R��RI�SROHV �
7DEOH����,QGXFWLRQ�0RWRU�SDUDPHWHUV



ϯϯ

)LJ� ���VKRZV�WKH�3:0�JHQHUDWLRQ�WHFKQLTXH�IRU�WKH�LQYHUWHU�

)LJ�����3:0�JHQHUDWLRQ�WHFKQLTXH�IRU�9�I�FRQWURO

7KH� VZLWFKHVRLQ� WKH� YROWDJHRVRXUFH� LQYHUWHURFDQ� EH� WXUQHGRRQ� DQG� RII� DVRUHTXLUHG�� ,I� WKH� WRS�
VZLWFK�LVRWXUQHG�RQRDQG�RIIRRQO\�RQFHRLQ�HDFK�F\FOH��D�VTXDUHRZDYH�ZDYHIRUPRUHVXOW��+RZHYHU��
LI�WXUQHGRRQ�VHYHUDORWLPHV�LQ�D�F\FOHRDQ�LPSURYHGRKDUPRQLF�SURILOHRPD\�EH�DFKLHYHG��*HQHUDWLRQ�
RI� WKH� GHVLUHG� RXWSXW� YROWDJHRLV� DFKLHYHG� E\RFRPSDULQJ� WKH� GHVLUHG� UHIHUHQFH� ZDYHIRUP�
�PRGXODWLQJ� VLJQDO�� ZLWK� D� KLJK�IUHTXHQF\� WULDQJXODU� µFDUULHU¶� ZDYH�� 7KLV� WHFKQLTXH� LV� FDOOHG�
6LPSOH�3XOVH�:LGWK�0RGXODWLRQ��63:0��WHFKQLTXH�

7KH� DQJXODU� SRVLWLRQ� ߠ ZDV� REWDLQHG� E\� LQWHJUDWLQJ� WKH� UHIHUHQFH� VSHHG�� 7KLV� ߠ ZDV� XVHG� WR�
JHQHUDWH� WKUHH� SKDVH� RXWSXW� E\� SDVVLQJ� WKURXJK� WKUHH� IXQFWLRQ� EORFN� ZKLFK� JHQHUDWHV� WKH�
PRGXODWLQJ� VLJQDO�� 7KLV� VLJQDO� ZDV� WKHQ� FRPSDUHG� ZLWK� D� WULDQJXODU� ZDYHIRUP� UHVXOWLQJ� LQ�
JHQHUDWLRQ�RI� WKUHH�SKDVH�3:0� 7KH� WULDQJXODU�ZDYH�ZDV� JHQHUDWHG�XVLQJ� UHSHDWLQJ� VHTXHQFH�
EORFN��7KHVH�WKUHH�SKDVH�3:0V�DUH�SDVVHG�WKURXJK�WKUHH�127�JDWH�WR�JHQHUDWH�VL[�SXOVH�3:0��

7KH�VL[�SXOVH�3:0�ZDV DSSOLHG�WR�WKH�JDWH�RI�LQYHUWHU��ZKLFK�UHVXOWV�LQ�VZLWFKLQJ�RI�LQYHUWHU��7KH�
WKUHH�SKDVH�9ROWDJH�6RXUFH�,QYHUWHU�WKHQ�JHQHUDWHV�WKUHH�SKDVH�RXWSXW�ZKLFK�ZDV�DSSOLHG�WR�WKH�
,QGXFWLRQ�0RWRU� 2XWSXW�WRUTXH��DQJXODU�VSHHG��RXWSXW�YROWDJH�DQG�RXWSXW�FXUUHQW�DUH�DQDO\]HG�IRU�
YDU\LQJ�IUHTXHQFLHV�XVLQJ�WKH�VFRSHV�

)UHTXHQF\�ZDV�FKDQJHG�WKXV��WKH�YROWDJH�ZDV�DOVR FKDQJHG�WR�NHHS�WKH�9�I�UDWLR�FRQVWDQW��7KLV�
NHHSV�WKH�RXWSXW�WRUTXH�QHDUO\�FRQVWDQW�



ϯϰ

)LJ�����&ORVH�ORRS�VLPXODWLRQ�RI�9�I�FRQWURO�RI�,QGXFWLRQ�0RWRU

)LJ���� VKRZV�WKH�FORVH�ORRS�9�I�FRQWURO� 7KH�3:0�JHQHUDWLRQ�WHFKQLTXH�LV�VDPH�DV�XVHG�LQ�WKH�
RSHQ�ORRS�VLPXODWLRQ��+HUH��WKH�DQJXODU�VSHHG�ZDV�WDNHQ�DV�IHHGEDFN�DQG�FRPSDUHG�ZLWK�UHIHUHQFH�
VSHHG�WR�FDOFXODWH�WKH�HUURU� 7KLV�HUURU�ZDV�SDVVHG�WKURXJK�3,�FRQWUROOHU�ZKLFK�WKHQ�FRQWUROV�WKH�
IOX[�E\�NHHSLQJ�WKH�9�I�UDWLR�FRQVWDQW��7KXV��WKH�RXWSXW�WRUTXH�UHPDLQV�FRQVWDQW�



ϯϱ

���� +$5':$5(�6(783�)25�9�)�&21752/�2)�,1'8&7,21�02725

7KH�9�I�FRQWURO�RI�WKUHH�SKDVH�,QGXFWLRQ�0RWRU�LV�LPSOHPHQWHG�XVLQJ�+653(&�DQG�GHYHORSHG�
H[SHULPHQWDO�VHWXS�ZDV�XVHG�WR�DQDO\]H�WKH�SHUIRUPDQFH�RI�GULYHV��)LJ�����VKRZV�D�SKRWRJUDSK�
RI�WKH�H[SHULPHQWDO�VHWXS�

)LJ�����6HWXS�IRU�9�I�FRQWURO�RI�LQGXFWLRQ�PRWRU

7KH�9�I�FRQWURO�DOJRULWKP�LV�LPSOHPHQWHG�LQ�+653(&�WKURXJK�QHFHVVDU\�FRGH�GHYHORSHG�LQ�1,26�
,,�SODWIRUP��7KH�UHTXLUHG�3:0�FRQWURO�VLJQDO�JHQHUDWHG�WKURXJK�+653(&�LV�IHG�WKURXJK�D�GULYHU�
WR�WKH�9ROWDJH�6RXUFH�,QYHUWHU��96,���ZKLFK�GULYH�WKH�,QGXFWLRQ�0RWRU� 7KH�,QGXFWLRQ�0RWRU�LV�
FRXSOHG�ZLWK�D�'&�JHQHUDWRU�IRU�ORDGLQJ�HIIHFW�



ϯϲ

)LJ�����&RPSOHWH�VHWXS�IRU�9�I�FRQWURO�RI�LQGXFWLRQ�PRWRU



ϯϳ

�����5(68/76�$1'�',6&866,21

7KH�VLPXODWLRQ�VWXG\�DQG�H[SHULPHQWDO�VHW�XS�IRU�9�I�FRQWURO�RI�WKUHH�SKDVH�,QGXFWLRQ�0RWRU�LQ�
RSHQ�ORRS�DQG�FORVH�ORRS�V\VWHP�LV�LPSOHPHQWHG�XVLQJ�+65(3&�FRQWUROOHU�

�������6,08/$7,21�5(68/76�

�������� 287387�2)�23(1�/223�6,08/$7,21

7KH�VLPXODWLRQ�UHVXOW�IRU�RSHQ�ORRS�9�I�FRQWURO�RI�LQGXFWLRQ�PRWRU�LV�VKRZQ�LQ�)LJ� ���DQG�)LJ�����
IRU����+]�DQG����+]�UHVSHFWLYHO\��7KH�3:0�VLJQDOV�JHQHUDWHG�DUH IHG�WR�WKH�LQYHUWHU�DV�JDWH�SXOVHV�
ZKLFK�KHOSV�LQ�VZLWFKLQJ�DFWLRQ�RI�LQYHUWHU��WKXV�WKH�RXWSXW�IURP�LQYHUWHU�LV���SKDVH�RXWSXW�

,Q�RSHQ�ORRS�RSHUDWLRQ�WKH�VSHHG�LV�VHW�DW�UDWHG�PRWRU�VSHHG�L�H�������530��7KH�DQJXODU�VSHHG
�߱௘��� WRUTXH� �7H���RXWSXW�YROWDJH� ��௔௕௖ݒ� DQG�RXWSXW� FXUUHQW� �݅௔௕௖� DUH�SORWWHG� IRU� WZR�GLIIHUHQW�
IUHTXHQFLHV�RI���+] DQG����+]�UHVSHFWLYHO\�

