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.LQHPDWLF� DQG� G\QDPLF� DQDO\VLV� RI� D� SDUDOOHO� URERW� FRQVLVWLQJ� RI� WKUHH

SODQDUO\�DFWXDWHG� OLQNV�� LV� SUHVHQWHG� LQ� WKLV� SDSHU�� &RRUGLQDWHG� PRWLRQ� RI� WKUHH� SODQDU

PRWRUV��FRQQHFWHG�WR�WKUHH�IL[HG�OHQJWK�OLQNV��SURGXFHV�D�VL[�GHJUHHV�RI�IUHHGRP�PRWLRQ

RI�DQ�RXWSXW�OLQN��,WV�H[WUHPHO\�VLPSOH�GHVLJQ�DORQJ�ZLWK�PXFK�ODUJHU�ZRUN�YROXPH�WKDQ

WKH�FRPPRQO\�XVHG�SDUDOOHO�URERWV�PDNH�WKLV�KLJK�SHUIRUPDQFH�WR�VLPSOLFLW\� UDWLR� URERW

YHU\� DWWUDFWLYH�� ([SHULPHQWDO� PRGHO� YHULILHV� WKH� XQLTXH� FRPELQDWLRQ� RI� ODUJH� ZRUN

YROXPH�DQG�KLJK�DFFXUDF\�RI�WKLV�URERW�

���,1752'8&7,21

7KH� NLQHPDWLF� VWUXFWXUH� RI� PRVW� FRQWHPSRUDU\� URERWV� LV� DQ� RSHQ� NLQHPDWLF� FKDLQ

VWUXFWXUH� �NQRZQ� DOVR� DV� VHULDO� PDQLSXODWRUV� RU� DQWKURSRPRUSKLF� VWUXFWXUH��� 2QO\

UHODWLYHO\� IHZ� FRPPHUFLDO� URERWV� DUH� FRPSRVHG� RI� D� FORVHG� NLQHPDWLF� FKDLQ� �SDUDOOHO�

VWUXFWXUH�� +RZHYHU�� WKH� LQFUHDVLQJ� LQWHUHVW� LQ� SDUDOOHO� URERWV� SRLQWV� WR� WKH� SRWHQWLDO

HPEHGGHG� LQ� WKLV� VWUXFWXUH� ZKLFK� KDV� QRW� \HW� EHHQ� IXOO\� H[SORLWHG�� 7KH� DGYDQWDJHV� RI

SDUDOOHO�URERWV�DV�FRPSDUHG�WR�VHULDO�RQHV�DUH�

� KLJKHU�SD\ORDG�WR�ZHLJKW�UDWLR�VLQFH�WKH�SD\ORDG�LV�FDUULHG�E\�VHYHUDO�OLQNV�LQ�

SDUDOOHO�

� KLJKHU�DFFXUDF\�GXH�WR�QRQ�FXPXODWLYH�MRLQW�HUURU�

� KLJKHU�VWUXFWXUDO�ULJLGLW\��VLQFH�WKH�ORDG�LV�XVXDOO\�FDUULHG�E\�VHYHUDO�OLQNV�LQ�SDUDOOHO�

DQG�LQ�VRPH�VWUXFWXUHV�LQ�FRPSUHVVLRQ�WUDFWLRQ�PRGH�RQO\�

� ORFDWLRQ�RI�PRWRUV�DW�RU�FORVH�WR�WKH�EDVH�

� VLPSOHU�VROXWLRQ�RI�WKH�LQYHUVH�NLQHPDWLFV�HTXDWLRQV�
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&RQYHUVHO\��WKH\�VXIIHU�IURP�VPDOOHU�ZRUN�YROXPH��VLQJXODU�FRQILJXUDWLRQV�DQG�D�PRUH

