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,� DP� GHHSO\� LQGHEWHG� WR� P\� JXLGH�'U�� <DGXYLU� 6LQJK�� $VVLVWDQW� 3URIHVVRU��
(OHFWURQLFV� DQG� ,QVWUXPHQWDWLRQ� (QJLQHHULQJ� 'HSDUWPHQW� ZKRVH� H[SHUW�
JXLGDQFH�KHOSHG�PH�LQ�FRPSOHWLRQ�RI�WKH�HQWLUH�ZRUN�RI�WKHVLV��
,� DP� WKDQNIXO� WR� 6K�� -�� 6�� 6DLQL�� /HFWXUHU�� 0HFKDQLFDO� (QJLQHHULQJ�
'HSDUWPHQW�� 7,(7�� 3DWLDOD�� IRU� KLV� YDOXDEOH� VXJJHVWLRQV� DQG� NLQG�
HQFRXUDJHPHQW�DW�DOO�VWDJHV�RI�WKLV�WKHVLV�ZRUN��
,�DP�DOVR�WKDQNIXO�WR�DOO�P\�IULHQGV�ZKR�KHOSHG�PH�LQ�DOO�SRVVLEOH�ZD\V�WRZDUGV�
VXFFHVVIXO� FRPSOHWLRQ� RI� P\� WKHVLV� ZRUN�� ,� DOVR� WDNH� WKH� RSSRUWXQLW\� WR� WKDQN�
HQWLUH�IDFXOW\�DQG�VWDII�RI�0('��7,(7�3$7,$/$��IRU�WKHLU�KHOS��LQVSLUDWLRQ�DQG�
PRUDO�VXSSRUW��ZKLFK�ZHQW�D�ORQJ�ZD\�LQ�VXFFHVVIXO�FRPSOHWLRQ�RI�P\�WKHVLV��
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�
9HU\�DFFXUDWH�SRVLWLRQLQJ�LV�UHTXLUHG�LQ�PHFKDQLFDO�GHYLFHV�VXFK�DV�VXUJLFDO�WRROV��
FRPSXWHUV�GLVN�GULYHV�DVVHPEO\�URERWV��PLFUR�PHFKDQLVPV�HWF��)RU�PDQ\�RI�WKHVH�
GHYLFHV� WKH� SHUIRUPDQFH� LV� OLPLWHG� E\� IULFWLRQ�� ZKLFK� PD\� LQGXFH� XQGHVLUDEOH�
WUDFNLQJ�HUURU��OLPLW�F\FOH�DQG�VWLFN�VOLS�PRWLRQ��7KH�QHJDWLYH�HIIHFW�RI�WKH�IULFWLRQ�
LV�PRUH� VLJQLILFDQW� DW� ORZ�YHORFLWLHV��3UHFLVH�SRVLWLRQLQJ�� LQ�SDUWLFXODU�� FRQWURO�RI�
YHU\� VPDOO� GLVSODFHPHQW� LV� DQ� HVSHFLDOO\� GLIILFXOW� SUREOHP� IRU� GLUHFW� GULYH�
PHFKDQLVP��7KHVH�GHYLFHV�KDYH�QRQ� WUDQVPLVVLRQ�EHWZHHQ�GULYH� DQG� WKH�RXWSXW�
PRWLRQ��7KH�DEVHQFH�RI�WUDQVPLVVLRQ�PHFKDQLVP�FRPELQHG�ZLWK�WKH�H[LVWHQFH�RI�
QRQ�OLQHDU�IULFWLRQ�RIWHQ�FUHDWHV�SUREOHPV�ZLWK�SUHFLVH�SRVLWLRQLQJ��
)ULFWLRQ� SDUDPHWHUV� YDU\�ZLWK� ORDG� DV� ZHOO� DV� ZLWK�PDQ\� HQYLURQPHQWDO� IDFWRUV��
WKHUHIRUH�� LW� LV� DOZD\V� HVVHQWLDO� WR�GHWHFW� WKH� IULFWLRQ� LQ� WKH�PRYLQJ�SDUWV� DW� YHU\�
ORZ�YHORFLW\��,Q�WKLV�WKHVLV�D�IX]]\�ORJLF�DSSURDFK�LV�SUHVHQWHG�WR�SUHGLFW�WKH�QRQ�
OLQHDU��VWLFN�VOLS��IULFWLRQ�LQ�WKH�PHFKDQLFDO�GHYLFHV��
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3DJH�1R��
&KDSWHU���� )ULFWLRQ�

��� ,QWURGXFWLRQ�
��� )RUFH�RI�IULFWLRQ�
��� 6WDWLF�IULFWLRQ�
��� .LQHWLF�IULFWLRQ�
��� 5HODWLRQVKLS�EHWZHHQ�WKH�NLQHWLF�IULFWLRQ�IRUFH�DQG�

QRUPDO�IRUFH �
��� 5HODWLRQVKLS�EHWZHHQ�VWDWLF�IULFWLRQ�IRUFH�DQG�WKH�

QRUPDO�IRUFH �
��� 7KH�FRHIILFLHQW�RI�NLQHWLF�DQG�VWDWLF�IULFWLRQ �

&KDSWHU���� /LWHUDWXUH�6XUYH\�
&KDSWHU���� )X]]\�/RJLF�

��� ,QWURGXFWLRQ�
��� )X]]\�VHWV�
��� )X]]\�VHW�RSHUDWLRQ �

����� 8QLRQ�
����� ,QWHUVHFWLRQ�
����� &RPSOLPHQW �

��� )X]]\�UXOHV�
��� )X]]\�FRQWURO �
��� $GYDQWDJHV�RI�IX]]\�ORJLF �

����� )X]]\�ORJLF�UHGXFHV�GHVLJQ�GHYHORSPHQW�F\FOH �
����� )X]]\�ORJLF�VLPSOLILHV�GHVLJQ�FRPSOH[LW\ �
����� )X]]\�ORJLF�LPSURYHV�WLPH�WR�PDUNHW �

��� $UWLILFLDO�1HXUDO�1HWZRUNV �
��� 2YHU�YLHZ�
��� :KDW�H[DFWO\�LV�D�QHXUDO�QHWZRUN" �
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���� 7KH�SHUFHSWURQ�RU�D�QHWZRUN�IRU�GHFLVLRQ�PDNLQJ �
���� 7KH�PXOWLOD\HU�SHUFHSWURQ�PRGHO �
���� 1HXUR�FRQWURO �
���� $SSOLFDWLRQ�RI�DUWLILFLDO�QHXUDO�QHWZRUN �
���� $GYDQWDJHV�RI�DUWLILFLDO�QHXUDO�QHWZRUN �
���� /LPLWDWLRQV�WR�QHXUDO�QHWZRUNV �

&KDSWHU���� 0RGHOLQJ�DQG�6LPXODWLRQ�
��� :KDW�LV�IX]]\�ORJLF�WRROER[" �
��� 7KH�WRROER[�FDWHJRULHV �
��� :KDW�FDQ�IX]]\�ORJLF�WRROER[�GR" �
��� )X]]\�,QIHUHQFH �
��� )RXQGDWLRQV�RI�IX]]\�ORJLF �
��� ,QWHUSUHWLQJ�,) �7+(1�UXOHV�
��� )X]]\�LQIHUHQFH�V\VWHPV �
��� *UDSKLF�XVHU�LQWHUIDFH �
��� 0RGHOLQJ�

����� 7KH�PHPEHUVKLS�IXQFWLRQ�HGLWRU �
���������,QSXW�PHPEHUVKLS�IXQFWLRQ�YHORFLW\ �
���������,QSXW�PHPEHUVKLS�IXQFWLRQ�VDPSOHU �
���������2XWSXW�PHPEHUVKLS�IXQFWLRQ�FRHIILFLHQW�

RI�IULFWLRQ�
����� 5XOHV�HGLWRU�
����� 5XOH�YLHZHU �
����� 6XUIDFH�YLHZHU �
����� 6QDSVKRWV�

���� $1),6�*8,�IRU�$GYDQFHG�)X]]\�/RJLF�)ULFWLRQ�
&RPSHQVDWRU �
������ 7KH�),6�HGLWRU�IRU�DGYDQFH�IULFWLRQ�FRPSHQVDWRU �
������ $QILV�HGLWRU �
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����������/RDG�GDWD�
���������*HQHUDO�),6�
����������7UDLQ�),6�
����������7HVW�),6�

������ 0HPEHUVKLS�IXQFWLRQ�HGLWRU �
����������0HPEHUVKLS�IXQFWLRQ�HGLWRU�IRU�LQSXW�� �
����������0HPEHUVKLS�IXQFWLRQ�HGLWRU�IRU�LQSXW�� �
����������0HPEHUVKLS�IXQFWLRQ�HGLWRU�IRU�RXWSXW �

������ 5XOH�HGLWRU�
������ 7KH�UXOH�YLHZHU �
������ 7KH�VXUIDFH�YLHZHU�
������ $QILV�PRGHO�VWUXFWXUH �

&KDSWHU���� 5HVXOWV�DQG�'LVFXVVLRQV�
&KDSWHU���� &RQFOXVLRQ�DQG�)XWXUH�6FRSH�

5HIHUHQFHV�
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�
�
���� ,QWURGXFWLRQ�
7KH�IRUFH�RI�IULFWLRQ�LV�D�FRPPRQ�EXW�FRPSOH[�IRUFH��7KH�H[DFW�PHWKRG�E\�ZKLFK�
IULFWLRQ� ZRUNV� LV� VWLOO� D� WRSLF� RI� JUHDW� VFLHQWLILF� LQWHUHVW� EXW� ZH� FDQ� PDNH� VRPH�
JHQHUDO� VWDWHPHQWV� DERXW� LW��:H�GR�NQRZ� WKDW� LW� DULVHV� IURP� WKH� HOHFWURPDJQHWLF�
IRUFHV�EHWZHHQ�DWRPV�DQG�PROHFXOHV�DW�WKH�VXUIDFHV�RI�REMHFWV���

:H�FDQ�EXLOG�D�VLPSOH�PRGHO�RI�WKH�IULFWLRQ�IRUFH�WKDW�LV�XVHIXO�LQ�PDQ\�VLWXDWLRQV��
7KH�PRGHO�IULFWLRQ�IRUFH�KDV�WKH�IROORZLQJ�SURSHUWLHV���

• 7KHUH�DUH�WZR�W\SHV�RI�IULFWLRQDO�IRUFH��7KH�IRUFH�RI�VWDWLF�IULFWLRQ�DQG�WKH�
IRUFH�RI�NLQHWLF�IULFWLRQ��

• 7KH�GLUHFWLRQ�RI�WKH�VWDWLF�IULFWLRQDO�IRUFH�LV�DORQJ�WKH�FRQWDFW�VXUIDFH�DQG�
RSSRVLWH�LQ�GLUHFWLRQ�RI�DQ\�DSSOLHG�IRUFH��

• 7KH� GLUHFWLRQ� RI� WKH� NLQHWLF� IULFWLRQDO� IRUFH� LV� RSSRVLWH� WKH� GLUHFWLRQ� RI�
PRWLRQ�RI�WKH�REMHFW�LW�DFWV�RQ��

• 7KH�FRHIILFLHQWV�RI�IULFWLRQ�GHSHQG�RQ�WKH�QDWXUH�RI�WKH�VXUIDFH��
• 7KH�IULFWLRQDO�IRUFH� LV�QHDUO\� LQGHSHQGHQW�RI�WKH�FRQWDFW�DUHD�EHWZHHQ�WKH�

REMHFWV��
• 7KH�NLQHWLF� IULFWLRQ� IRUFH� LV�XVXDOO\� OHVV�WKDQ� WKH�PD[LPXP�VWDWLF� IULFWLRQ�

IRUFH���

���� )RUFH�RI�)ULFWLRQ��
:H�EHJLQ�ZLWK�DQ�REVHUYDWLRQ��:H�SODFH�DQ�REMHFW�ZLWK�D�PDVV�0�RQ�D�KRUL]RQWDO�
VXUIDFH�� 6LQFH� WKH� REMHFW� GRHVQ
W� PRYH�� WKH� VXP� RI� WKH� IRUFHV� LQ� WKH� [� DQG� \�
GLUHFWLRQV� PXVW� EH� ]HUR�� 7KHUH� DUH� QR� IRUFHV� RQ� WKH� REMHFW� LQ� WKH� KRUL]RQWDO�
GLUHFWLRQ�� ,Q� WKH�\�GLUHFWLRQ�ZH�KDYH�1�0J� ��� WKDW� LV� WKH�QRUPDO� IRUFH� LV�HTXDO�
DQG�RSSRVLWH�WR�WKH�ZHLJKW�RI�WKH�REMHFW��:H�QRZ�VWDUW�WR�WLS�WKH�VXUIDFH�DW�D�VPDOO�



DQJOH�¨��:H�NHHS�RXU�[�GLUHFWLRQ�LQ�WKH�GLUHFWLRQ�RI�WKH�SODQDU�VXUIDFH��$JDLQ��ZH�
ZULWH�GRZQ�WKH�IRUFHV�LQ�WKH�[�DQG�\�GLUHFWLRQV�

 
0=−=∑ θcosMgNFY �

0≠=∑ θsinMgFx �
���� 6WDWLF�)ULFWLRQ�
7KH� HTXDWLRQ� IRU� )[� VD\V� WKDW� WKH� IRUFH� LV� QRQ]HUR� VR� ZH� VKRXOG� LPPHGLDWHO\�
REVHUYH�WKH�REMHFW�WR�DFFHOHUDWH�GRZQ�WKH�SODQH��QR�PDWWHU�KRZ�VPDOO�WKH�DQJOH�¨��
7KLV� LV� DOPRVW� QHYHU� REVHUYHG�� :KDW� ZH� REVHUYH� LV� WKDW� WKH� REMHFW� UHPDLQV�
VWDWLRQDU\�RQ�WKH�SODQH��7KHUHIRUH��WKHUH�PXVW�EH�D�IRUFH�LQ�WKH�[�GLUHFWLRQ�WKDW�ZH�
KDYH�QRW�FRQVLGHUHG��7KLV�IRUFH�LV�WKH�IRUFH�RI�IULFWLRQ��2XU�IRUFH�HTXDWLRQ�LQ�WKH�
[�GLUHFWLRQ�EHFRPHV����

fx FsinMgF −=∑ θ ��
:KHUH�)I�LV�IRUFH�RI�IULFWLRQ�

1RZ��ZKDW� KDSSHQV� DV�ZH�PDNH� WKH� DQJOH� VWHHSHU"�%\� LQFUHDVLQJ� WKH� DQJOH�� ZH�
LQFUHDVH� WKH� IRUFH� LQ� WKH� [�GLUHFWLRQ�� �5HPHPEHU�� WKH� IRUFH� LQ� WKH� [�GLUHFWLRQ� LV�
0JVLQ¨�ZKLFK� JHWV� ODUJHU� DV�ZH� LQFUHDVH� WKH� DQJOH���+RZHYHU�� WKH� EORFN� UHPDLQV�
VWDWLRQDU\�XQWLO�ZH� UHDFK�D�FULWLFDO� DQJOH�¨F��)RU�DQJOHV�JUHDWHU� WKDQ�¨F�� WKH�EORFN�
ZLOO�DFFHOHUDWH�GRZQ�WKH�SODQH��:KDW�GRHV�WKLV�VD\�DERXW�WKH�IRUFH�RI�IULFWLRQ�IRU�
DQJOHV�OHVV�WKDQ�¨F"�7KLV�PHDQV�WKDW�WKH�IRUFH�RI�IULFWLRQ�PXVW�DOVR�LQFUHDVH�DV�WKH�
DQJOH�LQFUHDVHV� LQ�RUGHU�WR�EDODQFH�WKH�FRPSRQHQW�RI�WKH�IRUFH� LQ�WKH�SRVLWLYH�[�
GLUHFWLRQ��
,I� WKH� REMHFW� LV� VWDWLRQDU\�� WKH� IULFWLRQDO� IRUFH� DGMXVWV� WR� EDODQFH� WKH� RWKHU�
KRUL]RQWDO� IRUFHV� DFWLQJ� RQ� WKH� REMHFW�� 7KLV� IULFWLRQDO� IRUFH� LV� XVXDOO\� FDOOHG� WKH�
VWDWLF�IULFWLRQ��
�



���� .LQHWLF�)ULFWLRQ�
:H�QRWHG�DERYH�WKDW�DV�ZH�LQFUHDVH�WKH�LQFOLQDWLRQ�DQJOH��WKHUH�ZLOO�EH�VRPH�SRLQW�
ZKHUH�WKH�FRPSRQHQW�RI�WKH�IRUFH�LQ�WKH�GLUHFWLRQ�RI�PRWLRQ�EHFRPHV�ODUJHU�WKDQ�
WKH�IRUFH�RI�IULFWLRQ��7KLV�PHDQV�WKDW�WKHUH�PXVW�EH�VRPH�PD[LPXP�YDOXH�IRU�WKH�
PDJQLWXGH�RI�VWDWLF�IULFWLRQ�EHWZHHQ�WZR�JLYHQ�REMHFWV��2QFH�WKLV�PD[LPXP�YDOXH�
LV�H[FHHGHG��WKH�REMHFW�EHJLQV�WR�PRYH�GRZQ�WKH�SODQH��
<RX�ZRXOG�WKLQN�WKDW�DW�WKH�FULWLFDO�DQJOH��WKH�IRUFH�RI�IULFWLRQ�ZRXOG�EH�EDODQFHG�
E\�WKH�IRUFH�DFWLQJ�GRZQ�WKH�SODQH��,Q�WKLV�FDVH��WKH�REMHFW�ZRXOG�PRYH�GRZQ�WKH�
SODQH�DW�D�FRQVWDQW�YHORFLW\��+RZHYHU��WKLV�LV�QRW�ZKDW�LV�XVXDOO\�REVHUYHG��:KDW�LV�
REVHUYHG�LV�WKDW�WKH�REMHFW�DFFHOHUDWHV�GRZQ�WKH�SODQH��7KLV�LV�EHFDXVH�WKH�IRUFH�RI�
IULFWLRQ� DFWXDOO\� GHFUHDVHV� VRPHZKDW�� RQFH� WKH� REMHFW� EHJLQV� WR� PRYH� RYHU� WKH�
VXUIDFH��:H�FDOO�WKH�IRUFH�RI�IULFWLRQ�RQ�D�PRYLQJ�REMHFW�LWV�NLQHWLF�IULFWLRQ��
�
���� 5HODWLRQVKLS� EHWZHHQ� WKH�.LQHWLF� )ULFWLRQDO� )RUFH� DQG� WKH�1RUPDO�
)RUFH�
7KH� IRUFH�RI� IULFWLRQ�GHSHQGV�RQ� WKH� FRQWDFW� IRUFHV�EHWZHHQ� WKH�REMHFW� DQG� WKH�
VXUIDFH� WKDW� LW�PRYHV�XSRQ��:H�FDOO� WKLV� IRUFH�RI�FRQWDFW� WKH�QRUPDO� IRUFH��7KH�
QRUPDO�IRUFH�LV�DOZD\V�SHUSHQGLFXODU�WR�WKH�VXUIDFH�RI�PRWLRQ��:KLOH�WKH�IRUFH�RI�
NLQHWLF�IULFWLRQ�FDQ�EH�TXLWH�FRPSOLFDWHG��LW�KDV�EHHQ�IRXQG�WKDW�LQ�PRVW�FDVHV��WKH�
PDJQLWXGH�RI�WKH�.LQHWLF�)ULFWLRQDO�)RUFH�LV�VLPSO\�SURSRUWLRQDO�WR�WKH�PDJQLWXGH�
RI�WKH�1RUPDO�)RUFH��7KHUHIRUH��ZH�FDQ�ZULWH�

)( onlymagnitudeNF kf µ= �
ZKHUH��N�LV�WKH�FRHIILFLHQW�RI�NLQHWLF�IULFWLRQ��7KH�FRHIILFLHQW�RI�NLQHWLF�IULFWLRQ�LV�
VLPSO\�D�QXPEHU���L�H�� LW� LV�GLPHQVLRQOHVV���DQG�WKDW�GHSHQGV�RQ�WKH�QDWXUH�RI�WKH�
VXUIDFH� DQG� REMHFW�� 7KH� )RUFH� RI� .LQHWLF� )ULFWLRQ� LV� DOZD\V� LQ� WKH� RSSRVLWH�
GLUHFWLRQ�RI�WKH�PRWLRQ��
�
���� 5HODWLRQVKLS� EHWZHHQ� WKH� 6WDWLF� )ULFWLRQDO� )RUFH� DQG� WKH� 1RUPDO�
)RUFH�
7KH� IRUFH� RI� VWDWLF� IULFWLRQ� DOVR� GHSHQGV� RQ� WKH�1RUPDO� IRUFH�� 6LQFH� WKH� VWDWLF�
IRUFH� FDQ� FKDQJH� GHSHQGLQJ� RQ� WKH� DSSOLHG� IRUFH�� LW� LV� GLIILFXOW� WR� ZULWH� DQ�



HTXDWLRQ� WKDW� DSSOLHV� LQ� DOO� FDVHV��+RZHYHU�� WKHUH� LV� D� UHODWLRQVKLS� EHWZHHQ� WKH�
QRUPDO�IRUFH�DQG�WKH�PD[LPXP�IRUFH�RI�VWDWLF�IULFWLRQ��7KLV�UHODWLRQVKLS�LV�

NF ss µ=.)(max �
ZKHUH�)V�PD[��PHDQV�WKH�PD[LPXP�VWDWLF�IULFWLRQDO�IRUFH�DQG��V�LV�WKH�FRHIILFLHQW�
RI� VWDWLF� IULFWLRQ�� 6LQFH� WKLV� LV� WKH� PD[LPXP� IRUFH� RI� VWDWLF� IULFWLRQ�� ZH� DOZD\V�
NQRZ�WKDW�

NF ss µ≤ �
���� 7KH�&RHIILFLHQW�RI�.LQHWLF�DQG�6WDWLF�)ULFWLRQ�
7KH�FRHIILFLHQWV�RI�IULFWLRQ�DUH�QXPEHUV�ZKLFK�DUH�GHWHUPLQHG�IURP�H[SHULPHQW��
7KH\�DUH�PDWHULDO�SDUDPHWHUV��ZKLFK�PHDQV� WKDW� WKH�QXPEHU�ZH�JHW�GHSHQGV�RQ�
ZKDW�WKH�PDWHULDO�ZH�FRQVLGHU��:H�FDQ
W�VD\�WKDW�WKH�FRHIILFLHQW�RI�IULFWLRQ�IRU�VWHHO�
LV������RU�WKH�FRHIILFLHQW�IRU�JODVV�LV�������7KLV�LV�EHFDXVH��N�GHSHQGV�RQ�ERWK�WKH�
REMHFW�DQG�WKH�SODQDU�VXUIDFH��7KH�FRHIILFLHQW�RI�VWHHO�VOLGLQJ�RQ�D�SLHFH�RI�JODVV�LV�
QRW�WKH�VDPH�DV�IRU�VWHHO�RQ�ZRRG��7KH�FRHIILFLHQW�RI�IULFWLRQ�DOVR�GHSHQGV�RQ�WKH�
VXUIDFH�WH[WXUHV�RI�WKH�REMHFW�DQG�SODQH��
�
7KH�FRHIILFLHQW�RI�VWDWLF�IULFWLRQ�DOVR�GHSHQGV�RQ�WKH�PDWHULDOV�DQG�VXUIDFH�WH[WXUHV�
RI� WKH� REMHFWV� LQ� FRQWDFW�� 6LQFH� ZH� NQRZ� WKDW� WKH� IRUFH� RI� IULFWLRQ� GHFUHDVHV�
VRPHZKDW�ZKHQ�WKH�REMHFW�LV�LQ�PRWLRQ��ZH�NQRZ�WKDW�

sk µµ < �
�
&RXORPE·V� ODZV�RI�GU\� IULFWLRQ�KDYH� EHHQ�ZHOO� NQRZQ� IRU� RYHU� ���� \HDUV��7KH\�
VWDWH� WKDW� WKH�IULFWLRQ�IRUFH� LV�JLYHQ�E\�D�PDWHULDO�SDUDPHWHU� �IULFWLRQ�FRHIILFLHQW��
WLPHV�WKH�QRUPDO�IRUFH��7KH�FRHIILFLHQW�RI�VWDWLF�IULFWLRQ��L�H��WKH�IRUFH�QHFHVVDU\�WR�
VWDUW�VOLGLQJ��LV�DOZD\V�HTXDO�WR�RU�ODUJHU�WKDQ�WKH�FRHIILFLHQW�RI�NLQHWLF�IULFWLRQ��L�H��
WKH�IRUFH�QHFHVVDU\�WR�NHHS�VOLGLQJ�DW�D�FRQVWDQW�YHORFLW\���7KH�G\QDPLFDO�EHKDYLRU�
RI� D� PHFKDQLFDO� V\VWHP� ZLWK� GU\� IULFWLRQ� LV� QRQOLQHDU� EHFDXVH� &RXORPE·V� ODZV�
GLVWLQJXLVK� EHWZHHQ� VWDWLF� IULFWLRQ� DQG� NLQHWLF� IULFWLRQ�� ,I� WKH� NLQHWLF� IULFWLRQ�
FRHIILFLHQW� LV� OHVV� WKDQ� WKH� VWDWLF�RQH�� VWLFN²VOLS�PRWLRQ�RFFXUV�ZKHUH� WKH� VOLGLQJ�
VXUIDFHV�DOWHUQDWHO\�VZLWFK�EHWZHHQ�VWLFNLQJ�DQG�VOLSSLQJ�LQ�D�PRUH�RU�OHVV�UHJXODU�
IDVKLRQ��7KLV� MHUN\�PRWLRQ� OHDGV� WR� WKH� HYHU\GD\� H[SHULHQFH�RI� VTXHDNLQJ� GRRUV�
DQG�VLQJLQJ�YLROLQV��



(YHQ� WKRXJK�&RXORPE·V� ODZV�DUH� VLPSOH� DQG�ZHOO� HVWDEOLVKHG� �PDQ\�FDOFXODWLRQV�
LQ� HQJLQHHULQJ� UHO\� RQ� WKHVH� ODZV��� WKH\� FDQQRW� EH� GHULYHG� LQ� D� ULJRURXV� ZD\�
EHFDXVH�GU\�IULFWLRQ�LV�D�SURFHVV�ZKLFK�RSHUDWHV�PRVWO\�IDU�IURP�HTXLOLEULXP��,W�LV�
WKHUHIRUH�QR�VXUSULVH�WKDW�GHYLDWLRQV�IURP�&RXORPE·V�ODZV�KDYH�RIWHQ�EHHQ�IRXQG�
LQ�H[SHULPHQWV��7\SLFDO�GHYLDWLRQV�DUH�DV�IROORZV��
�L� 6WDWLF�IULFWLRQ�LV�QRW�FRQVWDQW�EXW�LQFUHDVHV�ZLWK�WKH�VWLFNLQJ�WLPH�L�H��WKH�WLPH�

VLQFH� WKH� WZR� VOLGLQJ� VXUIDFHV� KDYH� EHHQ� LQ� FRQWDFW� ZLWKRXW� DQ\� UHODWLYH�
PRWLRQ��

�LL� .LQHWLF� IULFWLRQ�GHSHQGV� RQ� WKH� VOLGLQJ� YHORFLW\�� IRU�YHU\� ODUJH� YHORFLWLHV�� LW�
LQFUHDVHV�URXJKO\�OLQHDUO\�ZLWK�WKH�VOLGLQJ�YHORFLW\�OLNH�LQ�YLVFRXV�IULFWLRQ��

&RPLQJ� IURP� ODUJH� YHORFLWLHV�� WKH� IULFWLRQ� ILUVW� GHFUHDVHV�� JRHV� WKURXJK� D�
PLQLPXP�� DQG� WKHQ� LQFUHDVHV�� ,Q� WKH� FDVH� RI� ERXQGDU\� OXEULFDWLRQ� �L�H�� D� IHZ�
PRQR�OD\HUV�RI�VRPH�OXEULFDQW�DUH�EHWZHHQ�WKH�VOLGLQJ�VXUIDFHV��LW�GHFUHDVHV�DJDLQ�
IRU�YHU\�ORZ�YHORFLWLHV��VHH�ILJXUH���7KH�FRHIILFLHQW�RI�NLQHWLF�IULFWLRQ�DV�D�IXQFWLRQ�
RI� WKH� VOLGLQJ� YHORFLW\� WKHUHIRUH� KDV� DW� OHDVW� RQH� H[WUHPLVP��7KH� NLQHWLF� IULFWLRQ�
FDQ�H[FHHG�WKH�VWDWLF�IULFWLRQ��EXW�LQ�WKH�OLPLW�RI�]HUR�VOLGLQJ�YHORFLW\�LW�LV�VWLOO�OHVV�
WKDQ�RU�HTXDO�WR�WKH�VWDWLF�IULFWLRQ��

�
)LJXUH����VFKHPDWLFDOO\�VNHWFKHV�RI�W\SLFDO�YHORFLW\�GHSHQGHQW�NLQHWLF�IULFWLRQ�ODZV�

IRU��D��V\VWHPV�ZLWKRXW�DQG��E��V\VWHPV�ZLWK�ERXQGDU\�OXEULFDWLRQ��
�
�
�
�
�
�
�
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,Q�RUGHU�WR�GHVLJQ�WKH�DGYDQFHG�IX]]\�ORJLF�EDVHG�IULFWLRQ�SUHGLFWRU�IRU�URWDWLRQDO�
PHFKDQLFDO� V\VWHPV�� ILUVW� ZH� KDYH� WR� VWXG\� WKH� LQIOXHQFH� RI� IULFWLRQ� RQ� WKH�
SHUIRUPDQFH�RI�URWDWLRQDO�V\VWHPV�ZLWK�VORZ�VSHHG��WKH�OLWHUDWXUH�UHODWHG�WR�VWLFN�
VOLS�IULFWLRQ�KDYH�EHHQ�VWXGLHG���
�
0�5�3RSRYLF�HW��DO��>�@��GHVFULEHG�D�QHZ�DSSURDFK�WR�YHU\�DFFXUDWH�SRVLWLRQLQJ�
RI�PHFKDQLFDO�GHYLFHV�ZLWK�QRQOLQHDU�VWLFN�VOLS�IULFWLRQ�LV�SUHVHQWHG� LQ�WKLV�SDSHU��
7KH�SURSRVHG�FRQWUROOHU�DSSOLHV�QDUURZ�WRUTXH�SXOVHV�WR�PRYH�D�PHFKDQLVP�WR�D�
GHVLUHG� SRVLWLRQ� GHVSLWH� QRQOLQHDU� IULFWLRQ�� 7KH� SXOVH� VKDSHV� JHQHUDWHG� E\� WKH�
FRQWUROOHU� DUH� FRPSXWHG� XVLQJ� D� IX]]\� ORJLF� DSSUR[LPDWLRQ� RI� WKH� GHSHQGHQFH�
EHWZHHQ� WKH� GHVLUHG� GLVSODFHPHQW� DQG� WKH� WRUTXH� SXOVH� VKDSH�� 7KH� FORVHG� ORRS�
VWDELOLW\� FRQGLWLRQV� IRU� WKH� SURSRVHG� FRQWUROOHU� DUH� GHULYHG� WDNLQJ� LQWR�
FRQVLGHUDWLRQ�D�UDQGRP�YDULDWLRQ�RI�IULFWLRQ��$�GHWDLOHG�H[SHULPHQWDO�VWXG\�RI�WKH�
V\VWHP�UHVSRQVH�WR�GLIIHUHQW�WRUTXH�SXOVH�VKDSHV�DQG�D�GHWDLOHG�FRQWUROOHU�GHVLJQ�
DUH� SUHVHQWHG� IRU� D� GLUHFW� GULYH� PHFKDQLVP�� ,Q� WKH� H[SHULPHQWV� LW� ZDV�
GHPRQVWUDWHG�WKDW�WKH�SURSRVHG�FRQWUROOHU�DFKLHYHV�SRVLWLRQLQJ�DFFXUDF\�ZKLFK�LV�
ZLWKLQ� WKH� OLPLWV�RI� WKH�SRVLWLRQ�HQFRGHU�UHVROXWLRQ� 9HU\�DFFXUDWH�SRVLWLRQLQJ� LV�
UHTXLUHG� LQ� PHFKDQLFDO� GHYLFHV� VXFK� DV� VXUJLFDO� WRROV� FRPSXWHU� GLVN� GULYHV�
DVVHPEO\� URERWV� PLFUR�PHFKDQLVPV� HWF�� )RU� PDQ\� RI� WKHVH� GHYLFHV� WKH�
SHUIRUPDQFH�LV�OLPLWHG�E\�IULFWLRQ�FDXVHG�SRVLWLRQLQJ�HUURUV��3UHFLVH�SRVLWLRQLQJ�LQ�
SDUWLFXODU�FRQWURO�RI�YHU\�VPDOO�GLVSODFHPHQWV�LV�DQ�HVSHFLDOO\�GLIILFXOW�SUREOHP�IRU�
GLUHFW�GULYH�PHFKDQLVPV��7KHVH�GHYLFHV�KDYH�QR� WUDQVPLVVLRQ�EHWZHHQ� WKH�GULYH�
DQG�WKH�RXWSXW�PRWLRQ�DEVHQFH�RI�D�WUDQVPLVVLRQ�PHFKDQLVP�FRPELQHG�ZLWK�WKH�
H[LVWHQFH� RI� QRQOLQHDU� VWLFN�VOLS� IULFWLRQ� RIWHQ� FUHDWHV� SUREOHPV� ZLWK� SUHFLVH�
SRVLWLRQLQJ��
�
%ULDQ�$UPVWURQJ�>�@��([SODLQHG�WKDW�KRZ�IULFWLRQ�SOD\V�D�ODUJH�UROO�LQ�PHFKDQLFDO�
PRWLRQ�� %UXVK� W\SH� GF� VHUYR�PRWRUV� W\SLFDOO\� KDYH� D� EUHDN�DZD\� IULFWLRQ� WKDW� LV�



���WR����RI�WKH�IXOO�UDWHG�WRUTXH�RI�WKH�PRWRU��7KLV�VHWV�D� ORZHU�ERXQG�RQ�WKH�
IULFWLRQ� REVHUYHG� LQ� DQ\� PHFKDQLVP� HPSOR\LQJ� WKHVH� DFWXDWRUV�� 7KH� IULFWLRQ�
EHKDYLRU� RI� D� EUXVK� W\SH� G�F�� VHUYR�PRWRU� GULYHQ� PHFKDQLVP� ZLWK� JHDULQJ� LV�
H[SORUHG��7KH�VWDQGDUG�NLQHWLF�SOXV�YLVFRXV�IULFWLRQ�PRGHO�LV�IRXQG�WR�GHVFULEH�WKH�
GRPLQDQW�IULFWLRQ�EHKDYLRU��,Q�DGGLWLRQ��D�GHSHQGHQFH�RI�IULFWLRQ�XSRQ�SRVLWLRQ�LV�
LGHQWLILHG� DQG� QHJDWLYH� YHORFLW\� GHSHQGHQFH� LV� REVHUYHG� DW� ORZ� YHORFLWLHV�� $�
IULFWLRQ� PRGHO� LV� GHYHORSHG� DQG� XVHG� WR� SUH�FRPSXWH� PRWLRQ� WRUTXHV�� 7KH�
DSSOLFDWLRQ�RI�SUH�FRPSXWHG� WRUTXHV� LQ� DQ�RSHQ� ORRS� IDVKLRQ� UHVXOWV� LQ�PRWLRQV�
DFFXUDWH� WR�ZLWKLQ� D� IHZ�SHUFHQW�� )XUWKHUPRUH��KDUG�QRQ�OLQHDULWLHV� DQG�SRVVLEO\�
GHVWDELOL]LQJ�IULFWLRQ�HIIHFWV�DW�ORZ�YHORFLW\�FRPSRXQG�WKH�SUREOHPV�RI�FRQWURO���
�
%ULDQ�$UPVWURQJ�HW��DO��>�@��0DFKLQHV�DW� ORZ�YHORFLW\�H[KLELW� VWLFN�VOLS�PRWLRQ��
7KLV� SKHQRPHQRQ� LV� RI� SDUWLFXODU� LPSRUWDQFH� LQ� IRUFH� FRQWURO� RI� URERW�
PDQLSXODWRUV� EHFDXVH�PXFK� RI� WKH� IRUFH� FRUUHFWLQJ� DFWLRQ� FDQ� RFFXU� LQ� WKH� ORZ�
YHORFLW\�UHJLPH�RI�VWLFN�VOLS��([SHULPHQWDO�ZRUN�KDV�PDSSHG�RXW�WKH�VWUXFWXUH�RI�
6WULEHFN� IULFWLRQ�� D�QRQ�OLQHDU� ORZ�YHORFLW\� IULFWLRQ� HIIHFW� WKDW� FRQWULEXWHV� WR� DQG�
SHUKDSV�GRPLQDWHV�VWLFN�VOLS��,Q�WKLV�SDSHU�WKH�LPSOLFDWLRQV�RI�6WULEHFN�IULFWLRQ�IRU�
IHHGEDFN� FRQWURO� DUH� H[SORUHG�� 7KURXJK� WKH� XVH� RI� GLPHQVLRQDO� DQDO\VLV�� WKH�
IROORZLQJ�DUH�H[DPLQHG��

• 7KH�PLQLPXP�YHORFLW\�EHORZ�ZKLFK�VWLFN�VOLS�ZLOO�RFFXU��
• $FFXUDF\�RI�VHQVLQJ�UHTXLUHG�HOLPLQDWLQJ�VWLFN�VOLS�
• 7KH�VOLS�GLVWDQFH�GXULQJ�VWLFN�VOLS�PRWLRQ��
• 6FDOLQJ�RI�6WULEHFN�IULFWLRQ�DQG�VWLFN�VOLS��

�
3LHUUH� (�� 'XSRQW� >�@�� GLVFXVVHV� WKH� LPSRUWDQFH� RI� DSSURSULDWHO\� PRGHOLQJ�
IULFWLRQ� IRU� WKH� VLPXODWLRQ� DQG� FRQWURO� RI� KLJK� SHUIRUPDQFH� URERW� V\VWHPV��
,QFRUSRUDWLQJ� &RXORPE� W\SH� IULFWLRQ� LQ� WKH� G\QDPLF� HTXDWLRQV� LQWURGXFHV� WZR�
GLIILFXOWLHV� LQ� WKH� IRUZDUG� G\QDPLF� VROXWLRQ�� :H� VKRZ� WKDW� WKH� GLIIHUHQWLDO�
HTXDWLRQV�EHFRPH�GLVFRQWLQXRXV�LQ�WKH�KLJKHVW�RUGHU�GHULYDWLYH�WHUPV��,Q�DGGLWLRQ��
WKH� ORDG�GHSHQGHQF\�RI� WKLV� W\SH�RI� IULFWLRQ�JHQHUDOO\�FDXVHV� WKH�HTXDWLRQV� WR�EH�
LPSOLFLW� LQ� WKH� MRLQW� DFFHOHUDWLRQV�� )RU� WKH� LPSRUWDQW� FDVH� RI� ORDG�GHSHQGHQW�



WUDQVPLVVLRQ�IULFWLRQ�� WKH�HTXDWLRQV�DUH�VKRZQ� WR�EH�H[SOLFLW��7HFKQLTXHV� IRU� WKH�
IRUZDUG�VROXWLRQ�DUH�GHVFULEHG�WKURXJK�WKH�H[DPSOH�RI�D�UROOHU�VFUHZ�WUDQVPLVVLRQ��
([SHULPHQWDO� DQG� VLPXODWLRQ� UHVXOWV� DUH� XVHG� WR� VKRZ� WKH� LPSRUWDQFH� RI� ORDG�
GHSHQGHQW� IULFWLRQ� LQ� D� SDUWLFXODU� URERW�� ,PSOHPHQWDWLRQ� LVVXHV� DUH� GLVFXVVHG� DV�
ZHOO�DV�LPSOLFDWLRQV�IRU�URERW�FRQWURO��
�
+�� 5DFKRRU� >�@�� GHYHORSHG� D� IULFWLRQ� PRGHO� IRU� OXEULFDWHG� FRQWDFWV�� $� IHZ�
DQDO\VLV� PRGHOV� KDYH� EHHQ� GHYHORSHG� WR� LQYHVWLJDWH� WKH� IULFWLRQ� XQGHU� G\QDPLF�
YHORFLW\� FRQGLWLRQV�� ,Q� WKLV� VWXG\�� WZR� GLIIHUHQW� WULERORJLFDO� VLWXDWLRQV� VXFK� DV�
FRQIRUPDO� DQG� QRQ�FRQIRUPDO� FRQWDFWV� KDYH� EHHQ� FKRVHQ�� )ULFWLRQ� PRGHOLQJ�
FRYHUV�ERXQGDU\��PL[HG�DQG�IOXLG�ILOP�IULFWLRQ�UHJLRQV��$�QHZ�WKHRU\�EDVHG�RQ�WKH�
HODVWLF�SURSHUWLHV�RI�WKH�VXUIDFH�PDWHULDOV��DQG�IOXLG�ILOP�SURSHUWLHV�RI�WKH�OXEULFDQW�
DW� WKH� FRQWDFW� KDV� EHHQ� GHYHORSHG� WR� GHWHUPLQH� WKH� G\QDPLF� IULFWLRQ� LQ� WKH�
ERXQGDU\��PL[HG�DQG�IXOO�K\GURG\QDPLF�UHJLRQV��,Q�WKH�IXOO�IOXLG�ILOP�OXEULFDWLRQ�
UHJLRQV��IULFWLRQ�KDV�EHHQ�GHWHUPLQHG�IURP�WKH�OXEULFDWLRQ�SULQFLSDOV�EDVHG�RQ�WKH�
WULERORJLFDO� VLWXDWLRQV�� L�H��� K\GURG\QDPLF� OXEULFDWLRQ� WKHRU\� IRU� D� VKRUW� MRXUQDO�
EHDULQJ� DQG� HODVWR�K\GURG\QDPLF� OXEULFDWLRQ� WKHRU\� IRU� D� OLQH� FRQWDFW�� $�
FRQIRUPDO� FRQWDFW� IRUPHG� E\� D� VKRUW� MRXUQDO� EHDULQJ� RSHUDWLQJ� LQ� UHJLRQ�ZKHUH�
K\GURG\QDPLF�OXEULFDWLRQ�WKHRU\�LV�YDOLG�KDV�EHHQ�FRQVLGHUHG�WR�GHYHORS�D�PRGHO��
�
&��&DQXGDV�HW��DO��>�@��GHVFULEHG�D�QHZ�G\QDPLF�PRGHO�IRU�IULFWLRQ��7KH�PRGHO�
FDSWXUHV�PRVW�RI�WKH�IULFWLRQ�EHKDYLRU�WKDW�KDV�EHHQ�REVHUYHG�H[SHULPHQWDOO\��7KLV�
LQFOXGHV�WKH�6WULEHFN�HIIHFW��K\VWHUHVLV��VSULQJ�OLNH�FKDUDFWHULVWLFV�IRU�VWLFWLRQ��DQG�
YDU\LQJ� EUHDN� DZD\� IRUFH�� 3URSHUWLHV� RI� WKH� PRGHO� WKDW� DUH� UHOHYDQW� WR� FRQWURO�
GHVLJQ� DUH� LQYHVWLJDWHG� E\� DQDO\VLV� DQG� VLPXODWLRQ�� 1HZ� FRQWURO� VWUDWHJLHV��
LQFOXGLQJ� D� IULFWLRQ� REVHUYHU�� DUH� H[SORUHG�� DQG� VWDELOLW\� UHVXOWV� DUH� SUHVHQWHG��
)ULFWLRQ� LV� DQ� LPSRUWDQW� DVSHFW� RI� PDQ\� FRQWURO� V\VWHPV� ERWK� IRU� KLJK� TXDOLW\�
VHUYR�PHFKDQLVPV�DQG�VLPSOH�SQHXPDWLF�DQG�K\GUDXOLF�V\VWHPV��)ULFWLRQ�FDQ�OHDG�
WR�WUDFNLQJ�HUURUV�� OLPLW�F\FOHV��DQG�XQGHVLUHG�VWLFN�VOLS�PRWLRQ��&RQWURO�VWUDWHJLHV�
WKDW� DWWHPSW� WR� FRPSHQVDWH� IRU� WKH� HIIHFWV�RI� IULFWLRQ��ZLWKRXW� UHVRUWLQJ� WR�KLJK�
JDLQ� FRQWURO� ORRSV�� LQKHUHQWO\� UHTXLUH� D� VXLWDEOH� IULFWLRQ�PRGHO� WR�SUHGLFW� DQG� WR�
FRPSHQVDWH�IRU�WKH�IULFWLRQ��7KHVH�W\SHV�RI�VFKHPHV�DUH�WKHUHIRUH�QDPHG�PRGHO�



EDVHG�IULFWLRQ�FRPSHQVDWLRQ� WHFKQLTXHV��$�JRRG�IULFWLRQ�PRGHO� LV� DOVR�QHFHVVDU\�
WR�DQDO\]H�VWDELOLW\��SUHGLFW�OLPLW�F\FOHV��ILQG�FRQWUROOHU�JDLQV��SHUIRUP�VLPXODWLRQV��
HWF��0RVW�RI�WKH�H[LVWLQJ�PRGHO�EDVHG�IULFWLRQ�FRPSHQVDWLRQ�VFKHPHV�XVH�FODVVLFDO�
IULFWLRQ�PRGHOV�� VXFK�DV�&RXORPE�DQG�YLVFRXV�IULFWLRQ��,Q�DSSOLFDWLRQV�ZLWK�KLJK�
SUHFLVLRQ� SRVLWLRQLQJ� DQG� ZLWK� ORZ� YHORFLW\� WUDFNLQJ�� WKH� UHVXOWV� DUH� QRW� DOZD\V�
VDWLVIDFWRU\��$�EHWWHU�GHVFULSWLRQ�RI�WKH�IULFWLRQ�SKHQRPHQD�IRU�ORZ�YHORFLWLHV�DQG�
HVSHFLDOO\� ZKHQ� FURVVLQJ� ]HUR� YHORFLW\� LV� QHFHVVDU\�� )ULFWLRQ� LV� D� QDWXUDO�
SKHQRPHQRQ�WKDW�LV�TXLWH�KDUG�WR�PRGHO��DQG�LW�LV�QRW�\HW�FRPSOHWHO\�XQGHUVWRRG��
7KH� FODVVLFDO� IULFWLRQ�PRGHOV�XVHG� DUH�GHVFULEHG�E\� VWDWLF�PDSV�EHWZHHQ�YHORFLW\�
DQG� IULFWLRQ� IRUFH�� 7\SLFDO� H[DPSOHV� DUH� GLIIHUHQW� FRPELQDWLRQV� RI� &RXORPE�
IULFWLRQ��YLVFRXV�IULFWLRQ��DQG�6WULEHFN�HIIHFW��7KH�ODWWHU�LV�UHFRJQL]HG�WR�SURGXFH�D�
GHVWDELOL]LQJ� HIIHFW� DW� YHU\� ORZ� YHORFLWLHV�� 7KH� FODVVLFDO� PRGHOV� H[SODLQ� QHLWKHU�
K\VWHUHWLF� EHKDYLRU� ZKHQ� VWXG\LQJ� IULFWLRQ� IRU� QRQ�VWDWLRQDU\� YHORFLWLHV� QRU�
YDULDWLRQV� LQ� WKH� EUHDN�DZD\� IRUFH� ZLWK� WKH� H[SHULPHQWDO� FRQGLWLRQ� RU� VPDOO�
GLVSODFHPHQWV� WKDW� RFFXU� DW� WKH� FRQWDFW� LQWHUIDFH� GXULQJ� VWLFWLRQ��7KH� ODWWHU� YHU\�
PXFK� UHVHPEOHV� WKDW� RI� D� FRQQHFWLRQ� ZLWK� D� VWLII� VSULQJ� ZLWK� GDPSHU� DQG� LV�
VRPHWLPHV�UHIHUUHG�WR�DV�WKH�'DKO�HIIHFW��6WXGLHV�KDYH�VKRZQ�WKDW�D�IULFWLRQ�PRGHO�
LQYROYLQJ�G\QDPLFV�LV�QHFHVVDU\�WR�GHVFULEH�WKH�IULFWLRQ�SKHQRPHQD�DFFXUDWHO\��
�
-HDQ� &ODXGH� HW�� DO�� >�@�� SURSRVHV� DQ� DOJRULWKP� IRU� MRLQW� IULFWLRQ� LQ� URERW�
PDQLSXODWRU�VLPXODWLRQV��7KH�PRGHO�LQFOXGHV�DQ�DSSURSULDWH�UHSUHVHQWDWLRQ�RI�WKH�
EHKDYLRU� DW� ORZ� VSHHG� DQG�� VSHFLDOO\�� WKH� VWLFN�VOLS� SURFHVV�� 7KH� FRQFHSW� RI� WKH�
PRGHO�LV� LQWURGXFHG�WKURXJK�WZR�VLPSOH�H[DPSOHV��7KH�PHWKRG�LV�WKHQ�H[WHQGHG�
WR�PRUH�FRPSOH[�PXOWL�ERG\�V\VWHPV�DQG��LQ�SDUWLFXODU��WR�URERW�PDQLSXODWRUV��,W�
LV� IXUWKHU� V\QWKHVL]HG� LQWR� D� QXPHULFDO� DOJRULWKP� IRU� FRPSXWHU� VLPXODWLRQV��7KH�
DOJRULWKP�LV�H[SHULPHQWDOO\�YDOLGDWHG�XVLQJ�D�WZR�GHJUHHV�RI�IUHHGRP�SODQDU�URERW�
PRYLQJ�LQ�WKH�YHUWLFDO�SODQH��)UHH�PRWLRQV�UHVXOWLQJ�IURP�NQRZQ�LQLWLDO�FRQGLWLRQV�
ZHUH�VXFFHVVIXOO\�UHSURGXFHG���
�
�
�
�
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)X]]\� ORJLF� LV� D� SRZHUIXO� SUREOHP�VROYLQJ� PHWKRGRORJ\� ZLWK� D� P\ULDG� RI�
DSSOLFDWLRQV� LQ� HPEHGGHG� FRQWURO� DQG� LQIRUPDWLRQ� SURFHVVLQJ�� )X]]\� SURYLGHV� D�
UHPDUNDEO\� VLPSOH� ZD\� WR� GUDZ� GHILQLWH� FRQFOXVLRQV� IURP� YDJXH�� DPELJXRXV� RU�
LPSUHFLVH� LQIRUPDWLRQ�� ,Q�D�VHQVH�� IX]]\� ORJLF� UHVHPEOHV�KXPDQ�GHFLVLRQ�PDNLQJ�
ZLWK�LWV�DELOLW\�WR�ZRUN�IURP�DSSUR[LPDWH�GDWD�DQG�ILQG�SUHFLVH�VROXWLRQV��

8QOLNH� FODVVLFDO� ORJLF� ZKLFK� UHTXLUHV� D� GHHS� XQGHUVWDQGLQJ� RI� D� V\VWHP�� H[DFW�
HTXDWLRQV��DQG�SUHFLVH�QXPHULF�YDOXHV��)X]]\�ORJLF�LQFRUSRUDWHV�DQ�DOWHUQDWLYH�ZD\�
RI� WKLQNLQJ�� ZKLFK� DOORZV� PRGHOLQJ� FRPSOH[� V\VWHPV� XVLQJ� D� KLJKHU� OHYHO� RI�
DEVWUDFWLRQ� RULJLQDWLQJ� IURP�RXU� NQRZOHGJH� DQG� H[SHULHQFH�� )X]]\�/RJLF� DOORZV�
H[SUHVVLQJ� WKLV�NQRZOHGJH�ZLWK� VXEMHFWLYH� FRQFHSWV� VXFK� DV�YHU\�KRW��EULJKW� UHG��
DQG�D�ORQJ�WLPH�ZKLFK�DUH�PDSSHG�LQWR�H[DFW�QXPHULF�UDQJHV��

)X]]\� /RJLF� KDV� EHHQ� JDLQLQJ� LQFUHDVLQJ� DFFHSWDQFH� GXULQJ� WKH� SDVW� IHZ� \HDUV��
7KHUH�DUH�RYHU�WZR�WKRXVDQG�FRPPHUFLDOO\�DYDLODEOH�SURGXFWV�XVLQJ�)X]]\�/RJLF��
UDQJLQJ�IURP�ZDVKLQJ�PDFKLQHV�WR�KLJK�VSHHG�WUDLQV��1HDUO\�HYHU\�DSSOLFDWLRQ�FDQ�
SRWHQWLDOO\� UHDOL]H� VRPH� RI� WKH� EHQHILWV� RI� )X]]\� /RJLF�� VXFK� DV� SHUIRUPDQFH��
VLPSOLFLW\��ORZHU�FRVW��DQG�SURGXFWLYLW\���

)X]]\� /RJLF� KDV� EHHQ� IRXQG� WR� EH� YHU\� VXLWDEOH� IRU� HPEHGGHG� FRQWURO�
DSSOLFDWLRQV�� 6HYHUDO� PDQXIDFWXUHUV� LQ� WKH� DXWRPRWLYH� LQGXVWU\� DUH� XVLQJ� IX]]\�
WHFKQRORJ\�WR�LPSURYH�TXDOLW\�DQG�UHGXFH�GHYHORSPHQW�WLPH��,Q�DHURVSDFH��IX]]\�
HQDEOHV�YHU\�FRPSOH[�UHDO�WLPH�SUREOHPV�WR�EH�WDFNOHG�XVLQJ�D�VLPSOH�DSSURDFK��,Q�
FRQVXPHU� HOHFWURQLFV�� IX]]\� LPSURYHV� WLPH� WR�PDUNHW� DQG�KHOSV� UHGXFH�FRVWV�� ,Q�
PDQXIDFWXULQJ��IX]]\�LV�SURYHQ�WR�EH�LQYDOXDEOH�LQ�LQFUHDVLQJ�HTXLSPHQW�HIILFLHQF\�
DQG�GLDJQRVLQJ�PDOIXQFWLRQV��



)X]]\� ORJLF� LV�D�VXSHUVHW�RI�FRQYHQWLRQDO��%RROHDQ�� ORJLF�WKDW�KDV�EHHQ�H[WHQGHG�
WR� KDQGOH� WKH� FRQFHSW� RI� SDUWLDO� WUXWK� YDOXHV� EHWZHHQ� �FRPSOHWHO\� WUXH�� DQG�
�FRPSOHWHO\� IDOVH��� $V� LWV� QDPH� VXJJHVWV�� LW� LV� WKH� ORJLF� XQGHUO\LQJ� PRGHV� RI�
UHDVRQLQJ�ZKLFK�DUH�DSSUR[LPDWH�UDWKHU�WKDQ�H[DFW��7KH�LPSRUWDQFH�RI�IX]]\�ORJLF�
GHULYHV� � � IURP� WKH� IDFW� WKDW� PRVW� PRGHV� RI� KXPDQ� UHDVRQLQJ� DQG� HVSHFLDOO\�
FRPPRQ� VHQVH� UHDVRQLQJ� DUH� DSSUR[LPDWH� LQ� QDWXUH��
7KH� HVVHQWLDO� FKDUDFWHULVWLFV� RI� IX]]\� ORJLF� DV� IRXQGHG� E\� =DGHU� /RWIL� DUH� DV�
IROORZV��

¾ ,Q� IX]]\� ORJLF�� H[DFW� UHDVRQLQJ� LV� YLHZHG� DV� D� OLPLWLQJ� FDVH� RI� DSSUR[LPDWH�
UHDVRQLQJ���

¾ ,Q�IX]]\�ORJLF�HYHU\WKLQJ�LV�D�PDWWHU�RI�GHJUHH���
¾ $Q\�ORJLFDO�V\VWHP�FDQ�EH�IX]]LILHG��
¾ ,Q� IX]]\� ORJLF�� NQRZOHGJH� LV� LQWHUSUHWHG� DV� D� FROOHFWLRQ� RI� HODVWLF� RU��

HTXLYDOHQWO\���IX]]\�FRQVWUDLQW�RQ�D�FROOHFWLRQ�RI�YDULDEOHV��
¾ ,QIHUHQFH�LV�YLHZHG�DV�D�SURFHVV�RI�SURSDJDWLRQ�RI�HODVWLF�FRQVWUDLQWV��

7KH�WKLUG�VWDWHPHQW�KHQFH��GHILQHV�%RROHDQ�ORJLF�DV�D�VXEVHW�RI�)X]]\�ORJLF���

����)X]]\�6HWV��
)X]]\�6HW�7KHRU\�ZDV� IRUPDOL]HG�E\�3URIHVVRU�/RIWL�=DGHK� DW� WKH�8QLYHUVLW\�RI�
&DOLIRUQLD�LQ�������:KDW�=DGHK�SURSRVHG�LV�YHU\�PXFK�D�SDUDGLJP�VKLIW�WKDW�ILUVW�
JDLQHG� DFFHSWDQFH� LQ� WKH� )DU�(DVW� DQG� LWV� VXFFHVVIXO� DSSOLFDWLRQ� KDV� HQVXUHG� LWV�
DGRSWLRQ�DURXQG�WKH�ZRUOG��

�$�SDUDGLJP�LV�D�VHW�RI�UXOHV�DQG�UHJXODWLRQV�ZKLFK�GHILQHV�ERXQGDULHV�DQG�WHOOV�XV�
ZKDW� WR� GR� WR� EH� VXFFHVVIXO� LQ� VROYLQJ� SUREOHPV� ZLWKLQ� WKHVH� ERXQGDULHV�� )RU�
H[DPSOH� WKH� XVH� RI� WUDQVLVWRUV� LQVWHDG� RI� YDFXXP� WXEHV� LV� D� SDUDGLJP� VKLIW� ��
OLNHZLVH� WKH� GHYHORSPHQW� RI� )X]]\� 6HW� 7KHRU\� IURP� FRQYHQWLRQDO� ELYDOHQW� VHW�
WKHRU\�LV�D�SDUDGLJP�VKLIW���



%LYDOHQW�6HW�7KHRU\�FDQ�EH�VRPHZKDW�OLPLWLQJ�LI�ZH�ZLVK�WR�GHVFULEH�D�
KXPDQLVWLF
�
SUREOHP� PDWKHPDWLFDOO\�� )RU� H[DPSOH�� )LJXUH� ���� LOOXVWUDWHV� ELYDOHQW� VHWV� WR�
FKDUDFWHUL]H�WKH�WHPSHUDWXUH�RI�D�URRP���

 )LJXUH���� 
7KH�PRVW�REYLRXV� OLPLWLQJ� IHDWXUH�RI�ELYDOHQW� VHWV� WKDW� FDQ�EH� VHHQ� FOHDUO\� IURP�
WKH� GLDJUDP� LV� WKDW� WKH\� DUH� PXWXDOO\� H[FOXVLYH� �� LW� LV� QRW� SRVVLEOH� WR� KDYH�
PHPEHUVKLS�RI�PRUH� WKDQ�RQH� VHW� �RSLQLRQ�ZRXOG�ZLGHO\�YDU\� DV� WR�ZKHWKHU����
GHJUHHV� )DKUHQKHLW� LV� 
FROG
� RU� 
FRRO
� KHQFH� WKH� H[SHUW� NQRZOHGJH� ZH� QHHG� WR�
GHILQH�RXU�V\VWHP�LV�PDWKHPDWLFDOO\�DW�RGGV�ZLWK�WKH�KXPDQLVWLF�ZRUOG���&OHDUO\��LW�
LV�QRW�DFFXUDWH�WR�GHILQH�D�WUDQVLWLRQ�IURP�D�TXDQWLW\�VXFK�DV�
ZDUP
�WR�
KRW
�E\�WKH�
DSSOLFDWLRQ� RI� RQH� GHJUHH� )DKUHQKHLW� RI� KHDW�� ,Q� WKH� UHDO� ZRUOG� D� VPRRWK�
�XQQRWLFHDEOH��GULIW�IURP�ZDUP�WR�KRW�ZRXOG�RFFXU���

7KLV�QDWXUDO�SKHQRPHQRQ�FDQ�EH�GHVFULEHG�PRUH�DFFXUDWHO\�E\�)X]]\�6HW�7KHRU\��
)LJXUH� ���� VKRZV�KRZ� IX]]\� VHWV� TXDQWLI\LQJ� WKH� VDPH� LQIRUPDWLRQ� FDQ�GHVFULEH�
WKLV�QDWXUDO�GULIW���



 

)LJXUH�����
7KH�ZKROH� FRQFHSW� FDQ�EH� LOOXVWUDWHG�ZLWK� WKLV� H[DPSOH��/HW
V� WDON� DERXW� SHRSOH�
DQG� �\RXWK�QHVV��� ,Q� WKLV� FDVH� WKH� VHW�6� �WKH�XQLYHUVH�RI�GLVFRXUVH�� LV� WKH� VHW�RI�
SHRSOH��$�IX]]\�VXEVHW�<281*�LV�DOVR�GHILQHG��ZKLFK�DQVZHUV�WKH�TXHVWLRQ��WR�
ZKDW�GHJUHH�LV�SHUVRQ�[�\RXQJ"��7R�HDFK�SHUVRQ�LQ�WKH�XQLYHUVH�RI�GLVFRXUVH��ZH�
KDYH�WR�DVVLJQ�D�GHJUHH�RI�PHPEHUVKLS�LQ�WKH�IX]]\�VXEVHW�<281*��7KH�HDVLHVW�
ZD\�WR�GR�WKLV�LV�ZLWK�D�PHPEHUVKLS�IXQFWLRQ�EDVHG�RQ�WKH�SHUVRQ
V�DJH���
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$�JUDSK�RI�WKLV�NLQG�ORRNV�OLNH���

��
*LYHQ�WKLV�GHILQLWLRQ��KHUH�DUH�VRPH�H[DPSOH�YDOXHV���



3HUVRQ� $JH� 'HJUHH�RI�<RXWK�
����������������������������������������������������������
$QLO� � ��� � ������
6DFKLQ�� ��� � �����
5DMHHY�� ��� � �����
.XOEKXVKDQ� ��� � �����
$VKZDQL� ��� � �����
<DVKSDO� ��� � ������
6R�JLYHQ�WKLV�GHILQLWLRQ��ZH
G�VD\�WKDW�WKH�GHJUHH�RI�WUXWK�RI�WKH�VWDWHPHQW��5DMHHY�
LV�<281*��LV��������

0HPEHUVKLS�IXQFWLRQV�DOPRVW�QHYHU�KDYH�DV�VLPSOH�D�VKDSH�DV�DJH�[���7KH\�ZLOO�DW�
OHDVW�WHQG�WR�EH�WULDQJOHV�SRLQWLQJ�XS��DQG�WKH\�FDQ�EH�PXFK�PRUH�FRPSOH[�WKDQ�
WKDW��)XUWKHUPRUH��D�PHPEHUVKLS�IXQFWLRQ�VR�IDU�LV�GLVFXVVHG�DV�LI�WKH\�DOZD\V�DUH�
EDVHG�RQ� D� VLQJOH� FULWHULRQ��EXW� WKLV� LVQ
W�DOZD\V� WKH� FDVH�� DOWKRXJK� LW� LV� WKH�PRVW�
FRPPRQ�FDVH��2QH�FRXOG��IRU�H[DPSOH��ZDQW�WR�KDYH�WKH�PHPEHUVKLS�IXQFWLRQ�IRU�
<281*�GHSHQG�RQ�ERWK�D�SHUVRQ
V�DJH�DQG�WKHLU�KHLJKW��.XOEKXVKDQ
V�VKRUW�IRU�
KLV�DJH���7KLV�LV�SHUIHFWO\�OHJLWLPDWH��DQG�RFFDVLRQDOO\�XVHG�LQ�SUDFWLFH��,W
V�UHIHUUHG�
WR� DV� D� WZR�GLPHQVLRQDO� PHPEHUVKLS� IXQFWLRQ�� ,W
V� DOVR� SRVVLEOH� WR� KDYH� HYHQ�
PRUH�FULWHULD��RU�WR�KDYH�WKH�PHPEHUVKLS�IXQFWLRQ�GHSHQG�RQ�HOHPHQWV�IURP�WZR�
FRPSOHWHO\�GLIIHUHQW�XQLYHUVHV�RI�GLVFRXUVH���

����)X]]\�6HW�2SHUDWLRQV��
������ 8QLRQ��
7KH� PHPEHUVKLS� IXQFWLRQ� RI� WKH� 8QLRQ� RI� WZR� IX]]\� VHWV� $� DQG� %� ZLWK�
PHPEHUVKLS�IXQFWLRQV� DQG� UHVSHFWLYHO\�LV�GHILQHG�DV�WKH�PD[LPXP�RI�WKH�
WZR�LQGLYLGXDO�PHPEHUVKLS�IXQFWLRQV��7KLV�LV�FDOOHG�WKH�PD[LPXP�FULWHULRQ���

 



 

)LJXUH�����

7KH�8QLRQ�RSHUDWLRQ�LQ�)X]]\�VHW�WKHRU\�LV�WKH�HTXLYDOHQW�RI�WKH�25�RSHUDWLRQ�LQ�
%RROHDQ�DOJHEUD���

������ ,QWHUVHFWLRQ�
7KH� PHPEHUVKLS� IXQFWLRQ� RI� WKH� ,QWHUVHFWLRQ� RI� WZR� IX]]\� VHWV� $� DQG� %� ZLWK�
PHPEHUVKLS�IXQFWLRQV� DQG� UHVSHFWLYHO\� LV�GHILQHG�DV�WKH�PLQLPXP�RI�WKH�
WZR�LQGLYLGXDO�PHPEHUVKLS�IXQFWLRQV��7KLV�LV�FDOOHG�WKH�PLQLPXP�FULWHULRQ���

 

 

)LJXUH���� 

7KH� ,QWHUVHFWLRQ� RSHUDWLRQ� LQ� )X]]\� VHW� WKHRU\� LV� WKH� HTXLYDOHQW� RI� WKH� $1'�
RSHUDWLRQ�LQ�%RROHDQ�DOJHEUD���



������ &RPSOHPHQW�
7KH�PHPEHUVKLS�IXQFWLRQ�RI�WKH�&RPSOHPHQW�RI�D�)X]]\�VHW�$�ZLWK�PHPEHUVKLS�
IXQFWLRQ� LV�GHILQHG�DV�WKH�QHJDWLRQ�RI�WKH�VSHFLILHG�PHPEHUVKLS�IXQFWLRQ��7KLV�
LV�FDOOHG�WKH�QHJDWLRQ�FULWHULRQ���

�

�)LJXUH�����
7KH� &RPSOHPHQW� RSHUDWLRQ� LQ� )X]]\� VHW� WKHRU\� LV� WKH� HTXLYDOHQW� RI� WKH� 127�
RSHUDWLRQ�LQ�%RROHDQ�DOJHEUD���

����)X]]\�5XOHV�
+XPDQ�EHLQJV�PDNH�GHFLVLRQV�EDVHG�RQ�UXOHV��$OWKRXJK��ZH�PD\�QRW�EH�DZDUH�RI�
LW��DOO�WKH�GHFLVLRQV�ZH�PDNH�DUH�DOO�EDVHG�RQ�FRPSXWHU� OLNH� LI�WKHQ�VWDWHPHQWV��,I�
WKH�ZHDWKHU�LV�ILQH��WKHQ�ZH�PD\�GHFLGH�WR�JR�RXW��,I�WKH�IRUHFDVW�VD\V�WKH�ZHDWKHU�
ZLOO�EH�EDG� WRGD\��EXW� ILQH�WRPRUURZ�� WKHQ�ZH�PDNH�D�GHFLVLRQ�QRW� WR�JR� WRGD\��
DQG� SRVWSRQH� LW� WLOO� WRPRUURZ�� 5XOHV� DVVRFLDWH� LGHDV� DQG� UHODWH� RQH� HYHQW� WR�
DQRWKHU��
)X]]\�PDFKLQHV��ZKLFK�DOZD\V�WHQG�WR�PLPLF�WKH�EHKDYLRU�RI�PDQ��ZRUN�WKH�VDPH�
ZD\��+RZHYHU��WKH�GHFLVLRQ�DQG�WKH�PHDQV�RI�FKRRVLQJ�WKDW�GHFLVLRQ�DUH�UHSODFHG�
E\� IX]]\� VHWV� DQG� WKH� UXOHV� DUH� UHSODFHG�E\� IX]]\� UXOHV�� )X]]\� UXOHV� DOVR�RSHUDWH�
XVLQJ�D�VHULHV�RI�LI�WKHQ�VWDWHPHQWV��)RU�LQVWDQFH��LI�;�WKHQ�$��LI�\�WKHQ�E��ZKHUH�$�
DQG�%�DUH�DOO�VHWV�RI�;�DQG�<��
7KH�IROORZLQJ�UXOHV�ZKLFK�DUH�FRPPRQ�LQ�FODVVLFDO�VHW�WKHRU\�DOVR�DSSO\�WR�)X]]\�
VHW�WKHRU\���



'H�0RUJDQ·V�ODZ� �

�
$VVRFLDWLYH�/DZ�

�
�

&RPPXWDWLYH�/DZ�
�

'LVWULEXWLYH�/DZ�
�

����)X]]\�&RQWURO�
)X]]\�FRQWURO��ZKLFK�GLUHFWO\�XVHV�IX]]\�UXOHV��LV�WKH�PRVW�LPSRUWDQW�DSSOLFDWLRQ�LQ�
IX]]\�WKHRU\��8VLQJ�D�SURFHGXUH�RULJLQDWHG�E\�(EUDKLP�0DPGDQL� LQ�WKH�ODWH���V��
WKUHH�VWHSV�DUH�WDNHQ�WR�FUHDWH�D�IX]]\�FRQWUROOHG�PDFKLQH���

�� )X]]LILFDWLRQ��8VLQJ�PHPEHUVKLS�IXQFWLRQV�WR�JUDSKLFDOO\�GHVFULEH�VLWXDWLRQ���
�� 5XOH�HYDOXDWLRQ��$SSOLFDWLRQ�RI�IX]]\�UXOHV���
�� 'HIX]]LILFDWLRQ��2EWDLQLQJ�WKH�FULVS�RU�DFWXDO�UHVXOWV���

����$GYDQWDJHV�RI�)X]]\�/RJLF�
,Q�RUGHU�WR�DSSUHFLDWH�ZK\�D�IX]]\�EDVHG�GHVLJQ�PHWKRGRORJ\�LV�YHU\�DWWUDFWLYH�LQ�
HPEHGGHG� FRQWURO� DSSOLFDWLRQV� OHW� XV� H[DPLQH� D� W\SLFDO� GHVLJQ� IORZ� )LJ� �����
,OOXVWUDWHV� D� VHTXHQFH� RI� GHVLJQ� VWHSV� UHTXLUHG� WR� GHYHORS� D� FRQWUROOHU� XVLQJ� D�
FRQYHQWLRQDO�DQG�D�)X]]\�DSSURDFK��

8VLQJ� WKH� FRQYHQWLRQDO� DSSURDFK� RXU� ILUVW� VWHS� LV� WR� XQGHUVWDQG� WKH� SK\VLFDO�
V\VWHP�DQG�LWV�FRQWURO�UHTXLUHPHQWV��%DVHG�RQ�WKLV�XQGHUVWDQGLQJ��RXU�VHFRQG�VWHS�
LV�WR�GHYHORS�D�PRGHO�ZKLFK�LQFOXGHV�WKH�SODQW��VHQVRUV�DQG�DFWXDWRUV��

�

&RQYHQWLRQDO�'HVLJQ�PHWKRGRORJ\� )X]]\�%DVHG�'HVLJQ�0HWKRGRORJ\�



 

)LJXUH�����
7KH� WKLUG� VWHS� LV� WR� XVH� OLQHDU� FRQWURO� WKHRU\� LQ� RUGHU� WR�GHWHUPLQH� D� VLPSOLILHG�
YHUVLRQ�RI�WKH�FRQWUROOHU��VXFK�DV�WKH�SDUDPHWHUV�RI�D�3,'�FRQWUROOHU��7KH�IRXUWK�
VWHS� LV� WR� GHYHORS� DQ� DOJRULWKP� IRU� WKH� VLPSOLILHG� FRQWUROOHU��7KH� ODVW� VWHS� LV� WR�
VLPXODWH� WKH� GHVLJQ� LQFOXGLQJ� WKH� HIIHFWV� RI� QRQ�OLQHDULW\�� QRLVH�� DQG� SDUDPHWHU�
YDULDWLRQV�� ,I� WKH� SHUIRUPDQFH� LV�QRW� VDWLVIDFWRU\�ZH�QHHG� WR�PRGLI\� RXU� V\VWHP�
PRGHOLQJ��UH�GHVLJQ�WKH�FRQWUROOHU��UH�ZULWH�WKH�DOJRULWKP�DQG�UH�WU\���

:LWK� )X]]\� /RJLF� WKH� ILUVW� VWHS� LV� WR� XQGHUVWDQG� DQG� FKDUDFWHUL]H� WKH� V\VWHP�
EHKDYLRU�E\�XVLQJ�RXU�NQRZOHGJH� DQG� H[SHULHQFH��7KH� VHFRQG� VWHS� LV� WR�GLUHFWO\�
GHVLJQ�WKH�FRQWURO�DOJRULWKP�XVLQJ�IX]]\�UXOHV��ZKLFK�GHVFULEH�WKH�SULQFLSOHV�RI�WKH�
FRQWUROOHU
V�UHJXODWLRQ�LQ�WHUPV�RI�WKH�UHODWLRQVKLS�EHWZHHQ�LWV�LQSXWV�DQG�RXWSXWV��
7KH� ODVW� VWHS� LV� WR� VLPXODWH� DQG� GHEXJ� WKH� GHVLJQ�� ,I� WKH� SHUIRUPDQFH� LV� QRW�
VDWLVIDFWRU\�ZH�RQO\�QHHG�WR�PRGLI\�VRPH�IX]]\�UXOHV�DQG�UH�WU\��

8QGHUVWDQG�3K\VLFDO�6\VWHP�DQG�
&RQWURO�5HTXLUHPHQWV�
 

'HYHORS�D�0RGHO�RI�SODQW��6HQVRU��
	�$FWXDWRUV��
 

'HWHUPLQH�D�6LPSOLILHG�&RQWUROOHU�
IURP�&RQWURO�7LPHU��
 

'HYHORS�DQ�$OJRULWKP�IRU�WKH�
&RQWUROOHU�
 

6LPXODWH��'HEXJ��DQG�LPSOHPHQW�
WKH�'HVLJQ�

8QGHUVWDQG�3K\VLFDO�6\VWHP�DQG�
&RQWURO�5HTXLUHPHQWV�
 

6LPXODWH��'HEXJ��DQG�
LPSOHPHQW�WKH�'HVLJQ�

'HVLJQ�WKH�FRQWURO�IRU�8VLQJ�
)X]]\�5XOHV�
 



$OWKRXJK�WKH�WZR�GHVLJQ�PHWKRGRORJLHV�DUH�VLPLODU��WKH�IX]]\�EDVHG�PHWKRGRORJ\�
VXEVWDQWLDOO\� VLPSOLILHV� WKH�GHVLJQ� ORRS��7KLV� UHVXOWV� LQ� VRPH� VLJQLILFDQW�EHQHILWV��
VXFK�DV�UHGXFHG�GHYHORSPHQW�WLPH��VLPSOHU�GHVLJQ�DQG�IDVWHU�WLPH�WR�PDUNHW��

����� )X]]\�/RJLF�UHGXFHV�WKH�GHVLJQ�GHYHORSPHQW�F\FOH��

:LWK�D�IX]]\�ORJLF�GHVLJQ�PHWKRGRORJ\�VRPH�WLPH�FRQVXPLQJ�VWHSV�DUH�HOLPLQDWHG��
0RUHRYHU��GXULQJ�WKH�GHEXJJLQJ�DQG�WXQLQJ�F\FOH�\RX�FDQ�FKDQJH�\RXU�V\VWHP�E\�
VLPSO\� PRGLI\LQJ� UXOHV�� LQVWHDG� RI� UHGHVLJQLQJ� WKH� FRQWUROOHU�� ,Q� DGGLWLRQ�� VLQFH�
IX]]\�LV�UXOH�EDVHG��\RX�GR�QRW�QHHG�WR�EH�DQ�H[SHUW�LQ�D�KLJK�RU�ORZ�OHYHO�ODQJXDJH�
ZKLFK� KHOSV� \RX� IRFXV�PRUH�RQ� \RXU� DSSOLFDWLRQ� LQVWHDG�RI� SURJUDPPLQJ��$V� D�
UHVXOW��)X]]\�/RJLF�VXEVWDQWLDOO\�UHGXFHV�WKH�RYHUDOO�GHYHORSPHQW�F\FOH���

����� )X]]\�/RJLF�VLPSOLILHV�GHVLJQ�FRPSOH[LW\��

)X]]\� ORJLF� OHWV� \RX� GHVFULEH� FRPSOH[� V\VWHPV� XVLQJ� \RXU� NQRZOHGJH� DQG�
H[SHULHQFH�LQ�VLPSOH�(QJOLVK�OLNH�UXOHV��,W�GRHV�QRW�UHTXLUH�DQ\�V\VWHP�PRGHOLQJ�RU�
FRPSOH[�PDWK�HTXDWLRQV�JRYHUQLQJ� WKH� UHODWLRQVKLS�EHWZHHQ� LQSXWV� DQG�RXWSXWV��
)X]]\�UXOHV�DUH�YHU\�HDV\�WR�OHDUQ�DQG�XVH��HYHQ�E\�QRQ�H[SHUWV��,W�W\SLFDOO\�WDNHV�
RQO\� D� IHZ� UXOHV� WR� GHVFULEH� V\VWHPV� WKDW� PD\� UHTXLUH� VHYHUDO� RI� OLQHV� RI�
FRQYHQWLRQDO� VRIWZDUH�� $V� D� UHVXOW�� )X]]\� /RJLF� VLJQLILFDQWO\� VLPSOLILHV� GHVLJQ�
FRPSOH[LW\��

����� )X]]\�/RJLF�LPSURYHV�WLPH�WR�PDUNHW��

&RPPHUFLDO� DSSOLFDWLRQV� LQ� HPEHGGHG� FRQWURO� UHTXLUH� D� VLJQLILFDQW� GHYHORSPHQW�
HIIRUW� D� PDMRULW\� RI� ZKLFK� LV� VSHQW� RQ� WKH� VRIWZDUH� SRUWLRQ� RI� WKH� SURMHFW��
'HYHORSPHQW� WLPH� LV� D� IXQFWLRQ� RI� GHVLJQ� FRPSOH[LW\�� DQG� WKH� QXPEHU� RI�
LWHUDWLRQV� UHTXLUHG� LQ� D� GHEXJJLQJ� DQG� WXQLQJ� F\FOH�� $V� ZH� H[SODLQHG� DERYH�� D�
IX]]\�EDVHG�GHVLJQ�PHWKRGRORJ\�DGGUHVVHV�ERWK�LVVXHV�YHU\�HIIHFWLYHO\��0RUHRYHU��
GXH�WR�LWV�VLPSOLFLW\�WKH�GHVFULSWLRQ�RI�D�IX]]\�FRQWUROOHU�QRW�RQO\�LV�WUDQVSRUWDEOH�
DFURVV�GHVLJQ�WHDPV��EXW�DOVR�SURYLGHV�D�VXSHULRU�PHGLD�WR�SUHVHUYH��PDLQWDLQ��DQG�
XSJUDGH� LQWHOOHFWXDO� SURSHUW\��$V� D� UHVXOW��)X]]\�/RJLF� FDQ�GUDPDWLFDOO\� LPSURYH�
WLPH�WR�PDUNHW��



���� $UWLILFLDO�1HXUDO�1HWZRUNV�
$Q� $UWLILFLDO� 1HXUDO� 1HWZRUN� $11� LV� DQ� LQIRUPDWLRQ�SURFHVVLQJ� SDUDGLJP�
LQVSLUHG� E\� WKH� ZD\� WKH� EUDLQ� SURFHVVHV� LQIRUPDWLRQ�� $11V� DUH� FROOHFWLRQV� RI�
PDWKHPDWLFDO�PRGHOV� WKDW�HPXODWH�VRPH�RI� WKH�REVHUYHG�SURSHUWLHV�RI�ELRORJLFDO�
QHUYRXV� V\VWHPV� DQG� GUDZ� RQ� WKH� DQDORJLHV� RI� DGDSWLYH� ELRORJLFDO� OHDUQLQJ�� $Q�
$11� LV� FRPSRVHG� RI� D� ODUJH� QXPEHU� RI� KLJKO\� LQWHUFRQQHFWHG� SURFHVVLQJ�
HOHPHQWV� WKDW� DUH� DQDORJRXV� WR� QHXURQV� DQG� DUH� WLHG� WRJHWKHU� ZLWK� ZHLJKWHG�
FRQQHFWLRQV�WKDW�DUH�DQDORJRXV�WR�V\QDSVHV��

$11V� DUH� DSSOLHG� WR� FRQWURO� SUREOHPV� ZKHUH� WKH� LQSXW� YDULDEOHV� DUH�
PHDVXUHPHQWV� XVHG� WR� GULYH� DQ� RXWSXW� DFWXDWRU�� DQG� WKH� QHWZRUN� OHDUQV� WKH�
FRQWURO� IXQFWLRQ�� 7KH� DGYDQWDJHV� RI� $11V� OLH� LQ� WKHLU� UHVLOLHQFH� DJDLQVW�
GLVWRUWLRQV�LQ�WKH�LQSXW�GDWD�DQG�WKHLU�FDSDELOLW\�RI�OHDUQLQJ��7KH\�DUH�RIWHQ�JRRG�
DW� VROYLQJ� SUREOHPV� WKDW� GR� QRW� KDYH� DQ� DOJRULWKPLF� VROXWLRQ� RU� IRU� ZKLFK� DQ�
DOJRULWKPLF�VROXWLRQ�LV�WRR�FRPSOH[�WR�EH�IRXQG��

���� 2YHUYLHZ�
1HXUDO� 1HWZRUNV� DUH� DQ� LQIRUPDWLRQ� SURFHVVLQJ� WHFKQLTXH� EDVHG� RQ� WKH� ZD\�
ELRORJLFDO� QHUYRXV� V\VWHPV�� VXFK� DV� WKH� EUDLQ�� SURFHVV� LQIRUPDWLRQ�� 7KH�
IXQGDPHQWDO� FRQFHSW� RI� QHXUDO� QHWZRUNV� LV� WKH� VWUXFWXUH� RI� WKH� LQIRUPDWLRQ�
SURFHVVLQJ� V\VWHP�� &RPSRVHG� RI� D� ODUJH� QXPEHU� RI� KLJKO\� LQWHUFRQQHFWHG�
SURFHVVLQJ� HOHPHQWV� RU� QHXURQV�� D� QHXUDO� QHWZRUN� V\VWHP� XVHV� WKH� KXPDQ�OLNH�
WHFKQLTXH� RI� OHDUQLQJ� E\� H[DPSOH� WR� UHVROYH� SUREOHPV�� 7KH� QHXUDO� QHWZRUN� LV�
FRQILJXUHG� IRU� D� VSHFLILF� DSSOLFDWLRQ�� VXFK� DV� GDWD� FODVVLILFDWLRQ� RU� SDWWHUQ�
UHFRJQLWLRQ�� WKURXJK� D� OHDUQLQJ� SURFHVV� FDOOHG� WUDLQLQJ�� -XVW� DV� LQ� ELRORJLFDO�
V\VWHPV�� OHDUQLQJ� LQYROYHV� DGMXVWPHQWV� WR� WKH� V\QDSWLF� FRQQHFWLRQV� WKDW� H[LVW�
EHWZHHQ� WKH�QHXURQV��1HXUDO� QHWZRUNV� FDQ�GLIIHU�RQ�� WKH�ZD\� WKHLU� QHXURQV� DUH�
FRQQHFWHG�� WKH� VSHFLILF� NLQGV� RI� FRPSXWDWLRQV� WKHLU� QHXURQV� GR�� WKH� ZD\� WKH\�
WUDQVPLW� SDWWHUQV� RI� DFWLYLW\� WKURXJKRXW� WKH� QHWZRUN�� DQG� WKH� ZD\� WKH\� OHDUQ�
LQFOXGLQJ� WKHLU� OHDUQLQJ� UDWH��1HXUDO�QHWZRUNV� DUH�EHLQJ� DSSOLHG� WR� DQ� LQFUHDVLQJ�
ODUJH� QXPEHU� RI� UHDO� ZRUOG� SUREOHPV�� 7KHLU� SULPDU\� DGYDQWDJH� LV� WKDW� WKH\� FDQ�
VROYH� SUREOHPV� WKDW� DUH� WRR� FRPSOH[� IRU� FRQYHQWLRQDO� WHFKQRORJLHV� ��� SUREOHPV�



WKDW�GR�QRW�KDYH� DQ� DOJRULWKPLF� VROXWLRQ�RU� IRU�ZKLFK� DQ� DOJRULWKPLF� VROXWLRQ� LV�
WRR�FRPSOH[�WR�EH�GHILQHG��,Q�JHQHUDO��QHXUDO�QHWZRUNV�DUH�ZHOO�VXLWHG�WR�SUREOHPV�
WKDW�SHRSOH�DUH�JRRG�DW�VROYLQJ��EXW�IRU�ZKLFK�FRPSXWHUV�JHQHUDOO\�DUH�QRW��7KHVH�
SUREOHPV� LQFOXGH� SDWWHUQ� UHFRJQLWLRQ� DQG� IRUHFDVWLQJ� ZKLFK� UHTXLUHV� WKH�
UHFRJQLWLRQ�RI�WUHQGV�LQ�GDWD���

���� :KDW�([DFWO\�,V�$�1HXUDO�1HWZRUN"�
$�QHXUDO�QHWZRUN�LV�DQ�LQWHUFRQQHFWHG�JURXS�RI�DUWLILFLDO�RU�ELRORJLFDO�QHXURQV��,W�
LV� SRVVLEOH� WR� GLIIHUHQWLDWH� EHWZHHQ� WZR� PDMRU� JURXSV� RI� QHXUDO� QHWZRUNV��
%LRORJLFDO� QHXUDO� QHWZRUNV�� IRU� H[DPSOH� WKH� KXPDQ� EUDLQ� RU� SDUWV� WKHUHRI��
$UWLILFLDO� QHXUDO� QHWZRUNV� RULJLQDOO\� UHIHUUHG� WR� HOHFWULFDO�� PHFKDQLFDO� RU�
FRPSXWDWLRQDO�VLPXODWLRQV�RU�PRGHOV�RI�ELRORJLFDO�QHXUDO�QHWZRUNV��7KH�ILHOG�KDV�
H[SDQGHG�VR�WKDW�VRPH�DSSOLFDWLRQV�GR�QRW�FOHDUO\�UHVHPEOH�DQ\�H[LVWLQJ�ELRORJLFDO�
FRXQWHUSDUW��

$�QHXUDO�QHWZRUN�LV�PDQV�FUXGH�ZD\�RI�WU\LQJ�WR�VLPXODWH�WKH�EUDLQ�HOHFWURQLFDOO\��
2XU� EUDLQV� DUH� PDGH� XS� RI� DERXW� ���� ELOOLRQ� WLQ\� XQLWV� FDOOHG� 1HXURQV�� (DFK�
QHXURQ�LV�FRQQHFWHG�WR�WKRXVDQGV�RI�RWKHU�QHXURQV�DQG�FRPPXQLFDWHV�ZLWK�WKHP�
YLD� HOHFWURFKHPLFDO� VLJQDOV�� 6LJQDOV� FRPLQJ� LQWR� WKH� QHXURQ� DUH� UHFHLYHG� YLD�
MXQFWLRQV�FDOOHG�V\QDSVHV�� WKHVH� LQ�WXUQ�DUH� ORFDWHG�DW�WKH�HQG�RI�EUDQFKHV�RI�WKH�
QHXURQ�FHOO�FDOOHG�'HQGULWHV��7KH�QHXURQ�FRQWLQXRXVO\�UHFHLYHV�VLJQDOV�IURP�WKHVH�
LQSXWV�DQG�WKHQ�SHUIRUPV�D�OLWWOH�ELW�RI�PDJLF��:KDW�WKH�QHXURQ�GRHV��WKLV�LV�RYHU�
VLPSOLILHG�,�PLJKW�DGG��LV�VXP�XS�WKH�LQSXWV�WR�LWVHOI�LQ�VRPH�ZD\�DQG�WKHQ��LI�WKH�
HQG� UHVXOW� LV� JUHDWHU� WKDQ� VRPH� WKUHVKROG� YDOXH�� WKH� QHXURQ� ILUHV�� ,W� JHQHUDWHV� D�
YROWDJH�DQG�RXWSXWV�D�VLJQDO�DORQJ�VRPHWKLQJ�FDOOHG�DQ�$[RQ���

�
$� QHXURQ� FDQ� KDYH� DQ\� QXPEHU� RI� LQSXWV� IURP� RQH� WR� Q�� ZKHUH� Q� LV� WKH� WRWDO�
QXPEHU� RI� LQSXWV�� 7KH� LQSXWV�PD\� EH� UHSUHVHQWHG�WKHUHIRUH� DV� [��� [��� [�«�[Q��
$QG� WKH� FRUUHVSRQGLQJ� ZHLJKWV� IRU� WKH� LQSXWV� DV� Z��� Z��� Z�«�ZQ�� 1RZ�� WKH�
VXPPDWLRQ�RI�WKH�ZHLJKWV�PXOWLSOLHG�E\�WKH�LQSXWV�ZH�WDONHG�DERXW�DERYH�FDQ�EH�
ZULWWHQ�DV�[�Z����[�Z����[�Z��«����[QZQ��LV�WKH�DFWLYDWLRQ�YDOXH��6R�



D� �[�Z��[�Z��[�Z������[QZQ�

)RUWXQDWHO\�WKHUH�LV�D�TXLFN�ZD\�RI�ZULWLQJ�WKLV�GRZQ�ZKLFK�XVHV�WKH�*UHHN�FDSLWDO�
OHWWHU� VLJPD�� :KLFK� LV� WKH� V\PERO� XVHG� E\� PDWKHPDWLFLDQV� WR� UHSUHVHQW�
VXPPDWLRQ��
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����� 7KH�3HUFHSWURQ�RU�D�1HWZRUN�IRU�'HFLVLRQ�0DNLQJ�
$Q� DUWLILFLDO� QHXUDO� QHWZRUN� ZKLFK� DWWHPSWV� WR� HPXODWH� WKLV� SDWWHUQ� UHFRJQLWLRQ�
SURFHVV� LV� FDOOHG� WKH� 3HUFHSWURQ�� ,Q� WKLV�PRGHO�� WKH� QRGHV� UHSUHVHQWLQJ� DUWLILFLDO�
QHXURQV� DUH� DUUDQJHG� LQWR� OD\HUV��7KH� VLJQDO� UHSUHVHQWLQJ� DQ� LQSXW�SDWWHUQ� LV� IHG�
LQWR� WKH� ILUVW� OD\HU�� 7KH� QRGHV� LQ� WKLV� OD\HU� DUH� FRQQHFWHG� WR� DQRWKHU� OD\HU�
�VRPHWLPHV� FDOOHG� WKH� �KLGGHQ� OD\HU���� 7KH� ILULQJ� RI� QRGHV� RQ� WKH� LQSXW� OD\HU� LV�
FRQYH\HG� YLD� WKHVH� FRQQHFWLRQV� WR� WKLV� KLGGHQ� OD\HU�� )LQDOO\�� WKH� DFWLYLW\� RQ� WKH�
QRGHV�LQ�WKLV�OD\HU�IHHGV�RQWR�WKH�ILQDO�RXWSXW�OD\HU��ZKHUH�WKH�SDWWHUQ�RI�ILULQJ�RI�
WKH�RXWSXW�QRGHV�GHILQHV�WKH�UHVSRQVH�RI�WKH�QHWZRUN�WR�WKH�JLYHQ�LQSXW�SDWWHUQ��
6LJQDOV�DUH�RQO\�FRQYH\HG�IRUZDUG�IURP�RQH�OD\HU�WR�D�ODWHU�OD\HU���WKH�DFWLYLW\�RI�
WKH� RXWSXW� QRGHV� GRHV� QRW� LQIOXHQFH� WKH� DFWLYLWLHV� RQ� WKH� KLGGHQ� OD\HU��
,Q� FRQWUDVW� WR� WKH�+RSILHOG� QHWZRUN�� WKLV� QHWZRUN�SURGXFHV� LWV� UHVSRQVH� WR� DQ\�
JLYHQ� LQSXW� SDWWHUQ� DOPRVW� LPPHGLDWHO\� �� WKH� ILULQJ� SDWWHUQ� RI� WKH� RXWSXW� LV�
DXWRPDWLFDOO\� VWDEOH�� 7KHUH� LV� QR� UHOD[DWLRQ�SURFHVV� WR� D� VWDEOH� ILULQJ� SDWWHUQ�� DV�
RFFXUV�ZLWK�WKH�+RSILHOG�PRGHO��

7R�WU\�WR�VLPSOLI\�WKLQJV��ZH�FDQ�WKLQN�RI�D�VLPSOH�PRGHO�LQ�ZKLFK�WKH�QHWZRUN�LV�
PDGH�XS�RI�WZR�VFUHHQV��� WKH�QRGHV�RQ�WKH�ILUVW� �LQSXW�� OD\HU�RI�WKH�QHWZRUN�DUH�
UHSUHVHQWHG� DV� OLJKW� EXOEV� ZKLFK� DUH� DUUDQJHG� LQ� D� UHJXODU� SDWWHUQ� RQ� WKH� ILUVW�
VFUHHQ�� 6LPLODUO\�� WKH� QRGHV� RI� WKH� WKLUG� �RXWSXW�� OD\HU� FDQ� EH� UHSUHVHQWHG� DV� D�
UHJXODU� DUUD\� RI� OLJKW� EXOEV� RQ� WKH� VHFRQG� VFUHHQ�� 7KHUH� LV� QR� VFUHHQ� IRU� WKH�
KLGGHQ� OD\HU��� WKDW� LV�ZK\� LW� LV� WHUPHG��KLGGHQ��� ,QVWHDG�ZH�FDQ�WKLQN�RI�D�EODFN�
ER[�ZKLFK�FRQQHFWV�WKH�ILUVW�VFUHHQ�WR�WKH�VHFRQG��2I�FRXUVH�� WKH�PDJLF�RI�KRZ�
WKH�EODFN�ER[�ZLOO�IXQFWLRQ�GHSHQGV�RQ�WKH�QHWZRUN�FRQQHFWLRQV�EHWZHHQ�KLGGHQ�



QRGHV�ZKLFK�DUH� LQVLGH��:KHQ�D�QRGH�LV�ILULQJ��ZH�VKRZ�WKLV�E\� OLJKWLQJ� LWV�EXOE��
:H� FDQ� QRZ� WKLQN� RI� WKH� QHWZRUN� IXQFWLRQLQJ� LQ� WKH� IROORZLQJ� ZD\�� D� JLYHQ�
SDWWHUQ�RI�OLW�EXOEV�LV�VHW�XS�RQ�WKH�ILUVW�VFUHHQ��7KLV�WKHQ�IHHGV�LQWR�WKH�EODFN�ER[�
�WKH�KLGGHQ�OD\HU��DQG�UHVXOWV� LQ�D�QHZ�SDWWHUQ�RI� OLW�EXOEV�RQ�WKH�VHFRQG�VFUHHQ��
7KLV� PLJKW� VHHP� D� UDWKHU� SRLQWOHVV� H[HUFLVH� LQ� IODVKLQJ� OLJKWV� H[FHSW� IRU� WKH�
IROORZLQJ� FUXFLDO� REVHUYDWLRQ�� ,W� LV� SRVVLEOH� WR� �WZHDN��ZLWK� WKH� FRQWHQWV� RI� WKH�
EODFN� ER[� �DGMXVW� WKH� VWUHQJWKV� RI� DOO� WKHVH� LQWHUQRGHV� FRQQHFWLRQV�� VR� WKDW� WKH�
V\VWHP� FDQ� SURGXFH� DQ\� GHVLUHG� SDWWHUQ� RQ� WKH� VHFRQG� VFUHHQ� IRU� D� YHU\� ZLGH�
UDQJH�RI�LQSXW�SDWWHUQV��)RU�H[DPSOH�� LI�WKH�LQSXW�SDWWHUQ�LV�D�WULDQJOH��WKH�RXWSXW�
SDWWHUQ�FDQ�EH�WUDLQHG�WR�EH�D�WULDQJOH��,I�DQ�LQSXW�SDWWHUQ�FRQWDLQLQJ�D�WULDQJOH�DQG�
D�FLUFOH�LV�SUHVHQWHG��WKH�RXWSXW�FDQ�EH�VWLOO�DUUDQJHG�WR�EH�D�WULDQJOH��6LPLODUO\��ZH�
PD\�DGG�D�YDULHW\�RI�RWKHU�VKDSHV�WR�WKH�QHWZRUN�LQSXW�SDWWHUQ�DQG�WHDFK�WKH�QHW�
WR�RQO\�UHVSRQG�WR�WULDQJOHV��,I�WKHUH�LV�QR�WULDQJOH�LQ�WKH�LQSXW��WKH�QHWZRUN�FDQ�EH�
PDGH�WR�UHVSRQG��IRU�H[DPSOH��ZLWK�D�]HUR��

����� 7KH�0XOWLOD\HU�3HUFHSWURQ�0RGHO�
�7KH�PRVW� FRPPRQ� QHXUDO� QHWZRUN�PRGHO� LV� WKH� PXOWLOD\HU� SHUFHSWURQ� �0/3���
7KLV�W\SH�RI�QHXUDO�QHWZRUN�LV�NQRZQ�DV�D�VXSHUYLVHG�QHWZRUN�EHFDXVH�LW�UHTXLUHV�
D�GHVLUHG�RXWSXW�LQ�RUGHU�WR�OHDUQ��7KH�JRDO�RI�WKLV�W\SH�RI�QHWZRUN�LV�WR�FUHDWH�D�
PRGHO�WKDW�FRUUHFWO\�PDSV�WKH�LQSXW�WR�WKH�RXWSXW�XVLQJ�KLVWRULFDO�GDWD�VR�WKDW�WKH�
PRGHO� FDQ� WKHQ� EH� XVHG� WR� SURGXFH� WKH� RXWSXW� ZKHQ� WKH� GHVLUHG� RXWSXW� LV�
XQNQRZQ�� 7KH�0/3� DQG�PDQ\� RWKHU� QHXUDO� QHWZRUNV� OHDUQ� XVLQJ� DQ� DOJRULWKP�
FDOOHG� EDFN� SURSDJDWLRQ�� :LWK� EDFN� SURSDJDWLRQ�� WKH� LQSXW� GDWD� LV� UHSHDWHGO\�
SUHVHQWHG�WR�WKH�QHXUDO�QHWZRUN��:LWK�HDFK�SUHVHQWDWLRQ�WKH�RXWSXW�RI�WKH�QHXUDO�
QHWZRUN�LV�FRPSDUHG�WR�WKH�GHVLUHG�RXWSXW�DQG�DQ�HUURU�LV�FRPSXWHG��7KLV�HUURU�LV�
WKHQ� IHG� EDFN� �EDFN� SURSDJDWHG�� WR� WKH� QHXUDO� QHWZRUN� DQG� XVHG� WR� DGMXVW� WKH�
ZHLJKWV�VXFK�WKDW�WKH�HUURU�GHFUHDVHV�ZLWK�HDFK�LWHUDWLRQ�DQG�WKH�QHXUDO�PRGHO�JHWV�
FORVHU� DQG� FORVHU� WR� SURGXFLQJ� WKH� GHVLUHG� RXWSXW�� 7KLV� SURFHVV� LV� NQRZQ� DV�
�WUDLQLQJ���2I� FRXUVH� FKDUDFWHU� UHFRJQLWLRQ� LV� QRW� WKH� RQO\� SUREOHP� WKDW� QHXUDO�
QHWZRUNV� FDQ� VROYH�� 1HXUDO� QHWZRUNV� KDYH� EHHQ� VXFFHVVIXOO\� DSSOLHG� WR� EURDG�
VSHFWUXP�RI�GDWD�LQWHQVLYH�DSSOLFDWLRQV�VXFK�DV��



3URFHVV�0RGHOLQJ�DQG�&RQWURO���&UHDWLQJ�D�QHXUDO�QHWZRUN�PRGHO�IRU�D�SK\VLFDO�
SODQW�WKHQ�XVLQJ�WKH�PRGDO�WR�JHW�WKH�EHVW�VHWWLQJV�RI�WKH�SODQW��
�0DFKLQH�'LDJQRVWLFV���'HWHFW�ZKHQ�D�PDFKLQH�KDV�IDLOHG�VR�WKDW�WKH�V\VWHP�FDQ�
DXWRPDWLFDOO\�VKXW�GRZQ�PDFKLQHV�ZKHQ�WKLV�RFFXUV��
3RUWIROLR�0DQDJHPHQW���$OORFDWH�WKH�DVVHWV�LQ�D�SRUWIROLR�LQ�D�ZD\�WKDW�PD[LPL]HV�
UHWXUQ�DQG�PLQLPL]HV�ULVN��
7DUJHW�5HFRJQLWLRQ���0LOLWDU\�DSSOLFDWLRQ�ZKLFK�XVHV�YLGHR�DQG�RU�LQIUDUHG�LPDJH�
GDWD�WR�GHWHUPLQH�LI�HQHP\�WDUJHW�LV�SUHVHQW��
�0HGLFDO� 'LDJQRVLV� �� $VVLVWLQJ� GRFWRUV� ZLWK� WKHLU� GLDJQRVLV� E\� DQDO\]LQJ� WKH�
UHSRUWHG�V\PSWRPV�DQG�RU�LPDJH�GDWD�VXFK�DV�05,V�RU�;�UD\V��
&UHGLW�5DWLQJ���$XWRPDWLFDOO\� DVVLJQLQJ�D�FRPSDQ\
V�RU� LQGLYLGXDO·V� FUHGLW� UDWLQJ�
EDVHG�RQ�WKHLU�ILQDQFLDO�FRQGLWLRQ��
7DUJHWHG�0DUNHWLQJ� ��)LQGLQJ� WKH� VHW� RI� GHPRJUDSKLFV�ZKLFK�KDYH� WKH� KLJKHVW�
UHVSRQVH�UDWH�IRU�D�SDUWLFXODU�PDUNHWLQJ�FDPSDLJQ��
9RLFH�5HFRJQLWLRQ���7UDQVFULELQJ�VSRNHQ�ZRUGV�LQWR�$6&,,�WH[W��
)LQDQFLDO�)RUHFDVWLQJ���8VLQJ�WKH�KLVWRULFDO�GDWD�RI�D�VHFXULW\�WR�SUHGLFW�WKH�IXWXUH�
PRYHPHQW�RI�WKDW�VHFXULW\��
4XDOLW\� &RQWURO� �� $WWDFKLQJ� D� FDPHUD� RU� VHQVRU� WR� WKH� HQG� RI� D� SURGXFWLRQ�
SURFHVV�WR�DXWRPDWLFDOO\�LQVSHFW�IRU�GHIHFWV��
,QWHOOLJHQW�6HDUFKLQJ���$Q�LQWHUQHW�VHDUFK�HQJLQH�WKDW�SURYLGHV�WKH�PRVW�UHOHYDQW�
FRQWHQW�DQG�EDQQHU�DGV�EDVHG�RQ�WKH�XVHUV
�SDVW�EHKDYLRU��
)UDXG�'HWHFWLRQ� ��'HWHFW� IUDXGXOHQW� FUHGLW� FDUG� WUDQVDFWLRQV� DQG� DXWRPDWLFDOO\�
GHFOLQH�WKH�FKDUJH��

����� 1HXUR�FRQWURO�
7KH�XVH�RI�QHXUDO�QHWZRUNV�LQ�FRQWURO�DSSOLFDWLRQV�KDV�UHFHQWO\�H[SHULHQFHG�UDSLG�
JURZWK��7KH�EDVLF�REMHFWLYH�RI�FRQWURO�LV�WR�SURYLGH�WKH�DSSURSULDWH�LQSXW�VLJQDO�WR�
D�JLYHQ�SK\VLFDO�SURFHVV�LQ�RUGHU�WR�REWDLQ�D�GHVLUHG�RXWSXW��,Q�FRQWURO�WKHRU\��WKH�
SK\VLFDO� SURFHVV� WR� EH� FRQWUROOHG� LV� UHIHUUHG� WR� DV� D� SODQW�� ,I� WKH� LQSXW� VLJQDO�
VXSSOLHG�WR� WKH�SODQW� LV�JHQHUDWHG�E\�D�QHXUDO�QHWZRUN�EDVHG�FRQWUROOHU�� WKH�FDVH�
FDQ�EH�WHUPHG��QHXUDO�FRQWURO��RU�EULHIO\��1HXUR�FRQWURO���1HXUR�FRQWURO� LV�SDUW�
RI�WKH�PXFK�EURDGHU�FRQFHSW�RI��LQWHOOLJHQW�FRQWURO���



7KH� LQWHOOLJHQW� FRQWURO� SDUDGLJP� HPHUJHG� TXLWH� QDWXUDOO\� IURP� WKH� ILHOG� RI�
FRQYHQWLRQDO�FRQWURO��$V�FRQWURO�PHWKRGV�KDYH�IRXQG�WKHLU�ZD\�LQWR�SUDFWLFH��WKH\�
KDYH�RSHQHG�WKH�GRRU�WR�D�ZLGH�VSHFWUXP�RI�FRPSOH[�DSSOLFDWLRQV��6XFK�FRPSOH[�
V\VWHPV� DUH� FKDUDFWHUL]HG� E\� SRRU� PRGHOV�� KLJK� GLPHQVLRQDOLW\� RI� WKH� GHFLVLRQ�
VSDFH��KLJK�QRLVH�OHYHOV��PXOWLSOH�SHUIRUPDQFH�FULWHULD��FRPSOH[�EHKDYLRU��HWF��:H�
FDQ�EURDGO\�FODVVLI\�WKH�GLIILFXOWLHV�WKDW�DULVH�LQ�WKHVH�V\VWHPV�LQWR�WKUHH�FDWHJRULHV�
IRU� ZKLFK� HVWDEOLVKHG� PHWKRGV� DUH� LQVXIILFLHQW�� 7KH� ILUVW� LV� FRPSXWDWLRQDO�
FRPSOH[LW\��WKH�VHFRQG�LV�WKH�SUHVHQFH�RI�QRQOLQHDU�SURFHVVHV�ZLWK�PDQ\�GHJUHHV�
RI�IUHHGRP��DQG�WKH�WKLUG�LV�XQFHUWDLQW\��SUHVHQFH�RI�QRLVH��GLVWXUEDQFHV��HWF����7KH�
JUHDWHU�WKH�DELOLW\�WR�GHDO�ZLWK�WKHVH�GLIILFXOWLHV��WKH�PRUH�LQWHOOLJHQW�LV�WKH�FRQWURO�
V\VWHP���
%HFDXVH�PDQ\�OLYLQJ�V\VWHPV�GR�LPSOHPHQW�VRPH�VRUW�RI�LQWHOOLJHQW�FRQWURO��LW�KDV�
EHHQ� QDWXUDO� WR� ORRN� LQWR� FRPSXWDWLRQDO� SDUDGLJPV� XVHG� E\� QDWXUH�� $UWLILFLDO�
QHXUDO� QHWZRUNV� UHSUHVHQW� VXFK� D� ELRORJLFDOO\� LQVSLUHG� SDUDGLJP�� $W� WKH� SUHVHQW�
WLPH��QHXUDO�QHWZRUNV�UHSUHVHQW�DQ�LPSRUWDQW�SDUDGLJP�IRU�FODVVLI\LQJ�SDWWHUQV��RU�
JHQHUDWLQJ�VLJQDOV�WR�FRQWURO�WKHLU�HQYLURQPHQW��
�7KH�PDLQ�UHDVRQV�IRU�WKLV�DUH��
• 1HXUDO�QHWZRUNV�FDQ�EH�WUDLQHG��7KLV�PHDQV�WKDW��JLYHQ�D�VHW�RI� LQSXW�RXWSXW�

SDWWHUQV��FDOOHG�WKH�WUDLQLQJ�VHW���WKH�FRQQHFWLRQ�ZHLJKWV�RI�WKH�QHXUDO�QHWZRUN�
FDQ� EH� DGDSWHG� LQ� RUGHU� WR� DSSUR[LPDWH�� DFFRUGLQJ� WR� VRPH� SUHGHILQHG�
FULWHULRQ��WKH�LQSXW�RXWSXW�SDWWHUQV�SURYLGHG�LQ�WKH�WUDLQLQJ�VHW��$IWHU�WUDLQLQJ��
WKH�QHXUDO�QHWZRUN�FDQ�EH�XVHG�WR�SUHGLFW�D�QHZ�RXWSXW�SDWWHUQV��EDVHG�RQ�WKH�
LQSXW� SDWWHUQ� RQO\�� 7KH� DGDSWDWLRQ� ODZ� WKDW� DOORZV� DGMXVWLQJ� WKH� FRQQHFWLRQ�
ZHLJKWV� LV� FDOOHG� WKH� OHDUQLQJ� DOJRULWKP��7KLV� LV� RI� FRXUVH� UHPLQLVFHQW� RI� WKH�
DGDSWLYH�FRQWURO�VWUDWHJ\���

• 1HXUDO� QHWZRUNV� FDQ� DSSUR[LPDWH� QRQOLQHDU� IXQFWLRQV�� 0XOWL�OD\HU� QHXUDO�
QHWZRUNV��XQLWV�RU�QHXURQV�DUH�RUJDQL]HG�LQ�OD\HUV��WKH�LQSXW�OD\HU��WKH�KLGGHQ�
OD\HUV�� DQG� WKH� RXWSXW� OD\HU�� DUH� VSHFLDO� DUFKLWHFWXUHV� IRU� ZKLFK� SRZHUIXO�
OHDUQLQJ�DOJRULWKPV�H[LVW��2QFH�WKH�FRQQHFWLRQ�ZHLJKWV�KDYH�EHHQ�WUDLQHG��WKH�
QHXUDO� QHWZRUN� DSSUR[LPDWHV� WKH� LQSXW�RXWSXW� PDSSLQJ� SURYLGHG� E\� WKH�



WUDLQLQJ�VHW��SURYLGHG�WKDW�WKHUH�DUH�D�VXIILFLHQW�QXPEHU�RI�KLGGHQ�XQLWV�LQ�WKH�
KLGGHQ�OD\HUV���

• 1HXUDO� QHWZRUNV� FDQ� EH� WUDLQHG� LQ� QRLVH�� )RU� LQVWDQFH�� D� QHXUDO� QHWZRUN�
WUDLQHG� ZLWK� D� OHDVW� PHDQ� VTXDUH� FULWHULRQ� DSSUR[LPDWHV� WKH� FRQGLWLRQDO�
H[SHFWDWLRQ�RI�WKH�RXWSXW�SDWWHUQ��JLYHQ�WKH� LQSXW�SDWWHUQ��7KHUH�H[LVW�UREXVW�
OHDUQLQJ� DOJRULWKPV� WKDW� JXDUDQWHH� FRQYHUJHQFH� LQ� WKH� SUHVHQFH� RI�
XQFHUWDLQWLHV���

• 1HXUDO� QHWZRUNV� FDQ� HDVLO\� EH� LPSOHPHQWHG� RQ� SDUDOOHO� KDUGZDUH� IRU� IDVW�
FRPSXWDWLRQ�� ,QGHHG�� WKH\� UHDOL]H�� E\� QDWXUH�� D� SDUDOOHO� SURFHVVLQJ� RI�
LQIRUPDWLRQ���

• 7KHVH�SURSHUWLHV�FOHDUO\�LQGLFDWH�WKDW�QHXUDO�QHWZRUNV�H[KLELW�VRPH�LQWHOOLJHQW�
EHKDYLRU�� DQG� DUH� JRRG� FDQGLGDWH� PRGHOV� IRU� WKH� FRQWURO� RI� QRQOLQHDU�
SURFHVVHV��IRU�ZKLFK�QR�SHUIHFW�PDWKHPDWLFDO�PRGHO�LV�DYDLODEOH��

����� $SSOLFDWLRQ�RI�$UWLILFLDO�1HXUDO�1HWZRUN�
�� *DPH�SOD\LQJ��
�� 6SHHFK�UHFRJQLWLRQ��
�� 8QGHUVWDQGLQJ�QDWXUDO�ODQJXDJH��
�� &RPSXWHU�YLVLRQ��
�� ([SHUW�V\VWHPV��

����� $GYDQWDJHV�RI�$UWLILFLDO�1HXUDO�1HWZRUNV��$11��
&RPSXWHU� WHFKQLTXHV� FDQ� XVH� QHXUDO� QHWZRUNV�� ZLWK� WKHLU� UHPDUNDEOH� DELOLW\� WR�
GHULYH�PHDQLQJ�IURP�FRPSOLFDWHG�RU�LPSUHFLVH�GDWD��WR�H[WUDFW�SDWWHUQV�DQG�GHWHFW�
WUHQGV� WKDW� DUH� WRR� FRPSOH[� WR� EH� QRWLFHG�� $� WUDLQHG� QHXUDO� QHWZRUN� FDQ� EH�
WKRXJKW� RI� DV� DQ� �H[SHUW�� LQ� WKH� FDWHJRU\� RI� LQIRUPDWLRQ� LW� KDV� EHHQ� JLYHQ� WR�
DQDO\]H��7KLV�H[SHUW�FDQ�WKHQ�EH�XVHG�WR�SURYLGH�SURMHFWLRQV�JLYHQ�QHZ�VLWXDWLRQV�
RI�LQWHUHVW��
�



����� /LPLWDWLRQ�WR�1HXUDO�1HWZRUNV�
7KH�PDMRU�LVVXHV�RI�FRQFHUQ�WRGD\�DUH�WKH�VFDODELOLW\�SUREOHP��WHVWLQJ��YHULILFDWLRQ��
DQG�LQWHJUDWLRQ�RI�QHXUDO�QHWZRUN�V\VWHPV� LQWR�WKH�PRGHUQ�HQYLURQPHQW��1HXUDO�
QHWZRUN�SURJUDPV�VRPHWLPHV�EHFRPH�XQVWDEOH�ZKHQ�DSSOLHG�WR� ODUJHU�SUREOHPV��
7KH�'HIHQVH��QXFOHDU�DQG�VSDFH�LQGXVWULHV�DUH�FRQFHUQHG�DERXW�WKH�LVVXH�RI�WHVWLQJ�
DQG�YHULILFDWLRQ��7KH�PDWKHPDWLFDO�WKHRULHV�XVHG�WR�JXDUDQWHH�WKH�SHUIRUPDQFH�RI�
DQ�DSSOLHG�QHXUDO�QHWZRUN�DUH�VWLOO�XQGHU�GHYHORSPHQW��
�
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/1&'..+0)���5+/7.#6+10�

�
�
7KLV�FKDSWHU�SUHVHQWV�PRGHOLQJ�DSSURDFK�LQ�IX]]\�WRRO�ER[�RI�0$7/$%��
���� :KDW�LV�WKH�)X]]\�ORJLF�WRROER["�
7KH� IX]]\� ORJLF� WRROER[� LV� D� FROOHFWLRQ� RI� IXQFWLRQV� EXLOW� RQ� WKH� 0$7/$%�
QXPHULF� FRPSXWLQJ� HQYLURQPHQW�� ,W� SURYLGHV� WRROV� IRU� \RX� WR� FUHDWH� DQG� HGLW�
IX]]\� LQIHUHQFH�V\VWHPV�ZLWKLQ�WKH�IUDPHZRUN�RI�0$7/$%��RU�LI�SUHIHU�\RX�FDQ�
LQWHJUDWHG�\RXU�IX]]\�V\VWHPV�LQWR�VLPXODWLRQV�ZLWK�6,08/,1.��RU�\RX�FDQ�HYHQ�
EXLOG�VWDQGDORQH�&�3URJUDPV�WKDW�FDOO�RQ�)X]]\�\RX�EXLOG�0$7/$%��7KLV�WRROER[�
UHOLHV�KHDYLO\�RQ�JUDSKLFDO�XVHU�LQWHUIDFH��*8,��WRROV�WR�KHOS�\RX�DFFRPSOLVK�\RXU�
ZRUN��DOWKRXJK�\RX�FDQ�ZRUN�HQWLUHO\�IURP�WKH�FRPPDQG�OLQH�LI�\RX�SUHIHU���
���� 7KH�WRROER[�FDWHJRULHV�

¾ &RPPDQG�OLQH�IXQFWLRQV��
¾ *UDSKLFDO��LQWHUDFWLYH�WRROV��
¾ 6,08/,1.�EORFNV�DQG�H[DPSOHV��

7KH� ILUVW� FDWHJRU\� RI� WRROV� LV�PDGH� XS� RI� IXQFWLRQV� WKDW� \RX� FDQ� FDOO� IURP� WKH�
FRPPDQG�OLQH�RU�IURP�\RXU�RZQ�DSSOLFDWLRQ��
0DQ\� RI� WKHVH� IXQFWLRQV� DUH� 0$7/$%�P�ILOHV�� VHULHV� RI� 0$7/$%� VWDWHPHQWV�
WKDW� LPSOHPHQW� VSHFLDOL]HG� IX]]\� ORJLF� DOJRULWKPV�� <RX� FDQ� YLHZ� WKH�0$7/$%�
FRGH�IRU�WKHVH�IXQFWLRQV�XVLQJ�WKH�VWDWHPHQW�´7\SH�IXQFWLRQ�QDPHµ��
<RX�FDQ�FKDQJH�WKH�ZD\�DQ\�WRROER[�IXQFWLRQ�ZRUNV�E\�FRS\LQJ�DQG�UHQDPLQJ�WKH�
P�ILOH��WKHQ�PRGLI\LQJ�\RXU�FRS\��<RX�FDQ�DOVR�H[WHQG�WKH�WRROER[�E\�DGGLQJ�\RXU�
RZQ�P�ILOHV��
6HFRQGO\�� WKH� WRROER[�SURYLGHV� D�QXPEHU�RI� LQWHUDFWLYH� WRROV� WKDW� OHW� \RX� DFFHVV�
PDQ\�RI�WHQ�IXQFWLRQV�WKURXJK�D�*8,�WRJHWKHU�� WKH�*8,�EDVHG�WRROV�SURYLGH�DQ�
HQYLURQPHQW�IRU�IX]]\�LQIHUHQFH�V\VWHPV�GHVLJQ��DQDO\VLV��DQG�LPSOHPHQWDWLRQ��
7KH�WKLUG�FDWHJRU\�RI�WRROV�LV�D�VHW�RI�EORFNV�IRU�XVH�ZLWK�6,08/,1.�VLPXODWLRQ�
VRIWZDUH��7KHVH�DUH�VSHFLILFDOO\�GHVLJQHG�IRU�KLJK�VSHHG�IX]]\�/RJLF� LQIHUHQFH� LQ�
WKH�6,08/,1.�HQYLURQPHQW��
�



���� :KDW�FDQ�IX]]\�ORJLF�WRROER[�GR"�
7KH�IX]]\� ORJLF�WRROER[�DOORZV�\RX�WR�GR�VHYHUDO� WKLQJV��EXW�WKH�PRVW�LPSRUWDQW�
WKLQJ�LW�OHWV�\RX�GR�LV�FUHDWH�DQG�HGLW�IX]]\�LQIHUHQFH�V\VWHPV��<RX�FDQ�FUHDWH�WKHVH�
V\VWHPV� XVLQJ� *8,� RU� FRPPDQG� OLQH� IXQFWLRQV� RU� \RX� FDQ� JHQHUDWH� WKHP�
DXWRPDWLFDOO\�XVLQJ�HLWKHU�FOXVWHULQJ�RU�DGDSWLYH�QHXUR�IX]]\�WHFKQLTXHV��
,I�\RX�KDYH�DFFHVV�WR�6,08/,1.�\RX�FDQ�HDVLO\�WHVW�\RXU�IX]]\�V\VWHP�LQ�EORFN�
GLDJUDP�VLPXODWLRQ�HQYLURQPHQW�
7KH�WRROER[�DOVR�OHWV�\RX�UXQ�\RXU�RZQ�VWDQGDORQH�&�SURJUDPV�GLUHFWO\��ZLWKRXW�
WKH�QHHG�RI�6,08/,1.��7KLV� LV�PDGH�SRVVLEOH�E\� D� VWDQGDORQH� IX]]\� ,QIHUHQFH�
(QJLQH� WKDW� UHDGV� WKH� IX]]\� V\VWHPV� VDYHG� IURP� D�0$7/$%� VHVVLRQ�� <RX� FDQ�
FXVWRPL]H� WKH� VWDQGDORQH� HQJLQH� WR� EXLOG� IX]]\� LQIHUHQFH� LQWR� \RXU� RZQ� FRGH��
$//�SURYLGH�FRGH�LV�$16,�FRPSOLDQW��
%HFDXVH�RI�WKH�LQWHJUDWHG�QDWXUH�RI�0$7�/DE·V�HQYLURQPHQW��\RX�FDQ�FUHDWH�\RXU�
RZQ� WRROV� WR� FXVWRPL]H� WKH� )X]]\� /RJLF� 7RROER[� RU� KDUQHVV� LW� ZLWK� DQRWKHU�
WRROER[�� VXFK� DV�&RQWURO� 6\VWHP��1HXUDO�� RU�2SWLPL]DWLRQ�7RROER[�� WR�PHQWLRQ�
RQO\�D�IHZ�RI�WKH�SRVVLELOLWLHV���

�

���� )X]]\�,QIHUHQFH�
,W�LV�PHWKRG�WKDW�LQWHUSUHWV�WKH�YDOXHV�LQ�WKH�LQSXW�YHFWRU�DQG��EDVHG�RQ�VRPH�VHW�
RI�UXOHV��DVVLJQV�YDOXHV�WR�WKH�RXWSXW�YHFWRU��7KHVH�WKUHH�DUHDV�DUH��

• )RXQGDWLRQV� RI� IX]]\� ORJLF�� ZKLFK� LV� DQ� LQWURGXFWLRQ� WR� WKH� JHQHUDO�
FRQFHSWV��

• )X]]\� LQIHUHQFH� V\VWHP�� ZKLFK� H[SODLQV� WKH� VSHFLILF� PHWKRGV� RI� IX]]\�
LQIHUHQFH�XVHG� LQ�IX]]\�ORJLF�WRROER[��7KH�ILHOG�RI�IX]]\�XVHV�PDQ\�WHUPV�
WKDW�GR�QRW�\HW�KDYH�VWDQGDUG�LQWHUSUHWDWLRQV��

• %XLOGLQJ� V\VWHPV� ZLWK� IX]]\� ORJLF� WRROER[�� WKLV� LQWURGXFHV� WKH� *8,�
WRROV� DYDLODEOH� LQ� IX]]\� ORJLF� WRROER[� DQG� JXLGHV� \RX� WKURXJK� WKH�
FRQVWUXFWLRQV�RI�D�FRPSOHWH�LQIHUHQFH�V\VWHP�IURP�VWDUW�WR�ILQLVK��7KLV�DOVR�
WHOOV�DERXW�KRZ�\RX�EXLOG�DQG�HGLW�D�IX]]\�V\VWHP�XVLQJ�WKLV�WRROER[��



����� )RXQGDWLRQV�RI�IX]]\�ORJLF�
)X]]\�6HWV���)X]]\�ORJLF�VWDUWV�ZLWK�FRQFHSW�RI�D�IX]]\�VHW��ZKLFK�LV�D�VHW�ZLWKRXW�
D�FULVS��FOHDUO\�GHILQHG�ERXQGDU\��,W�FDQ�FRQWDLQ�HOHPHQWV�ZLWK�RQO\�D�SDUWLDO�GHJUHH�
RI�PHPEHUVKLS��
0HPEHUVKLS� )XQFWLRQV��$�PHPEHUVKLS� IXQFWLRQ� LV� D� FXUYH� WKDW� GHILQHV� KRZ�
HDFK� SRLQW� LQ� WKH� LQSXW� VSDFH� LV� PDSSHG� WR� D� PHPEHUVKLS� YDOXH� �RU� GHJUHH� RI�
PHPEHUVKLS�� EHWZHHQ� �� DQG� ��� 7KH� LQSXW� VSDFH� LV� VRPHWLPHV� UHIHUUHG� WR� DV�
8QLYHUVH�RI�'LVFRXUVH��D�IDQF\�QDPH�IRU�D�VLPSOH�FRQFHSW��
��� 0HPEHUVKLS�IXQFWLRQV�,Q�D�)X]]\�/RJLF�7RROER[��7KH�RQO\�FRQGLWLRQ�
D�PHPEHUVKLS�IXQFWLRQ�PXVW�UHDOO\�VDWLVI\�LV�WKDW�LW�PXVW�YDU\�EHWZHHQ���	����7KH�
IXQFWLRQ� LWVHOI� FDQ� EH� DQ� DUELWUDU\� FXUYH� ZKRVH� VKDSH� ZHDN� DQG� GHILQH� DV� D�
IXQFWLRQ� WKDW� VXLWV� XV� IURP� WKH� SRLQW� RI� YLHZ� RI� VLPSOLFLW\�� FRQYHQLHQFH�� VSHHG��
DQG�HIILFLHQF\��

��� +H�6JGP�4WNGU��)X]]\�VHWV�DQG�IX]]\�RSHUDWRUV�DUH�WKH�VXEMHFWV�DQG�WKH�YHUEV�RI�IX]]\�
ORJLF��7KHVH�LI�WKHQ�UXOHV�VWDWHPHQWV�DUH�XVHG�WR�IRUPXODWH�WKH�FRQGLWLRQDO�VWDWHPHQWV�WKDW�FRPSULVH�
IX]]\�ORJLF��$�VLQJOH�IX]]\�LI�WKHQ�UXOH�DVVXPHV�WKH�IRUP��

,I�;�LV�$�WKHQ�<�LV�%�
ZKHUH�$�	�%�DUH�OLQJXLVWLF�YDOXHV��GHILQHG�E\�IX]]\�VHWV�RQ�WKH�UDQJHV��XQLYHUVH�RI�
GLVFRXUVH�� [� DQG� \�� UHVSHFWLYHO\�� 7KH� ,I� SDUW� RI� WKH� UXOH� ´;� LV� $µ� LV� FDOOHG� WKH�
$QWHFHGHQW� RU� SUHPLVH�� ZKLOH� WKH� WKHQ� SDUW� RI� WKH� UXOH� ´<� LV� %� ´LV� FDOOHG�
&RQVHTXHQW�RU�FRQFOXVLRQ���
�
���� ,QWHUSUHWLQJ�,I�7KHQ�UXOHV�
,W�LV�D�WKUHH�SDUW�SURFHVV��

�� )X]]LI\�LQSXWV��5HVROYH�DOO�IX]]\�VWDWHPHQWV�LQ�WKH�DQWHFHGHQW�WR�D�GHJUHH�
RI�PHPEHUVKLS�EHWZHHQ���	����,I�WKHUH�LV�RQO\�RQH�SDUW�WR�WKH�DQWHFHGHQW�
WKLV�LV�WKH�GHJUHH�RI�VXSSRUW�IRU�WKH�UXOH��

�� $SSO\�IX]]\�RSHUDWRU�WR�PXOWLSOH�SDUW�DQWHFHGHQW��,I�WKHUH�DUH�PXOWLSOH�
SDUWV� WR� WKH� DQWHFHGHQW�� DSSO\� IX]]\� ORJLF� RSHUDWRUV� DQG� UHVROYH� WKH�
DQWHFHGHQW�WR�D�VLQJOH�QXPEHU�EHWZHHQ���	���7KLV�LV�WKH�GHJUHH�RI�VXSSRUW�
IRU�WKH�UXOH��



�� $SSO\�LPSOLFDWLRQ�PHWKRG��8VH�WKH�GHJUHH�RI�6XSSRUW�IRU�WKH�HQWLUH�UXOH�
WR�WKH�VKDSH�WKH�RXWSXW�IX]]\�VHW��7KH�FRQVHTXHQW�RI�D�IX]]\�UXOH�DVVLJQV�
DQ� HQWLUH� IX]]\� VHW� WR� WKH� RXWSXW�� 7KLV� IX]]\� VHW� LV� UHSUHVHQWHG� E\�
PHPEHUVKLS� IXQFWLRQ� WKDW� LV� FKRVHQ� WR� LQGLFDWH� WKH� TXDOLWLHV� RI� WKH�
FRQVHTXHQW��,I�WKH�DQWHFHGHQW�LV�RQO\�SDUWLDOO\�WUXH���L�H��LV�DVVLJQHG�D�YDOXH�
OHVV�WKDQ�����WKHQ�WKH�RXWSXW�IX]]\�VHW�LV�WUXQFDWHG�DFFRUGLQJ�WR�LPSOLFDWLRQ�
PHWKRG��

����� )X]]\�,QIHUHQFH�6\VWHPV�
)X]]\�LQIHUHQFH�LV�WKH�SURFHVV�RI�IRUPXODWLQJ�WKH�PDSSLQJ�IURP�D�JLYHQ�LQSXW�WR�
DQ� RXWSXW� XVLQJ� IX]]\� ORJLF�� 7KH� PDSSLQJ� WKHQ� SURYLGHV� D� EDVLV� IURP� ZKLFK�
GHFLVLRQV� FDQ� EH� PDGH�� RU� SDWWHUQV� GLVFHUQHG�� 7KHUH� DUH� WZR� W\SHV� RI� IX]]\�
LQIHUHQFH�V\VWHPV�WKDW�FDQ�EH�LPSOHPHQWHG�LQ�WKH�)X]]\�/RJLF�7RROER[��

• 0DPGDQL�W\SH��
• 6XJHQR�W\SH��

7KHVH� WZR� W\SHV� RI� LQIHUHQFH� V\VWHPV� YDU\� VRPHZKDW� LQ� WKH� ZD\� RXWSXWV� DUH�
GHWHUPLQHG��
0DPGDQL�W\SH� IX]]\� LQIHUHQFH� PHWKRGV�� ,W� LV� WKH� PRVW� FRPPRQO\� VHHQ�
PHWKRGRORJ\��0DPGDQL�W\SH� LQIHUHQFH� DV� GHILQHG� IRU� WKH� )X]]\� /RJLF� 7RROER[�
H[SHFWV� WKH� RXWSXW� PHPEHUVKLS� IXQFWLRQV� WR� EH� WKH� IX]]\� VHWV�� $IWHU� WKH�
DJJUHJDWLRQ� SURFHVV�� WKHUH� LV� D� IX]]\� VHW� IRU� HDFK� RXWSXW� YDULDEOH� WKDW� QHHGV�
'HIX]]LILFDWLRQ�� � ,W·V� SRVVLEOH�� DQG� LQ� PDQ\� FDVHV� PXFK� PRUH� HIILFLHQW�� WR� XVH�
VLQJOH�VSLNHV�DV�RXWSXW�PHPEHUVKLS�IXQFWLRQV�UDWKHU�WKDQ�D�GLVWULEXWHG�IX]]\�VHW��
7KLV�LV�VRPHWLPHV�NQRZQ�DV�D�VLQJOHWRQ�RXWSXW�PHPEHUVKLS�IXQFWLRQ��DQG�LW�HQKDQFHV�WKH�
HIILFLHQF\� RI� WKH� 'HIX]]LILFDWLRQ� SURFHVV� EHFDXVH� LW� JUHDWO\� VLPSOLILHV� WKH�
FRPSXWDWLRQ� UHTXLUHG� E\� WKH� PRUH� JHQHUDO� 0DPGDQL� PHWKRG�� ZKLFK� ILQGV� WKH�
FHQWURLG� RI� WZR� GLPHQVLRQDO� IXQFWLRQV�� 5DWKHU� WKDQ� LQWHJUDWLQJ� DFURVV� WKH� WZR�
GLPHQVLRQDO� IXQFWLRQ�WR�ILQG� WKH�FHQWURLG��ZH�XVH�WKH�ZHLJKWHG�DYHUDJH�RI�D� IHZ�
GDWD�SRLQWV��
6XJHQR�W\SH�V\VWHPV��,Q�JHQHUDO��6XJHQR�W\SH�V\VWHPV�FDQ�EH�XVHG�WR�PRGHO�DQ\�
LQIHUHQFH� V\VWHP� LQ�ZKLFK� WKH�RXWSXW�PHPEHUVKLS� IXQFWLRQV� DUH� HLWKHU� OLQHDU�RU�
FRQVWDQW��



���� *UDSKLFV�8VHU�,QWHUIDFH��*8,��
*UDSKLFV�8VHU�,QWHUIDFH�WRROV�LV�SURYLGHG�E\�WKH�)X]]\�/RJLF�7RROER[��7KHUH�DUH�
ILYH� SULPDU\� *8,� WRROV� IRU� EXLOGLQJ�� HGLWLQJ�� DQG� REVHUYLQJ� IX]]\� LQIHUHQFH�
V\VWHPV�LQ�)X]]\�/RJLF�7RROER[��

�L� 7KH�)X]]\�,QIHUHQFH�6\VWHP�RU�),6�(GLWRU�
�LL� 7KH�0HPEHUVKLS�)XQFWLRQ�(GLWRU�
�LLL� 7KH�5XOH�(GLWRU�
�LY� 7KH�5XOH�9LHZHU�
�Y� 7KH�6XUIDFH�9LHZHU�

,� 7KH�),6�(GLWRU�
7KH�),6�(GLWRU�KDQGOHV�WKH�KLJK�OHYHO�LVVXHV�IRU�WKH�V\VWHP��
+RZ� PDQ\� LQSXW� DQG� RXWSXW� YDULDEOHV"� :KDW� DUH� WKHLU� QDPHV"� 7KH� )X]]\�
/RJLF�7RROER[�GRHVQ·W�OLPLW�WKH�QXPEHU�RI�LQSXWV�

,,� 7KH�0HPEHUVKLS�)XQFWLRQ�(GLWRU�
7KH� 0HPEHUVKLS� )XQFWLRQ� (GLWRU� LV� XVHG� WR� GHILQH� WKH� VKDSH� RI� DOO� WKH�
PHPEHUVKLS�IXQFWLRQV�DVVRFLDWHG�ZLWK�HDFK�YDULDEOH��

,,,� 7KH�5XOH�(GLWRU�
7KH�5XOH�(GLWRU�LV�IRU�HGLWLQJ�WKH�OLVW�RI�UXOHV�WKDW�GHILQHV�WKH�EHKDYLRU�RI�WKH�
V\VWHP��

,9� 7KH�5XOH�9LHZHU�
9� 7KH�6XUIDFH�9LHZHU�

7KH�5XOH�9LHZHU�DQG�7KH�6XUIDFH�9LHZHU�DUH�XVHG�IRU�ORRNLQJ�DW��DV�RSSRVHG�
WR�HGLWLQJ��WKH�),6��7KH\�DUH�VWULFWO\�UHDG�RQO\�WRROV���

�
�
�
�
�
�
�
�



����� 02'(//,1*�
7R�VWDUW�WKLV�V\VWHP�IURP�VFUDWFK��W\SH�¶IX]]\·�DW�WKH�0$7/$%�SURPSW��

�
)LJ������0$7/$%�3URPSW�

$� 7KH�JHQHULF�XQWLWOHG�),6�(GLWRU�RSHQV��ZLWK�RQH�LQSXW��ODEHOHG�LQSXW���DQG�
WKH�RQH�RXWSXW��ODEHOHG�RXWSXW����

�
)LJ������),6�(GLWRU�



:H�ZLOO�FRQVWUXFW�D�RQH�LQSXW��RQH�RXWSXW�V\VWHP��VR�JR�WR�WKH�(GLW�PHQX�DQG�
VHOHFW�$GG�LQSXW��$�VHFRQG�\HOORZ�ER[�ODEHOHG�LQSXW���ZLOO�DSSHDU���
�
�� &OLFN�RQFH�RQ�WKH�OHIW�²KDQG��\HOORZ��ER[�PDUNHG�LQSXW���WKH�ER[�ZLOO�EH�

KLJKOLJKWHG�LQ�UHG���
�� ,Q�WKH�ZKLWH�(GLW�ILHOG�RQ�WKH�ULJKW��FKDQJH�LQSXW��LI�\RX�ZDQW�WR�FKDQJH��
�� &OLFN�RQFH�RQ�WKH�OHIW�KDQG��\HOORZ��ER[�PDUNHG�LQSXW���WKH�ER[�ZLOO�EH�

KLJKOLJKWHG�LQ�UHG��LI�\RX�ZDQW�WR�DGG�DQRWKHU�LQSXW��
�� ,Q�WKH�ZKLWH�HGLW�ILHOG�RQ�WKH�ULJKW��FKDQJH�LQSXW��DQG�SUHVV�5HWXUQ��
�� &OLFN�RQFH�RQ�WKH�ULJKW�KDQG�EOXH�ER[�PDUNHG�RXWSXW��
�� ,Q�WKH�ZKLWH�HGLW�ILHOG�RQ�WKH�ULJKW��FKDQJH�RXWSXW��LI�\RX�ZDQW�WR�FKDQJH��
�� )URP�WKH�)LOH�PHQX�VHOHFW�VDYH�WR�ZRUNVSDFH�DV«���
�� (QWHU�WKH�YDULDEOH�QDPH�XQWLWOHG�DQG�FOLFN�RQ�2.��

�
)LJ������ZRUNVSDFH�VDYH�ZLQGRZ�

7KH� ),6�(GLWRU� IRU� )ULFWLRQ�&RPSHQVDWRU� KDQGOHV� WKH� KLJK� OHYHO� LVVXHV� IRU� WKH�
V\VWHP��+RZ�PDQ\�LQSXW�DQG�RXWSXW�YDULDEOHV"�:KDW�DUH�WKHLU�QDPHV"�7KH�)X]]\�
/RJLF� 7RROER[� GRHVQ·W� OLPLW� WKH� QXPEHU� RI� LQSXWV��+HUH� WKH� QXPEHUV� RI� LQSXW�
YDULDEOHV�DUH�WZR�ZKLFK�DUH�YHORFLW\��9��DQG�VDPSOHU��GY�GW��DQG�RQO\�RQH�RXWSXW�
YDULDEOH�RU�SDUDPHWHU�DV�FRHIILFLHQW�RI�IULFWLRQ�����DV�VKRZQ�LQ�),6�(GLWRU�VKRZQ�
EHORZ��
�



�
)LJ������),6�HGLWRU�

%�� 'HILQH�WKH�PHPEHUVKLS�IXQFWLRQV�DVVRFLDWHG�ZLWK�HDFK�YDULDEOH��7R�GR�WKLV��
RSHQ�WKH�0HPEHUVKLS�)XQFWLRQ�(GLWRU�LQ�RQH�RI�WKUHH�ZD\V��

�� 3XOO�GRZQ�WKH�YLHZ�PHQX�LWHP�DQG�VHOHFW�(GLW�0HPEHUVKLS�)XQFWLRQ«�
�� 'RXEOH�FOLFN�RQ�WKH�LFRQ�IRU�WKH�RXWSXW�YDULDEOH��
�� 7\SH�PIHGLW�DW�WKH�FRPPDQG�OLQH��

������ 7KH�0HPEHUVKLS�)XQFWLRQ�(GLWRU�
7KH� 0HPEHUVKLS� )XQFWLRQ� (GLWRU� LV� XVHG� WR� GHILQH� WKH� VKDSH� RI� DOO� WKH�
PHPEHUVKLS� IXQFWLRQV� DVVRFLDWHG� ZLWK� HDFK� YDULDEOH�� +HUH� DOO� WKH� PHPEHUVKLS�
IXQFWLRQV�XVHG�DUH�RI�WULDQJXODU�W\SH�DQG�WUDSH]RLGDO��7KH�PHPEHUVKLS�IXQFWLRQV�
IRU�ERWK�LQSXWV�YHORFLW\�DQG�VDPSOHU�DUH�GHILQHG�LQ�VHSDUDWH�PHPEHUVKLS�IXQFWLRQ�
HGLWRU��7KH�PHPEHUVKLS� IXQFWLRQ� IRU�RXWSXW� SDUDPHWHU� FRHIILFLHQW� RI� IULFWLRQ� LQ�
WKLV�FDVH�LV�DOVR�GHILQHG�LQ�VHSDUDWH�PHPEHUVKLS�IXQFWLRQ�HGLWRU��7KH�HQWLUH�WKUHH�
VHSDUDWH�PHPEHUVKLS�IXQFWLRQ�HGLWRU�IRU�LQSXW�DQG�RXWSXW�YDULDEOHV�KDYH�GLIIHUHQW�
UDQJHV�ZKLFK�GHSHQGV�RQ�WKH�YHORFLW\�9V�FRHIILFLHQW�RI�IULFWLRQ��
�



��������� ,QSXW�PHPEHU�IXQFWLRQ�YHORFLW\��9���
7KH�,QSXW�0HPEHUVKLS�)XQFWLRQ�(GLWRU�IRU�YHORFLW\�LV�XVHG�WR�GHILQH�WKH�VKDSH�RI�
DOO�WKH�PHPEHUVKLS�IXQFWLRQV�DVVRFLDWHG�ZLWK�LQSXW�YHORFLW\��
7KH�ZLQGRZ�VFUHHQ�LQ�ILJXUH�VKRZV�´,QSXW�PHPEHUVKLS�IXQFWLRQ�HGLWRU�YHORFLW\µ�
RI�0DW�ODE�YHUVLRQ�����7KH�YHORFLW\�UDQJH�RI�����WR���DQG�ZH�QHHG�WR�UHJXODWH�WKH�
YHORFLW\��7KH�YHORFLW\�LV�VHW�LQ�GLIIHUHQW�UDQJHV�E\�XVLQJ�PHPEHUVKLS�IXQFWLRQV��
,Q�WKLV�FDVH�>����������������@�DUH�VHW�DV�YORZ�RU�PI���
>���������������@�DUH�VHW�DV�ORZ�RU�PI���
>�����������������@�DV�PHGLXP�RU�PI���
>����������������@�DV�KLJK�RU�PI���
>������������@�DV�YKLJK�RU�PI���
,Q� IX]]\� ORJLF� IX]]\� TXDQWLILHU� DUH� WUHDWHG� DV� IX]]\� PHPEHU� WKDW� UHSUHVHQWV�
LPSUHFLVHO\�WKH�DEVROXWH�RU�UHODWLYH�FRXQW�RI�HOHPHQWV�LQ�IX]]\�VHWV��
�

�
)LJ������0HPEHUVKLS�IXQFWLRQ�HGLWRU��LQSXW����

�



��������� ,QSXW�PHPEHU�IXQFWLRQ�VDPSOHU��GY�GW���
7KH�,QSXW�0HPEHUVKLS�)XQFWLRQ�(GLWRU�IRU�VDPSOHU�LV�XVHG�WR�GHILQH�WKH�VKDSH�RI�
DOO�WKH�PHPEHUVKLS�IXQFWLRQV�DVVRFLDWHG�ZLWK�LQSXW�VDPSOHU��
7KH�ZLQGRZ�VFUHHQ�LQ�ILJXUH�VKRZV�´,QSXW�PHPEHUVKLS�IXQFWLRQ�HGLWRU�VDPSOHUµ�
RI�0DW�ODE�YHUVLRQ�����7KH�VDPSOHU�UDQJH�RI������WR�������
,Q�WKLV�FDVH�>����������������@�DUH�VHW�DV��YH�RU�PI���
>��������������������@�DUH�VHW�DV�Y�ORZ�RU�PI���
>��������������������@�DV��ORZ�RU�PI���
>�����������������@�DV��PLG�RU�PI���
>���������������@�DV�KLJK�RU�PI���
�

�
)LJ������0HPEHUVKLS�IXQFWLRQ�HGLWRU��LQSXW����

�
�
�
�



��������� 2XWSXW�PHPEHU�IXQFWLRQ�FRHIILFLHQW�RI�IULFWLRQ������
7KH� RXWSXW� 0HPEHUVKLS� )XQFWLRQ� (GLWRU� IRU� FRHIILFLHQW� RI� IULFWLRQ� LV� XVHG� WR�
GHILQH�WKH�VKDSH�RI�DOO�WKH�PHPEHUVKLS�IXQFWLRQV�DVVRFLDWHG�ZLWK�RXWSXW��
7KH�ZLQGRZ�VFUHHQ�LQ�ILJXUH�VKRZV�´2XWSXW�PHPEHUVKLS�IXQFWLRQ�HGLWRUµ�RI�0DW�
ODE�YHUVLRQ�����7KH�FRHIILFLHQW�RI�IULFWLRQ�UDQJH�RI���WR������
,Q�WKLV�FDVH�>����������������������@�DUH�VHW�DV�YORZ�RU�PI���
>�����������������������@�DUH�VHW�DV�ORZ�RU�PI���
>�������������������@�DV�PLG�RU�PI���
>����������������@�DV�KLJK�RU�PI���
>������������������@�DV�YKLJK�RU�PI���
�

�
)LJ������0HPEHUVKLS�IXQFWLRQ�HGLWRU��RXWSXW��

�
�&�� &RQVWUXFWLQJ�UXOHV�XVLQJ�WKH�*UDSKLFDO�5XOH�(GLWRU�LQWHUIDFH�DOORZV�\RX�WR�
FRQVWUXFW�WKH�UXOH�VWDWHPHQWV�DXWRPDWLFDOO\��E\�FOLFNLQJ�RQ�DQG�VHOHFWLQJ�RQH�LWHP�



LQ� HDFK� LQSXW� YDULDEOH� ER[�� RQH� LWHP� LQ� HDFK� RXWSXW� YDULDEOH� ER[�� DQG� RQH�
FRQQHFWLRQ�LWHP��
������� 5XOH�(GLWRU�7KH�5XOH�(GLWRU�LV�IRU�DGGLQJ�RU�HGLWLQJ�WKH�OLVW�RI�UXOHV�WKDW�
GHILQHV�WKH�EHKDYLRU�RI�WKH�V\VWHP��7KHVH�DUH�EDVLFDOO\�FRPSXWHU�SURJUDPV�DV�´LI�
WKHQ�VWDWHPHQWVµ��+HUH�WKH����UXOHV�DUH�XVHG�WR�GHILQH�WKH�EHKDYLRU�RI�FRQWUROOHU��
,Q� WKH� UXOH� HGLWRU� VKRZQ� DERYH� ZH� FDQ� LQFUHDVH� RU� GHFUHDVH� WKH� UXOHV� GHSHQGV�
XSRQ�WKH�UHTXLUHPHQW��:H�FDQ�GHOHWH��DGG�DQG�FKDQJH�WKH�UXOHV�LQ�WKH�UXOH�HGLWRU��
7KH�FRUUHFWLRQ�$1'�RU�25�FDQ�EH�XVHG��
�

�
)LJ������5XOHV�HGLWRU�

�
������� 5XOH�9LHZHU�
7KH�5XOH�9LHZHU� LV� XVHG� IRU� ORRNLQJ� DW�� DV� RSSRVHG� WR� HGLWLQJ�� WKH� ),6�� 7KLV� LV�
VWULFWO\�UHDG�RQO\�WRRO��7KH�ZLQGRZ�VFUHHQ�VKRZQ�LQ�ILJXUH�EHORZ�VKRZV�WKH�UXOH�
HYDOXDWLRQ�IRU�QLQH�UXOHV�XVHG� LQ�UXOH�HGLWRU��,Q�WKH�UXOH�YLHZHU�FRUUHVSRQGLQJ�WR�
ERWK�WKH�LQSXWV�WKH�YHORFLW\�DQG�VDPSOH�ZH�JHW�WKH�RXWSXW�LQ�WHUPV�RI�FRHIILFLHQW�
RI�IULFWLRQ��



�
)LJ������5XOHV�YLHZHU�

6XUIDFH�9LHZHU�

�
)LJ�������6XUIDFH�YLHZHU�



������� 6QDSVKRWV����)HZ�VQDSVKRWV�RI�IULFWLRQ�FRPSHQVDWRU��
�

�

�



�

�



��
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
4.10. ANFIS GUI for Advanced Fuzzy Logic Friction Compensator  



7KH�ZD\� WR� SURFHHG� LV� WR� XVH�$QILV�*8,�� )LUVW� RSHQ� WKH�*8,� IRU� )X]]\� /RJLF�
7RROER[�E\�W\SLQJ�FRPPDQG�)X]]\�RU�WR�VWDUW�WKLV�V\VWHP�IURP�VFUDWFK�SDG��W\SH�
¶IX]]\·�DW�WKH�0$7/$%�SURPSW�DV�VKRZQ�EHORZ��:H�ZLOO�FRQVWUXFW�D�WZR�LQSXW��
RQH�RXWSXW� V\VWHP� IRU� DGYDQFHG� IX]]\� ORJLF� IDXOW� GHWHFWRU�ZKLFK� XVHV� WKH�$QILV�
*8,���
�

�
)LJ�������0$7/$%�3URPSW 

7KHQ� SUHVV� (QWHU��+HUH�ZH� ZLOO� VHH� WKDW� WKH� JHQHULF� XQWLWOHG� ),6�(GLWRU� RSHQV��
ZLWK�RQH�LQSXW��ODEHOHG�LQSXW���DQG�WKH�RQH�RXWSXW��ODEHOHG�RXWSXW���
7KH�1HXUR�IX]]\�PRGHO�LV�FRQVWUXFWHG�ZLWK�WZR�LQSXWV�DQG�VLQJOH�RXWSXW��7,62���
7KH� YHORFLW\� DQG� VDPSOH� DUH� FRQVLGHUHG� DV� LQSXWV� DQG� FRHIILFLHQW� RI� IULFWLRQ� LV�
FKRVHQ� DV� RXWSXW� IRU� WKH�1HXUR� IX]]\�PRGHO�� 7KH� LQSXW� YDULDEOHV� DUH� FODVVLILHG�
LQWR� WKUHH� PHPEHUVKLS� IXQFWLRQV� VXFK� DV� ORZ�� PHGLXP� DQG� KLJK�� 7KH� RXWSXW�
YDULDEOH� LV� FODVVLILHG� LQWR� WKUHH�PHPEHUVKLS� IXQFWLRQV� VXFK� DV� ORZ��PHGLXP� DQG�
KLJK��7KH�YHORFLW\�UDQJH�LV�FKRVHQ�IURP���WR������VDPSOHU�UDQJH�IURP����WR����7KH�
UHODWLRQVKLS�EHWZHHQ�LQSXW�DQG�RXWSXW�YDULDEOHV�LV�HVWDEOLVKHG�WKURXJK�IX]]\�UXOHV���
 