7KH�DQJXODU�VSHHG� �߱௘��DQG�WRUTXH �7H� DUH�EHFRPLQJ�FRQVWDQW�DIWHU�WKH�WLPH�SHULRG�RI�W� �����
VHFRQGV��&RUUHVSRQGLQJO\� WKH�RXWSXW�FXUUHQW �݅௔௕௖�� DQG�RXWSXW�YROWDJHV ��௔௕௖ݒ� � DUH�EHFRPLQJ�
VWDEOH�DIWHU�W� �����VHFRQGV��7KH DQJXODU�VSHHG�LV�EHFRPLQJ�VWDEOH�DW�DURXQG������530�DQG�WKH�
WRUTXH�LV�VHWWLQJ�GRZQ�WR���1P�DIWHU�����VHFRQGV�

$W�W� ���VHFRQG�WKH�ORDG�ZDV�DSSOLHG��WKH�RXWSXW�WRUTXH�LQFUHDVHG�DQG�WKH�VSHHG�GHFUHDVHG�WR������
530�FRUUHVSRQGLQJO\�WKH�FXUUHQW�LV�DOVR�LQFUHDVHG�DW�W� ���VHFRQG��$W�W� ���VHFRQG�DQRWKHU�ORDG�
DSSOLHG�LQFUHDVHV�WKH�WRUTXH�DQG�GHFUHDVHV�WKH�VSHHG�IXUWKHU�WR������530�



ϯϴ

)LJ�����$QJXODU�VSHHG��߱௘�� WRUTXH��7H���RXWSXW�YROWDJH��ݒ௔௕௖��DQG�RXWSXW�FXUUHQW��݅௔௕௖��IRU�RSHQ�
ORRS�FRQWURO�DW����+]



ϯϵ

)LJ�����$QJXODU�VSHHG��߱௘�� WRUTXH��7H���RXWSXW�YROWDJH��ݒ௔௕௖��DQG�RXWSXW�FXUUHQW��݅௔௕௖��IRU�RSHQ�
ORRS�FRQWURO�DW����+]

7KH�DQJXODU�VSHHG �߱௘� DQG�WRUTXH �7H� DUH�EHFRPLQJ�FRQVWDQW�DIWHU�WKH�WLPH�SHULRG�RI�W� ����
VHFRQGV��&RUUHVSRQGLQJO\�WKH�RXWSXW�FXUUHQW��݅௔௕௖��DQG�RXWSXW�YROWDJHV ��௔௕௖ݒ� DUH�EHFRPLQJ�VWDEOH�
DIWHU�W� �����VHFRQGV��7KH�DQJXODU�VSHHG�LV�EHFRPLQJ�VWDEOH�DW�DURXQG������530�DQG�WKH�WRUTXH LV�
VHWWLQJ�GRZQ�WR���1P�DIWHU�����VHFRQGV�

7KXV��WKH�VSHHG�LV�GHFUHDVLQJ�DW����+]�WR������530�ZKLFK�ZDV������530�DW���+]�EXW�WKH�WRUTXH�
LV�UHPDLQLQJ�QHDUO\�FRQVWDQW�LQ�ERWK�WKH�FDVH�VDWLVI\LQJ�WKH�9�I�FRQWURO�FULWHULRQ�

2Q�DSSOLFDWLRQ�RI�ORDG�DW�W� ���VHFRQG�DQG�W� ���VHFRQG�FRUUHVSRQGLQJO\�WKH�WRUTXH�LQFUHDVHG�DQG�
WKH�VSHHG�GHFUHDVHG�WR������530�



ϰϬ

�������� 287387�2)�&/26(�/223�6,08/$7,21

7KH�VLPXODWLRQ�UHVXOW�IRU�FORVH�ORRS�9�I�FRQWURO�RI�LQGXFWLRQ�PRWRU�LV�VKRZQ�LQ�EHORZ�)LJ� ���DQG�
)LJ�����IRU���+]�DQG���+]�UHVSHFWLYHO\��7KH�3:0�DUH�IHG�WR�WKH�LQYHUWHU�DV�JDWH�SXOVHV�ZKLFK�
KHOSV�LQ�VZLWFKLQJ�DFWLRQ�RI�LQYHUWHU��WKXV�WKH�RXWSXW�IURP�LQYHUWHU�LV���SKDVH�RXWSXW��

,Q�FORVH�ORRS�RSHUDWLRQ�WKH�VSHHG�LV�VHW�DW�UDWHG�PRWRU�VSHHG�L�H�������530��7KH�URWRU�VSHHG�LV�IHG�
EDFN�DQG�WKH�FRQWURO�RSHUDWLRQ�WULHV�WR�REWDLQ�WKH�VHW�VSHHG�E\�FRPSDULQJ�ZLWK�URWRU�VSHHG�

7KH�DQJXODU�VSHHG� �߱௘��DQG�WRUTXH �7H� DUH�EHFRPLQJ�FRQVWDQW�DIWHU�WKH�WLPH�SHULRG�RI�W� �����
VHFRQGV��&RUUHVSRQGLQJO\�WKH�RXWSXW�FXUUHQW �݅௔௕௖�� DQG�RXWSXW�YROWDJHV��ݒ௔௕௖���DUH�EHFRPLQJ�VWDEOH�
DIWHU�W� �����VHFRQGV��7KH�DQJXODU�VSHHG�LV�EHFRPLQJ�VWDEOH�DW�DURXQG������530�DQG�WKH�WRUTXH�LV�
VHWWLQJ�GRZQ�WR���1P�DIWHU�����VHFRQGV�

$W�W� �����VHFRQG�WKH�ORDG�ZDV�DSSOLHG��WKH�RXWSXW�WRUTXH�LQFUHDVHG�DQG�WKH�VSHHG�GHFUHDVHG�WR�
���� 530�FRUUHVSRQGLQJO\�WKH�FXUUHQW�LV�DOVR�LQFUHDVHG�DW�W� �����VHFRQG��$W�W� ���VHFRQG�DQRWKHU�
ORDG�DSSOLHG�LQFUHDVHG�WKH�WRUTXH�DQG�GHFUHDVHG�WKH�VSHHG�IXUWKHU�WR������530�



ϰϭ

Ϭ

)LJ�����$QJXODU�VSHHG �߱௘�� WRUTXH��7H���RXWSXW�YROWDJH �௔௕௖ݒ� DQG�RXWSXW�FXUUHQW �݅௔௕௖� IRU�FORVH
ORRS�FRQWURO�DW����+]



ϰϮ

)LJ�����$QJXODU�VSHHG��߱௘�� WRUTXH��7H���RXWSXW�YROWDJH��ݒ௔௕௖��DQG�RXWSXW�FXUUHQW��݅௔௕௖��IRU�FORVH�
ORRS�FRQWURO�DW����+]

7KH�DQJXODU�VSHHG� �߱௘��DQG�WRUTXH� �7H��DUH�EHFRPLQJ�FRQVWDQW�DIWHU�WKH�WLPH�SHULRG�RI�W� �����
VHFRQGV��&RUUHVSRQGLQJO\�WKH�RXWSXW�FXUUHQW��݅௔௕௖��DQG�RXWSXW�YROWDJHV ���௔௕௖ݒ� DUH�EHFRPLQJ�VWDEOH�
DIWHU�W� �����VHFRQGV��7KH�DQJXODU�VSHHG�LV�EHFRPLQJ�VWDEOH�DW�DURXQG������530�DQG�WKH�WRUTXH�LV�
VHWWLQJ�GRZQ�WR���1P�DIWHU�����VHFRQGV�

2Q�DSSOLFDWLRQ�RI�ORDG�DW�W� �����VHFRQG�DQG�W� ���VHFRQG�FRUUHVSRQGLQJO\�WKH WRUTXH�LQFUHDVHG�DQG�
WKH�VSHHG�GHFUHDVHG�WR������530�

)RU�WKH�FORVH�ORRS�RSHUDWLRQ��WKH�RXWSXW�WRUTXH�LV�UHPDLQLQJ�QHDUO\�FRQVWDQW�IRU�WKH�WZR�GLIIHUHQW�
YDOXHV�RI�IUHTXHQFLHV��DOVR�WKH�VSHHG�YDULDWLRQ�LV�DOVR�OHVV�DV�FRPSDUHG�WR�RSHQ�ORRS�RSHUDWLRQ�



