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7KH� ILQLWH� HOHPHQWV�PHWKRG� �)(0�� OHQGV� LWVHOI� WR� D�ZLGH� UDQJH� RI� GLVFLSOLQHV�� DV� VWUXFWXUDO
DQDO\VLV�RU�HOHFWURPDJQHWLFV��7KH�0DJ1HW�SURJUDP�SDFNDJH�EDVHG�RQ�WKLV�PHWKRG�ZDV�XVHG�WR
DQDO\VH�WKH�PDJQHWLF� ILHOG�RI�D� WKUHH�SKDVH�PRGXODU�GRXEOH�VDOLHQW� OLQHDU�PRWRU��7KLV� OLQHDU
PRWRU� LV� RQH� RI� WKH� EHVW� FKRLFHV� IRU� LQGXVWULDO� DSSOLFDWLRQV� ZKHUH� IDVW� DQG� DFFXUDWH� OLQHDU
PRWLRQ�XQGHU�KHDY\�ORDGV�DUH�UHTXLUHG��$OO�WKH�REWDLQHG�UHVXOWV�DUH�LQ�JRRG�DFFRUGDQFH�ZLWK
WKH�WKHRUHWLFDO�H[SHFWDWLRQV�DQG�ZLWK�WKH�UHVXOWV�RI�DQDO\WLFDO�FRPSXWDWLRQV�
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7KH�ILQLWH�HOHPHQW�PHWKRG��)(0�� LV�D�QXPHULFDO�PHWKRG�IRU�VROYLQJ�D�V\VWHP�RI�JRYHUQLQJ
HTXDWLRQV�RYHU� WKH�GRPDLQ�RI� D�SK\VLFDO� V\VWHP��7KH� FRQFHSW�RI� WKH� ILQLWH� HOHPHQW� DQDO\VLV
�)($��KDV�EHHQ� LQ�XVH� LQ�VRPH�IRUP�IRU�FHQWXULHV��7KH�VLPSOH� LGHD� LV� WR� UHSODFH�D�FRPSOH[
SUREOHP�ZLWK�D�VLPSOHU�RQH��WKDW�UHSUHVHQWV�WKH�WUXH�VROXWLRQ�WR�D�GHVLUDEOH�GHJUHH�RI�DFFXUDF\�
,W�LV�DSSDUHQW�WKDW�DQFLHQW�PDWKHPDWLFLDQV�HPSOR\HG�ILQLWH�HOHPHQW��)(��OLNH�SUREOHP�VROYLQJ
WHFKQLTXHV� WR�PDQ\� SK\VLFDO� SUREOHPV��:LWK� WKH� DGYHQW� RI� WKH� FRPSXWHU� )($� FDQ� QRZ� EH
DSSOLHG�WR�PRUH�EURDG�DQG�VRSKLVWLFDWHG�SUREOHPV�>�@�
7KHUH� DUH� VHYHUDO� FRPPHUFLDOO\� DYDLODEOH� )(0� EDVHG� SURJUDPV� IRU� WKH� DQDO\VLV� RI
HOHFWURPDJQHWLF� GHYLFHV� LQ� WZR� RU� WKUHH� GLPHQVLRQV�� OLNH� $16<6�� )/8;�'� )/8;�'�
0DJ1HW��HWF��$OO�WKHVH�DUH�UHOLDEOH��HIILFLHQW�DQG�XVHU�IULHQGO\�&$'�VRIWZDUH�SDFNDJHV��7KHUH
DUH� YHU\� XVHIXO� LQ� WKH� GHVLJQ� DQG� DQDO\VLV� RI�PDJQHWLF� HTXLSPHQW� DQG� GHYLFHV�ZLWK� OLQHDU�
QRQOLQHDU�DQG�SHUPDQHQW�PDJQHW�PDWHULDOV�
7KH�0DJ1HW �����SDFNDJH�ZDV�XVHG� WR�DQDO\VH� WKH�PDJQHWLF� ILOHG� LQ�D� WKUHH�SKDVH�PRGXODU
GRXEOH�VDOLHQW�OLQHDU�PRWRU�
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7KH�WKUHH�SKDVH�PRGXODU�GRXEOH�VDOLHQW�OLQHDU�PRWRU�LV�D�GLUHFW�GULYH�OLQHDU�PRWRU��ZKLFK�FDQ
UHSODFH� EDOOVFUHZV�� JHDU� WUDLQV�� EHOWV�� DQG� SXOOH\V�� DOO� RII� WKHVH� EHLQJ� OLPLWLQJ� IDFWRUV� IRU
HQJLQHHUV� WU\LQJ� WR� LPSURYH� WKH� OLQHDU� GULYH� V\VWHP¶V� SHUIRUPDQFH�� 7KHUHIRUH� WKLV�PRWRU� LV
VLPSOH�� HIILFLHQW� DQG� KDV� KLJK� SRVLWLRQLQJ� DFFXUDF\�� 7KH� DFFHOHUDWLRQ� DYDLODEOH� IURP� WKLV
PRWRU� LV� HVSHFLDOO\� UHPDUNDEOH� FRPSDUHG� WR� WUDGLWLRQDO�PRWRU� GULYHV�� ZKLFK� FRQYHUW� URWDU\
PRWLRQ� WR� OLQHDU�PRWLRQ��7KHUHIRUH� WKHVH�PRWRUV� DUH� LGHDO� IRU� DSSOLFDWLRQV� WKDW� UHTXLUH�KLJK
SRVLWLRQ�DFFXUDF\�DQG�UHSHDWDELOLW\�



7KH� PRWRU�� VKRZQ� LQ� )LJ� ��� KDV� HVVHQWLDOO\� WKH� VDPH� FRQVWUXFWLRQ� DV� D� FODVVLFDO� OLQHDU
VZLWFKHG� UHOXFWDQFH�PDFKLQH� >�@��ZLWK� WKH� VLQJOH�GLIIHUHQFH� WKDW� LW�KDV�KLJK�HQHUJ\�PDJQHWV
SODFHG�LQ�WKH�PRYHU�
7KH�PRYHDEOH�DUPDWXUH�LV�D�VLQJOH�VWDFN�FRPSRVHG�RI�WKUHH
PRGXOHV��OLNH�WKDW�SUHVHQWHG�LQ�)LJ� ���>�@��(DFK�PRGXOH�KDV
D� UDUH� HDUWK� SHUPDQHQW� PDJQHW�� WZR� VDOLHQW� WHHWKHG� SROHV
DQG�D�FRPPDQG�FRLO��7KH� WRRWKHG�VWUXFWXUH� LV� WKH� VDPH�RQ
WKH�PRYHU
V�SROHV�DQG�RQ�WKH�SODWHQ��,I�WKH�FRPPDQG�FRLO�LV
QRW� HQHUJLVHG�� )LJ� �D�� WKH�PDJQHWLF� IOX[� JHQHUDWHG� E\� WKH
SHUPDQHQW� PDJQHW�� -SP�� SDVVHV� WKURXJK� WKH� FRUH� EUDQFK
SDUDOOHO�WR�WKH�SHUPDQHQW�PDJQHW�GXH�WR�LWV�VPDOOHU�PDJQHWLF
UHVLVWDQFH�� ,Q� WKLV� FDVH� WKHUH� LV� QR� VLJQLILFDQW� IRUFH
SURGXFHG�� ,I� WKH� FRLO� LV� HQHUJLVHG�� )LJ� �E�� WKH� FRPPDQG
IOX[� SURGXFHG� E\� LW��-F�� GLUHFWV� WKH� IOX[� RI� WKH� SHUPDQHQW
PDJQHW� WR� SDVV� WKURXJK� WKH� DLU�JDS� DQG� WR� SURGXFH
VLJQLILFDQW� IRUFHV�� 'XH� WR� WKH� IRUFH� WKH� PRYHU� PRYHV� RQH
VWHS�WR�PLQLPLVH�WKH�DLU�JDS�PDJQHWLF�HQHUJ\��)LJ� �F�

7KH� WRRWK�SLWFK� DQG� WKH�QXPEHU�RI�PRGXOHV� GHWHUPLQH� WKH�PRWRU
V� UHVROXWLRQ��%\� DGYDQFHG
FRQWURO�VWUDWHJLHV�WKH�UHVROXWLRQ�RI�SRVLWLRQLQJ�FDQ�EH�LQFUHDVHG�VLJQLILFDQWO\�

)LJ� �� 7KH�PRYHU�PRGXOH

6SDFHU
3HUPDQHQW�PDJQHWV

3ODWHQ

� � �

1� 6 1� 61� 6
&RPPDQGFRLO &RPPDQGFRLO &RPPDQGFRLO

)LJ� �� 7KH�WKUHH�SKDVH�PRGXODU�GRXEOH�VDOLHQW�OLQHDU�PRWRU

D� E� F�
)LJ���� 7KH�RSHUDWLQJ�SULQFLSOH�RI�WKH�PRGXODU�GRXEOH�VDOLHQW�OLQHDU�PRWRU



7KH�PRWRU�RIIHUV�SDUWLFXODUO\� VWURQJ�EHQHILWV� LQ�DSSOLFDWLRQV�ZKHUH� IDVW� DQG� DFFXUDWH�PRYHV
XQGHU� KHDY\� ORDGV� DUH� UHTXLUHG� �IOH[LEOH� PDQXIDFWXULQJ� V\VWHPV�� URERWLF� V\VWHPV�� PDFKLQH
WRROV��FRQYH\LQJ�V\VWHPV��OLQHDU�DFFHOHUDWRUV��WXUQWDEOH�GULYHV��DXWRPDWHG�ZDUHKRXVLQJ�HWF���
7KH�PDLQ�GLPHQVLRQV��LQ�PLOOLPHWUHV��RI�WKH�DQDO\VHG�VDPSOH
PRGXODU� GRXEOH� VDOLHQW� OLQHDU� PRWRU
V� PRYHU� PRGXOH� DUH
SUHVHQWHG�LQ�)LJ ��
7KH�PRVW�VLJQLILFDQW�FKDUDFWHULVWLFV�RI�WKH�VDPSOH�PRWRU�DUH
JLYHQ�LQ��7DEOH ,�

�� 180(5,&�),(/'�$1$/<6,6�2)�7+(�7+5((�3+$6(�02'8/$5�'28%/(
6$/,(17�/,1($5�02725

7KH� QXPHULF� ILHOG� DQDO\VLV� RI� WKH� WKUHH
SKDVH� PRGXODU� GRXEOH� VDOLHQW� OLQHDU
PRWRU�ZDV�SHUIRUPHG�E\� WKH�)(0�EDVHG

7DEOH�,�
1XPEHU�RI
PRGXOHV �
1XPEHU�RI
WHHWK�SHU�SROH �
7RRWK�ZLGWK ���� PP
6ORW�ZLGWK �����PP
7RRWK�SLWFK ��PP
1XPEHU�RI
WXUQV ���
5DWHG
FRPPDQG
FXUUHQW

� $

1RPLQDO
WDQJHQWLDO�IRUFH ����1
0RWRU�ZLGWK ���PP
$LU�JDS ����PP)LJ���� 7KH�PDLQ�GLPHQVLRQV�RI�WKH�VDPSOH�PRWRU
V�PRGXOH

)LJ�����7KH�JHQHUDWHG�VROXWLRQ�PHVK)LJ�����7KH�VROLG�PRGHO



0DJ1HW ����� SDFNDJH� >�@�� )LUVW� RQO\� D� VLQJOH� PRGXOH� ZLWK� WKH� SODWHQ� SDUW� DERYH� LW� ZDV
DQDO\VHG�� ,WV� VROLG� PRGHO� DQG� WKH� VROXWLRQ� PHVK� JHQHUDWHG� E\� WKH� SURJUDP� DUH� VKRZQ� LQ
ILJXUHV���DQG���
,Q�)LJ� ��WKH�REWDLQHG�IOX[�SORWV�DUH�SUHVHQWHG�IRU�D�SDVVLYH��UHVSHFWLYHO\�DFWLYH�PRGXOH��7KH
PRGXOH�LV�LQ�D�UHODWLYH�SRVLWLRQ�RI�[ ��� PP��7KH�FRPPDQG�FRLO�LV�IHG�E\�� $�FXUUHQW��$V�LW
FDQ�EH�VHHQ��WKH�REWDLQHG�UHVXOWV�DUH�SHUIHFWO\�LQ�DFFRUGDQFH�ZLWK�WKH�WKHRUHWLFDO�H[SHFWDWLRQV�

7KHUH� LV� SRVVLEOH� WR� UHSUHVHQW� WKH� IOX[� GHQVLW\� GLVWULEXWLRQ� LQ� WKH� VWXGLHG� GRPDLQ� E\� XVLQJ
VKDGHG� SORWV�� 7KH�PDJQLWXGH� RI� WKH� IOX[� GHQVLW\� LQ� HDFK�PRWRU� SDUW� FDQ� EH� GHWHUPLQHG� E\
XVLQJ�WKH�DWWDFKHG�FRORU�PDSV��7KH�VKDGHG�SORWV�RI�IOX[�GHQVLW\�IRU�WKH�SDVVLYH��UHVSHFWLYHO\
DFWLYH�PRGXOH�DUH�JLYHQ�LQ�)LJ����

D��SDVVLYH�PRGXOH��XQHQHUJLVHG�FRPPDQG�FRLO� E��DFWLYH�PRGXOH��HQHUJLVHG�FRPPDQG�FRLO�
)LJ� �� )OX[�SORWV�RI�WKH�DQDO\VHG�PRGXOH

D� SDVVLYH�PRGXOH��XQHQHUJLVHG�FRPPDQG�FRLO� E��DFWLYH�PRGXOH��HQHUJLVHG�FRPPDQG�FRLO�
)LJ� �� 6KDGHG�SORWV�RI�WKH�IOX[�GHQVLW\�LQ�WKH�DQDO\VHG�PRGXOH



8VLQJ�WKH�SURJUDP�SDFNDJH�WKH�WDQJHQWLDO��)W��DQG�QRUPDO�FRPSRQHQWV��)Q��RI�WKH�GHYHORSHG
IRUFHV�FDQ�EH�HDVLO\�FRPSXWHG��7KH�UHVXOWV�RI�WKH�IRUFH�FRPSXWDWLRQV�DUH�LQFOXGHG�LQ�7DEOH ,,�

,Q� WKH� QH[W� VWHS� WKH� QXPHULF� PDJQHWLF� ILHOG� DQDO\VLV� ZDV� SHUIRUPHG� IRU� WKH� HQWLUH� PRWRU
VWUXFWXUH��2I�FRXUVH�WKH�QXPEHU�RI�WKH�JHQHUDWHG�HOHPHQWV��VHH�)LJ� ��ZLWK�WKH�VROXWLRQ�PHVK
RI�WKLV�SUREOHP��LV�DERXW�WKUHH�WLPHV�JUHDWHU��WKHUHIRUH�WKH�FRPSXWDWLRQ�WLPH�LV�DOVR�ORQJHU�

,Q�)LJV� ���DQG����WKH�IOX[�SORWV�IRU�DUH�VKRZQ�IRU�WKH�LQLWLDO�SRVLWLRQ�RI�WKH�PRYHU��[ � PP�
DQG� LQ� LW� ILQDO� SRVLWLRQ� DIWHU� RQH� VWHS�GLVSODFHPHQW� �[ ���� PP���'XULQJ� WKH�PRYHPHQW� WKH
FRPPDQG�FRLO�IURP�WKH�PLGGOH�RI�WKH�PRYHU�LV�IHG�ZLWK�D�FRPPDQG�FXUUHQW�RI�� $�

7DEOH ,,�
7DQJHQWLDO�IRUFH�>1@ 1RUPDO�IRUFH�>1@

3DVVLYH�PRGXOH ����� ������
$FWLYH�PRGXOH ������� �������

)LJ�����7KH�VROXWLRQ�PHVK�IRU�WKH�HQWLUH�PRWRU�VWUXFWXUH

)LJ������7KH�IOX[�SORW�RI�WKH�PRWRU�VWUXFWXUH�DW�WKH�EHJLQQLQJ�RI��WKH�PRYHPHQW



$V�LW�FDQ�EH�VHHQ�LQ�WKH�ODVW�WZR�ILJXUHV�����DQG�����WKH�FRPPDQG�IOX[�SURGXFHG�E\�WKH�FRLO
GLUHFWV�WKH�IOX[�RI�WKH�SHUPDQHQW�PDJQHW�WR�SDVV�WKURXJK�WKH�DLU�JDS�� ,Q�WKH�ILQDO�SRVLWLRQ�RI
WKH�PRYHU�� GXH� WR� WKH� UHGXFHG� DLU�JDS� SHUPHDQFH� IRU� WKH� DOLJQHG� SRVLWLRQ� RI� WKH� WHHWK�� WKH
FRPPDQG�IOX[�QRW�RQO\�GLUHFWV�WKH�IOX[�RI�WKH�SHUPDQHQW�PDJQHW��EXW�DOVR�JHQHUDWHV�IRUFH��)RU
WKLV�UHDVRQ�IRU�DQ�RSWLPDO�FRQWURO� WKH�FRPPDQG�FRLO�PXVW�EH�HQHUJLVHG� LQ�D�PDQQHU� WR�RQO\
GLUHFW�WKH�SHUPDQHQW�PDJQHW�IOX[�
)LQDOO\� LW� FDQ� EH� FRQFOXGHG�� WKDW� DOO� WKH� REWDLQHG� UHVXOWV� DUH� LQ� JRRG� DFFRUGDQFH� ZLWK� WKH
WKHRUHWLFDO�H[SHFWDWLRQV�DQG�ZLWK�WKH�UHVXOWV�RI�IRUPHU�DQDO\WLFDO�FRPSXWDWLRQV�

�� $&.12:/('*(0(17
6SHFLDO� WKDQNV� WR�P\� VWXGHQW�� 6]pSL� ,PUH�� IRU� KHOSLQJ�PH� UXQQLQJ� WKH� SURJUDP� IRU� VHYHUDO
VWUXFWXUHV�DQG�PRYHU�SRVLWLRQV�
�� 5()(5(1&(6
>�@ 3KLOOLSV��'�(���)LQLWH�(OHPHQW�$QDO\VLV�RI�D�6KDIW�5RWRU�6\VWHP� 06�7KHVLV��9LUJLQLD

3RO\WHFKQLF�DQG�6WDWH�8QLYHUVLW\��%ODFNVEXUJ�������
>�@ 9LRUHO ,�$� ± 6]DEy /� ± .RYiFV =��2Q� WKH� 6ZLWFKHG� 5HOXFWDQFH� /LQHDU� 0RWRU

3RVLWLRQLQJ� 6\VWHP� &RQWURO�� 3URFHHGLQJV� RI� WKH� ,QWHUQDWLRQDO� &RQIHUHQFH� RQ� 3RZHU
(OHFWURQLFV�� 'ULYHV� DQG� 0RWLRQ� �3&,0��� 1�UQEHUJ�� ������ YRO� ,QWHOOLJHQW� 0RWLRQ�
SS� ������

>�@ 6]DEy /� ± 9LRUHO ,�$� ± &KLúX ,� ± .RYiFV =�� $� 1RYHO� 'RXEOH� 6DOLHQW� 3HUPDQHQW
0DJQHW� /LQHDU� 0RWRU�� 3URFHHGLQJV� RI� WKH� ,QWHUQDWLRQDO� &RQIHUHQFH� RQ� 3RZHU
(OHFWURQLFV�� 'ULYHV� DQG� 0RWLRQ� �3&,0��� 1�UQEHUJ�� ������ YRO� ,QWHOOLJHQW� 0RWLRQ�
SS� ��������

>�@ 6]DEy /��±�'REDL�-�%� ±�)�OHNL�0���'HVLJQ�DQG�VLPXODWLRQ�RI�D�PRGXODU�VXUIDFH�PRWRU
�LQ�+XQJDULDQ��� LQ��6DSLHQWLD�%RRNV����7HFKQLFDO�6FLHQFHV� �HG��.|OO� *����6FLHQWLD��&OXM�
5RPDQLD��������SS� ��������

>�@ ��0DJ1HW�9HUVLRQ�������7XWRULDOV��,QIRO\WLFD�&RUSRUDWLRQ��0RQWUHDO�������

)LJ������7KH�IOX[�SORW�RI�WKH�PRWRU�VWUXFWXUH�DIWHU�RQH�VWHS�GLVSODFHPHQW