FRPSOLFDWHG� GLUHFW� NLQHPDWLF� VROXWLRQ� �ZKLFK� LV� XVXDOO\� QRW� UHTXLUHG� IRU� FRQWURO

SXUSRVHV��

$� VL[� GHJUHHV�RI�IUHHGRP� SDUDOOHO� PDQLSXODWRU� ZDV� LQWURGXFHG� E\� 6WHZDUW� LQ� ����

>6WHZDUW������@�DQG�VLQFH�WKHQ�KDV�EHHQ�FRPPRQO\�NQRZQ�DV�WKH��6WHZDUW�SODWIRUP����,W

DSSHDUV� WKDW� PXFK� HDUOLHU� YHUVLRQV� RI� SDUDOOHO� PDQLSXODWRUV� ZHUH� DOUHDG\� VWXGLHG�� VHH

>0HUOHW�� ����@���0DQ\� YDULDQWV� RI� WKLV� VWUXFWXUH� KDYH� VLQFH� EHHQ� LQYHVWLJDWHG��PRVW� RI

WKHP�DUH�FRQILJXUDWLRQV�KDYLQJ�VL[�OLQHDUO\�DFWXDWHG�OLQNV�ZLWK�GLIIHUHQW�FRPELQDWLRQV�RI

OLQN�SODWIRUP�FRQQHFWLRQV� VXFK�DV� �����������DQG� WKH�PRUH�JHQHUDO�����RQH� �VHH�)LJ�� ���

([DPSOHV�RI�GLIIHUHQW� VWUXFWXUHV�RI�SDUDOOHO�PDQLSXODWRUV� DUH�JLYHQ� LQ� >&KHQ� DQG�6RQJ�

������ +XQW�� ������ ,QQRFHQWL� DQG� 3DUHQWL�&DVWHOOL�� ����������� /LQ� HW� DO��� ����������

3LHUURW�HW�DO���������:DOGURQ�HW�DO�������@��$Q�DWODV�RI�SDUDOOHO�URERWV�ZDV�FRPSRVHG�E\

0HUOHW�DQG�FDQ�EH�IRXQG�LQ�WKH�ZHE�VLWH�>KWWS����ZZZ�LQULD�IU��SULVPH��SHUVRQQHO��PHUOHW�

PHUOHWBHQJ�KWPO@�

�7\SH���� �7\SH���� �7\SH����

)LJ�����6WHZDUW�SODWIRUP�W\SH��������������

7KLV�SDSHU�DQDO\VHV�D�GLIIHUHQW�W\SH�RI�D�SDUDOOHO�PDQLSXODWRU�WKDW�WDNHV�DGYDQWDJH�RI

WZR�GHJUHHV�RI�IUHHGRP�SODQDU�PRWRUV��&RRUGLQDWHG�PRWLRQ�RI� WKUHH�VXFK�SODQDU�PRWRUV

LV�FRQYHUWHG�WKURXJK�D�VSDWLDO�PHFKDQLVP�ZLWK�IL[HG� OHQJWK� OLQNV�� LQWR�D�VL[�GHJUHHV�RI�

IUHHGRP�PRWLRQ� RI� WKH� RXWSXW� OLQN�� 6XFK� D� PHFKDQLVP� KDV� PDQ\� DGYDQWDJHV� RYHU� WKH

FRPPRQ� VL[� H[WHQGLEOH� OLQNV� SDUDOOHO�PDQLSXODWRUV�� ,W� KDV� D�PXFK� ODUJHU�ZRUN� YROXPH�

YHU\�VLPSOH�IRUZDUG�DQG�LQYHUVH�NLQHPDWLF�VROXWLRQV��DQG�LW�FRQWDLQV�RQO\�VHYHQ�PRYLQJ

SDUWV� �LQFOXGLQJ�PRWRUV�� DQG� VL[� MRLQWV� ZLWKRXW� DQ\� JHDU� WUDLQV�� FDEOHV� RU� RWKHU� SRZHU

WUDQVPLVVLRQ� GHYLFHV�� 7KXV�� WKLV� URERW� LV� SUREDEO\� WKH� VLPSOHVW� VL[� GHJUHHV�RI�IUHHGRP

W\SH� � URERW� �ERWK� SDUDOOHO� DQG� VHULDO�� >7VDL� DQG� 7DPDKVKHEL�� ������ %HQ�+RULQ� DQG

6KRKDP������@�

,Q� WKLV� SDSHU� WKH� NLQHPDWLF� DQG� G\QDPLF� DQDO\VLV� RI� WKLV� URERW� LV� SUHVHQWHG�� 7KH

G\QDPLF� VLPXODWLRQ� DOVR� FRPSDUHV� LWV� SHUIRUPDQFH�ZLWK� WKH� FRPPRQ� 6WHZDUW� SODWIRUP

SDUDOOHO� URERW��7KH�H[SHULPHQWDO�PRGHO��ZKLFK� WR� WKH�EHVW�RI�RXU�NQRZOHGJH� LV� WKH� ILUVW
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RQH� WKDW�KDV�EHHQ�DFWXDOO\�EXLOW�� H[KLELWV� WKH�XQLTXH�FRPELQDWLRQ�RI�DFFXUDF\�DQG�ZRUN

YROXPH�RI�WKLV�URERW�W\SH�

7KH�PDQLSXODWRU��VKRZQ�LQ�)LJ�����FRQVLVWV�RI� WKH�IROORZLQJ�FRPSRQHQWV�� WKUHH�OLQNV

RI�IL[HG�OHQJWK�KDYLQJ�D�VSKHULFDO�MRLQW�RQ�RQH�HQG�DQG�D�UHYROXWH�MRLQW�RQ�WKH�RWKHU�HQG�

WKUHH� DFWXDWRUV� ZKLFK� PRYH� SODQDUO\� RQ� D� VWDWLRQDU\� SODWIRUP� DQG� D

VL[�GHJUHHV�RI�IUHHGRP�RXWSXW�SODWIRUP�

0RYHDEOH�
SODWIRUP

6SKHULFDO�
MRLQW

5HYROXWH�
MRLQW

)L[�OHQJWK�
OLQN

3ODQDU�PRWRU6WDWLRQDU\�SODWIRUP

)LJ�����$�VL[�GHJUHHV�RI�IUHHGRP�SDUDOOHO�PDQLSXODWRU�ZLWK�WKUHH�SODQDUO\�DFWXDWHG

OLQNV�

���0$1,38/$725�.,1(0$7,&6

����6ROXWLRQ�RI�WKH�LQYHUVH�NLQHPDWLFV

0DQLSXODWLRQ� WDVNV� DUH� XVXDOO\� JLYHQ� DV� D� VHW� RI� SRVLWLRQV� DQG� RULHQWDWLRQV� LQ� ZRUOG

FRRUGLQDWH� V\VWHP� RI� WKH� URERW
V� HQG�HIIHFWRU� WUDMHFWRU\�� 7R� DFKLHYH� WKHVH� WDVNV� LW� LV

QHFHVVDU\� WR� WUDQVIRUP� WKH� HQG�HIIHFWRU� WUDMHFWRU\� LQWR� DFWLYH� MRLQWV� PRWLRQ�� 7KLV

WUDQVIRUPDWLRQ�� NQRZQ� DOVR� DV� WKH� LQYHUVH� NLQHPDWLF� SUREOHP�� LV�� LQ� RXU� FDVH�� WKH

FDOFXODWLRQ�RI�WKH�SRVLWLRQ�RI�WKH�WKUHH�SODQDU�PRWRUV�IURP�D�JLYHQ�SRVLWLRQ�DQG�RULHQWDWLRQ

RI�WKH�PRYHDEOH�SODWIRUP�

7KLV�VHFWLRQ�GHVFULEHV� WKH�VROXWLRQ�RI� WKH� LQYHUVH�NLQHPDWLFV�ZKLFK��DV� LV�XVXDOO\� WKH

FDVH� ZLWK� W\SLFDO� SDUDOOHO� PDQLSXODWRUV�� LV� VLPSOHU� WKDQ� WKH� IRUZDUG� NLQHPDWLFV� �VHH

6HFWLRQ������
'HILQH�D�FRRUGLQDWH�V\VWHP�1�DWWDFKHG�WR�WKH�VWDWLRQDU\�SODWIRUP�VXFK�WKDW�WKH�Q��D[LV

LV�QRUPDO� WR� WKH�SODWIRUP��'HILQH� DQRWKHU� FRRUGLQDWH� V\VWHP��.�DWWDFKHG� WR� WKH�PRYLQJ
SODWIRUP�VXFK�WKDW�WKH�N��D[LV�LV�QRUPDO�WR�WKH�PRYLQJ�SODWIRUP��VHH�)LJ�����
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)LJ�����.LQHPDWLF�VNHOHWRQ�RI�WKH�PDQLSXODWRU