ϰϯ

������ +$5':$5(�6(783�5(68/76

7KH�UHODWLRQ�EHWZHHQ�SRZHU�DQG�WRUTXH�LV�JLYHQ�E\�

� ൌ ߱Ǥ ܶ݁ �����

:KHUH�

3�LV�WKH�RXWSXW�SRZHU

߱ LV�WKH�DQJXODU�VSHHG

ܶ݁ LV�WKH�RXWSXW�WRUTXH

7KH�KRUVH�SRZHU�DQG�WRUTXH�UHODWLRQ�LV�JLYHQ�DV�

�Ǥ��ൌ�ሺܶ݁ȗ���ሻȀͷʹͷʹ �����

:H�DOVR�NQRZ�WKDW�

ͳ�Ǥ��ൌ�͹Ͷ͸������ �����

7KXV�HT�� ����FDQ�EH�ZULWWHQ�DV�

��ൌ�ሺܶ݁ ȗ���ȗ͹Ͷ͸ሻȀ�ሺͷʹͷʹሻ �����

7KH�'&�JHQHUDWRU�KDV�DQ�HIILFLHQF\�RI������7KXV��WKH�RXWSXW�SRZHU�RI�'&�JHQHUDWRU�LV�����RI�
ZKDW� WKH�PRWRU� LV�SURGXFLQJ��6R�� WR�FDOFXODWH� WRUTXH�RI� WKH�PRWRU�HIILFLHQF\�RI�����VKRXOG�EH�
LQFOXGHG�

�������� 2SHQ�/RRS�9�I�&RQWURO�DW����+]

6��QR� 2XWSXW�
3RZHU�:�

,��$�&� ,��'�&� 9��$�&� 9��'�&� 530 2XWSXW�
7RUTXH�
�1P�

� 1R�ORDG ���� ���� ��� ��� ���� 1R�
ORDG

� ����� ���� ���� ��� ��� ���� ������

� ��� ���� ���� ��� ��� ���� ������

� ����� ���� ���� ��� ��� ���� ������

7DEOH ���2XWSXW�IRU�2SHQ�ORRS�9�I�FRQWURO�DW����+]



ϰϰ

)LJ�����1R�ORDG�2XWSXW�9ROWDJH�DQG�&XUUHQW DW���+]

)LJ�����2XWSXW�9ROWDJH�DQG�&XUUHQW�DW�/RDG�� DW���+]



ϰϱ

)LJ�����2XWSXW�9ROWDJH�DQG�&XUUHQW�DW�/RDG���DW���+]

)LJ�����2XWSXW�9ROWDJH�DQG�&XUUHQW�DW�/RDG�� DW���+]



ϰϲ

)LJ�����6LQJOH�SKDVH�2XWSXW�9ROWDJH�DQG�&XUUHQW�:DYHIRUP�DW����+]

��������2SHQ�/RRS�9�I�&RQWURO�DW����+]�

6��QR� 2XWSXW�
3RZHU�:�

,��$�&� ,��'�&� 9��$�&� 9��'�&� 530 2XWSXW�
7RUTXH�
�1P�

� 1R�ORDG ���� ���� ��� �� ���� 1R�ORDG

� ������� ���� ���� ��� ��� ���� ������

� ������ ���� ���� ��� ��� ���� ������

� ������ ���� ����� ��� ��� ���� ������

7DEOH����2XWSXW�IRU�2SHQ�ORRS�9�I�FRQWURO�DW����+]



ϰϳ

)LJ�����2XWSXW�1R�/RDG�9ROWDJH�DQG�&XUUHQW DW���+]

)LJ�����2XWSXW�9ROWDJH�DQG�&XUUHQW�DW�/RDG�� DW���+]
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)LJ�����2XWSXW�9ROWDJH�DQG�&XUUHQW�DW�/RDG�� DW���+]

)LJ�����2XWSXW�9ROWDJH�DQG�&XUUHQW�DW�/RDG�� DW���+]

7KH�ORDG�XVHG�KHUH�ZDV�UHVLVWLYH�ORDG�ZKLFK�ZDV�FRQQHFWHG�WR�WKH�DUPDWXUH�RI�'&�JHQHUDWRU��WKH�
ILHOG�RI�'&�JHQHUDWRU�ZDV�FRQQHFWHG�WR�WKH�'&�VXSSO\�RI����9��7KH�UHVLVWLYH�ORDG�ZDV�VZLWFKHG�
RQ�RQH�E\�RQH�DQG�WKH�UHDGLQJV�DUH�WDNHQ�IRU���+]�DQG���+]�UHVSHFWLYHO\��)LJ� �� WR�)LJ� �� VKRZV
WKH�RXWSXW�ZLWK�YDU\LQJ�ORDGV��DQG�WKH�7DEOH � DQG�7DEOH�� VKRZV�WKH RXWSXW�IRU ORDG�YROWDJH��ORDG�
FXUUHQW��PRWRU�$�&�YROWDJH��PRWRU�$�&�FXUUHQW��SRZHU�DQG�WRUTXH�FDOFXODWHG�

7KXV��RQ�FRPSDULQJ�7DEOH�� DQG�7DEOH�� LW�FDQ�EH REVHUYHG�WKDW�WKH RXWSXW�WRUTXH�IRU�YDU\LQJ�ORDG�
LV�QHDUO\�HTXDO�IRU�WZR�GLIIHUHQW�IUHTXHQF\ RI���+]�DQG���+]��,W�LV�EHFDXVH�WKH�9�I�UDWLR�LV�FRQVWDQW�
ZKLFK�PDNHV�WKH�IOX[�FRQVWDQW�

$OVR� RQ�FRPSDULQJ�WKH�VLPXODWLRQ�RXWSXW�DQG�KDUGZDUH�VHWXS�RXWSXW�LW�LV�REVHUYHG WKDW�WKH�RXWSXW�
WRUTXH�LV�QHDUO\������1P��ZLWK�WKH�DQJXODU�VSHHG�QHDUO\������530�IRU�QR�ORDG ZKLFK�GURSV�WR�
�����530�IRU���+]�
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�������� &ORVH�/RRS�9�I�&RQWURO�DW����+]

6��QR� 2XWSXW�
3RZHU�:�

,��$�&� ,��'�&� 9��$�&� 9��'�&� 530 2XWSXW�
7RUTXH�
�1P�

� 1R�ORDG ���� ���� ��� ��� ���� 1R�ORDG

� ������ ����� ���� ��� ������ ���� ������

� ������ ����� ���� ��� ������ ���� ������

� ������ ����� ���� ��� ������ ���� ������

7DEOH����2XWSXW�IRU�&ORVH�ORRS�9�I�FRQWURO�DW����+]

)LJ�����2XWSXW�1R�ORDG�2XWSXW�9ROWDJH�DQG�&XUUHQW DW���+]
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)LJ�����2XWSXW�9ROWDJH�DQG�&XUUHQW�DW�/RDG�� DW���+]

)LJ�����2XWSXW�9ROWDJH�DQG�&XUUHQW�DW�/RDG���DW���+]
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)LJ�����2XWSXW�9ROWDJH�DQG�&XUUHQW�DW�/RDG�� DW���+]

)LJ�����2XWSXW�6LQJOH�SKDVH�YROWDJH�DW����+]



ϱϮ

�������� &ORVH�ORRS�9�I�FRQWURO�DW����+]

6��QR� 2XWSXW�
3RZHU�:�

,��$�&� ,��'�&� 9��$�&� 9��'�&� 530 2XWSXW�
7RUTXH�
�1P�

� 1R�ORDG ���� ���� ��� ��� ���� 1R�ORDG

� ������ ����� ���� ��� ������ ���� ������

� ������ ����� ���� ��� ������ ���� ������

� ������ ����� ���� ��� ������ ���� ������

7DEOH����2XWSXW�IRU�&ORVH�ORRS�9�I�FRQWURO�DW����+]

)LJ�����2XWSXW�1R�ORDG�2XWSXW�9ROWDJH�DQG�&XUUHQW DW����+]
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)LJ�����2XWSXW�9ROWDJH�DQG�&XUUHQW�DW�/RDG�� DW����+]

)LJ�����2XWSXW�9ROWDJH�DQG�&XUUHQW�DW�/RDG���DW����+]
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)LJ�����2XWSXW�9ROWDJH�DQG�&XUUHQW�DW�/RDG��

7KH�IHHGEDFN�RI�VSHHG�ZDV� WDNHQ�XVLQJ�D� WDFKR�JHQHUDWRU�DQG� WKLV�ZDV�SDVVHG� WKURXJK�YROWDJH�
VHQVRU�WR�EH�IHG�WR�WKH�)3*$�FRQWUROOHU��7KH�FORVH�ORRS�RSHUDWLRQ�ZDV�WKHQ�GRQH�E\�WKH�FRQWUROOHU�
DQG�WKH�RXWSXW�KDV�EHHQ�SORWWHG�LQ�)LJ� ���WR�)LJ� ����7DEOH�� DQG�7DEOH�� VKRZV�WKH�RXWSXW�YROWDJH�
DQG�FXUUHQW�DORQJ�ZLWK�WKH�FDOFXODWLRQ�RI�RXWSXW�SRZHU�DQG�WRUTXH�

7KXV��RQ�FRPSDULQJ�7DEOH�� DQG�7DEOH�� LW�LV REVHUYHG�WKDW�WKH�RXWSXW�WRUTXH�IRU�YDU\LQJ�ORDG�LV�
QHDUO\�HTXDO�IRU�WZR�GLIIHUHQW�IUHTXHQF\�RI���+]�DQG���+]��,W�LV�EHFDXVH�WKH�9�I�UDWLR�LV�FRQVWDQW�
ZKLFK�PDNHV�WKH�IOX[�FRQVWDQW�

$OVR��RQ�FRPSDULQJ�WKH�VLPXODWLRQ�RXWSXW�DQG�KDUGZDUH�VHWXS�RXWSXW�LW�FDQ�EH�REVHUYHG WKDW�WKH�
RXWSXW�WRUTXH�LV�QHDUO\�� 1P�

,W� LV� DOVR� VHHQ� WKDW� WKH� RXWSXW� REWDLQHG� WKURXJK� FORVHG� ORRS� FRQWURO� LV� FORVHU� WR� HDFK� RWKHU� DV�
FRPSDUHG�WR�WKH�RSHQ�ORRS�RSHUDWLRQ�

�����&21&/86,21

7KH� RIIOLQH� DQG� RQOLQH� VLPXODWLRQ� SHUIRUPHG� IRU� 9�I� FRQWURO� LI� ,QGXFWLRQ� 0RWRU� XVLQJ�
0$7/$%�6LPXOLQN�DQG�+653(&�JLYHV�QHDUO\�VDPH�UHVXOWV��WKXV�YHULI\LQJ�WKH�UHVXOWV��7KH�RXWSXW�
WRUTXH� �7H�� UHPDLQV� FRQVWDQW� HYHQ� RQ� FKDQJLQJ� WKH� IUHTXHQF\� EHFDXVH� WKH� 9�I� UDWLR� UHPDLQV�
FRQVWDQW�NHHSLQJ�WKH�IOX[�FRQVWDQW��)RU�WKH�FORVH�ORRS�RSHUDWLRQ�� WKH�GHFUHDVH�LQ�VSHHG�LV�VPDOO�
FRPSDUHG�WR�WKH�RSHQ�ORRS�RSHUDWLRQ��
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&+$37(5��

&21&/86,216�$1'�)8785(�6&23( 2)�:25.

���� &21&/86,21

7KH�RIIOLQH�VLPXODWLRQ�RI�9�I�FRQWURO�RI�,QGXFWLRQ�0RWRU�LV�LPSOHPHQWHG LQ�0$7/$%�6LPXOLQN�
IRU�ERWK�RSHQ�DV�ZHOO�DV�FORVH�ORRS�RSHUDWLRQ�RI�WKH�,QGXFWLRQ�0RWRU��

,Q�RSHQ�ORRS�DSSOLFDWLRQ�WKH�RSHUDWLRQ�RI�WKH�,QGXFWLRQ�0RWRU�DW WZR�GLIIHUHQW�IUHTXHQFLHV�KDYH�
EHHQ�GHPRQVWUDWHG DQG�DQDO\]HG��,W�ZDV�REVHUYHG�WKDW�WKH�RXWSXW�WRUTXH�UHPDLQV�QHDUO\�FRQVWDQW�
IRU�YDU\LQJ� IUHTXHQF\� DV� WKH�9�I� UDWLR� LV�NHSW� FRQVWDQW�E\�YDU\LQJ� WKH�YROWDJH� LQ�SURSRUWLRQ� WR
IUHTXHQF\�

,Q�FORVH�ORRS�DSSOLFDWLRQ�DOVR�WKH�RXWSXW�WRUTXH�UHPDLQV�FRQVWDQW�IRU�YDU\LQJ�IUHTXHQF\�DV�WKH�9�I�
UDWLR�LV�FRQVWDQW�ZKLFK�LV�GHVFULEHG E\�FDOFXODWLQJ�WKH�HUURU�EHWZHHQ�DFWXDO�VSHHG�DQG�UHIHUHQFH�
VSHHG�DQG�YDU\LQJ�WKH�IUHTXHQF\�DFFRUGLQJO\�

7KH�RQOLQH�VLPXODWLRQ�XVLQJ�+653(&�VKRZV�VLPLODU�UHVXOWV�IRU�ERWK�RSHQ�DV�ZHOO�DV�FORVH�ORRS�
RSHUDWLRQ��ZKHUH�WKH�WRUTXH�ZDV�IRXQG�WR�UHPDLQ�FRQVWDQW�IRU�YDU\LQJ�RSHUDWLQJ�IUHTXHQFLHV�

7KXV�� WKH� UHVXOWV� RI� RIIOLQH� VLPXODWLRQ� DUH� LQ� FRQVRQDQFH� ZLWK� WKH� RQOLQH� VLPXODWLRQ� UHVXOWV�
YHULI\LQJ�WKH�9�I�FRQWURO�RI�,QGXFWLRQ�0RWRU�

���� )8785(�6&23( 2)�:25.

6FDODU�FRQWURO�RI�LQGXFWLRQ�PRWRU�KDV�EHHQ�VKRZQ�XVLQJ�9�I�FRQWURO�WHFKQLTXH�RQ�)3*$��)XUWKHU�
UHDO� WLPH� LPSOHPHQWDWLRQ�RI�YHFWRU� FRQWURO�DQG�'LUHFW�7RUTXH�FRQWURO�RI� WKUHH�SKDVH� ,QGXFWLRQ�
0RWRU� FDQ� EH� GHPRQVWUDWHG�� $OVR�� WKH� )3*$ ERDUG� FDQ� EH� XVHG� LQ� YDULRXV� SRZHU� HOHFWURQLF�
DSSOLFDWLRQ�OLNH�YROWDJH�PRGH�FRQWURO�RI�ERRVW�FRQYHUWHU��'&�GULYHV��0337�DSSOLFDWLRQV��F\FOR�
FRQYHUWHUV�HWF��)3*$�FDQ�DOVR�EH�XVHG�LQ�SRZHU�V\VWHP�DSSOLFDWLRQ�OLNH�SRZHU�IDFWRU�FRUUHFWLRQ��
SRZHU�TXDOLW\�DSSOLFDWLRQ��VPDUW�PHWHULQJ�DQG�PDQ\�PRUH��
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5()(5(1&(6