 



7KHQ� LQ� WKH� ),6� (GLWRU� FKRRVH� 1HZ� 6XJDQR� V\VWHP� IURP� )LOH� PHQX��

�
)LJXUH�������),6�(GLWRU�IRU�1HZ�6XJHQR�7\SH�6\VWHP�

�
7KH�QHZ�),6�(GLWRU�IRU�1HZ�6XJHQR�W\SH�V\VWHP�ZLOO�DSSHDU��:H�KDYH�WZR�LQSXW�
PRGHO��VR�JR�WR�WKH�(GLW�PHQX�DQG�VHOHFW�$GG�LQSXW��$�VHFRQG�\HOORZ�ER[�ODEHOHG�
LQSXW���ZLOO�DSSHDU���
�� &OLFN� RQFH� RQ� WKH� OHIW�²KDQG� �\HOORZ�� ER[�PDUNHG� LQSXW�� �WKH� ER[�ZLOO� EH�

KLJKOLJKWHG�LQ�UHG���
�� ,Q� WKH�ZKLWH�(GLW� ILHOG� RQ� WKH� ULJKW�� FKDQJH� LQSXW�� LI� \RX�ZDQW� WR� FKDQJH��

&KDQJH�LQSXW��DV�YHORFLW\��
�� &OLFN� RQFH� RQ� WKH� OHIW�KDQG� �\HOORZ�� ER[� PDUNHG� LQSXW�� �WKH� ER[� ZLOO� EH�

KLJKOLJKWHG� LQ� UHG�� LI� \RX�ZDQW� WR�DGG�DQRWKHU� LQSXW��&KDQJH� WKH� LQSXW��DV�
VDPSOHU�

�� ,Q�WKH�ZKLWH�HGLW�ILHOG�RQ�WKH�ULJKW��FKDQJH�LQSXW�DQG�SUHVV�5HWXUQ��
�� &OLFN�RQFH�RQ�WKH�ULJKW�KDQG��EOXH��ER[�PDUNHG�RXWSXW��DQG�FKDQJH�RXWSXW��

DV�FRHIILFLHQW�RI�IULFWLRQ�ZKLFK�LV�VKRZQ�KHUH�DV�I��X���



�� )URP�WKH�)LOH�PHQX�VHOHFW�VDYH�WR�ZRUNVSDFH�DV«�
�
��������7KH�),6�(GLWRU�IRU�$GYDQFH�)ULFWLRQ�&RPSHQVDWRU�
7KH� ),6� (GLWRU� IRU� 6XJHQR� W\SH� V\VWHP� KDQGOHV� WKH� KLJK� OHYHO� LVVXHV� IRU� WKH�
V\VWHP��
+RZ�PDQ\� LQSXW� DQG�RXWSXW�YDULDEOHV"�:KDW� DUH� WKHLU�QDPHV"�7KH�)X]]\�/RJLF�
7RROER[�IRU�6XJHQR�7\SH�6\VWHP�RU�0RGHO�GRHVQ·W�OLPLW�WKH�QXPEHU�RI�LQSXWV��,Q�
JHQHUDO��6XJHQR�W\SH�V\VWHPV�FDQ�EH�XVHG�WR�PRGHO�DQ\�LQIHUHQFH�V\VWHP�LQ�ZKLFK�
WKH� RXWSXW� PHPEHUVKLS� IXQFWLRQV� DUH� HLWKHU� OLQHDU� RU� FRQVWDQW�� 7DNDJL�6XJHQR�
�76�� 0RGHO� &RPELQHV� IX]]\� VHWV� LQ� DQWHFHGHQWV� ZLWK� FULVS� IXQFWLRQ� LQ� RXWSXW�
+HUH� WKH�QXPEHU�RI� LQSXW�YDULDEOHV� DUH� WZR�ZKLFK� DUH�YHORFLW\� DQG�VDPSOHU� DQG�
RQO\� RQH� RXWSXW� YDULDEOH� RU� SDUDPHWHU� DV� FRHIILFLHQW� RI� IULFWLRQ� RU� RXWSXW�� DV�
VKRZQ� LQ� ),6� (GLWRU� VKRZQ� EHORZ� )LJXUH� ������ 1RZ� GHILQH� WKH� PHPEHUVKLS�
IXQFWLRQV� DVVRFLDWHG� ZLWK� HDFK� YDULDEOH�� 7R� GR� WKLV�� RSHQ� WKH� 0HPEHUVKLS�
)XQFWLRQ�(GLWRU�LQ�RQH�RI�WKUHH�ZD\V��

����3XOO�GRZQ�WKH�YLHZ�PHQX�LWHP�DQG�VHOHFW�(GLW�0HPEHUVKLS�)XQFWLRQ«�
����'RXEOH�FOLFN�RQ�WKH�LFRQ�IRU�WKH�RXWSXW�YDULDEOH��
����7\SH�PIHGLW�DW�WKH�FRPPDQG�OLQH��
�



�
)LJXUH�������),6�(GLWRU�IRU�6XJHQR�7\SH�6\VWHP�

�
)LJ�������0HPEHUVKLS�IXQFWLRQ�HGLWRU�



7KHQ�LQ�(GLW�PHQX�FKRRVH�(GLW�$QILV��
7KLV�ZLOO�UHVXOW�LQ�WKH�IROORZLQJ�GLVSOD\��

�
)LJXUH�������$QILV�(GLWRU�IRU�)ULFWLRQ�&RPSHQVDWRU�

�
7KH�$QILV�2EMHFWLYH�LV�WR�LQWHJUDWH�WKH�EHVW�IHDWXUHV�RI�)X]]\�6\VWHPV�DQG�1HXUDO�
1HWZRUNV��)URP�)X]]\�6\VWHPV�WKH�UHSUHVHQWDWLRQV�RI�SULRU�NQRZOHGJH�LQWR�D�VHW�
RI�FRQVWUDLQWV��QHWZRUN�WRSRORJ\��WR�UHGXFH�WKH�RSWLPL]DWLRQ�VHDUFK�VSDFH��)URP�
1HXUDO� 1HWZRUN� WKH� $GDSWDWLRQ� RI� EDFN� SURSDJDWLRQ� WR� VWUXFWXUHG� QHWZRUN� WR�
DXWRPDWH� )&� SDUDPHWULF� WXQLQJ�� 7KH� $1),6� DSSOLFDWLRQ� WR� V\QWKHVL]H� WKH�
FRQWUROOHUV� �DXWRPDWHG�)&� WXQLQJ�� DQG�PRGHOV� �WR� H[SODLQ� SDVW� GDWD� DQG�SUHGLFW�
IXWXUH�EHKDYLRU��
��������$QILV�(GLWRU��
'LVSOD\�LV�GLYLGHG�LQWR�IRXU�PDLQ�VXE�GLVSOD\V��
���/RDG�GDWD�
���*HQHUDO�),6�
���7UDLQ�),6�



���7HVW�),6�
/HW�XV�FRQVLGHU�WKHP�LQ�PRUH�GHWDLO��
���������� /RDG�GDWD�
+HUH�\RX�FDQ�FKRRVH�7\SH�RI�GDWD�DFFRUGLQJ�WR�WKH�SXUSRVH��
7UDLQLQJ��GHIDXOW�FKRLFH���7HVWLQJ��&KHFNLQJ��RU�'HPR��
)RU�\RXU�ILUVW�HIIRUW�VWLFN�ZLWK�7UDLQLQJ�GDWD��
6XSSRVH�\RX�KDYH�JHQHUDWHG�GDWD�RQ�0$7/$%�FRPPDQG�VLGH��,W�VKRXOG�EH� LQ�D�
PDWUL[�IRUP��ZKHUH�WKH�ILUVW�FROXPQV�FRQVLVW�RI�LQSXW�GDWD�DQG�WKH�ODVW�RI�RXWSXW�
GDWD�� 2SHQ� WKH� 0$7/$%� FRPPDQG� VLGH�� JR� WR� WKH� ILOH�QHZ�0�ILOH�� $� QHZ�
ZLQGRZ�ZLOO�RSHQ�DQG�ZULWH�WKH�GDWD�RQ�WKLV�ZLQGRZ�LQ�PDWUL[�IRUP��
+HUH�\RX�DOVR�KDYH� WR�EH�FDUH�RI�ZKHUH�WKH�GDWD�DUH� ORFDWHG��'DWD�FDQ�EH�HLWKHU�
VWRUHG� RQ� GLVN� RU� LW� LV� LQ�ZRUNVSDFH� RQO\�� EHFDXVH� \RX� MXVW� JHQHUDWHG� LW�� ,Q� RXU�
H[DPSOH� LW� LV� LQ� ZRUNVSDFH� VR� \RX� KDYH� WR� FKDQJH� WKH� GHIDXOW� YDOXH� GLVN� WR�
ZRUNVSDFH��&OLFN�/RDG�GDWD�DQG�\RX�DUH�DVNHG�WR�W\SH�,QSXW�YDULDEOH�QDPH�WR�WKH�
VSDFH�SURYLGHG��5HPHPEHU�WKDW�WKH�GDWD�DUH�LQ�PDWUL[�IRUP���
&OLFN� /RDG� GDWD� DQG� \RX� DUH� DVNHG� WR� W\SH� ,QSXW� YDULDEOH� QDPH� WR� WKH� VSDFH�
SURYLGHG�

�



)LJ�������2SHQ�:LQGRZ�
/RDG�WKH�GDWD�LQ�WKH�$QILV�(GLWRU�IURP�WKH�GLVN�RU�ZRUNVSDFH�ZKLFK� LV�VWRUHG� LQ�
PDWUL[� IRUP� DV� GLVFXVVHG� DERYH�� 7KH� IROORZLQJ� ZLQGRZ� ZLOO� DSSHDU�� ,Q� WKLV�
ZLQGRZ�WKH�EOXH�FLUFOH�VKRZV�WKH�GDWD�LV�ORDGHG�LQ�$QILV�(GLWRU��

�
)LJXUH�������6KRZV�'DWD�/RDGHG�RQ�WKH�$QILV�(GLWRU��

�
���������� *HQHUDO�),6�
2QFH� GDWD� KDYH� EHHQ� ORDGHG�� DQ� LQLWLDO� IX]]\� V\VWHP� FDQ� EH� JHQHUDWHG� XVLQJ�
*HQHUDWH� ),6�� (DVLHVW� RSWLRQ� LV� WR� OHDYH� WKH� GHIDXOW� FKRLFH�� *ULG� SDUWLWLRQ� RQ��
&OLFN� *HQHUDWH� ),6� DQG� WKH� IROORZLQJ� ZLQGRZ� RSHQV�� ,Q� WKLV� ZLQGRZ� ZH� FDQ�
FKDQJH� WKH� PHPEHUVKLS� IXQFWLRQ� W\SH� IRU� LQSXWV� VXFK� DV� WULPI�� WUDSI� JEHOOPI��
JDXVVPI��JDXVV�PI��SLPI��GVLJPIS��VLJPI�DQG�FKDQJH�WKH�QXPEHU�RI�PHPEHUVKLS�
IXQFWLRQV�IRU�HDFK� LQSXW��7R�DVVLJQ�D�GLIIHUHQW�QXPEHU�RI�PHPEHUVKLS�IXQFWLRQV�
WR�HDFK�LQSXW��XVH�VSDFHV�WR�VHSDUDWH�WKH�QXPEHUV�MXVW�OLNH�������)URP�WKLV�ZLQGRZ�
LW� LV� FOHDU� WKDW� WKH� WZR� LQSXWV�PHPEHUVKLS� IXQFWLRQV� DUH� RI� WULDQJXODU� W\SH� DQG�
WKUHH� PHPEHUVKLS� IXQFWLRQV� DUH� JHQHUDWHG� IRU� HDFK� LQSXW�� 7KLV� ZLQGRZ� DOVR�



VKRZV�WKH�RXWSXW�PHPEHUVKLS�IXQFWLRQ�W\SH�ZKLFK�LV�HLWKHU�OLQHU�RU�FRQVWDQW��<RX�
FDQ� DVVLJQ� WKH� FRQVWDQW� RU� OLQHDU� GHSHQGLQJ� XSRQ� \RXU� UHTXLUHPHQW� RI� RXWSXW�
PHPEHUVKLS�IXQFWLRQ�W\SH��,Q�WKLV�FDVH�VHW�DV�OLQHDU��&OLFN�WKH�2N��
�
���������� 7UDLQ�),6�
7KH�PDLQ�FRPSXWLQJ�RFFXUV�LQ�WKH�7UDLQLQJ�EORFN��+HUH�K\EULG�DOJRULWKP�LV�XVHG��
7KH�(UURU�WROHUDQFH�LV����,Q�SUDFWLFH��D�FRPSOHWH�ILW�LV�QRW�DFKLHYHG��VR�FKDQJH�WKLV�
WR��DQG�VD\�������'XULQJ�WUDLQLQJ�\RX�FDQ�VHH�KRZ�7UDLQLQJ�HUURU�GHYHORSV��(SRFKV�
PHDQV�QXPEHU�RI� LWHUDWLRQV��7KH�GHIDXOW�YDOXH��� LV�KDUGO\� HYHU�HQRXJK�� ,W� LV�QRW�
XQXVXDO� WR�KDYH�KXQGUHGV�RU�HYHQ� WKRXVDQGV�RI� LWHUDWLRQV�� 3LFN����1RZ�\RX� DUH�
UHDG\�IRU�WUDLQLQJ��&OLFN�7UDLQ�QRZ��
7UDLQLQJ�HUURU�

�)LJXUH�������$QILV�(GLWRU�IRU�$IWHU�7UDLQLQJ�'DWD�
<RX�FDQ�LPSURYH�WKH�VLWXDWLRQ�E\�LQWURGXFLQJ�PRUH�PHPEHUVKLS�IXQFWLRQV��
���������� 7HVW�),6�
2QFH�WKH�UHVXOW�LV�VDWLVIDFWRU\��\RX�FDQ�WHVW�WKH�SHUIRUPDQFH�RI�),6�DJDLQVW�HLWKHU�
WUDLQLQJ��WHVWLQJ�RU�FKHFNLQJ�GDWD��'HIDXOW�YDOXH�LV�WUDLQLQJ�GDWD��



&OLFN�7HVW�QRZ�DQG�\RX�ZLOO�VHH�WKH�IROORZLQJ�GLVSOD\��

�
)LJ�������$QILV�(GLWRU�DIWHU�7HVWLQJ�WKH�'DWD�

0$7/$%�&RPPDQG�VLGH�
1RZ�VWDUW�WKH�DFWXDO�RSWLPL]DWLRQ�SURFHGXUH�E\�FDOOLQJ�DQILV��
��GHWHUPLQH�QXPEHU�RI�LWHUDWLRQV�
1XPHSRFKV� ����
��6WDUW�WKH�RSWLPL]DWLRQ�
>ILVPDW���WUQHUU��VV��ILVPDW���FKNHUU@ �����
$QILV��WUQGDWD��ILVPDW��QXPHSRFKV��1D1��FKNGDWD���
$1),6�LQIR���
� 1XPEHU�RI�QRGHV�����
� 1XPEHU�RI�OLQHDU�SDUDPHWHUV����
� 1XPEHU�RI�QRQOLQHDU�SDUDPHWHUV�����
� 7RWDO�QXPEHU�RI�SDUDPHWHUV�����
� 1XPEHU�RI�WUDLQLQJ�GDWD�SDLUV�����
� 1XPEHU�RI�FKHFNLQJ�GDWD�SDLUV����



� 1XPEHU�RI�IX]]\�UXOHV����

�
)LJXUH�������6KRZV�WKH�$QILV�,QIR��:LQGRZ�

6WDUW�WUDLQLQJ�$1),6����
�� �������������
�� ����������

'HVLJQDWHG�HSRFK�QXPEHUV�UHDFKHG��!�$1),6�WUDLQLQJ�FRPSOHWHG�DW�HSRFK����
1H[W�FKHFN�WKH�ILQDO�PHPEHUVKLS�IXQFWLRQV�DJDLQ�E\�SORWPI�RU�XVLQJ�),6�(GLWRU�
3ORWPI��ILVPDW��
LQSXW
�����
��������0HPEHUVKLS�IXQFWLRQ�(GLWRU�
7KH�GHWDLOV�RI�WKH�PHPEHUVKLS�IXQFWLRQV�DUH�JLYHQ�EHORZ��
�
���������� 0HPEHUVKLS�IXQFWLRQ�(GLWRU�IRU�,QSXW��
7KH� 0HPEHUVKLS� )XQFWLRQ� (GLWRU� IRU� ,QSXW�� JHQHUDWHG� KHUH� DIWHU� WHVWLQJ� WKH�
$QILV�(GLWRU� GHILQHV� WKH� VKDSH� RI� DOO� WKH�PHPEHUVKLS� IXQFWLRQV� DVVRFLDWHG�ZLWK�
LQSXW��� +HUH� DOO� WKH� PHPEHUVKLS� IXQFWLRQV� JHQHUDWHG� DUH� RI� WULDQJXODU� W\SH�
EHFDXVH� WULDQJXODU� W\SH� PHPEHUVKLS� IXQFWLRQV� JLYHV� PLQLPXP� HUURU�� 7KH�
PHPEHUVKLS� IXQFWLRQV� IRU� ERWK� LQSXWV� DUH� JHQHUDWHG� LQ� VHSDUDWH� PHPEHUVKLS�



IXQFWLRQ� HGLWRU�� 7KH�PHPEHUVKLS� IXQFWLRQ� IRU� RXWSXW� SDUDPHWHU� WHPSHUDWXUH� LQ�
WKLV� FDVH� LV� DOVR� JHQHUDWHG� LQ� VHSDUDWH� PHPEHUVKLS� IXQFWLRQ� HGLWRU�� 7KH� HQWLUH�
WKUHH� VHSDUDWH� PHPEHUVKLS� IXQFWLRQ� HGLWRU� IRU� LQSXW� DQG� RXWSXW� YDULDEOHV� KDYH�
GLIIHUHQW�UDQJHV�GHSHQGV�RQ�H[SHULPHQWDO�GDWD�LQ�PDWUL[�IRUP�XVHG�IRU�WUDLQLQJ�WKH�
$QILV�(GLWRU��

�
)LJXUH�������0HPEHUVKLS�IXQFWLRQ�(GLWRU�*HQHUDWHG�IRU�,QSXW��

7KH� ZLQGRZ� VFUHHQ� LQ� ILJXUH� VKRZV� ´,QSXW� PHPEHUVKLS� IXQFWLRQ� HGLWRU� IRU�
LQSXW�µ�RI�0DW� ODE� YHUVLRQ� �����7KH� WRWDO� UDQJH� JHQHUDWHG� LV� >�� ���@�7KH� LQSXW� ��
YDULHV� LQ� WKH� UDQJH�RI� >������������������@� IRU�/RZ�RU� IRU� LQ�PI���>�������������
���@�IRU�PHGLXP�RU�IRU�LQ�PI���>�����������@�IRU�LQ�PI��RU�IRU�KLJK��$OO�WKH�WKUHH�
PHPEHUVKLS�IXQFWLRQV�JHQHUDWHG�KHUH�DUH�RI�WULDQJXODU�W\SH��,Q�SUDFWLFH�LW�LV�IRXQG�
WKDW� WKH� WULDQJXODU� VKDSHV� JLYHV� VLPSOH� FRPSXWDWLRQ� DQG� JRRG� VHQVH� RI� IX]]\�
UHSUHVHQWDWLRQ� �,Q� IX]]\� ORJLF� IX]]\�TXDQWLILHUV� DUH� WUHDWHG� DV� IX]]\�PHPEHU� WKDW�
UHSUHVHQWV�LPSUHFLVHO\�WKH�DEVROXWH�RU�UHODWLYH�FRXQW�RI�HOHPHQWV�LQ�IX]]\�VHWV��
1H[W�FKHFN�WKH�ILQDO�PHPEHUVKLS�IXQFWLRQV�DJDLQ�E\�SORWPI�RU�XVLQJ�),6�(GLWRU�
3ORWPI��ILVPDW��
LQSXW
�����



���������� 0HPEHUVKLS�IXQFWLRQ�(GLWRU�IRU�,QSXW��
7KH� 0HPEHUVKLS� )XQFWLRQ� (GLWRU� IRU� ,QSXW�� JHQHUDWHG� KHUH� DIWHU� WHVWLQJ� WKH�
$QILV�(GLWRU� GHILQHV� WKH� VKDSH� RI� DOO� WKH�PHPEHUVKLS� IXQFWLRQV� DVVRFLDWHG�ZLWK��
LQSXW��� +HUH� DOO� WKH� PHPEHUVKLS� IXQFWLRQV� JHQHUDWHG� DUH� RI� WULDQJXODU� W\SH�
EHFDXVH�WULDQJXODU�W\SH�PHPEHUVKLS�IXQFWLRQV�JLYHV�PLQLPXP�HUURU��,Q�SUDFWLFH�LW�
LV� IRXQG� WKDW� WKH� WULDQJXODU� VKDSHV� JLYHV� VLPSOH� FRPSXWDWLRQ� DQG� JRRG� VHQVH� RI�
IX]]\�UHSUHVHQWDWLRQ��

�
)LJ�������0HPEHUVKLS�IXQFWLRQ�(GLWRU�JHQHUDWHG�IRU�,QSXW��

7KH�ZLQGRZ�VFUHHQ�LQ�ILJXUH�VKRZV�´,QSXW�PHPEHUVKLS�IXQFWLRQ�HGLWRU�IRU�LQSXW��
RU�6SHHG��1�µ�RI�0DW�ODE�YHUVLRQ������7KH�WRWDO�UDQJH�JHQHUDWHG� LV�>������������@�
DQG�GLVSOD\� UDQJH� LV�VDPH�DV� WKH� WRWDO� UDQJH�JHQHUDWHG��7KH� LQSXW���YDULHV� LQ� WKH�
UDQJH� RI� >������ ��������� �������@� IRU� /RZ� RU� IRU� LQ�PI��� >��������� ��������
�������@� IRU� PHGLXP� RU� IRU� LQ�PI��� >��������� ������� ����@� IRU� LQ�PI�� RU� IRU�
KLJK��
1H[W�FKHFN�WKH�ILQDO�PHPEHUVKLS�IXQFWLRQV�DJDLQ�E\�SORWPI�RU�XVLQJ�),6�(GLWRU�
3ORWPI��ILVPDW��
RXWSXW
�����



���������� 0HPEHUVKLS�IXQFWLRQ�(GLWRU�IRU�2XWSXW�
7KH� 0HPEHUVKLS� )XQFWLRQ� (GLWRU� IRU� RXWSXW� JHQHUDWHG� KHUH� DIWHU� WHVWLQJ� WKH�
$QILV�(GLWRU�GHILQHV�WKH�PHPEHUVKLS�IXQFWLRQ�SORWV�IRU�RXSXW��RXWSXW��RXWSXW���
RXWSXW��RXWSXW��RXWSXW��� RXWSXW��� RXWSXW��RXWSXW�� ZKLFK� DUH� � DVVRFLDWHG� ZLWK�
FRHIILFLHQW�RI�IULFWLRQ��

�
)LJ�������0HPEHUVKLS�IXQFWLRQ�(GLWRU�JHQHUDWHG�IRU�2XWSXW�

7KH�ZLQGRZ�VFUHHQ�LQ�ILJXUH�VKRZV�´PHPEHUVKLS�IXQFWLRQ�HGLWRU�IRU�2XWSXWµ�RI�
0DW�ODE�YHUVLRQ������7KH�WRWDO�UDQJH�JHQHUDWHG�LV�>�����������@�DQG�GLVSOD\�UDQJH�LV�
VDPH�DV�WKH�WRWDO�UDQJH�JHQHUDWHG��
��������5XOH�(GLWRU��
7KH�5XOH�(GLWRU�JHQHUDWHG�DXWRPDWLFDOO\�DIWHU�WHVWLQJ�WKH�$QILV�(GLWRU�GHILQHV�WKH�
OLVW� RI� UXOHV� WKDW� GHILQHV� WKH� EHKDYLRU� RI� WKH� V\VWHP� RU� VLQJOH� SKDVH� LQGXFWLRQ�
PRWRU��$QILV�(GLWRU�JHQHUDWHV�QLQH�UXOHV� LQ�WKH�UXOH�HGLWRU�FRUUHVSRQGLQJ�WR�GDWD�
PDWUL[�VWRUHG�LQ�ZRUNVSDFH�XVHG�IRU�WUDLQLQJ�DQG�WHVWLQJ�SXUSRVH��7KHVH�QLQH�UXOHV�
DUH� DV� VKRZQ� EHORZ� LQ� WKH� VFUHHQ� ZLQGRZ� QDPHG� UXOH� HGLWRU�� 7KH� UXOHV� DUH�



EDVLFDOO\�LI�WKHQ�VWDWHPHQWV�H�J���,I��LQSXW��LV� LQ�PI���DQG��LQSXW��LV� LQ�PI���WKHQ�
�RXWSXW�LV�RXW�PI����

�
)LJ�������5XOH�(GLWRU�*HQHUDWHG�$XWRPDWLFDOO\�E\�6XJHQR�7\SH�6\VWHP�

7KHVH� DUH� EDVLFDOO\� FRPSXWHU� SURJUDPV� DV� ´LI� WKHQ� VWDWHPHQWVµ�� +HUH� WKH� QLQH�
UXOHV�DUH�JHQHUDWHG�WR�GHILQH�WKH�EHKDYLRU�RI�VLQJOH�SKDVH�LQGXFWLRQ�PRWRU���

�� ,I��LQSXW��LV�LQ�PI���DQG��LQSXW��LV�LQ�PI���WKHQ��RXWSXW�LV�RXW�PI���
�� ,I��LQSXW��LV�LQ�PI���DQG��LQSXW��LV�LQ�PI���WKHQ��RXWSXW�LV�RXW�PI���
�� ,I��LQSXW��LV�LQ�PI���DQG��LQSXW��LV�LQ�PI���WKHQ��RXWSXW�LV�RXW�PI���
�� ,I��LQSXW��LV�LQ�PI���DQG��LQSXW��LV�LQ�PI���WKHQ��RXWSXW�LV�RXW�PI���
�� ,I��LQSXW��LV�LQ�PI���DQG��LQSXW��LV�LQ�PI���WKHQ��RXWSXW�LV�RXW�PI���
�� ,I��LQSXW��LV�LQ�PI���DQG��LQSXW��LV�LQ�PI���WKHQ��RXWSXW�LV�RXW�PI���
�� ,I��LQSXW��LV�LQ�PI���DQG��LQSXW��LV�LQ�PI���WKHQ��RXWSXW�LV�RXW�PI���
�� ,I��LQSXW��LV�LQ�PI���DQG��LQSXW��LV�LQ�PI���WKHQ��RXWSXW�LV�RXW�PI���
�� ,I��LQSXW��LV�LQ�PI���DQG��LQSXW��LV�LQ�PI���WKHQ��RXWSXW�LV�RXW�PI���

�
�



��������7KH�5XOH�9LHZHU��
7KH�5XOH�9LHZHU� LV� XVHG� IRU� ORRNLQJ� DW�� DV� RSSRVHG� WR� HGLWLQJ�� WKH� ),6�� 7KLV� LV�
VWULFWO\�UHDG�RQO\�WRRO��7KH�ZLQGRZ�VFUHHQ�VKRZQ�LQ�ILJXUH�EHORZ�VKRZV�WKH�UXOH�
HYDOXDWLRQ�IRU�QLQH�UXOHV�JHQHUDWHG�LQ�UXOH�HGLWRU��,Q�WKH�UXOH�YLHZHU�FRUUHVSRQGLQJ�
WR� ERWK� WKH� LQSXWV� WKH� YHORFLW\� DQG� VDPSOHU� ZH� JHW� WKH� RXWSXW� LQ� WHUPV� RI�
FRHIILFLHQW�RI�IULFWLRQ���

�
)LJ�������5XOH�9LHZHU�*HQHUDWHG�IRU�&KHFNLQJ�WKH�2XWSXW�

7KLV�ZLQGRZ�XVHV�QLQH�UXOHV�JHQHUDWHG�LQ�UXOH�HGLWRU��7KH�YHORFLW\�DQG�VDPSOHU�FDQ�
EH�YDULHG�IURP�>�������@�DQG�>�����������@�UHVSHFWLYHO\��JLYHV�WKH�RXWSXW�LQ�WHUPV�RI�
FRHIILFLHQW�RI�IULFWLRQ��1RWH�GRZQ�WKH�RXWSXW�FRUUHVSRQGLQJ�WR�GLIIHUHQW�UHDGLQJV�
RI� ERWK� WKH� LQSXWV� DQG� FRPSDUH� WKH� UHVXOW� ZLWK� H[SHULPHQWDO� UHDGLQJV�� WKHQ�
FDOFXODWH� WKH� HUURU�� ,Q�SUDFWLFH� LW� LV� IRXQG� WKDW� WKH� WULDQJXODU� VKDSHV�JLYHV� VLPSOH�
FRPSXWDWLRQ�DQG�JRRG�VHQVH�RI�IX]]\�UHSUHVHQWDWLRQ��7KH�RXWSXW�LV�LQ�WKH�UDQJH�RI�
>��������������@��
�
��������7KH�VXUIDFH�YLHZHU�



7KH�6XUIDFH�9LHZHU�LV�XVHG�IRU�ORRNLQJ�DW��DV�RSSRVHG�WR�HGLWLQJ��WKH�),6��7KLV�LV�
VWULFWO\�UHDG�RQO\�WRRO��7KLV�JLYHV�WKH�WKUHH�GLPHQVLRQDO�LPDJH�IRU�WKH�V\VWHP��

�
)LJ�������6XUIDFH�9LHZHU�*HQHUDWHG�6KRZLQJ�WKH�,QSXW²2XWSXW�5HODWLRQVKLSV�

�)LJXUH� �����VKRZV� WKH� ��'�PDS� RI� WKH� LQSXW²RXWSXW� UHODWLRQVKLSV� EHWZHHQ� WKH�
VLGHEDQG� FRPSRQHQWV� LQSXW�� DQG� LQSXW��RXWSXW7KH� DERYH� ZLQGRZ� VFUHHQHG�
VKRZV� WKH� WKUHH� GLPHQVLRQDO� YLHZ� RU� VWUXFWXUH� IRU� DOO� WKH� LQSXW� DQG� RXWSXW�
YDULDEOHV��
�
�
�
�
�
�
�
��������$QILV�0RGHO�6WUXFWXUH��7KH�$QILV�6WUXFWXUH�LV�REWDLQHG�DIWHU�WKH�ORDGLQJ��
WUDLQLQJ�DQG�WHVWLQJ�WKH�$QILV�(GLWRU�ZLWK�WKH�GDWD�VWRUHG�LQ�WKH�ZRUNVSDFH��,W�WHOOV�



DERXW�WKH� LQSXW� LQSXWPI��UXOHV��RXWSXWPI�DQG�WKH�RXWSXW��,W�VKRZV�WKDW�WKHUH�DUH�
WZR�LQSXWV�DQG�RQH�RXWSXW��QLQH�UXOHV�DUH�JHQHUDWHG�IRU�WKLV�V\VWHP��

�
)LJ�������$QILV�0RGDO�6WUXFWXUH�IRU�$)/)'�6\VWHP�

7KH�ZLQGRZ�VFUHHQHG�DERYH�VKRZV�WKH�FRQQHFWLRQ�EHWZHHQ�WKH�LQSXWV�DQG�RXWSXW�
WKURXJK�WKH� LQSXWPI��UXOH�DQG�RXWSXWPI��%OXH�FLUFOH�VKRZV�WKH�$1'�FRQQHFWLRQ�
EHWZHHQ�WKH�LQSXWPI��RXWSXWPI��:KLWH�FLUFOH�LQGLFDWHV�WKH�LQSXWPI�DQG�RXWSXWPI��
WKH\� DUH� DOVR� FRQQHFWHG� WR� WKH� QLQH� UXOHV� JHQHUDWHG� DQG� ZLWK� WKH� LQSXWV� DQG�
RXWSXWV� VKRZQ�DERYH��5HG�FLUFOH� LQGLFDWHV�RU� FRQQHFWLRQ��7KH�JUHHQ� OLQH� FDQ�EH�
XVHG�IRU�QRW�FRQQHFWLRQ��<RX�FDQ�XSGDWH� WKH� UXOHV� LQ� WKH�$QILV�PRGDO�VWUXFWXUH��
7KLV�V\VWHP�RU�$QILV�PRGDO�6WUXFWXUH�FRQWDLQV�WKH�IROORZLQJ�WKUHH�GLIIHUHQW�OD\HUV��

• )X]]LILFDWLRQ�OD\HU��
• )X]]\�UXOH�OD\HU��
• 'HIX]]LILFDWLRQ�OD\HU��

,Q�D�)X]]LILFDWLRQ�OD\HU�HDFK�QHXURQ�UHSUHVHQWV�DQ�LQSXW�PHPEHUVKLS�IXQFWLRQ�RI�
WKH�$QWHFHGHQW�RI�D�IX]]\�UXOH��,Q�D�IX]]\�LQIHUHQFH�OD\HU�IX]]\�UXOHV�DUH�ILUHG�DQG�
WKH�YDOXH�DW�WKH�HQG�RI�HDFK�UXOH�UHSUHVHQWV�WKH�LQLWLDO�ZHLJKW�RI�WKH�UXOH��DQG�ZLOO�



EH� DGMXVWHG� WR� LWV� DSSURSULDWH� OHYHO� DW� WKH� HQG�RI� WUDLQLQJ�� ,Q� WKH�GHIX]]LILFDWLRQ�
OD\HU� HDFK� QHXURQ� UHSUHVHQWV� D� FRQVHTXHQW� SURSRVLWLRQ� DQG� LWV� PHPEHUVKLS�
IXQFWLRQ� FDQ� EH� LPSOHPHQWHG� E\� FRPELQLQJ� RQH� RU� WZR� VLJPRLG� IXQFWLRQV� DQG�
OLQHDU� IXQFWLRQV�� 7KH� ZHLJKW� RI� HDFK� RXWSXW� OLQN� KHUH� UHSUHVHQWV� WKH� FHQWUH� RI�
JUDYLW\�RI� HDFK�RXWSXW�PHPEHUVKLS� IXQFWLRQ�RI� WKH� FRQVHTXHQW� DQG� LV� WUDLQDEOH��
$IWHU�JHWWLQJ�WKH�FRUUHVSRQGLQJ�RXWSXW�WKH�DGMXVWPHQW�LV�PDGH�LQ�WKH�FRQQHFWLRQ�
ZHLJKWV� DQG� WKH� PHPEHUVKLS� IXQFWLRQV� LQ� RUGHU� WR� FRPSHQVDWH� WKH� HUURU� DQG�
SURGXFH�D�QHZ�FRQWURO�VLJQDO��$1),6� LV�RQH�RI�WKH�EHVW�WUDGHRII�EHWZHHQ�QHXUDO�
DQG� IX]]\� V\VWHPV�� SURYLGLQJ�� 6PRRWKQHVV�� GXH� WR� WKH� )&� LQWHUSRODWLRQ� ²�
DGDSWDELOLW\�� GXH� WR� WKH� 11� %DFN� SURSDJDWLRQ� $1),6� KRZHYHU� KDV� VWURQJ�
FRPSXWDWLRQDO�FRPSOH[LW\�UHVWULFWLRQV��
�
�
6800$5<��
7KH�IULFWLRQ�FRPSHQVDWRU�LV�GHYHORSHG�ZLWK�WKH�KHOS�RI�IX]]\�WRROV�ZLWK�KDQGV�RQ�
WKH�0$7/$%��$OO�WKH�LQSXW�DQG�RXWSXW�VFUHHQV�DUH�VKRZV�WKH�GHVWLQHG�WDUJHW��
�
�
�
�
�
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�

%*#26'4���
4'57.65�#0&�&+5%755+105�

�



,Q�WKLV�FKDSWHU��WKH�UHVXOWV�DUH�HYDOXDWHG�ZKLFK�FRPHV�DIWHU�WKH�VLPXODWLRQ�RI�IX]]\�
ORJLF� IULFWLRQ� FRPSHQVDWRU� DQG� DGYDQFHG� IX]]\� ORJLF� IULFWLRQ� FRPSHQVDWRU��
3HUFHQWDJH�HUURU�DQG�DYHUDJH�HUURU�DUH�FDOFXODWHG�LQ�ERWK�FDVHV��
�

([SHULPHQWDO�� �(UURU� �(UURU�9HORFLW\�
'DWD�����

)X]]\�
FRPSHQVDWRU� �

$GYDQFH�
)X]]\�

&RPSHQVDWRU�  

���� ������ ������ ������ ������ 0 

���� ������ ������ �� ������� 0.4 

���� ������ ������ ������� ������� 1.333 

���� ����� ������ ��� ������� 6 

���� ������ ������� ������ ������� 4.285 

���� ������ ������� ������� ������� 5 

���� ������ ������ �� ������� 4 

���� ������ ������� �� ������� 5 

�� ������ ������� ��� ������ 0 

���� ������ ������� ��� ������ 0 

���� ������ ������� �� ������� 5 

���� ������ ������ �� ������ 0 

���� ������ ������ �� ������� 5 

���� ������ ������� �� ������� 5 

���� ������ ������� ��� ������� 5 

���� ������ ������� ������ ������� 6.667 

���� ������ ������ ������� ������� 6.667 

�� ������ ������� ������ ������ 0 

���� ������ ������� ������� ������� 3.333 

���� ������ ������� ������� ������� 6.667 

���� ������ ������� ������ ������� 10 

���� ������ ������� ���� ������� 7.5 

���� ������ ������� ���� ������� 10 

���� ������ ������� ���� ������� 2.5 



���� ������ ������� �� ������� 2.5 

���� ������ ������� ����� ������ 0 

�� ������ ������� ��� ������� 5 

���� ������ ������� ����� ������� 7.5 

���� ������ ������� ���� ������� 10 

���� ������ ������� �� ������� 4 

���� ������ ������� �� ������ 0 

� � � ������ � 4.140 
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7KH�IX]]\�IULFWLRQ�FRPSHQVDWRU�DQG�DGYDQFHG�IX]]\�IULFWLRQ�FRPSHQVDWRU�XVHV�WKH�
PHPEHUVKLS� IXQFWLRQV� RI� WULDQJXODU� W\SH� IRU� LQSXW� DQG� RXWSXW�� 6XFK� V\VWHPV�
UHTXLUH�´PLQLPXP�FRQILJXUDWLRQ�LQWHOOLJHQFHµ��7KHUH�DUH�D�ORW�RI�DGYDQWDJHV�XVLQJ�
WKH� IX]]\� FRPSHQVDWRU� DQG� DGYDQFHG� IX]]\� FRPSHQVDWRU� ZKLFK� DUH� DOUHDG\�
GLVFXVVHG�LQ�ODVW�FKDSWHUV��
�
)X]]\� ORJLF� SURYLGHV� KHXULVWLF� UHDVRQLQJ�� LV� XVHG� WR� VLPXODWH� DQG� LPSOHPHQW� WKH�
SUREOHP��)X]]\�ORJLF�FDQ�HDVLO\�DQG�V\VWHPDWLFDOO\�WUDQVIHU�KHXULVWLF��OLQJXLVWLF��DQG�
TXDOLWDWLYH� NQRZOHGJH� SUHIHUUHG� E\� KXPDQV� WRR� DQG� TXDQWLWDWLYH� NQRZOHGJH�
SUHIHUUHG� E\� PDFKLQHV�� DQG� YLFH�YHUVD�� %DVHG� RQ� WKH� KHXULVWLFV�� IX]]\� ORJLF�
SURYLGHV�D�JHQHUDO�VROXWLRQ� IRU�D�FODVV�RI�SUREOHPV��WKXV�PDNLQJ� LW� LQVHQVLWLYH� WR�
VSHFLDO� FDVHV� RU� FRQGLWLRQV��8QIRUWXQDWHO\�� WKH�PDMRU�GUDZEDFN�RI� IX]]\� ORJLF� LV�
WKDW�WKH�WHFKQRORJ\�LV�GLIILFXOW�WR�JLYH�DQ�H[DFW�VROXWLRQ�WR�WKH�SUREOHPV��ZKLOH�DQ�
H[DFW�VROXWLRQ�LV�HVVHQWLDO�IRU�VRPH�SUREOHPV�OLNH�IULFWLRQ�FRPSHQVDWLRQ��
�
7KH�UHVXOWV�REWDLQHG�IURP�WKLV�LOOXVWUDWLRQ�JLYH�HYDOXDWHG�KHXULVWLFDOO\�E\�H[WUDFWLQJ�
WKH�OHDUQHG�LQIRUPDWLRQ�IURP�HDFK�PRGXOH��7KLV�KHXULVWLF�LQIRUPDWLRQ�LQGLFDWHV�LI�
DQ\� LQFRUUHFW� DVVXPSWLRQV�ZHUH�PDGH�ZKHQ� LQLWLDOL]LQJ� WKH� QHXUDO�IX]]\� IULFWLRQ�
FRPSHQVDWRU��$IWHU�IRUPXODWLQJ�WKH�IULFWLRQ�FRPSHQVDWRU�ZLWK�VHWV��ZH�WKHQ�XVH�D�
KHXULVWLFDOO\� FRQVWUDLQHG� QHXUDO�IX]]\� V\VWHP� WR� OHDUQ� WKH� H[DFW� LQSXW�RXWSXW�
UHODWLRQ�RI�WKH�YHORFLW\�DQG�FRHIILFLHQW�RI�IULFWLRQ�IRU�D�VSHFLILF�URWDU\�V\VWHP��7KLV�



V\VWHP�SURYLGHV�XSGDWHG�PHPEHUVKLS�IXQFWLRQV�RI�WKH�VHWV�ZKLFK�EHWWHU�GHVFULEH�
WKH�UHODWLRQ�EHWZHHQ�WKHP��
�
7KH�DYHUDJH�HUURU�LQ�IX]]\�IULFWLRQ�FRPSHQVDWRU�LV�PRUH�WKDQ�WKDW�RI�DYHUDJH�HUURU�
LQ�DGYDQFHG�IX]]\�IULFWLRQ�FRPSHQVDWRU��7KH�DYHUDJH�HUURU� LQ�IX]]\� ORJLF�IULFWLRQ�
FRPSHQVDWRU�LV������DQG������LQ�DGYDQFHG�IX]]\�ORJLF�IULFWLRQ�FRPSHQVDWRU��7KH�
SHUIRUPDQFH� RI� DGYDQFHG� IX]]\� IULFWLRQ� FRPSHQVDWRU� LV� DQDO\]HG� WKURXJK�
FRPSXWHU�VLPXODWLRQ�DQG�UHVXOWV�ZHUH�SUHVHQWHG��)URP�WKH�VLPXODWLRQ�UHVXOWV��LW�LV�
LQIHUUHG� WKDW� WKH� DGYDQFHG� IX]]\� IULFWLRQ� FRPSHQVDWRU� ZLWK� WKUHH� WULDQJXODU�
PHPEHUVKLS� IXQFWLRQV� ZHOO� VXLWHG� IRU� WKLV� DSSOLFDWLRQ� VLQFH� LW� JLYHV� PLQLPXP�
HUURU���
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&RQFOXVLRQ�
)X]]\�LV�D�JRRG�DSSURDFK��EXW�VKRXOG�EH�XVHG�ZLWK�V\VWHP�GDPSLQJ�PRGHO�ZKRVH�
VWUXFWXUH� LV� FKRVHQ� DFFRUGLQJ� WR� WKH� EHKDYLRU� RI� WKH� SUHGRPLQDQW� IULFWLRQ�
FRQWULEXWLRQ�LQ�D�SDUWLFXODU�URWDU\�V\VWHP��7KH�DFFXUDF\�RI�WKH�IX]]\�FRPSHQVDWRU�
LV� LQFUHDVHG� E\� LQFUHDVLQJ� WKH� LQSXW� SDUDPHWHUV�� 7KH� SUHFLVLRQ� RI� WKH� IX]]\�
FRPSHQVDWRU�FDQ�EH�LPSURYHG�ZKHQ�LW�LQFOXGHV�SDUDPHWHUV�ZKLFK�DUH�GHWHUPLQHG�
H[SHULPHQWDOO\��
�
)XWXUH�6FRSH�
,W� LV� QRW� QHFHVVDULO\� FRUUHFW� WR� XVH� D� VDPH� IX]]\� FRPSHQVDWRU� IRU� HDFK� URWDU\�
V\VWHP�� :LWK� IXUWKHU� VWXG\�� LW� PD\� EH� SRVVLEOH� WR� LGHQWLI\� JHQHUDO� IX]]\�
FRPSHQVDWRU� IRU� GLIIHUHQW� W\SHV� RI� URWDU\� V\VWHPV�� 6LPXODWLRQ� FRPELQHG� ZLWK�
H[SHULPHQW� FDQ� EH� XVHG� WR� GHYHORS� WKHVH� IX]]\� FRPSHQVDWRU�PRGHOV� DV�ZHOO� WR�
UHILQH�WKHP�IRU�D�SDUWLFXODU�V\VWHP��
�
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>�@� 0�� 5�� 3RSRYLF�� '�� 0�� *RULQHYVN\�� $�� $�� *ROGHQEHUJ��+LJK� SUHFLVLRQ�
SRVLWLRQLQJ� RI� D�PHFKDQLVP�ZLWK�QRQOLQHDU� IULFWLRQ�XVLQJ�D� IX]]\� ORJLF� SXOVH� FRQWUROOHU��
5RERWLFV�DQG�$XWRPDWLRQ�/DERUDWRU\��8QLYHUVLW\�RI�7RURQWR��

>�@� %ULDQ� $UPVWURQJ�� )ULFWLRQ�� � ([SHULPHQWDO� GHWHUPLQDWLRQ�� PRGHOLQJ� DQG�
FRPSHQVDWLRQ�������,(((�

>�@� %ULDQ� $UPVWURQJ�+HORXYU\�� 6WLFN�VOLS� DULVLQJ� IURP� VWULEHFN� IULFWLRQ�� �����
,(((��

>�@� 3LHUUH�(�'XSRQW��)ULFWLRQ�PRGHOLQJ�LQ�'\QDPLFV�5RERW�6LPXODWLRQ�������,(((��
>�@� +DQXPDQ� 5DFKRU�� ,QYHVWLJDWLRQ� RI� G\QDPLF� IULFWLRQ� OXEULFDWHG� VXUIDFHV�� 3K�'��

7KHVLV�� 'HSDUWPHQW� RI� 0HFKDQLFDO� (QJLQHHULQJ�� 1HZ� -HUVH\� ,QVWLWXWH� RI�
7HFKQRORJ\��-DQXDU\�������

>�@� &��&DQXGDV�GH�:LW��+��2OVVRQ��.�-��$VWURP��3�/LVFKLQVN\��$�QHZ�PRGHO�
IRU�FRQWURO�RI�V\VWHPV�ZLWK�IULFWLRQ��,(((�7UDQVDFWLRQ�RQ�$XWRPDWLRQ�	�&RQWURO�
9ROXPH����1R���0DUFK�������

>�@� 3DROR� 'DGRQH�� +XJK� )�� 9DQ� /DQGLQJKDP�� 7KH� XVH� RI� IX]]\� ORJLF� IRU�
FRQWUROOLQJ�FRXORPE�IULFWLRQ�LQ�FUDQH�VZLQJ�DOOHYLDWLRQ�������$11,(��

>�@� -HDQ� &ODXGH� 3LHGEFHXI�� -HDQ� 'H� &DUXIHO�� 5LFKDUG� +XUWHDX�� )ULFWLRQ�
DQG� VWLFN� VOLS� LQ� 5RERWV�� VLPXODWLRQ� DQG� H[SHULPHQWDWLRQ�� 0XOWL�ERG\� 6\VWHP�
'\QDPLFV�������������������

>�@� -DPHV� 9HUQRQ�� )X]]\� /RJLF� V\VWHPV�� )X]]\� ORJLF� V\VWHPV�� ZZZ�FRQWURO�
V\VWHPV�SULQFLSDO�FR�XN��

>��@� 3LHUUH�(��'XSRQW��7KH�HIIHFW�RI�FRXORPE�IULFWLRQ�RQ�WKH�H[LVWHQFH�DQG�XQLTXHQHVV�RI�
WKH�IRUZDUG�G\QDPLFV�SUREOHP��3URF��&RQIHUHQFH�RQ�5RERWLFV�DQG�$XWRPDWLRQ��
1LFH�)UDQFH��0D\������SS������������

>��@� -�RQJ�%DH�/HH��7DH�%LQ�,P��$�ORZ�FRVW�VSHHG�FRQWURO�V\VWHP�RI�EUXVK�OHVV�PRWRU�
XVLQJ�IX]]\�ORJLF��



>��@� 3LHUUH� (�� 'XSRQW�� $YRLGLQJ� VWLFN� VOLS� LQ� SRVLWLRQ� DQG� IRUFH� FRQWURO� WKURXJK�
IHHGEDFN�� 'HSDUWPHQW� RI� $HURVSDFH� DQG� 0HFKDQLFDO� (QJLQHHULQJ� %RVWRQ�
8QLYHUVLW\��,(((�������

>��@� )UDQ]� -RVHI�(OPHU��1RQOLQHDU� G\QDPLFV� RI� GU\� IULFWLRQ�� -�3K\V��$��0DWK�*HQ�
YROXPH�����������SS������������
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