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$EVWUDFW��.H\�SRLQW�RI�WKLV�SDSHU�LV�WZR�VWDJH�LGHQWLILFDWLRQ�RI�EORFN�RULHQWHG�PRGHO�DQG�
*0&�FRQWURO�EDVHG�RQ�LW��,PSRUWDQW�LVVXH�LV�WKDW�*0&�DOJRULWKP�LV�EDVHG�RQ�SRO\QRPLDO�
DSSUR[LPDWLRQ� RI� S+�PRGHO��7KH�PDLQ� DGYDQWDJH� RI� VXFK� VROXWLRQ� LV� D� VLPSOH� IRUP�RI�
*0&� FRQWURO� ODZ� ZLWKRXW� ORRVLQJ� KLV� IXQFWLRQDOLW\� WKDW� KDV� DOJRULWKPV� RI� WKLV� W\SH��
7KUHH�VHJPHQW� SRO\QRPLDO� DSSUR[LPDWLRQV� DUH� XVHG� IRU� VWDWLF� QRQOLQHDU� FKDUDFWHULVWLF��
2Q�OLQH�LGHQWLILFDWLRQ�DOORZV�ILQH�WXQLQJ�RI�WKH�PRGHO�DQG�UREXVW�FRQWURO�FDQ�EH�REWDLQHG��
&RS\ULJKW��������,)$&�
�
.H\�ZRUGV��LGHQWLILFDWLRQ�DOJRULWKPV��DOJRULWKPV��S+�FRQWURO��FRQWURO�DSSOLFDWLRQV��PRGHO�
DSSUR[LPDWLRQ��DGDSWLYH�DOJRULWKPV��
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�
S+� SURFHVVHV� DUH� IUHTXHQWO\� HQFRXQWHUHG� LQ� WKH�
FKHPLFDO� SURFHVV� LQGXVWULHV� DQG� UHSUHVHQW� D�
VLJQLILFDQW� FKDOOHQJH� LQ� WHUPV� RI� WKHLU� LGHQWLILFDWLRQ�
DQG� FRQWURO�� $GGLWLRQDOO\� QHXWUDOL]DWLRQ� SURFHVVHV�
RIWHQ�H[KLELW� QRQVWDWLRQDU\� IHDWXUHV��%HFDXVH�RI� WKDW�
S+�QHXWUDOL]DWLRQ�SURFHVV�LV�WUHDWHG�DV�EHQFKPDUN�IRU�
WHVWLQJ� QRQOLQHDU� FRQWUROOHUV� �$OYDUH]�� HW� DO��� �������
0DQ\� QHZ� DOJRULWKPV� DUH� GHYHORSHG� WR� VROYH� WKLV�
SUREOHP�� VHH� IRU� H[DPSOH� �1RUTXD\�� HW� DO��� ������
7DGHR�� HW� DO����������*0&�DOJRULWKP�ZDV� FKRVHQ� DV�
ZLGHO\� NQRZQ� DQG� GLVFXVVHG� LQ�OLWHUDWXUH� �/HH� DQG�
6XOOLYDQ����������,QSXW�RXWSXW�OLQHDUL]DWLRQ�DOJRULWKP�
FRPHV�IURP�GLIIHUHQW�DVVXPSWLRQV�EXW�OHDGV�IRU�DIILQH�
W\SH�RI�PRGHO�WR�WKH�VDPH�FRQWURO�ODZ��,VLGRUL��������
+HQVRQ� DQG� 6HERUJ�� �������0RVW� RI� DOJRULWKPV� DUH�
EDVHG� RQ�SKHQRPHQRORJLFDO� PRGHOV� RU� PRGHOV�
GHULYHG� IURP� SKHQRPHQRORJLFDO� PRGHOV�� )LUVW�
PDWKHPDWLFDO� PRGHO� RI� S+� LQ� ZHOO�VWLUUHG� WDQN� ZDV�
JLYHQ� E\� 0F$YR\� ������� DQG� WKHQ� YDULDWLRQV� RI�
PRGHOV�DUH�ZLGHO\�GLVFXVVHG�LQ�WKH�OLWHUDWXUH��VHH�IRU�

H[DPSOH� �*XVWDIVVRQ� HW� DO��� ������ .DODIDWLV�� HW� DO���
������� 0RVW� RI� WKHVH� PRGHOV� DUH� YHU\� FRPSOLFDWHG�
DQG�LQ�WKLV�VHQVH�QRW�VXLWDEOH�IRU�FRQWURO�SXUSRVH��,Q�
SUDFWLFH� WR�REWDLQ�UREXVW�FRQWURO� LQ�PRVW�FDVHV�VRPH�
NLQG� RI� RQ�OLQH� LGHQWLILFDWLRQ� RI� LQWHUQDO� PRGHO�
SDUDPHWHUV� LV� QHHGHG�� 6HQVLWLYLW\� LV� YHU\� LPSRUWDQW�
LVVXH�LQ�FDVH�RI�VXFK�PRGHOV��(YHQ�VPDOO�FKDQJHV�LQ�
VSHFLILF� SDUDPHWHUV� KDYH� VLJQLILFDQW� LQIOXHQFH� RQ�
PRGHO� RXWSXW�� &RQWUROOHU� LV� XVXDOO\� GHVLJQHG� LQ� WZR�
VWHSV��)LUVW� D�V\VWHP� LGHQWLILFDWLRQ� WHFKQLTXH� LV� XVHG�
WR� REWDLQ� D� VXLWDEOH� SURFHVV� PRGHO�� IROORZHG� E\� D�
PRGHO�EDVHG� FRQWURO� GHVLJQ� VWHS�� $V� WKH� SURFHVV�
PRGHO� LV� DOZD\V� XVHG� DQ� DSSUR[LPDWLRQ�RI� WKH�SODQW�
G\QDPLFV�� WKHUH� KDV� EHHQ� LQFUHDVHG� LQWHUHVW� LQ�
LQYHVWLJDWLQJ� WKH� LQWHUUHODWLRQ� EHWZHHQ� V\VWHP�
LGHQWLILFDWLRQ� DQG� FRQWURO� GHVLJQ� �2FKV� DQG�
(QJHOO�������� *DUULGR� HW� DO��� ������� %ORFN�RULHQWHG�
PRGHOV� DUH� FRQVLGHUHG� DV� D� YHU\� JRRG� ZD\� RI�
UHSUHVHQWLQJ� DQ\� QRQ�OLQHDU� G\QDPLF� V\VWHPV��
:LHQHU� DQG� +DPPHUVWHLQ� PRGHOV� DUH� PRVW� NQRZQ�
DQG�SRSXODU�H[DPSOHV�RI�WKLV�JURXS��.DODIDWLV��HW�DO���
������� 'LVFXVVHG� PRGHO� LV� VLPLODU� WR� :LHQHU� W\SH�



ZLWK�SRO\QRPLDO�VWDWLF�SDUW��G\QDPLFDO�SDUW�LV�ELOLQHDU�
ZKLFK� LV� QRW� UHVXOW� RI� DUELWUDU\� DVVXPSWLRQ� EXW� LV�
FRPLQJ� IURP� SKHQRPHQRORJLFDO� FRQVLGHUDWLRQV�� 7R�
REWDLQ� DQ� DFFXUDWH� SRO\QRPLDO� ILW� RI� JLYHQ� VWDWLF�
QRQOLQHDULW\�PD\� FDXVH� SUREOHPV� LQ� VRPH� VLWXDWLRQV�
ZKHQ� RQO\� KLJK� RUGHU� SRO\QRPLDOV� FDQ� DSSUR[LPDWH�
WKH�QRQ�OLQHDU�FKDUDFWHULVWLF�DGHTXDWHO\��7KHUHIRUH��LW�
PD\�EH�UHDVRQDEOH��IRU�VXFK�FRQVLGHUDEO\�DV\PPHWULF�
QRQ�OLQHDU�FKDUDFWHULVWLF�� WR�XVH�GHVFULSWLRQ�ZLWK�WZR�
GLVWLQFW�PDSV��9RURV��������EXW�LQ�JHQHUDO�PRUH�WKHQ�
RQH�GLVWLQFW�PDSV�FDQ�EH�XVHG��
7KH� PDLQ� FRQWULEXWLRQ� RI� WKLV� SDSHU� LV� WR� SUHVHQW�
*0&� EDVHG� RQ� SRO\QRPLDO� DSSUR[LPDWLRQ� ZLWK� RQ�
OLQH�LGHQWLILFDWLRQ�ZKDW�DOORZV�WR�PDNH�FRQWURO�PRUH�
UREXVW���
�
�

��� *0&�$/*25,7+0�)2508/$7,21�
�
3RO\QRPLDO� DSSUR[LPDWLRQ� RI� VWURQJ� QRQ�OLQHDU�
SURFHVVHV� FDQ� EH� XVHG� IRU� SURFHVV� PRGHO� EDVHG�
FRQWURO� �0HW]JHU�� ������� 3URSRVHG� S+� PRGHO�
DSSUR[LPDWLRQ��6WHEHO��������FRQVLVWV�RI�RQH�ELOLQHDU�
GLIIHUHQWLDO�HTXDWLRQ�ZKLFK�KDV�IROORZLQJ�IRUP�����
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:KHUH���
[ � � �LV� D� GLIIHUHQFH� EHWZHHQ� VXP�RI� DFLG� DQG� VXP�RI�
EDVH�UHDJHQW�FRQFHQWUDWLRQV�LQ�UHDFWRU���
& � � �� & ��� � ±� K\SRWKHWLFDO� LQOHW� FRQFHQWUDWLRQV� RI� DFLG�
DQG�EDVH��
�
$V� D� EDODQFH� EHWZHHQ� KLJK� DFFXUDF\� DQG� VLPSOLFLW\�
RI� PRGHO� IRU� DSSUR[LPDWLRQ� RI� WLWUDWLRQ� FXUYH� WKUHH�
VLPSOH� SRO\QRPLDO� IXQFWLRQV� ZHUH� FKRVHQ�� ZLWK�
UHVWULFWLRQ� WKDW� LQ� FDVH� RI� VZLWFKLQJ� EHWZHHQ� WKHP�
FRQWLQXLW\� RI� YDOXH� DQG� ILUVW� GHULYDWLYH� LV� DVVXUHG�
�6WHEHO� ������� ,W� LV� QRW� SRVVLEOH� WR� JXDUDQWHH�
FRQWLQXLW\� RI� VHFRQG� GHULYDWLYH� EHFDXVH� RI� WKH�
PHWKRG� OLPLWDWLRQV�� &RQWUROOHU� GHSHQGV� RQ� ILUVW�
GHULYDWLYH�KHQFH� LW� LV� VXIILFLHQW� WR�HOLPLQDWH� ULSSOLQJ�
LQ� WKH� WUDQVLWLRQ�� 2WKHU� EDVLV� IXQFWLRQV� �H�J��� %�
VSOLQHV�� FDQ� EH� XVHG� LQVWHDG�� )LUVW� IXQFWLRQ�
UHVSRQVLEOH�IRU�ORZ�SDUW�RI�WLWUDWLRQ�FXUYH�
�
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�
6HFRQG�IXQFWLRQ�UHVSRQVLEOH�IRU�SDUW�LQ�WKH�PLGGOH�RI�
WLWUDWLRQ�FXUYH�
�
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7KLUG�IXQFWLRQ�UHVSRQVLEOH�IRU�XSSHU�SDUW�RI� WLWUDWLRQ�
FXUYH�
�
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������� ������ ����������F��

3URSRVHG�PRGHO�LV�VLPLODU�WR�:LHQHU�PRGHO��7KH�RQO\�
GLIIHUHQFH� LV� WKDW� SUHVHQWHG� PRGHO� KDV� ELOLQHDU�

G\QDPLF�SDUW� LQVWHDG�RI� OLQHDU�DV� LQ�:LHQHU�PRGHOV��
DGGLWLRQDOO\� FRQGLWLRQ� RI� UHGXFLQJ� ELOLQHDU� SDUW� WR�
OLQHDU� LV� QRW� IXOILOOHG� �.DODIDWLV�� HW� DO��� �������
3UHVHQWHG�DERYH�PRGHO�ZDV�XVHG� WR�IRUPXODWH�*0&�
FRQWURO� DOJRULWKP� DFFRUGLQJ� WR� /HH� DQG� 6XOOLYDQ�
��������
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OO �� ���7XQLQJ�DOJRULWKP�SDUDPHWHUV�

8VLQJ� HTXDWLRQ� ���� ��� DQG� ���� FRQWURO� ODZ� ���� LV�
REWDLQHG�� � � � �
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�
&RHIILFLHQWV� RI� SRO\QRPLDO� IXQFWLRQV� REWDLQHG� YLD�
RIIOLQH� LGHQWLILFDWLRQ� RI� SKHQRPHQRORJLFDO� PRGHO�
�HT������� DQG� FDQ� EH� IRXQG� LQ� SUHYLRXV� ZRUN�
�6WHEHO���������
�
7R� VLPXODWH� SURFHVV� SKHQRPHQRORJLFDO� PRGHO� LV�
XVHG�� ,W� FRQWDLQV� WZR�PDLQ� UHDJHQWV� DFHWLF� DFLG� DQG�
SRWDVVLXP�EDVH��$GGLWLRQ�RI�DQRWKHU�WZR�FRPSRQHQWV�
PDNHV�REWDLQHG�PRGHO�PRUH�IOH[LEOH��$GGLWLRQ�RI�WZR�
K\SRWKHWLFDO� UHDJHQWV� WR� PRGHO� GRHV� QRW� PDNH�
SRVVLEOH� WR� PRGHO� SUHFLVHO\� HYHU\� PXOWL�FRPSRQHQW�
V\VWHP�� EXW� VXFK�PRGHO� FDQ� E\� WUHDWHG� DV� D� NLQG� RI�
DSSUR[LPDWLRQ� DOORZLQJ� WR� REVHUYH�PDLQ� IHDWXUHV� RI�
WKH� SURFHVV�� )ROORZLQJ� IRUP� RI� PRGHO� ZLOO� EH�
FRQVLGHUHG��:ULJKW�DQG�.UDYDULV���������
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[ d ��DFHWLF�DFLG�FRQFHQWUDWLRQ�LQ�UHDFWRU��[ e ��SRWDVVLXP�
EDVH�FRQFHQWUDWLRQ�LQ�UHDFWRU��[ f ��[ g ��FRQFHQWUDWLRQ�RI�
K\SRWKHWLFDO�UHDJHQW�LQ�UHDFWRU��9�±�YROXPH�RI�UHDFWRU�
>O@��>+ h @�±�K\GURJHQ�LRQ�FRQFHQWUDWLRQ��. i ��. j ��. k ��. l
±HTXLOLEULXP� FRQVWDQWV�� & fnm  ������>PROH�O@�� & f�o  �
�����>PROH�O@� �� FDUERQ�DFLG�RU�RWKHU�ZHDN�DFLG� LQOHW�
FRQFHQWUDWLRQ� LQ� ) m � DQG� ) o � VWUHDP�� & pqm  �
������>PROH�O@�� & pro  ������>PROH�O@� ±� FDOFLXP� EDVH�
RU� RWKHU� ZHDN� EDVH� LQOHW� FRQFHQWUDWLRQ� LQ� ) m � DQG� ) o �
VWUHDP��)ROORZLQJ�FRHIILFLHQWV�ZHUH�WDNHQ�IURP�SLORW�
SODQW� LQVWDOODWLRQ� �&6&(� JURXS�� ,QVWLWXWH� RI�
$XWRPDWLF� &RQWURO�� 6LOHVLDQ� 7HFKQLFDO� 8QLYHUVLW\��
3RODQG��� DFHWLF� DFLG� LQOHW� FRQFHQWUDWLRQ� & m  � �������
>PROH�O@�� SRWDVVLXP� EDVH� LQOHW� FRQFHQWUDWLRQ� & o  �
������� >PROH�O@�� DFHWLF� DFLG� LQOHW� IORZ� ) m s  � ����
>O�PLQ@ � FRQVW��� UDQJH� RI� SRWDVVLXP� EDVH� LQOHW� IORZ�
) o  � �y���� >O�PLQ@�� 3URSRVHG� PRGHO� DQG� SDUDPHWHU�
UDQJHV�LQ�PRVW�FDVHV�IROORZ�UHTXLUHPHQWV�IRU�SURFHVV�
EHQFKPDUN��$OYDUH]��HW�DO����������
�
�

��� ,'(17,),&$7,21�)2508/$7,21�
�
'LIIHUHQW�DSSURDFKHV�WR�LGHQWLILFDWLRQ�SUREOHP�FDQ�EH�
IRXQG�LQ�OLWHUDWXUH��+HQVRQ�DQG�6HERUJ��������9RURV��
������� %DVLQJ� RQ� SURSRVHG� SRO\QRPLDO� PRGHO� DIWHU�
UHDUUDQJHPHQW� HTXDWLRQV� ���� DQG� ���� DUH� REWDLQHG��
8VLQJ�ILUVW�RUGHU�EDFNZDUG�GLIIHUHQFH�DSSUR[LPDWLRQ�
RI�ILUVW�GHULYDWLYH�GLVFUHWH�IRUP�LV�REWDLQHG��������
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(TXDWLRQ� ����� FDQ� EH� IRUPXODWHG� E\� PHDQV� RI�
SUHGLFWLYH�PRGHO�������
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4 ��LV�HVWLPDWH�RI�& ��� ��K\SRWKHWLFDO�LQOHW�DFLG�
FRQFHQWUDWLRQ��� ��LH ��HVWLPDWLRQ�HUURU��
0RGHO� ����� LV� DSSOLFDEOH� IRU� VLPSOH� ODVW� VTXDUHV�
PHWKRG� DQG� FRQFHQWUDWLRQ� & ��� � FDQ� EH� HVWLPDWHG�� ,Q�
FDVH�RI�LGHQWLILFDWLRQ�LW�LV�DVVXPHG�WKDW�XVHG�PRGHO�LV�
ULFK�HQRXJK�PDLQO\�E\�PHDQV�RI�VWUXFWXUH��,Q�IDFW�WZR�
VWHS� LGHQWLILFDWLRQ� LV� FDUULHG� RXW� LQ� WKLV� FDVH�� )LUVW�
VWHS�LV�RIIOLQH�HVWLPDWLRQ�RI�D � �E � �F � �SDUDPHWHUV�EDVHG�
RQ� GDWD� FRPLQJ� IURP� UHDO� ZRUOG� H[SHULPHQW� RU�
VLPXODWLRQ��'DWD� IRU� WKLV� VWDJH� RI� VLPXODWLRQ� VKRXOG�
FRYHU� ZLGH� UDQJH� RI� SURFHVV� FKDQJHV� WR� REWDLQ�
SRVVLEOH�JHQHUDO�IRUP�RI�PRGHO�EHFDXVH�RI�WKDW�LW�KDV�
WR� EH� GRQH� RIIOLQH�� 6HFRQG� VWHS� RI� PRGHO�
LGHQWLILFDWLRQ� LV� GRQH� E\� PHDQV� RI� DFLG� LQOHW�
FRQFHQWUDWLRQ� HVWLPDWLRQ� ZKHUH� SDUDPHWHUV� D � � E � � F � �
DUH�DVVXPHG�WR�EH�FRQVWDQW��7KLV�LV�D�NLQG�RI�UHWXQLQJ�
RI� PRGHO� DQG� DFFXUDF\� IRU� VSHFLILF� VHW� SRLQW� LV�
VLJQLILFDQWO\� LPSURYHG�� $QRWKHU� DGYDQWDJH� LV� WKDW�
RQO\� RQH� SDUDPHWHU� QHHGV� WR� EH� HVWLPDWHG� DQG�
H[FLWDWLRQ� RI� WKH� SURFHVV� GRHV� QRW� KDYH� WR� EH�
FRQVLGHUHG�� ,GHD�RI�SURSRVHG�DOJRULWKP� LV� VKRZQ�RQ�
ILJXUH����

,GHQWLILFDWLRQ
DOJRULWKP

&RQWUROOHU
DOJRULWKP
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��� ���

�)LJ�����&RQWUROOHU�DOJRULWKP�ZLWK�DGDSWDWLRQ��
�
�

��� 6,08/$7,21�5(68/76�
6LPXODWLRQV� ZHUH� FDUULHG� XVLQJ� SKHQRPHQRORJLFDO�
PRGHO� ������� 7KH\�ZHUH� SODQHG� LQ� WKLV� ZD\� WKDW� IRU�
WLPH������>PLQ@�RSHQ�ORRS�V\VWHP�EHKDYLRXU�IRU�VWHS�
FKDQJH�RI�WLWUDWLRQ�VWUHDP��) � ������WR������>O�PLQ@��LV�
VKRZQ�� WKHQ� IRU� WLPH� ������ >PLQ@� VWHS� FKDQJH� RI�
DFHWLF�DFLG��& � ��������WR��������>PROH�O@��LV�DSSOLHG��
)LQDOO\�IRU�SHULRG�RI�WLPH�������>PLQ@�DV�GLVWXUEDQFH�
VTXDUH�ZDYH�RI�DFLG�LQOHW�IORZ�GHVFULEHG�E\�HTXDWLRQ�
����� ZDV� DSSOLHG� ZKHUH� ZDYH� SHULRG� LV� DERXW� �����
>PLQ@��

���VLQ���� � �� �� WVLJQ))) ��� ������������������
� ��� � �¡ £¢ �¡� ¤�¥



6TXDUH� ZDYH� GLVWXUEDQFH� ZDV� DSSOLHG� WR� FKHFN�
VXSSUHVVLQJ� FDSDELOLW\� RI� FRQWURO� DOJRULWKPV��
([SHULPHQWV� ZHUH� UHSHDWHG� IRU� WKUHH� VHW� SRLQWV�
S+ ¦ §  ��� S+ ¦ §  �� DQG� S+ ¦ §  �� DQG� FRQWUROOHUV� KDG� WKH�
VDPH�WXQLQJ�SDUDPHWHUV�IRU�HDFK�VHW�SRLQW��2SHQ�ORRS�
UHVSRQVH�IRU�DOO�DSSOLHG�FKDQJHV�LV�VKRZQ�RQ�ILJXUH����
7KLV� ILJXUH� H[KLELWV� VWURQJO\� QRQ�OLQHDU� FKDUDFWHU� RI�
WKH� SURFHVV� DQG� WUDFNLQJ� DELOLW\� RI� WKH� SRO\QRPLDO�
PRGHO�DSSUR[LPDWLRQ��,QDFFXUDF\�DW�WKH�EHJLQQLQJ�LV�
FRQQHFWHG� ZLWK� VWDUW�XS� RI� LGHQWLILFDWLRQ� DOJRULWKP��
)XUWKHU� FKDQJHV� RI� & � ¨ � �ILJ�� ��� DUH� FRQQHFWHG� ZLWK�
FRPSHQVDWLRQ�RI�LQDFFXUDF\�RI�LQLWLDO� IRUP�RI�PRGHO�
������ $OWKRXJK� IRUJHWWLQJ� IDFWRU� ZDV� FKRVHQ� YHU\�
FRQVHUYDWLYHO\� �WKH� YDOXH� LV� ������ WUDFNLQJ� DELOLW\� LV�
YHU\�JRRG��
�
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�)LJ�� ��� S+� RSHQ�ORRS� UHVSRQVH� ±� VROLG� OLQH�
SKHQRPHQRORJLFDO�PRGHO��GDVKHG�OLQH�SRO\QRPLDO�
DSSUR[LPDWLRQ��IRU�W �y���VWHS�FKDQJH�RI�WLWUDWLRQ�
VWUHDP��) � ��� IRU� W ��y���VWHS�FKDQJH�RI�DFLG�& � ��
IRU�W ��y���VTXDUH�ZDYH�GLVWXUEDQFH��
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�)LJ�����(VWLPDWLRQ�RI�K\SRWKHWLFDO�LQOHW�DFLG�
FRQFHQWUDWLRQ��& � ¨ ���IRU�W �y���VWHS�FKDQJH�RI�
WLWUDWLRQ�VWUHDP��) � ���IRU�W ��y���VWHS�FKDQJH�RI�
DFLG�& � ��IRU�W ��y���VTXDUH�ZDYH�GLVWXUEDQFH��

&RQWURO�SHUIRUPDQFH�IRU�S+ ¦ §  ��DUH�VKRZQ�RQ�ILJXUHV�
��DQG����*0&�ZLWKRXW�HVWLPDWLRQ�LV�ZRUVH�WKHQ�ZLWK�
& � ¨ � HVWLPDWLRQ�� 7XQLQJ� SDUDPHWHUV� DSSOLHG� LQ�
H[SHULPHQWV�DUH�OLVWHG�LQ�WDEOH����,Q�FRQWUROOHU�ZLWKRXW�
DGDSWDWLRQ� WR� FRPSHQVDWH� LQDFFXUDF\� RI� LQWHUQDO�
PRGHO� �YLVLEOH� RQ� ILJ�� ���� LQWHJUDO� SDUW� LV� XVHG��
,QFUHDVH�LQ�FRQWUROOHU�JDLQ�OHDGV�WR�ELJJHU�RYHUVKRRW��

,QWHUQDO� SDUW� DOORZV� HOLPLQDWLQJ� VWHDG\� VWDWH� RIIVHW��
EXW� PDNHV� WKH� FRQWUROOHU� VORZHU�� 6LPLODUO\� DV� LQ�
FRQWUROOHU�JDLQ�FDVH�LQWHJUDO�SDUW�WXQLQJ�SDUDPHWHU�/ È �
VHHPV� WR� EH� RSWLPDO� E\� PHDQV� RI� $(6� FRHIILFLHQW�
YDOXH�� $OWKRXJK� FRQWUROOHU� GRHV� QRW� LQFOXGH� LQWHUQDO�
OLPLWDWLRQV�RI�RXWSXW� LW� LV� LQ� UDQJH�RI�ERXQGDULHV� IRU�
RXWSXW�VLJQDO�������>O�PLQ@��
7DEOH� �� &RQWUROOHUV� WXQLQJ� SDUDPHWHUV� DQG� $(6�
FRHIILFLHQW��DEVROXWH�HUURU�VXP�GLYLGHG�E\�WKH�WLPH�RI�
LQWHJUDWLRQ���

� *0& � � *0& � ��DGDSWLYH��
S+ ¦ §  �� O ����O È  ��

$(6 �������
O ���

$(6 �������
S+ ¦ §  �� O ����O È  ��

$(6 �������
O ���

$(6 �������
S+ ¦ §  �� O ����O È  ���

$(6 �������
O ���

$(6 �������
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�)LJ���� S+� YDOXH� UHVSRQVH� ±� VROLG� OLQH�*0&� FRQWURO�
�S+ ¦ §  ��� ZLWKRXW� & � ¨ � HVWLPDWLRQ�� GDVKHG� OLQH� ��
LQWHUQDO�PRGHO��IRU�W �y���VWHS�FKDQJH�RI�WLWUDWLRQ�
VWUHDP� �) � �� ZLWKRXW� FRQWURO�� IRU� W ��y��� VWHS�
FKDQJH� RI� DFLG� LQOHW� FRQFHQWUDWLRQ� �& � ��� IRU�
W ��y���VTXDUH�ZDYH�GLVWXUEDQFH��
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�)LJ�����S+�YDOXH� UHVSRQVH�±� VROLG� OLQH�*0&�FRQWURO�
�S+ ¦ §  ��� ZLWK� & � ¨ � HVWLPDWLRQ�� GDVKHG� OLQH� ��
LQWHUQDO�PRGHO��IRU�W �y���VWHS�FKDQJH�RI�WLWUDWLRQ�
VWUHDP� �) � �� ZLWKRXW� FRQWURO�� IRU� W ��y��� VWHS�
FKDQJH� RI� DFLG� LQOHW� FRQFHQWUDWLRQ� �& � ��� IRU�
W ��y���VTXDUH�ZDYH�GLVWXUEDQFH��

3HUIRUPDQFH� RI� *0&� ZLWK� HVWLPDWLRQ� �ILJ�� ���
YLVXDOO\� LV� VLPLODU� WR� *0&� ZLWKRXW� HVWLPDWLRQ��



KRZHYHU�E\�PHDQV�RI�$(6�YDOXH�LW�LV�GLVWLQJXLVKDEOH��
7KH�VPDOOHU�$(6��WKH�EHWWHU�SHUIRUPDQFH�LV�REWDLQHG��
&RQWURO�LV�DOZD\V�DQ�REVWDFOH�IRU�PRGHO�LGHQWLILFDWLRQ�
EHFDXVH�WKLV�FDXVHV�VRPH�OHYHO�RI�FRUUHODWLRQ�LQ�GDWD�
VHULHV�IRU�HVWLPDWLRQ��7KDW�LV�ZK\�IRUJHWWLQJ�IDFWRU�LQ�
WKLV� FDVH� KDV� WR� EH� PRUH� FRQVHUYDWLYH� WKDQ� LQ� FDVH�
ZLWKRXW� FRQWURO�� ,QIOXHQFH� RI� IRUJHWWLQJ� IDFWRU� LV�
VLPLODU� LQ�FDVH�RI�DGDSWLYH�DOJRULWKP�WR� LQIOXHQFH�RI�
LQWHJUDWLRQ� SDUW� WXQLQJ� SDUDPHWHU� LQ� QRQDGDSWLYH�
FDVH��)URP�WKLV�VWDJH�RI�FRQVLGHUDWLRQV�FDQ�EH�IRXQG�
RXW�WKDW�DGDSWLYH�DOJRULWKP�DOORZV�HOLPLQDWLQJ�RIIVHW�
PRUH�HIILFLHQWO\��&KDQJH� LQ�HVWLPDWHG�SDUDPHWHU�& �­� �
LV�VKRZQ�RQ�ILJXUH����,QLWLDO�VWDJH�RI�& �­� �HVWLPDWLRQ�LV�
WKH�VDPH�RQ�WKH�ILJXUH���DQG����
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�)LJ�� ��� (VWLPDWLRQ� RI� K\SRWKHWLFDO� LQOHW� DFLG�
FRQFHQWUDWLRQ� �& � ¨ �� LQ� SUHVHQFH� RI� FRQWURO�� IRU�
W �y��� VWHS� FKDQJH� RI� WLWUDWLRQ� VWUHDP� �) � ��� IRU�
W ��y��� VWHS� FKDQJH� RI� DFLG� LQOHW� FRQFHQWUDWLRQ�
�& � ���IRU�W ��y���VTXDUH�ZDYH�GLVWXUEDQFH��
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�)LJ�� ��� S+� YDOXH� UHVSRQVH� ±�*0&� FRQWURO� �S+ ¦ §  ���
ZLWKRXW� & � ¨ � HVWLPDWLRQ� GDVKHG� OLQH� �� LQWHUQDO�
PRGHO��IRU�W �y���VWHS�FKDQJH�RI�WLWUDWLRQ�VWUHDP�
�) � ��ZLWKRXW� FRQWURO�� IRU� W ��y��� VWHS� FKDQJH�RI�
DFLG�& � ��IRU�W ��y���VTXDUH�ZDYH�GLVWXUEDQFH��

�
)XUWKHU� HYDOXDWLRQ� ZDV� GRQH� IRU� GLIIHUHQW� VHW� SRLQWV�
�S+ ¦ §  �� DQG� S+ ¦ §  ���� S+� SURFHVV� LV� VWURQJO\� QRQ�
OLQHDU�DQG�VLJQLILFDQWO\�GLIIHUHQW�SHUIRUPDQFH�FDQ�EH�
REVHUYHG�PDLQO\�EHFDXVH�RI� FKDQJH� LQ�SURFHVV�JDLQ��
&RQWURO� SHUIRUPDQFH� LV� VLPLODU� DQG� YHU\� JRRG� IRU�
DGDSWLYH� DQG� QRQDGDSWLYH� FRQWURO� FRQVLGHULQJ� $(6�
YDOXH� �WDEOH� ���� )RU� S+ ¦ §  �� SURFHVV� JDLQ� LV� JUHDWHU�

WKDQ� IRU� S+ ¦ §  �� EHFDXVH� FKDUDFWHULVWLF� LV� QRW�
V\PPHWULF�� )RU� S+ ¦ §  �� QRQDGDSWLYH� DOJRULWKP� LV�
EHWWHU� WKHQ� DGDSWLYH� RQH� ZKDW� PLJKW� EH� VXUSULVH�
�UHVXOWV� DUH� QRW� SUHVHQWHG��� 6XFK� VLWXDWLRQ� FDQ� EH�
H[SODLQHG�E\�WKH�IDFW�WKDW�LQLWLDO�PRGHO�ZLWKRXW�RQOLQH�
LGHQWLILFDWLRQ�LV�DOPRVW�LGHDO�IRU�S+ ���ILJ������+HQFH�
SDUDPHWHU� HVWLPDWLRQ� LV� QRW� QHHGHG� DQG� PRUHRYHU�
PDNHV� WKH� FRQWURO� VORZHU�� $OWKRXJK� DGDSWLYH�
SHUIRUPDQFH� LV�ZRUVH�E\�PHDQV�RI�$(6�YDOXH�EXW� LW�
LV� YHU\� FORVH� WR� QRQDGDSWLYH� VKRZQ� RQ� ILJXUH� ��� ,Q�
WKLV�SRLQW�LW�FRXOG�EH�FRQFOXGHG�WKDW�LQ�WKH�FDVH�ZKHQ�
SURFHVV�LV�VWDWLRQDU\�DQG�LQLWLDO�PRGHO�DSSUR[LPDWLRQ�
LV� VXIILFLHQWO\� JRRG� ERWK� DOJRULWKPV� DGDSWLYH� DQG�
QRQDGDSWLYH� DUH� FRPSDUDEOH�� 2QH� DOJRULWKP� PLJKW�
H[KLELW� VXSHULRU� EHKDYLRXU� LQ� FRPSDULVRQ� ZLWK�
DQRWKHU�GHSHQGLQJ�RQ�ORFDO�PRGHO�DFFXUDF\���
,Q� SUDFWLFH� RI� QHXWUDOLVDWLRQ� SURFHVV� VXFK� FRQGLWLRQV�
DUH�QRW�FRPPRQ�DQG�JUHDWHU�OHYHO�RI�PRGHO�PLVPDWFK�
VKRXOG� EH� FRQVLGHUHG�� 0DLQ� UHDJHQWV� ZHUH� QRW�
FKDQJHG� LQ� PRGHO�� EXW� K\SRWKHWLFDO� UHDJHQWV�
FRQFHQWUDWLRQV� ZHUH� FKDQJHG� DV� IROORZV� &�� ������
>PROH�O@��&�� �������>PROH�O@��&�� �������>PROH�O@��
6XFK� SDUDPHWHU� FKDQJHV� FDXVH� WKDW� LQLWLDO� PRGHO�
EDVHG�RQ�RIIOLQH�LGHQWLILFDWLRQ�LV�YHU\�LQDFFXUDWH�ZKDW�
FDQ� EH� REVHUYHG� RQ� ILJXUH� ��� 0RGHO� DSSUR[LPDWLRQ�
�GDVKHG� OLQH�� LV� IDU� IURP� SURFHVV� UHVSRQVH�� KHQFH�
PRGHO�PLVPDWFK� LV� UHDOO\� WUHPHQGRXV��%DVLV�RQ� WKDW�
IDFW� LW� FRXOG� EH� H[SHFWHG� WKDW� SHUIRUPDQFH� RI�
QRQDGDSWLYH� DOJRULWKP� ZRXOG� EH� YHU\� SRRU� RU� HYHQ�
XQVWDEOH��(YHQ� LI� WXQLQJ�SDUDPHWHUV�DUH� VLJQLILFDQWO\�
GHFUHDVHG�O ��DQG�O È  ����WKH�FRQWURO�DOJRULWKP�LV�VWLOO�
XQVWDEOH�� :KHQ� DGDSWLYH� DOJRULWKP� LV� FRQVLGHUHG�
SHUIRUPDQFH� LV� LPSURYHG� DQG� IRU� O �� YHU\� JRRG�
UHVXOWV�DUH�REWDLQHG��ILJ�������
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�)LJ�����S+�YDOXH� UHVSRQVH�±� VROLG� OLQH�*0&�FRQWURO�
�S+ ¦ §  ��� ZLWK� & � ¨ � HVWLPDWLRQ�� GDVKHG� OLQH� ��
LQWHUQDO�PRGHO��IRU�W �y���VWHS�FKDQJH�RI�WLWUDWLRQ�
VWUHDP� �) � �� ZLWKRXW� FRQWURO�� IRU� W ��y��� VWHS�
FKDQJH� RI� DFLG� & � �� IRU� W ��y��� VTXDUH� ZDYH�
GLVWXUEDQFH��

,W�KDV�WR�EH�VWUHVVHG�WKDW�PRGHO�FRHIILFLHQWV�D � ��E � ��F � �
ZHUH� FRQVWDQW� GXULQJ� DOO� H[SHULPHQWV�� $W� WKH�
EHJLQQLQJ�PRGHO� ILW� WR�SURFHVV� LV� JRRG�DQG�DGDSWLYH�
DQG� QRQDGDSWLYH� DOJRULWKPV� DUH� FRPSDUDEOH��
*UDGXDOO\� SURFHVV� LV� KDQJHG� DQG� EHFDXVH� RI� LQLWLDO�
PRGHO� PLVPDWFK� DGDSWLYH� DOJRULWKP� KDV� VXSHULRU�



SHUIRUPDQFH� WKDQ� QRQDGDSWLYH� ZKDW� LV� ZHOO� NQRZQ�
IDFW�� EXW� WKH� ZD\� RI� LQWHUQDO�PRGHO� LGHQWLILFDWLRQ� LV�
LQWHUHVWLQJ�DSSURDFK��
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�)LJ�� ��� S+� YDOXH� UHVSRQVH� ±�*0&� FRQWURO� �S+ ¦ §  ���
ZLWKRXW� & � ¨ � HVWLPDWLRQ�� GDVKHG� OLQH� �� LQWHUQDO�
PRGHO��IRU�W �y���VWHS�FKDQJH�RI�WLWUDWLRQ�VWUHDP�
�) � ��ZLWKRXW� FRQWURO�� IRU� W ��y��� VWHS� FKDQJH�RI�
DFLG�& � ��IRU�W ��y���VTXDUH�ZDYH�GLVWXUEDQFH��

��� &21&/86,216�
7KLV� SDSHU� SUHVHQWV� WKH� VLPXODWLRQ� VWXG\� DQG�
FRPSDULVRQ� RI� *0&� ZLWKRXW� DGDSWDWLRQ� DQG� ZLWK�
DGDSWDWLRQ�� 1RQ�OLQHDU� PRGHO� LGHQWLILFDWLRQ� LV�
FRQVLGHUHG� WR� EH� GLIILFXOW� DQG� SURSRVHG� DOJRULWKPV�
DUH�YHU\�FRPSOLFDWHG��7KLV�LV�RQH�RI�WKH�UHDVRQV�ZK\�
VXFK� VROXWLRQV� DUH� DYRLGHG� LQ� LQGXVWULDO� SUDFWLFH��
3URSRVHG�DSSURDFK�VHHPV�WR�EH�YHU\�SURPLVLQJ��%RWK�
VWDJHV� RI� LGHQWLILFDWLRQ� FDQ� EH� GRQH� XVLQJ� VWDQGDUG�
HVWLPDWLRQ� PHWKRG�� )LUVW� RIIOLQH� VWDJH� RI�
LGHQWLILFDWLRQ� FDQ� EH� GRQH� SHULRGLFDOO\� ZKHQ�
LPSRUWDQW� FKDQJHV� LQ� SURFHVV� DUH� DVVXPHG� WR� DVVXUH�
JHQHUDO� SURFHVV� ILW�� 6HFRQG� VWDJH� LV� RQ�OLQH� DQG�
DOORZV�REWDLQLQJ� ORFDO� LQFUHPHQW�RI�PRGHO�DFFXUDF\��
2Q�OLQH�PHDVXUHPHQWV� DFFHVVLEOH� WR�ERWK� DOJRULWKPV�
ZHUH� WKH� VDPH�� 3HUIRUPDQFH� RI� WKRVH� DOJRULWKPV� LV�
FRPSDUDEOH�ZKHQ�PRGHO�XVHG�LQ�ERWK�DUH�FORVH�WR�UHDO�
PRGHO�� ,Q� FDVH� RI� VLJQLILFDQW� PRGHO� PLVPDWFK�
HVWLPDWLRQ� VWLOO� DOORZV� WR� FRQWURO� HIILFLHQWO\� ZKLOH�
FRQWUROOHU�ZLWKRXW�HVWLPDWLRQ�EHFRPHV�XQVWDEOH��7KH�
UHVXOWV� DUH� FRQILUPHG� RQO\� E\� GHWHUPLQLVWLF�
VLPXODWLRQ� ZLWKRXW� WKH� QRLVH� ZKDW� LV� SODQHG� LQ� QH[W�
VWDJH�RI�UHVHDUFKHV��

$&.12:/('*(0(176�
7KLV�UHVHDUFK�ZDV�SDUWLDOO\�VXSSRUWHG�E\�WKH�1DWLRQDO�
&RPPLWWHH� IRU� 6FLHQWLILF� 5HVHDUFK� �.%1�� XQGHU�
JUDQW�1R����7��$���������

5()(5(1&(6�
�
$OYDUH]��+���/RQGRQR�&���6FLDVFLR�)���DQG�&DUHOOL�5���

�������� S+� 1HXWUDOL]DWLRQ� 3URFHVV� DV� D�

%HQFKPDUN� IRU� 7HVWLQJ� 1RQOLQHDU� &RQWUROOHUV��
,QG��(QJ��&KHP��5HV��9RO������SS������������

*DUULGR� 5��� $GURHU� 0�� DQG� 3RFK� 0�� ��������
:DVWHZDWHU�QHXWUDOL]DWLRQ�FRQWURO�EDVHG� LQ� IX]]\�
ORJLF�� VLPXODWLRQ� UHVXOWV�� ,QG�� (QJ�� &KHP�� 5HV���
9RO������SS�������������

*XVWDIIVRQ�7��.��� 6NULIYDUV�%��2��� 6DQGVWURP�.��9��
DQG� :DOOHU� .�� 9��� �������� 0RGHOLQJ� RI� S+� IRU�
&RQWURO��,QG��(QJ��&KHP��5HV���9RO���������������

+HQVRQ�0�� $�� DQG� 6HERUJ� '�� (��� �������� $GDSWLYH�
LQSXW�RXWSXW� OLQHDUL]DWLRQ� RI� D� S+� QHXWUDOL]DWLRQ�
SURFHVV�� ,QW�� -�� RI� $GDSWLYH� &RQWURO� DQG� 6LJQDO�
3URF��9RO������SS������������

/HH�3�/��DQG�*�5��6XOOLYDQ�� ���������*HQHULF�PRGHO�
FRQWURO��*0&����&RPSXW��&KHP��(QJQJ��9RO������
���������

,VLGRUL� $�� �������� 1RQOLQHDU� FRQWURO� 6\VWHPV� �WKLUG�
HGLWLRQ���6SULQJHU��9HUODJ��%HUOLQ�+HLGHOEHUJ�1HZ�
<RUN��

.DODIDWLV� $��� :DQJ� /�� DQG� &OXHWW� :��� ��������
/LQHDUL]LQJ� IHHGIRUZDUG�IHHGEDFN� FRQWURO� RI� S+�
SURFHVVHV� EDVHG� RQ� :LHQHU� PRGHO�� -RXUQDO� RI�
3URFHVV�&RQWURO�9RO�����SS�����������

0F$YR\�7��-�����������7LPH�2SWLPDO�=LHJOHU�1LFKROV�
&RQWURO�� ,QG��(QJ��&KHP��3URFHVV�'HV��'HYHORS��
9RO������1R�����SS���������

0HW]JHU� 0�� �������� (DV\� SURJUDPPDEOH� 0$3,�
FRQWUROOHU� EDVHG� RQ� VLPSOLILHG� SURFHVV� PRGHO��
,)$&�:RUNVKRS� RQ� 3URJUDPPDEOH� 'HYLFHV� DQG�
6\VWHPV��*OLZLFH��3URFHHGLQJ�E\�WKH�(OVHYLHU��SS��
���������

1RUTXD\�� 6�� -�� $�� 3DOD]RJOX�� DQG� -�� $�� 5DPDJQROL��
�������� $SSOLFDWLRQ� RI�:LHQHU�0RGHO� 3UHGLFWLYH�
&RQWURO� �:03&�� WR� D� S+� 1HXWUDOL]DWLRQ�
([SHULPHQW�� ,(((� 7UDQVDFWLRQV� RQ� &RQWURO�
6\VWHPV�7HFKQRORJ\��9RO�����1R����SS�����������

2FKV�6���(QJHOO�6����������$SSOLFDWLRQ�RI�DQ�LWHUDWLYH�
LGHQWLILFDWLRQ� IRU� FRQWURO� VFKHPH� WR� D�
QHXWUDOL]DWLRQ� SURFHVV� -�� 3URF�� &RQWURO��9RO�� ����
SS�����������

6WHEHO� .�� �������� S+� PRGHO� DSSUR[LPDWLRQ� IRU�
SXUSRVH� RI� LQGXVWULDO� SURJUDPPDEOH� FRQWUROOHUV��
,)$&�:RUNVKRS� RQ� 3URJUDPPDEOH� 'HYLFHV� DQG�
6\VWHPV��*OLZLFH��3URFHHGLQJ�E\�WKH�(OVHYLHU��SS��
���������

6WHEHO� .��� ������� 3RO\QRPLDO� DSSUR[LPDWLRQ�
DSSURDFK�WR�PRGHOOLQJ�DQG�FRQWURO�RI�S+�SURFHVV��
;9 Þ ß � ,)$&�&RQJHUV��3URFHHGLQJ�E\� WKH�(OVHYLHU�
SS�����������%DUFHORQD��6SDLQ��

7DGHR��)��2��3HUH]�DQG�7��$OYDUH]���������&RQWURO�RI�
1HXWUDOL]DWLRQ�3URFHVVHV�E\�5REXVW�/RRSVKDSLQJ�
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