>�@�1LN�5XP]L 1LN� ,GULV��0HPEHU�� ,(((�� DQG�$EGXO�+DOLP�0RKDPHG�<DWLP�� ,(((�� ³$Q� ,PSURYHG�6WDWRU� )OX[�

(VWLPDWLRQ� LQ� 6WHDG\�6WDWH� 2SHUDWLRQ� IRU� 'LUHFW� 7RUTXH� &RQWURO� RI� ,QGXFWLRQ�0DFKLQHV´�� ,(((� 7UDQVDFWLRQV� RQ�

,QGXVWU\�$SSOLFDWLRQV��9RO������1R�����-DQXDU\�)HEUXDU\�������SS���������

>�@� 0RKDPDG� .RWHLFK�� ³)OX[� HVWLPDWLRQ� DOJRULWKPV� IRU� HOHFWULF� GULYHV�� D� FRPSDUDWLYH� VWXG\´�� ,QWHU�QDWLRQDO�

&RQIHUHQFH�RQ�5HQHZDEOH�(QHUJLHV� IRU�'HYHORSLQJ� FRXQWULHV� �5('(&�������� -XO� ������=RXN�0RVEHK��/HEDQRQ��

5('(&������

>�@�.HYLQ�'��+XUVW� 0HPEHU��,(((��7KRPDV�*��+DEHWOHU��6HQLRU�0HPEHU��,(((��*LRYDQQL�*ULYD��DQG�)UDQFHVFR�

3URIXPR�� 6HQLRU�0HPEHU�� ,(((�� ³=HUR�6SHHG�7DFKROHVV� ,0�7RUTXH�&RQWURO�� 6LPSO\� D�0DWWHU� RI� 6WDWRU�9ROWDJH�

,QWHJUDWLRQ´��,(((�7UDQVDFWLRQV�RQ�,QGXVWU\�$SSOLFDWLRQV��9RO������1R�����-XO\�$XJXVW�������SS���������

>�@�'��6H\RXP��)��5DKPDQ�DQG�&��*UDQWKDP��³$Q�,PSURYHG�)OX[�(VWLPDWLRQ�LQ�,QGXFWLRQ�0DFKLQH�IRU

&RQWURO�$SSOLFDWLRQ´��XQSXEOLVKHG�

>�@�%��6ULQX�1DLN��³&RPSDULVRQ�RI�'LUHFW�DQG�,QGLUHFW�9HFWRU�&RQWURO�RI�,QGXFWLRQ�0RWRU´��,QWHUQDWLRQDO�-RXUQDO�RI�

1HZ�7HFKQRORJLHV�LQ�6FLHQFH�DQG�(QJLQHHULQJ�9RO�����,VVXH�����-DQ�������ϲϳ

>�@�-RVp�5RGUtJXH]��6HQLRU�0HPEHU��,(((��-RUJH�3RQWW��6HQLRU�0HPEHU��,(((��&pVDU�$��6LOYD��0HPEHU��,(((��3DEOR�

&RUUHD��3DEOR�/H]DQD��0HPEHU�� ,(((��3DWULFLR�&RUWpV��6WXGHQW�0HPEHU�� ,(((�� DQG�8OULFK�$PPDQQ�� ³3UHGLFWLYH�

&XUUHQW�&RQWURO�RI�D�9ROWDJH�6RXUFH�,QYHUWHU´��,(((�7UDQVDFWLRQV�RQ�,QGXVWULDO�(OHFWURQLFV��9RO������1R�����)HEUXDU\�

������SS����������

>�@�6HUJLR�9D]TXH]��-RVH�,��/HRQ��/HRSROGR�*��)UDQTXHOR��-RVH�5RGUËJXH]��+HFWRU�$��<RXQJ��$EUDKDP�0DUTXH]��DQG�

3HULFOH�]?=DQFKHWWD��³0RGHO�3UHGLFWLYH�&RQWURO�$�5HYLHZ�RI�,WV�$SSOLFDWLRQV�LQ�3RZHU�(OHFWURQLFV´��,(((�LQGXVWULDO�

HOHFWURQLFV�PDJD]LQH��PDUFK������

>�@�<RQJFKDQJ�=KDQJ��0HPEHU��,(((��DQG�+DLWDR�<DQJ� 6WXGHQW�0HPEHU��,(((��³0RGHO�3UHGLFWLYH�)OX[�&RQWURO�

RI�,QGXFWLRQ�0RWRU�'ULYHV�ZLWK�6ZLWFKLQJ�,QVWDQW�2SWLPL]DWLRQ´��,(((�7UDQVDFWLRQV�RQ�(QHUJ\�&RQYHUVLRQ��9RO������

1R�����6HSWHPEHU�������SS������������
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>�@� 6�� $OLUH]D� 'DYDUL�� ³3UHGLFWLYH� 'LUHFW� $QJOH� &RQWURO� RI� ,QGXFWLRQ� 0RWRU´�� ,(((� 7UDQVDFWLRQV� RQ� ,QGXVWULDO�

(OHFWURQLFV��9RO������1R�����$XJXVW�������SS������������

>��@�$VV��3URI��<DVVHU�*��'HVVRXN\�DQG�(QJ��0RQD�0RXVVD��³9HFWRU�&RQWUROOHG�,QGXFWLRQ�0RWRU�'ULYH��2SHUDWLRQ�

DQG�$QDO\VLV´��XQSXEOLVKHG

>��@�%��.��%RVH�DQG�1��5��3DWHO��³$�SURJUDPPDEOH�FDVFDGHG�ORZ�SDVV�ILOWHU�EDVHG�IOX[�V\QWKHVLV�IRU�D�VWDWRU�IOX[�

RULHQWHG�YHFWRU�FRQWUROOHG�LQGXFWLRQ�PRWRU�GULYH�´�,(((�7UDQV��,QG��(OHFWURQ���YRO������SS�����±�����)HE������

>��@�,��7DNDKDVKL�DQG�7��1RJXFKL��³$�QHZ�TXLFN�UHVSRQVH�DQG�KLJK�HIILFLHQF\�FRQWURO�VWUDWHJ\�RI�DQ�LQGXFWLRQ�PRWRU�´�

,(((�7UDQV��,QG��$SSOLFDW���YRO������QR�����SS�����±����������

>��@�;��;X��5��'RQFNHU��DQG�'��:��1RYRWQ\��³$�VWDWRU�IOX[�RULHQWHG�LQGXFWLRQ�PDFKLQH�GULYH�´�LQ�,(((�3(6&�&RQI��

5HF���������SS�����±����

>��@�+��7DMLPD�DQG�<��+RUL��³6SHHG�VHQVRUOHVV�ILHOG�RULHQWHG�FRQWURO�RI�WKH�LQGXFWLRQ�PDFKLQH�´�LQ�,(((�,$6�&RQI��

5HF���������SS�����±����

>��@�5��:X�DQG�*��5��6OHPRQ��³$�SHUPDQHQW�PDJQHW�PRWRU�GULYH�ZLWKRXW�D�VKDIW�VHQVRUV�´�,(((�7UDQVDFWLRQ�RQ�

,QGXVWU\�$SSOLFDWLRQV��9RO������1R�����������SS������������

>��@�;LQJL�;X��5LN�'H�'RQFNHU�DQG�'RQDOG�:��1RYRWQ\�³$�VWDWRU�IOX[�RULHQWHG�LQGXFWLRQ�PDFKLQH�GULYH�´�3(6&�

������SS����������

>��@�7��$��/LSR�DQG�.��&��&KDQJ��³$�QHZ�DSSURDFK�WR�IOX[ DQG�WRUTXH�VHQVLQJ�LQ�LQGXFWLRQ�PDFKLQHV�´�,(((�7UDQV��

,QG��$SSOLFDW���YRO��,$�����SS�����±�����-XO\�$XJ�������

>��@�-HDQ�0DULH�5HWLI��;XHIDQJ�/LQ�6KL��)ORUHQW�0RUHO��³3UHGLFWLYH�&XUUHQW�&RQWURO�IRU�DQ�,QGXFWLRQ�0RWRU´��3(6&��

-XQ�������5KRGHV��*UHHFH��SS�����������������

>��@�*��9LFWRU�5DM��.�9HQNDWDUDPDQD�DQG�9�&KDLWDQ\D��³3UHGLFWLYH�9HFWRU�&RQWURO�%DVHG�,QGXFWLRQ�0RWRU�'ULYH�

XVLQJ�)X]]\�&RQWUROOHU´��,QWHUQDWLRQDO�-RXUQDO�RI�6FLHQFH��(QJLQHHULQJ�DQG�7HFKQRORJ\�5HVHDUFK��,-6(75���9ROXPH�

���,VVXH�����1RYHPEHU������

>��@�<RQJFKDQJ� =KDQJ��0HPEHU�� ,(((�� DQG�+DLWDR�<DQJ�� 6WXGHQW�0HPEHU�� ,(((�� ³7ZR�9HFWRU�%DVHG�0RGHO�

3UHGLFWLYH�7RUTXH�&RQWURO�ZLWKRXW�:HLJKWLQJ�)DFWRUV� IRU� ,QGXFWLRQ�0RWRU�'ULYHV´�� ,(((�7UDQVDFWLRQV�2Q�3RZHU�

(OHFWURQLFV��9RO������1R�����)HEUXDU\�������SS������������ϲϵ
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>��@�)DQ��6KHQJ�:HQ��;LQ�<RQJ�=KDR��=KHQJ�;L�/L��DQG�+X�=KDQJ���$�)OX[�2EVHUYHU�RI�9ROWDJH�&XUUHQW�0RGHO�

%DVHG�RQ�3,�5HJXODWRU�$GYDQFHG�0DWHULDOV�5HVHDUFK�������

>��@�>2QOLQH@��$YDLODEOH��KWWSV���HQ�ZLNLSHGLD�RUJ�ZLNL�0RGHOBSUHGLFWLYHBFRQWURO

>��@� 3�/�� -DQVHQ�� �$� VHOI�WXQLQJ�� FORVHG�ORRS� IOX[� REVHUYHU� IRU� VHQVRU� OHVV� WRUTXH� FRQWURO� RI� VWDQGDUG� LQGXFWLRQ�

PDFKLQHV���3URFHHGLQJV�RI�3(6&����� 3RZHU�(OHFWURQLFV�6SHFLDOLVW�&RQIHUHQFH�3(6&����������

>��@�&KRXGKXU\��$EKLMLW�� DQG�.LVKRUH�&KDWWHUMHH�� �0RGLILHG�VWDWRU� IOX[�HVWLPDWLRQ�EDVHG�GLUHFW� WRUTXH�FRQWUROOHG�

LQGXFWLRQ�PRWRU�GULYH�ZLWK�FRQVWDQW�VZLWFKLQJ�IUHTXHQF\�RSHUDWLRQ�,QWHUQDWLRQDO�-RXUQDO�RI�3RZHU�(OHFWURQLFV�������

>��@�5��.ULVKQDQ�´�9HFWRU�&RQWURO� RI� ,QGXFWLRQ�0RWRU�'ULYHV´� LQ�(OHFWULF�0RWRU�'ULYHV�PRGHOLQJ�� DQDO\VLV� DQG�

FRQWURO���QG�HG��1HZ�-HUVH\��SUHQWLFH�KDOO��������FK����SS���������

>��@�%LPDO�.�%RVH�� ³&RQWURO� DQG�(VWLPDWLRQ� RI� ,QGXFWLRQ�0RWRU�'ULYHV´� LQ�0RGHUQ�3RZHU�(OHFWURQLFV� DQG�$&�

'ULYHV�������FK����SS��������

>��@�-RVH�5RGULJXH]�DQG�3DWULFLR�&RUWHV��³0RGHO�3UHGLFWLYH�&RQWURO´�LQ�3UHGLFWLYH�&RQWURO�RI�3RZHU�&RQYHUWHUV�DQG�

(OHFWULFDO�'ULYHV��VW�HG��:LOH\��������FK����SS�������

>��@�-RVH�5RGULJXH]�DQG�3DWULFLR�&RUWHV�� ³3UHGLFWLYH�&RQWURO�RI�D�7KUHH�3KDVH�,QYHUWHU´� LQ�3UHGLFWLYH�&RQWURO�RI�

3RZHU�&RQYHUWHUV�DQG�(OHFWULFDO�'ULYHV��VW�HG��:LOH\��������FK����SS�������

>��@ $��N��'HYDQJDQ��1��&KDNUDERUW\��6��6KXNOD�³3:0 EDVHG�FORVHG�ORRS�VSHHG�FRQWURO�RI�'&�PRWRU´ ,QWHUQDWLRQDO�

FRQIHUHQFH�RI�(QJLQHHULQJ�7UHQGV�DQG 7HFKQRORJ\��,-(77��������SS���������

>��@ .��/��6KL��7��)��&KDQ��<��.��:RQJ�DQG�6��/��+2� �0RGHOLQJ�DQG VLPXODWLRQ�RI�WKH�WKUHH�SKDVH�LQGXFWLRQ PRWRU

8VLQJ�6,08/,1.���,QW�-��(OHFW��(QJJ��(GXF�� ������SS�����±����

>��@ 3�� &�� .UDXVH�� &�� +�� 7KRPDV�� ³6LPXODWLRQ� RI 6\PPHWULFDO� ,QGXFWLRQ 0DFKLQHU\�´� ,(((� 7UDQV RQ 3RZHU

$SSDUDWXV DQG�6\VWHPV������ SS�����������

΀ϯϮ΁� �ƌŵĂŶĚŽ� �ƐƚĂƌůŽĂ͕� hŶĂŝ� �ŝĚĂƌƚĞ͕� :ĞƐƵƐ� >ĂǌĂƌŽ͕� :ŽŶ� �ŶĚƌĞƵ͕� ĂŶĚ� :ŽƐĞ� >ƵŝƐ�DĂƌƚŦŶ͕� �ŽŶĨŝŐƵƌĂďůĞͲ^ǇƐƚĞŵͲŽŶ

WƌŽŐƌĂŵŵĂďůĞͲ�ŚŝƉ� ĨŽƌ� WŽǁĞƌ� �ůĞĐƚƌŽŶŝĐƐ� �ŽŶƚƌŽů� �ƉƉůŝĐĂƚŝŽŶƐ͕� /ŶƚĞƌŶĂƚŝŽŶĂů� �ŽŶĨĞƌĞŶĐĞ� ŽŶ� ZĞĐŽŶĨŝŐƵƌĂďůĞ�

�ŽŵƉƵƚŝŶŐ�ĂŶĚ�&W'�Ɛ͕�ƉƉ͘�ϭϲϵ�ʹ ϭϳϰ͕�ϮϬϬϴ

΀ϯϯ΁�,ĞŶƌŝŬ�^ǀĞŶƐƐŽŶ͕�ZĞĐŽŶĨŝŐƵƌĂďůĞ��ƌĐŚŝƚĞĐƚƵƌĞƐ�ĨŽƌ��ŵďĞĚĚĞĚ�^ǇƐƚĞŵƐ͕�>ƵŶĚ�hŶŝǀĞƌƐŝƚǇ͕�^ǁĞĚĞŶ͕�ϮϬϬϴ͘



ϱϵ

΀ϯϰ΁�,͘�>͘�,ƵǇ͕�DŝĐƌŽƉƌŽĐĞƐƐŽƌƐ�ĂŶĚ��ŝŐŝƚĂů�/�Ɛ�ĨŽƌ�DŽƚŝŽŶ��ŽŶƚƌŽů͕�WƌŽĐĞĞĚŝŶŐƐ�ŽĨ�ƚŚĞ�/���͕�ϭϵϵϰ͕�ƉƉ͘�ϭϭϰϬͲϭϭϲϯ�

΀ϯϱ΁ '͘�:͘�ǀĂŶ�,ĞĞƌĚĞŶ�ĂŶĚ�,�ĚƵ�d͘�DŽƵƚŽŶ͕��ĞƐŝŐŶ�ŽĨ�Ă��^W�ďĂƐĞĚ�ĐŽŶƚƌŽůůĞƌ�ĨŽƌ�ƉŽǁĞƌ�ĞůĞĐƚƌŽŶŝĐƐ�ĂƉƉůŝĐĂƚŝŽŶƐ͕�ϲƚŚ�

�ĨƌŝĐŽŶ��ŽŶĨĞƌĞŶĐĞ�ŝŶ��ĨƌŝĐĂ͕�ǀŽů͘Ϯ͕ƉƉ͘�ϳϰϯ�Ͳ ϳϰϳ͕�ϮϬϬϮ�΀ϱ΁�<͘�^ƵŐĂŚĂƌĂ͕�^͘�KŝĚĂ͕�d͘�zŽŬŽǇĂŵĂ͕�,ŝŐŚ�ƉĞƌĨŽƌŵĂŶĐĞ�&W'��

ĐŽŶƚƌŽůůĞƌ�ĨŽƌ�ĚŝŐŝƚĂů�ĐŽŶƚƌŽů�ŽĨ�ƉŽǁĞƌ�ĞůĞĐƚƌŽŶŝĐƐ�ĂƉƉůŝĐĂƚŝŽŶƐ͕�/����ϲƚŚ�/ŶƚĞƌŶĂƚŝŽŶĂů�WŽǁĞƌ��ůĞĐƚƌŽŶŝĐƐ�ĂŶĚ�DŽƚŝŽŶ�

�ŽŶƚƌŽů��ŽŶĨĞƌĞŶĐĞ͕�ƉƉ͘�ϭϰϮϱ�Ͳ ϭϰϮϵ͕�ϮϬϬϵ͘

΀ϯϲ΁� <͘^ƵĚŚĂ͕� >� <ĂƚŚŝƌ͕� /ŵƉůĞŵĞŶƚĂƚŝŽŶ� ŽĨ� &W'�� �ĂƐĞĚ� �ŽŶƚƌŽůůĞƌ� ĨŽƌ� /ŶĚƵĐƚŝŽŶ� DŽƚŽƌ� �ƌŝǀĞƐ͕� /ŶƚĞƌŶĂƚŝŽŶĂů�

�ŽŶĨĞƌĞŶĐĞ�ŽŶ��ŽŵƉƵƚĂƚŝŽŶ�ŽĨ�WŽǁĞƌ͕��ŶĞƌŐǇ͕�/ŶĨŽƌŵĂƚŝŽŶ�ĂŶĚ��ŽŵŵƵŶŝĐĂƚŝŽŶ�;/��W�/�Ϳ͕�ϮϬϭϯ