,I�SL� LV� WKH� SRVLWLRQ� YHFWRU� IURP�RULJLQ�1� WR� VSKHULFDO� MRLQW� L�� DQG�EL� LV� WKH� SRVLWLRQ� RI

PRWRU�L��LQWHUVHFWLRQ�RI�OLQN�L�ZLWK�PRWRU�L���WKHQ�WKH�IROORZLQJ�UHODWLRQ�H[LVWV�

SL  V L � EL ���

ZKHUH�VL�LV�WKH�YHFWRU�RI�OLQN�L�DQG�JLYHQ��ZLWK�UHVSHFW�WR�1��E\�

V
L
 

O
L
FRVE

L
FRVD

L

O
L
FRVE

L
VLQD

L

O
L
VLQE

L

ª�

¬�

«�
«�

º�

¼�

»�
»�

���

OL�LV�WKH�OHQJWK�RI�OLQN�L�ZLWK�HOHYDWLRQ�DQG�\DZ�DQJOHV�DL��EL��DV�VKRZQ�LQ�)LJ����
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0RYHDEOH�
3ODWIRUP

)LJ�����OLQN
V�SDUDPHWHUV

9HFWRU�SL�FDQ�EH�FDOFXODWHG�IURP�WKH�NQRZQ�FRQVWDQW�SRVLWLRQV�RI�WKH�VSKHULFDO�MRLQWV

UHODWLYH� WR� WKH�PRYLQJ� FRRUGLQDWH� V\VWHP�� SL

S �� DQG� WKH� UHTXLUHG� JLYHQ� SRVLWLRQ�� T�� DQG

RULHQWDWLRQ��5��RI�WKH�PRYLQJ�FRRUGLQDWH�V\VWHP�

SL  T � 5SL
S ���

6ROYLQJ�(T������IRU�WKH�SRVLWLRQ�RI�WKH�SODQDU�PRWRUV��EL� ��JLYHV�WKH�FRRUGLQDWH�RI� WKH

PRWRUV�LQ�1�

E L��  S L�� � O L FRVEL FRVD L ���

E L� �  S L�� � O L FRVEL VLQD L ���

ZKHUH

EL  VLQ
�� SL �� � EL ��

O L
���

8VLQJ� WKLV� LQYHUVH� NLQHPDWLFV� VROXWLRQ�� LW� LV� SRVVLEOH� WR� FDOFXODWH� WKH�PRWRUV�PRWLRQ

QHHGHG�WR�DFKLHYH�D�JLYHQ�PRYHDEOH�SODWIRUP��RXWSXW��OLQN��WUDMHFWRU\��)LJ���D�VKRZV�WKH

PRWRU
V�PRWLRQV�RQ� WKH� VWDWLRQDU\�SODWH� WR�DFKLHYH�D�S��� URWDWLRQ�DERXW� WKH� ]� D[LV�� �7KH
VWDUWLQJ� SRVLWLRQ� LV� PDUN� ZLWK� D� VPDOO� FLUFOH��� ,Q� )LJ�� �E� WKH� VDPH� PRYHDEOH� SODWIRUP

PRWLRQ�LV�FRPELQHG�ZLWK�D�����PP�WUDQVODWLRQ�DORQJ�WKH�[�D[LV��VHH�6HFWLRQ���IRU�DFWXDO

URERW
V�GLPHQVLRQV��
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)LJ���D )LJ���E

)LJ�����0RWRUV
�SDWKV�IRU�URWDWLRQ�DQG�WUDQVODWLRQ�RI�WKH�PRYHDEOH�SODWIRUP�

����6ROXWLRQ�RI�WKH�'LUHFW�.LQHPDWLFV

7KH�GLUHFW�NLQHPDWLFV�FDOFXODWHV�WKH�SRVLWLRQ�DQG�RULHQWDWLRQ�RI�WKH�PRYHDEOH�SODWIRUP

IURP�D�JLYHQ�SRVLWLRQ�RI�WKH�SODQDU�PRWRUV��2XU�VROXWLRQ�IROORZV�WKH�VDPH�SDWK�RI�1DQXD

HW��DO��>����@�EXW�WKH�UHVXOWLQJ�VROXWLRQ�LV�VLPSOHU�VLQFH�ILUVWO\��RQO\�WKUHH�UDWKHU�WKDQ�VL[

OLQNV�DUH�LQYROYHG�LQ�WKH�SUHVHQW�PHFKDQLVP�DQG�VHFRQGO\��WKH�PRWLRQ�RI�WKH�PRWRUV�LV�D

SODQDU�RQH�

7KH�VROXWLRQ�JLYHQ�E\�7DKPDVHEL�DQG�7VDL�>����@�GLIIHUV� IURP�WKH�RQH�JLYHQ�EHORZ

EHFDXVH� RI� D� GLIIHUHQW� RUGHU� RI� MRLQWV�� ,Q� 7DKPDVHEL� DQG� 7VDL
V� VROXWLRQ� WKH� VSKHULFDO

MRLQWV� DUH� FORVH� WR� WKH� EDVH� DQG� WKH� UHYROXWH� MRLQWV� DUH� RQ� WKH� GLVWDO� HQG�� ZKLOH� LQ� WKH

SUHVHQW�GHVLJQ�WKH�RUGHU�LV�UHYHUVHG��,W�VKRXOG�EH�PHQWLRQHG�WKDW�WKLV�W\SH�RI�URERW�GLIIHUV

IURP� WKH� FRQYHQWLRQDO� IL[�OLQN
V� HQG�SRVLWLRQ� SDUDOOHO� URERWV� ZKHUH� HDFK� RQH� RI� WKH

SODWIRUPV� FDQ� EH� FRQVLGHUHG� HLWKHU� WKH� VWDWLRQDU\� RU� WKH� PRYDEOH� RQH�� ,QYHUWLQJ� WKH

VSKHULFDO� DQG� WKH� UHYROXWH� MRLQWV� GRHV� \LHOG�� LQ� RXU� FDVH�� D� GLIIHUHQW� VROXWLRQ� RI� WKH

NLQHPDWLFV�

$VVXPLQJ�D�ULJLG�PRYHDEOH�SODWIRUP��WKHQ�WKH�GLVWDQFH�EHWZHHQ�WZR�VSKHULFDO�MRLQWV��L
DQG�M���LV�D�FRQVWDQW��DLM

SM � SL  DLM L� M  �� ��� L z M ���

6XEVWLWXWLQJ�IRU�WKH�PDJQLWXGH�RI�SL���WKH�DERYH�HTXDWLRQ�EHFRPHV�

�[ M � [L � O M FRVE M FRV D M � OL FRV EL FRV D L�
� �

�\ M � \L � O M FRVE M VLQD M � O L FRVEL VLQ D L�
� �

�]M � ]L � O M VLQE M � O L VLQEL �
� � DLM  �

����



�

ZKLFK�FDQ�EH�ZULWWHQ�DV�D�IXQFWLRQ�RI�WKH�XQNQRZQ�EL�DV�

'� FRV EM � '� FRVEL �'� FRVE M FRV EL �

'� VLQE M � '� VLQEL �'� VLQE M VLQEL �

'�  �

����

ZKHUH�

'�  �'[$ M ��'\%M

'�  ��'[$ L � �'\%L

'�  ��$ M$ L ��%M%L

'�  �']O M
'�  ��']O L
'�  ��O MO L

'�  '[� � '\� � ']� � O M
� � O L
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DQG