΀ϯϳ΁� �͘�DŽŶŵĂƐƐŽŶ͕� >͘� /ĚŬŚĂũŝŶĞ͕� /͘� �ĂŚƌŝ͕�DͲtͲ EĂŽƵĂƌ� ĂŶĚ� >͘� �ŚĂƌĂĂďŝ͕��ĞƐŝŐŶ�ŵĞƚŚŽĚŽůŽŐǇ�ĂŶĚ�&W'�ͲďĂƐĞĚ�

ĐŽŶƚƌŽůůĞƌƐ�ĨŽƌ�WŽǁĞƌ��ůĞĐƚƌŽŶŝĐƐ�ĂŶĚ�ĚƌŝǀĞ�ĂƉƉůŝĐĂƚŝŽŶƐ͕�WĂĐŝĨŝĐͲ�ƐŝĂ��ŽŶĨĞƌĞŶĐĞ�ŽŶ��ŝƌĐƵŝƚƐ͕��ŽŵŵƵŶŝĐĂƚŝŽŶƐ�ĂŶĚ�

^ǇƐƚĞŵ͕�ƉƉ͘�ϯϲϬͲϯϲϯ͕�ϮϬϬϵ

΀ϯϴ΁�:ĂƐŽŶ�'͘�dŽŶŐ͕�/ĂŶ��͘�>͘��ŶĚĞƌƐŽŶ�ĂŶĚ�DŽŚĂŵŵĞĚ��͘�^͘�<ŚĂůŝĚ͕�^ŽĨƚͲ�ŽƌĞ�WƌŽĐĞƐƐŽƌƐ�ĨŽƌ��ŵďĞĚĚĞĚ�^ǇƐƚĞŵƐ͕�

/ŶƚĞƌŶĂƚŝŽŶĂů��ŽŶĨĞƌĞŶĐĞ�ŽŶ�DŝĐƌŽĞůĞĐƚƌŽŶŝĐƐ͕�ϮϬϬϲ�

΀ϯϵ΁ �ŝŶŐ� �ŚĞŶŐ͕� zŝĐŚĞŶ�tĂŶŐ� ĂŶĚ� �ŽƵ� yƵĞǇŝ͕� dŚĞ� ŵĞƚŚŽĚƐ� ŽĨ� &W'�� ƐŽĨƚǁĂƌĞ� ǀĞƌŝĨŝĐĂƚŝŽŶ͕� /���� /ŶƚĞƌŶĂƚŝŽŶĂů�

�ŽŶĨĞƌĞŶĐĞ�ŽŶ��ŽŵƉƵƚĞƌ�^ĐŝĞŶĐĞ�ĂŶĚ��ƵƚŽŵĂƚŝŽŶ��ŶŐŝŶĞĞƌŝŶŐ�;�^��Ϳ͕�ϮϬϭϭ

>��@ 6��2OLYHLUDGD� DQG�6��0DUFHOR�� ³6FDODU� FRQWURO� RI� DQ LQGXFWLRQ�PRWRU XVLQJ D� QHXUDO� VHQVRU� OHVV WHFKQLTXH�´

(OVHYLHU�(OHFWULF�3RZHU�6\VWHP�5HVHDUFK��������SS����� ����

>��@ $EERQGDQWL�� ³0HWKRG� RI� IOX[� FRQWURO� LQ� LQGXFWLRQ PRWRUV GULYHQ� E\� YDULDEOH� IUHTXHQF\�� YDULDEOH� YROWDJH

VXSSOLHV´��,(((�,$6�,QWO��6HPL��3RZHU�&RQY��&RQI�� �����SS������ ����

>��@ $OIUHGR�7KRPDV�$��/LSR DQG�'RQDOG�:��1RYRWQ\��³$�1HZ�,QGXFWLR�0RWRU�9�I�&RQWURO�0HWKRG�&DSDEOH�RI

+LJK�3HUIRUPDQFH�5HJXODWLRQ�DW�/RZ 6SHHGV´�,(((�7UDQV��,QGXVWU\�$SSOLFDWLRQV��9RO������1R����-XO\��$XJXVW������

>��@ %��%LVZDV��6��'DV��3��3XUNDLW��0��6��0DQGDO�DQG�'��0LWUD�´�&XUUHQW�+DUPRQLF�$QDO\VLV�RI�,QYHUWHU�)HG�,QGXFWLRQ�

0RWRU�'ULYH�6\VWHP�XQGHU�)DXOW &RQGLWLRQV´��,QWHUQDWLRQDO�&RQIHUHQFH�RI�(QJLQHHUV�DQG�&RPSXWHU�6FLHQWLVWV������

9RO�,,�,0(&6�����
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>��@ .X�� 7UXSWL� 'HRUDP� 7HPEKHNDU� ³$� FRQVWDQW� Y�I� RSHQ� ORRS� DQG� FORVHG� ORRS� VSHHG� FRQWURO� RI� D� WKUHH� SKDVH�

LQGXFWLRQ�PRWRU�GULYH´

>��@ 0DVD\XNL�0RULPRWR��.L\RWDND�6XPLWR��6KLQML�6DWR��.DWVXPL�2VKLWDQL��6KLJHUX�2NXPD´�+LJK�HIILFLHQF\��XQLW\

SRZHU�IDFWRU�999)�GULYH�V\VWHP�RI DQ�LQGXFWLRQ�PRWRU´�,(((�WUDQVDFWLRQV�RQ�SRZHU�HOHFWURQLFV��9RO����1R���-XO\�

�����

>��@ 1HG�0RKDQ��7RUH�0��8QGHODG��:LOOLDP�3��5REELQV��������³3RZHU�(OHFWURQLFV�&RQYHUWHUV��$SSOLFDWLRQV�DQG�

'HVLJQ´��:LOH\��1HZ�<RUN�

>��@ 5RGROIR�(FKDYDGD��6HUJLR�+RUWD��0DUF��2OLYHU�´�$�7KUHH�SKDVH�PRWRU�GULYH�XVLQJ�,*%7ெV�DQG�&RQVWDQW�9�)�

VSHHG�FRQWURO�ZLWK�VOLS�UHJXODWLRQ´���� ��������������������,(((

>��@ 5DVKLG�0�+��3RZHU�(OHFWURQLFV�&LUFXLWV��'HYLFHV�DQG�$SSOLFDWLRQV´��WKLUG�HGLWLRQ�3ULQWLFH�+DOO,QGLD������

>��@ 7KLGD�:LQ��1DQJ�6DEDL��DQG�+QLQ�1DQGDU�0DXQJ´ $QDO\VLV�RI�YDULDEOH�IUHTXHQF\�WKUHH�SKDVH�LQGXFWLRQ�PRWRU�

GULYH´��:RUOG�DFDGHP\�RI�VFLHQFH� (QJLQHHULQJ�DQG�WHFKQRORJ\������

>��@ 0�6��$VSDOOL��9LQD\D�.XPDU��3�9�+XQDJXQG��'HYHORSPHQW�DQG�$QDO\VLV�RI�9DULDEOH�)UHTXHQF\�7KUHH�3KDVH�

,QGXFWLRQ�0RWRU�'ULYH��,-�(7$�(76��-XO\ ���'HF�����9RO����,VVXH���33���������

>��@ 0�6�$VSDOOL��9HHUHQGUD�'��3�9�+XQDJXQG��$�1HZ�JHQHUDWLRQ�9/6,�DSSURDFK�IRU�9�)�FRQWURO�RI�7KUHH�3KDVH�

,QGXFWLRQ� 0RWRU�� 3URFHHGLQJV� RI� WKH ,QWHUQDWLRQDO� &RQIHUHQFH� RQ� 9/6,� &RPPXQLFDWLRQ� DQG� ,QVWUXPHQWDWLRQ��

$SULO�WK��WK��������.RWWD\DP��,QGLD�

΀ϱϮ΁0�+DUVKD�9DUGKDQ�5HGG\�DQG�9��-HJDWKHVDQ��³2SHQ�ORRS�9�I�&RQWURO�RI�,QGXFWLRQ�0RWRU�EDVHG�RQ�K\EULG�3:0�

ZLWK�5HGXFHG�7RUTXH�5LSSOH´��,&(7(&7�������.DUXQ\D�8QLYHUVLW\�
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$33(1',;�,

&�&2'(�)25�,1,7,$7,21
�LQFOXGH �V\V�DOWBVWGLR�K�
�LQFOXGH �V\VWHP�K�
�LQFOXGH �VWGLR�K!
�LQFOXGH �VWGOLE�K!
�LQFOXGH �DOWBW\SHV�K!
�LQFOXGH �$'&B3(*B9��K�
�LQFOXGH �'$&B3(*B9�BUHJV�K�
�LQFOXGH �3,B3(*B9�BUHJV�K�
�LQFOXGH �3:0B3(*B9�BUHJV�K�
�LQFOXGH �3:0B�3+B3(*B9�BUHJV�K�
�LQFOXGH �7,0(5B3(*B9�BUHJV�K�
�LQFOXGH �$/3+$B%(7$B72B$%&B3(*B9��K�
�LQFOXGH �UHJBYDOXHV�K�
�LQFOXGH �V\V�DOWBLUT�K!