'[  [ M �[ L

'\  \ M � \ L

']  ]M � ]L

$ M  O M FRVD M

$ L  O L FRVD L

% M  O M VLQD M

%L  O L VLQD L

6XEVWLWXWLQJ� WKH� WDQJHQW� KDOI� DQJOH� IRUP� LQWR� WKH� DERYH� HTXDWLRQ� DQG� FDVWLQJ� WKH
XQNQRZQ�EL�LQWR�WKH�NQRZQ�WHUPV�WKH�IROORZLQJ�HTXDWLRQ�LV�REWDLQHG�

,�W M
� � ,�W M � ,�  � ����

ZKHUH�
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1RWH�WKDW� LI�ZH�FRQVLGHU� WKH�XQNQRZQ�EL�DV�SDUW�RI� WKH�NQRZQ�WHUP�,L�� WKHQ�LW�UHVXOWV� LQ

WKUHH�XQFRXSOHG�TXDGUDWLF�HTXDWLRQV�

IRU L  �� M  � (�W �
� � (�W� � (�  � ����

IRU L  �� M  � *�W�
� � *�W� �*�  � ����

IRU L  �� M  � +�W�
� � +�W� �+�  � ����

ZKHUH�(L��*L��DQG�+L�DUH�IXQFWLRQV�RI�WKH�XQNQRZQ�YDULDEOH�W��W���DQG�W��UHVSHFWLYHO\�

7KH�VROXWLRQ�RI�WKLV�QRQ�OLQHDU�V\VWHP�RI�HTXDWLRQV�LV�REWDLQHG�E\�>6DOPRQ������@�

�

*� *�

(� (�

*� *�

(� (�

*� *�

(� (�

*� *�

(� (�

 � ����

ZKLFK�UHVXOWV�LQ�D�IRXUWK�RUGHU�SRO\QRPLDO�LQ�W��DQG�W��

5HDUUDQJLQJ�WHUPV�DQG�HOLPLQDWLQJ�W��

-� W�
� � -�W�

� � -�W�
� � -�W� � -�  � ����

ZKHUH�-L��L �����DUH�IXQFWLRQV�RI�RQO\�W��

$SSO\LQJ�DJDLQ�WKH�DERYH�PHWKRG�IRU�(TV�������DQG�������ERWK�RI�ZKLFK�DUH�IXQFWLRQV
RI�W��DQG�W��

�-�+� � -�+�� �-�+� � -�+� � -�+� -�+�

�-�+� � -�+�� �-�+� � -�+� � -�+�� �-�+� � -�+� � -�+�

+� +� +� �

� +� +� +�

 � ����

D�VL[WHHQWK�RUGHU�SRO\QRPLDO�LQ�W��LV�REWDLQHG�

7KLV� SRO\QRP� FRQWDLQV� RQO\� HYHQ� SRZHUV� RI� W�� KHQFH� WZR� VHWV� RI� HLJKW� UHIOHFWHG

VROXWLRQV�H[LVW��$PRQJ�WKHP�ZH�DUH�LQWHUHVWHG�LQ�WKH�UHDO�DQG�SRVLWLYH�VROXWLRQV�RQO\�
.QRZLQJ�W���W��DQG�W��DUH�WKHQ�FDOFXODWHG�IURP�WKH�TXDGUDWLF�(TV�������DQG������ZKLOH�(T�

����� LV�XVHG�WR�H[DPLQH� WKH�YDOLGLW\�RI� WKH�VROXWLRQ��$Q�H[DPSOH�RI� IRXU�VROXWLRQV� IRU�D

JLYHQ�SRVLWLRQ�RI� WKH�PRWRUV� LV� VKRZQ� LQ�)LJ�� ���7KH�RWKHU� IRXU� DUH� UHIOHFWHG� DERXW� WKH

VWDWLRQDU\�SODWIRUP�
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&RQILJXUDWLRQ������ &RQILJXUDWLRQ��

0RYHDEOH�
SODWIRUP

0RYHDEOH�SODWIRUP

*LYHQ�PRWRU
V�SRVLWLRQ *LYHQ�PRWRU
V�SRVLWLRQ

)LJ����)RXU�VROXWLRQV�IRU�D�JLYHQ�PRWRUV
�SRVLWLRQ

���0$1,38/$725�'<1$0,&6

6LQFH� WKH� ODWH� HLJKWLHV� WKH� G\QDPLF� RI� SDUDOOHO� URERWV� KDV� EHHQ� LQYHVWLJDWHG� LQ

VHYHUDO� SDSHUV�� 'R� DQG� <DQJ� � >����@� LQWURGXFHG� DQ� DOJRULWKP� WR� VROYH� WKH� LQYHUVH

G\QDPLFV� IRU� SODWIRUP� W\SH� RI� PDQLSXODWRUV� XVLQJ� 1HZWRQ�(XOHU� HTXDWLRQV� RI� PRWLRQ�

7KH\� IRXQG� WKDW� WKH� LQYHUVH� G\QDPLFV� RI� WKH� V\VWHP� LV� JRYHUQHG� E\� WKLUW\�VL[� OLQHDU

HTXDWLRQV��7KH�QXPEHU�RI�WKHVH�VLPXOWDQHRXV�HTXDWLRQV�FDQ�EH�UHGXFHG�WR�VL[��LI�D�SURSHU

VHTXHQFH� LV� WDNHQ�� =KDQJ� DQG� 6RQJ� >����@� SUHVHQWHG� D�PRUH� FRPSXWDWLRQDOO\� HIILFLHQW

VFKHPH� EDVHG� RQ� WKH� YLUWXDO�ZRUN� SULQFLSOH� IRU� LQYHUVH� G\QDPLFV� RI� D� JHQHUDO� 6WHZDUW

SODWIRUP��*RVVHOLQ�>����@�SURSRVHG�D�SDUDOOHO�FRPSXWDWLRQDO�DOJRULWKP�IRU�WKH�NLQHPDWLFV

DQG�G\QDPLFV�RI�SODQDU�DQG�VSDWLDO�SDUDOOHO�PDQLSXODWRUV��+H�VKRZHG�WKDW��IRU�WKLV�W\SH�RI

PDQLSXODWRU�� WKH� LQYHUVH� NLQHPDWLFV� DQG� WKH� LQYHUVH� G\QDPLFV� SURFHGXUHV� FDQ� EH� HDVLO\

SDUDOOHOL]HG�� 7KH� UHVXOW� LV� D� FORVHG�IRUP� HIILFLHQW� DOJRULWKP�� EDVHG� RQ� 1HZWRQ�(XOHU

IRUPDOLVP��XVLQJ�Q�SURFHVVRUV��ZKHUH�Q�LV�WKH�QXPEHU�RI�NLQHPDWLF�FKDLQV�FRQQHFWLQJ�WKH

EDVH� WR� WKH� HQG�HIIHFWRU��3DQJ�DQG�6KDKLQSRRU� >����@� LQWURGXFHG�DQ� DOJRULWKP� WR� VROYH

WKH� LQYHUVH� G\QDPLFV� RI� SDUDOOHO� PDQLSXODWRU� EDVHG� RQ� /DJUDQJLDQ� WHFKQLTXH�� 7KH\

VKRZHG� WKDW� RQH� VKRXOG� LQWURGXFH� DQG� VXEVHTXHQWO\� HOLPLQDWH� /DJUDQJH� PXOWLSOLHUV� WR

DUULYH� DW� WKH� JRYHUQLQJ� HTXDWLRQV�� =KLPLQJ� >����@� VKRZHG� WKDW� VSHFLDO� IHDWXUHV� RI� WKH

6WHZDUW�SODWIRUP�FDQ� OHDG� WR�GHFRPSRVLWLRQ�RI� WKH�PRYLQJ�SODWIRUP�DQG� WKH� OHJV� LQ� WKH

G\QDPLFV�DQDO\VLV��:LWK� WKLV�GHFRPSRVHG�IRUPXODWLRQ��RQH�FDQ� LQYHVWLJDWH� WKH�HIIHFW�RI

OHJ� LQHUWLD� WR� GHWHUPLQH� ZKHWKHU� VXFK� HIIHFW� VKRXOG� EH� LQFOXGHG� LQ� WKH� DFWXDO

LPSOHPHQWDWLRQ� RI� FRQWURO� VWUDWHJ\�� DQG� XVH� WKLV� IRUPXODWLRQ� WR� LPSOHPHQW� FRQWURO

DOJRULWKP�ZKHQ�WKH�HIIHFW�RI�OHJ�LQHUWLD�FDQ�QRW�EH�QHJOHFWHG�

2XU� DQDO\VLV� HPSOR\V�.DQH
V� HTXDWLRQV� WR� GHYHORS� D� SDUDOOHO� URERW� G\QDPLFV� LQ� D

JHQHUDO� IRUP��$� UHFHQW� SXEOLFDWLRQ� WKDW� HPSOR\V�.DQH
V� HTXDWLRQV� WR� D� VSHFLILF� SDUDOOHO

URERW� G\QDPLFV� FDQ� EH� IRXQG� LQ� %DLJHV� DQG�'XII\� >����@�� 7KLV� JHQHUDO� UHSUHVHQWDWLRQ

DOORZV�XV�ILUVW��WR�REWDLQ�WKH�VROXWLRQ�RI�GLIIHUHQW�W\SHV�RI�SDUDOOHO�URERWV�LQ�D�VLPSOH�ZD\

DQG�VHFRQGO\�� WR�REWDLQ�D�VHW�RI�HTXDWLRQV� IURP�ZKLFK�ERWK� WKH� LQYHUVH�DQG� WKH� IRUZDUG
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G\QDPLFV�FDQ�EH�HDVLO\�GHULYHG��:H�DSSO\�DQG�VLPXODWH�WKH�UHVXOWV�RI�IRXU�W\SHV�RI�URERWV�

WZR�YDULDWLRQV�RI�WKH�SODQDUO\�DFWXDWHG�URERW�GHVFULEHG�LQ�WKLV�SDSHU��DQG�IRU�D�FRPSDULVRQ

SXUSRVHV�WKH�NQRZQ�����DQG�����6WHZDUW�SODWIRUPV�

����'\QDPLFV�RI�WKH�SODQDUO\�DFWXDWHG�PDQLSXODWRU

7KH�G\QDPLFV�RI�WKH�SODQDU\�DFWXDWHG�PDQLSXODWRU�LV�GHYHORSHG�LQ�WKLV�VHFWLRQ��)LUVW

WKH�LQYHUVH�G\QDPLFV�LV�GHULYHG�L�H���JLYHQ�WKH�UHTXLUHG�WUDMHFWRU\�RI�WKH�PRYLQJ�SODWIRUP�

WKH� PRWRU� IRUFHV� DUH� FDOFXODWHG�� 1H[W�� WKH� IRUZDUG� G\QDPLFV� LV� GHULYHG�� L�H�� JLYHQ� WKH

IRUFHV�DSSOLHG�DW�WKH�PRWRUV�WKH�PRYLQJ�SODWIRUP�WUDMHFWRU\�LV�WKHQ�FDOFXODWHG���)RU�ERWK

FDVHV�WKH�$872/(9�G\QDPLF�SDFNDJH�ZDV�XVHG�WR�GHWHUPLQH�WKH�G\QDPLF�HTXDWLRQV�DQG

WR�VLPXODWH�WKH�PDQLSXODWRU�PRWLRQ�

7KH�G\QDPLF�PRGHO�RI�WKH�URERW�LV�VKRZQ�LQ�)LJ���
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)LJ����7KH�G\QDPLF�PRGHO�RI�WKH�SODQDUO\�DFWXDWHG�URERW

7KH�V\VWHP��FRQVLVWV�RI�D�PRYLQJ�SODWIRUP�.�DWWDFKHG�DW�SRLQWV��3L���L ��������WR�WKH

HQG� SRLQWV� 6
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H � RI� XQLIRUP�� F\OLQGULFDO� URGV� 6L� � �L ������� UHVSHFWLYHO\�� E\�PHDQV� RI� EDOO