H[WHUQ YRLG ,65�DOWBX����
VWDWLF YRLG ,65BOHJDF\BLUTKDQGOHU �YRLG
���DOWBX�� ��

DOWBX� LQLWBKZBLSV��
^

DOWBX� UHVXOW ��

�
���������������������������������������������������������������
���������������


,QLWLDOL]LQJ�3:0�IRU��SK�,QYHUWHU

���������������������������������������������������������������

���������������

�

LQLWBWKUHHBSKBSZP�3:0B�3+B3(*B9�B�B%$6(�SZPBPD[BFQWBLQYHUWHU�SZPBGHDGBF
QWBLQYHUWHU����EDVH�PD[BFQW�GHDGBFQW

FWUOBUHJBWKUHHBSKBSZP�3:0B�3+B3(*B9�B�B%$6(�SZPBFWUOBUHJBLQYHUWHU����%D
VH�&WUO UHJ

�
���������������������������������������������������������������
���������������


,QLWLDOL]LQJ�3:0�IRU�%RRVW�&RQYHUWHU

���������������������������������������������������������������

���������������

�

LQLWBSZP�3:0B3(*B9�B�B%$6(�SZPBPD[BFQWBERRVW�SZPBGHDGBFQWBERRVW����EDVH
�PD[BFQW�GHDGBFQW

FWUOBUHJBSZP�3:0B3(*B9�B�B%$6(�SZPBFWUOBUHJBERRVW����%DVH�&WUO UHJ
�
�����������������������������������������������������������������

�������������

,QLWLDOL]LQJ�$'&

�����������������������������������������������������������������

�������������

�
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HQDEOHBDGF�$'&B3(*B9�B�B%$6(�DGFBFWUOUBFWUOBUHJ����EDVH�&RQWURO
DGFBLQ�$'&B3(*B9�B�B%$6(�DGFBUDQBUHJB�������EDVH��GDWDBLQB$'&
DGFBLQ�$'&B3(*B9�B�B%$6(�DGFBUDQBUHJB�������EDVH��GDWDBLQB$'&
DGFBLQ�$'&B3(*B9�B�B%$6(�DGFBVHTBUHJ������EDVH��GDWDBLQB$'&
DGFBLQ�$'&B3(*B9�B�B%$6(�DGFBFWUOBUHJ�������EDVH��GDWDBLQB$'&
DGFBLQ�$'&B3(*B9�B�B%$6(��[�����������EDVH��GDWDBLQB$'&

�
HQDEOHBDGF�$'&B3(*B9�B�B%$6(�DGFBFWUOUBFWUOBUHJ����EDVH�&RQWURO
DGFBLQ�$'&B3(*B9�B�B%$6(�DGFBFWUOBUHJ�������EDVH��GDWDBLQB$'&
DGFBLQ�$'&B3(*B9�B�B%$6(�DGFBVHTBUHJ������EDVH��GDWDBLQB$'&
DGFBLQ�$'&B3(*B9�B�B%$6(�DGFBUDQBUHJB�������EDVH��GDWDBLQB$'&
DGFBLQ�$'&B3(*B9�B�B%$6(�DGFBUDQBUHJB�������EDVH��GDWDBLQB$'&

�
�
����������������������������������������������������������������

��������������

,QLWLDOL]LQJ�3,�&RQWUROOHU

�����������������������������������������������������������������

�������������

�

LQLWBSL�3,B3(*B9�B�B%$6(�SLB.S�SLB.L��[����������[������������%DVH�.S�.
L�DQWLBZLQGXSBPD[��DQWLBZLQGXSBPLQ�UHJLVWHUV

HQDEOHBSL�3,B3(*B9�B�B%$6(�SLBFWUOBUHJ����(QDEOH�3,
�
���������������������������������������������������������������

���������������

,QLWLDOL]LQJ�'$&

���������������������������������������������������������������

���������������

�

HQDEOHBGDF�'$&B3(*B9�B�B%$6(�GDFBFWUOUBFWUOBUHJ����EDVH�&RQWURO
GDFBLQ�'$&B3(*B9�B�B%$6(�GDFBFWUOB�BUHJ����EDVH��GDWDBLQB'$&
�
���������������������������������������������������������������

���������������

,QLWLDOL]LQJ�7,0(5

���������������������������������������������������������������

���������������

�

KZBSUGBWLPHU�7,0(5B3(*B9�B�B%$6(�7,0(5B35'��

DOWBLUTBUHJLVWHU�7,0(5B3(*B9�B�B,54�18//�,65BOHJDF\BLUTKDQGOHU����UHJLVWHU�LU
RI�3:0

KZBFWUOBUHJBWLPHU�7,0(5B3(*B9�B�B%$6(��[����

LQLWBDOSKDEHWDBDEF�$/3+$B%(7$B72B$%&B3(*B9�B�B%$6(��[������

UHWXUQ�UHVXOW��
`

VWDWLF YRLG ,65BOHJDF\BLUTKDQGOHU �YRLG
�FRQWH[W��DOWBX�� LG���,QWHUUXSW�
KDQGOHU
^

DOWBLUTBGLVDEOH�LG��
,65�LG��
DOWBLUTBHQDEOH�LG��

`
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&�&2'(�)25�5(*,67(5�'(),1,7,21

�LIQGHI 5(*B9$/8(6B+B
�GHILQH 5(*B9$/8(6B+B
�
���������������������������������������������������������������������������
���

�5HJLVWHU�YDOXHV�IRU�3:0��ERRVW�&RQYHUWHU�

�)FDUULHU  ���N+]

����������������������������������������������������������������������������
��

�
�GHILQH SZPBPD[BFQWBERRVW��[����
�GHILQH SZPBGHDGBFQWBERRVW��[���
�GHILQH SZPBFWUOBUHJBERRVW��[���)
�
���������������������������������������������������������������������������
���

�5HJLVWHU�YDOXHV�IRU�3:0��,QYHUWHU�

�)FDUULHU  ��N+]

����������������������������������������������������������������������������
��

�
�GHILQH SZPBPD[BFQWBLQYHUWHU��[&���
�GHILQH SZPBGHDGBFQWBLQYHUWHU��[���
�GHILQH SZPBFWUOBUHJBLQYHUWHU��[���)
�
���������������������������������������������������������������������������
���

�5HJLVWHU�YDOXHV�IRU�3,�&RQWUROOHU

����������������������������������������������������������������������������
��

�
�GHILQH SLB.S��[$
�GHILQH SLB.L��[����
�GHILQH SLBFWUOBUHJ��[����

�
���������������������������������������������������������������������������
���

�5HJLVWHU�YDOXHV�IRU�6HULDO�63,�$'&�&RQWUROOHU

����������������������������������������������������������������������������
��

�
�GHILQH DGFBFWUOUBFWUOBUHJ��[����
�GHILQH DGFBFWUOBUHJ��[����
�GHILQH DGFBVHTBUHJ��[)&��
�GHILQH DGFBUDQBUHJB���[%)��
�GHILQH DGFBUDQBUHJB���[&���

�
�GHILQH�DGFBFWUOUBFWUOBUHJ��[����
�GHILQH�DGFBFWUOBUHJ��[����
�GHILQH�DGFBVHTBUHJ��[(���
�GHILQH�DGFBUDQBUHJB���[%)(�
�GHILQH�DGFBUDQBUHJB���[')(�
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�
�
���������������������������������������������������������������������������
���

�5HJLVWHU�YDOXHV�IRU�6HULDO�63,�'$&�&RQWUROOHU
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�� 6LQJOH�LQVWUXFWLRQ�EDUUHO�VKLIWHU�
�� $FFHVV�WR�D�YDULHW\�RI�RQ�FKLS�SHULSKHUDOV��DQG�LQWHUIDFHV�WR�RII�FKLS�PHPRULHV�DQG�
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