MRLQWV��V\PPHWULFDOO\� ORFDWHG�RQ�D�FLUFOH�RI� UDGLXV� U� IL[HG� LQ� � WKH�PRYLQJ�SODWIRUP��7KH
URGV�6L�DUH�DWWDFKHG�WR�ERGLHV�0L� ��L �������E\�PHDQV�RI�UHYROXWH�MRLQWV��ZKRVH�D[HV�DUH

IL[HG� LQ�ERWK�6L� DQG� LQ�0L�� DQG� FURVV�0L� DW� WKHLU� FHQWHU� RI�PDVV� 0 L


 �� )LQDOO\�� WKH�PDVV

FHQWHU�RI�WKH�PRYLQJ�SODWIRUP��.
��FRLQFLGHV�ZLWK�WKH�FHQWHU�RI��WKH�FLUFOH�GHULYHG�E\�3L�
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 ���7KH�PDVV�FHQWHUV�RI��6L��DUH�ORFDWHG�DW�WKH�PLGVSDQ�RI��6L���DQG�0 L


 �UHPDLQ�LQ�SODQH

3/��IL[HG�LQ��1��DW�DOO�WLPHV�
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/HW�QL��NL��VLM� � �L�M� ���� ��� ��� � EH� VHWV�RI� WKUHH�GH[WUDO��PXWXDOO\�SHUSHQGLFXODU�XQLW

YHFWRUV�IL[HG�LQ��VWDWLRQDU\��PRYLQJ�SODWIRUPV�DQG�6L�UHVSHFWLYHO\��DQG�RULHQWHG�DV�LQ�)LJ�

���$OVR��OHW��VL��EH�DOLJQHG�ZLWK�WKH�YHFWRUV�VL��RI�WKH�FHQWHUOLQHV�RI��6L��DQG�OHW�VL���Q���DQG

Q��DOO�EH�SDUDOOHO�WR�SODQH�3/��)LQDOO\��OHW�PL���L� ����������EH�WKUHH�XQLW�YHFWRUV�SDUDOOHO�WR

3/�DQG�DOLJQHG�ZLWK� WKH�SURMHFWLRQ�RI� WKH� FHQWHUOLQHV�RI� �6L� � RQ� �3/�� DQG� OHW� �2�EH� WKH

RULJLQ�RI�1�

1RZ��WKH�FRQILJXUDWLRQ�RI�WKH�V\VWHP�LQ��1��FDQ�EH�GHVFULEHG�ZLWK�WKH�DLG�RI�ILIWHHQ

FRRUGLQDWHV����GHILQHG�DV�IROORZV�
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ZKHUH��:LM���L� ��������������M� ���������������DUH�IXQFWLRQV�RI��T��������T����8VLQJ�WKH�FRQVWUDLQW

HTXDWLRQV��(T��������WR�HOLPLQDWH��X��������X���IURP�(TV���������������RQH�LV�LQ�D�SRVLWLRQ�WR

IRUP�VL[�G\QDPLF�HTXDWLRQV��JRYHUQLQJ�WKH�PRWLRQ�RI�WKH�V\VWHP�LQ��1��7KHVH�HTXDWLRQV

FDQ�EH�FDVW�LQ�D�PDWUL[�IRUP��DV�IROORZV�
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ZKHUH� � ��é�X�Ö� � é�X�
��

. é�X�
��> @7� � �0� � LV� D� ��f� ��PDVV�PDWUL[�� �&� � LV� D� � �f�� � FHQWULIXJDO� �

&RUULROLV�PDWUL[���DQG��)��DQG��*��DUH����f���PDWULFHV�DVVRFLDWHG�ZLWK�FRQWURO�IRUFHV�DQG
JUDYLWDWLRQDO�IRUFHV��7KHLU�HOHPHQWV�FDQ�EH�LGHQWLILHG�DIWHU�QRWH�LV� WDNHQ�RI� WKH�IDFW� � WKDW
WKH�IRUFHV�DFWLQJ�RQ��0

L


 � 6
L


 L  ������ ��DQG��.
��DUH

)0
�




 )
�
Q
�
� )

�
Q
�
�0

0�
JQ

�
����

)0
�




 )
�
Q
�
� )

�
Q
�
�0

0 �
JQ

�
����

)0
�




 )
�
Q
�
� )

�
Q
�
� 0

0�
JQ

�
����

)6
�




 �0
6�
JQ

�
� )6

�




 �0
6�
JQ

�
� )6

�




 �0
6�
JQ

�
���������

).



 �0
.
JQ

�
����

ZKHUH� � )��� ����� )�� DUH� FRQWURO� IRUFHV� FRPSRQHQWV�� 00 L
� 0

6L
L  ������ � � DQG�0.� DUH� WKH

PDVVHV� RI� 0L�� 6L� �L ������� DQG� .�� J� LV� WKH� JUDYLWDWLRQDO� DFFHOHUDWLRQ� DQG
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,Q�VXPPDU\���(T�������FDQ�EH�VROYHG��LQ�FRQMXQFWLRQ�ZLWK�(TV�������DQG�������������
IRU� �X�������X��� ��DQG� �X������X���DQG� �T��� �����T����JLYHQ� LQLWLDO�FRQGLWLRQV� �T������ �����T������

X�����������X�������DQG��)��W��������)��W��

,W� VKRXOG� EH� PHQWLRQHG� WKDW� VLPLODU� WR� WKH� NQRZQ� VHULDO� PDQLSXODWRU� G\QDPLF

HTXDWLRQ��(T�������LV�WKH�G\QDPLF�HTXDWLRQ�RI�WKH�SDUDOOHO�PDQLSXODWRU�FRXQWHUSDUW�

6XSSRVH�QRZ�RQH�ZLVKHV�WR�VROYH�IRU��)��������)����QHHGHG�WR�EULQJ�DERXW�D�GHVLUHG

PRWLRQ�RI�WKH�V\VWHP�LQ��1���WKH�LQYHUVH�SUREOHP���7KHQ�RQH�PD\�SURFHHG�DV�IROORZV�

D� 'HILQH��X���W��������X���W����WKH��GHVLUHG�PRWLRQ���
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,I� T���W������� T���W�� � DUH� JLYHQ� UDWKHU� WKDQ� � X���W������� X���W��� � WKHQ� RQH� VWDUWV� ZLWK� WKH

HYDOXDWLRQ�RI��X���������X����XVLQJ�(T��������IRU��L� ��������������DQG��������������7KHQ�RQH

PD\�SURFHHG�LQ�DFFRUGDQFH�ZLWK�VWHSV��E���G��DERYH�

����'\QDPLF�VLPXODWLRQ�UHVXOWV

6LPXODWLRQ� UHVXOWV� RI� WKUHH� W\SHV� RI� SDUDOOHO� URERWV� DUH� JLYHQ� EHORZ�� D�� SODQDUO\

DFWXDWHG� URERW�� E�� D� YDULDWLRQ� RI� WKH� SODQDU\� DFWXDWHG� URERW� ZKHUH� WKH� MRLQWV� RUGHU� LV

UHYHUVHG�� L�H��� VSKHULFDO� MRLQWV� DUH� DWWDFKHG� WR� WKH� PRWRUV� DQG� UHYROXWH� MRLQWV� WR� WKH

PRYHDEOH�SODWIRUP��DQG�F������6WHZDUW�SODWIRUP�

7ZR�WUDMHFWRULHV�ZHUH�FKRRVHQ�� WUDQVODWLRQ�RI�����P� LQ�D�FRQVWDQW�YHORFLW\�RI�����P�VHF

�)LJV���D��E��DQG�URWDWLRQ�RI����GHJUHHV�DERXW�D�=�D[LV�LQ�D�FRQVWDQW�DQJXODU�YHORFLW\�RI���

GHJUHHV�VHF��)LJV���F��H��

)LJV���I�DQG��J�FRPSDUH�WKH�PD[LPXP�IRUFHV�DW�WKH�PRWRUV�RI�WKH�GLIIHUHQW�URERWV�QHHGHG

WR�SHUIRUP�WKH�DERYH�WUDMHFWRULHV��7KLV�ILJXUHV�GHPRQVWUDWHV�WKH�DGYDQWDJH�RI�WKH�SODQDUO\

DFWXDWHG�URERWV��,Q�ERWK�WUDMHFWRULHV�WKH�IRUFH�DW�WKH�PRWRUV�DUH�FRQVLGHUDEO\�VPDOOHU�WKDW

WKH�FRPPRQO\�XVHG�6WHZDUW�SODWIRUP��WKH�VDPH�ZDV�HYLGHQW�IRU�WKH�����FRQILJXUDWLRQ��
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)LJ���D��7UDQVODWLRQDO�PRWLRQ�3ODQDUO\�DFWXDWHG�URERW� )LJ���E��7UDQVODWLRQDO�PRWLRQ�����6WHZDUW�SODWIRUP

)LJ���F��5RWDWLRQDO�PRWLRQ�3ODQDUO\�DFWXDWHG�URERW��D�� )LJ���G��5RWDWLRQDO�PRWLRQ�3ODQDUO\�DFWXDWHG�URERW��E�

)LJ���F��5RWDWLRQDO�PRWLRQ�����6WHZDUW�SODWIRUP



��

)LJ���I��7UDQVODWLRQDO�PRWLRQ�ODUJHVW�PRWRU�IRUFH� )LJ���J��5RWDWLRQDO�PRWLRQ�ODUJHVW�PRWRU�IRUFH

)LJ�����'\QDPLF�VLPXODWLRQ�5HVXOWV

���7+(�(;3(5,0(17$/�6<67(0

7KH� FRQILJXUDWLRQ� ZH� XVHG� IRU� WKH� H[SHULPHQWDO� V\VWHP� LV� VKRZQ� LQ� )LJ�� ��� 7KLV

VWUXFWXUH�HPSOR\V�RQH�VSKHULFDO�DQG�RQH�UHYROXWH�MRLQW�DW�HDFK�RQH�RI�WKH�WKUHH�OLQNV
�HQG�

7KH�UDGLXV�RI�WKH�PRYHDEOH�SODWIRUP�LV����PP�DQG�WKH�OHQJWK�RI�WKH�IL[HG�OHQJWK�OLQNV�LV

����PP��7KH�PRWRUV�XVHG�ZHUH�1RUWKHUQ�0DJQHWLF
V�SODQDU�PRWRU�FRQWUROOHG�E\�0RWLRQ

6FLHQFH
V� WZR� D[HV� FRQWUROOHUV� DQG� FRQQHFWHG� WR� DQ� ,%0�3&� FRPSXWHU�� )LJV�� �� DQG� ��

VKRZ�WKH�H[SHULPHQWDO�V\VWHP�DQG�D�FORVH�YLHZ�RI�WKH�PHFKDQLVP�VWUXFWXUH��UHVSHFWLYHO\�

)LJ�����7KH�VWDWLRQDU\�SODWIRUP�DQG�WKH�URERW



��

)LJ������7KH�URERW�VWUXFWXUH

���7+(�6<67(0�3(5)250$1&(6

7KLV� VLPSOH� URERW� VWUXFWXUH�� WKDW� KDV� RQO\� VHYHQ�PRYLQJ� SDUWV�� KDV� D� ZRUN� YROXPH

ZKLFK�LV�OLPLWHG�RQO\�E\�WKH�VL]H�RI�WKH�VWDWLRQDU\�SODWIRUP��������;������P�LQ�RXU�GHVLJQ�

,W� LV�ZHOO� NQRZQ� WKDW� RQH� RI� WKH�PDMRU� SDUDOOHO� URERWV
� GUDZEDFNV� LV� WKHLU� OLPLWHG�ZRUN

YROXPH��7KH�ZRUN�YROXPH�LV�UHVWULFWHG�E\�MRLQW�DQJOHV��OLQN�H[WHQVLRQV�OLPLWDWLRQV�DQG�E\

WKH�LQWHUIHUHQFH�EHWZHHQ�OLQNV��,Q�RXU�FDVH��MRLQW�DQJOHV�OLPLWDWLRQV�DQG�OLQN�LQWHUIHUHQFHV

VWLOO� H[LVW�� EXW� WKHUH� DUH� QR� OLQN� H[WHQVLRQV� OLPLWDWLRQV� VLQFH� WKH\� DUH� RI� IL[HG� OHQJWK�

$GGLWLRQDO\�� VLQFH� WKH� VL]H� RI� WKH� VWDWLRQDU\� SODWIRUP� DQG� QRW� WKH� GLPHQVLRQV� RI� WKH

PRYLQJ�SDUWV�GHWHUPLQHV�LWV�ZRUN�YROXPH��WKHUH�LV�QR�FRPPRQ�EDVLV�IRU�FRPSDULVRQ�RI�LWV

ZRUN�YROXPH�ZLWK� WKDW�RI� FRQYHQWLRQDO�SDUDOOHO� URERWV��1HYHUWKHOHVV��ZKHQ� FRQVLGHULQJ

RQO\� PRYLQJ� SDUWV�� WKH� ZRUN� YROXPH� RI� WKLV� URERW� �)LJ�� ���� LV� URXJKO\� RQH� RUGHU� RI

PDJQLWXGH� ODUJHU� WKDQ� D� VLPLODU� VL]HG� W\SLFDO� VL[�OLQN�6WHZDUW� SODWIRUP� �VHH� >6WRXJKWRQ

DQG�$UDL��������:DQJ�DQG�0DVRU\������@���7KH�VDPH�LV�HYLGHQW�IRU�RULHQWDWLRQDO�UDQJH�

3LWFK� DQG� \DZ� DUH� DERXW� ���� GHJUHHV� �DQG� FDQ� HDVLO\� EH� LQFUHDVHG� E\� UHGHVLJQLQJ� WKH

MRLQWV� DW� WKH�PRYHDEOH� SODWIRUP��ZLWK� UROO� UHDFKLQJ� ���� GHJUHHV�� LI� VLQJXODU� SRLQWV� DUH

DYRLGHG��DQG�FORVH�WR�����GHJUHHV��LI�VLQJXODU�SRLQWV�DUH�FRQVLGHUHG�



��

6WDWLRQDU\�
SODWIRUP

$FFHVVLEOH�
UHJLRQ

���

���

���
���

��

)LJ������:RUN�YROXPH�FURVV�VHFWLRQ�DORQJ�WKH�VWDWLRQDU\�SODWIRUP�ORQJ�D[LV

�GLPHQVLRQV�LQ�PP��

)RU� WKH� VHFRQG�YHUVLRQ� RI� WKH� SODQDUO\� DFWXDWHG� URERW� WKHUH� LV� QR� VLQJXODU� SRLQW� DW�r��
GHJUHHV�UROO�URWDWLRQ�DQG��WKHRUHWLFDOO\��WKH�URWDWLRQDO�PRWLRQ�LV�XQOLPLWHG�

7KH�SODQDU�PRWRU
V�PD[LPXP�YHORFLW\�LV�DERXW���P�VHF�DW�DERXW����1�SHU�D[LV�IRUFH

ZLWK�HDFK�PRWRU�ZHLJKLQJ�����JU��6LQFH�WKH�URERW�PDVV�LQ�RXU�GHVLJQ�ZDV�RQO\�����JU��WKH

DFFHOHUDWLRQ� RI� WKH� URERW� ZLWKRXW� SD\ORDG� LV� DERXW� KDOI� WKH� DFFHOHUDWLRQ� RI� WKH� PRWRUV

DORQH�

7KH�PLFUR�VWHS�UHVROXWLRQ�RI�WKH�SODQDU�PRWRUV�LV�����PP��%HFDXVH�RI�WKH�PHFKDQLVP
VWUXFWXUH��WKH�UHSHDWDELOLW\�LQ�D�SODQDU�PRWLRQ�RI�WKH�PRYHDEOH�SODWIRUP�LV�WKH�VXP�RI�WKH

PRWRU�UHVROXWLRQ�DQG�WKH�FOHDUDQFH�RI�WKH�VSKHULFDO�MRLQW��FRPPRQO\�OHVV�WKDQ������PP��

)URP� FRPSXWDWLRQDO� SRLQW� RI� YLHZ� WKH� VLPSOH� LQYHUVH� NLQHPDWLFV� DOJRULWKP�� ZKLFK

FRQWDLQV� RQO\� ��� DGGLWLRQV� DQG� VXEVWUXFWLRQV�� ��� PXOWLSOLFDWLRQV� DQG� GLYLVLRQV�� DQG� �

WULJRQRPHWULF�IXQFWLRQV��DOORZV�D�UHDO�WLPH�FRQWURO�ZLWK�F\FOH�WLPH�RI�FRQVLGHUDEO\�EHORZ

��PV�

���',6&866,216�$1'�&21&/86,216

.LQHPDWLFV�� G\QDPLFV� DQG� FRQVWUXFWLRQ� RI� D� SODQDUO\� DFWXDWHG� SDUDOOHO� URERW� LV

GHVFULEHG� LQ� WKLV� SDSHU�� %RWK� WKH� IRUZDUG� DQG� WKH� LQYHUVH� NLQHPDWLFV� DOJRULWKPV� DUH

VLPSOHU� WKDQ�WKH�FRPPRQO\�XVHG�SDUDOOHO�URERWV�GXH�WR�RQO\�WKUHH�PRYLQJ� OLQNV�DQG� WKH

XQFRXSOHG� SODQDU�PRWLRQ� RI� WKH�PRWRUV�� )RU� WKH� G\QDPLF� DQDO\VLV��.DQH
V�PHWKRG�ZDV

XVHG�LQ�LWV�JHQHUDO�IRUP�DQG�OHG�WR�D�VHW�RI�HTXDWLRQV�IURP�ZKLFK�ERWK�WKH�LQYHUVH�DQG�WKH

IRUZDUG� G\QDPLFV� RI� GLIIHUHQW� W\SHV� RI� SDUDOOHO� URERWV� FDQ� HDVLO\� EH� REWDLQHG�� 7KLV

DOJRULWKP�ZDV�XVHG�WR�VLPXODWH�IRXU�GLIIHUHQW�W\SHV�RI�SDUDOOHO�URERWV���WZR�YHUVLRQV�RI�WKH

SODQDUO\�DFWXDWHG�URERWV��DQG�WKH�����DQG�����6WHZDUW�SODWIRUP�



��

6LPXODWLRQ�UHVXOWV�VKRZ�WKH�DGYDQWDJH�RI�WKH�SODQDUO\�DFWXDWHG�URERW�LQ�WHUPV�RI�ZRUN

YROXPH�DQG�IHZHU�QXPEHU�RI�VLQJXODU�SRLQWV��$�PDWKHPDWLFDO�GHULYDWLRQ�RI� WKH�VLQJXODU

FRQILJXUDWLRQV� RI� WKHVH� W\SHV� RI� URERW�ZKLFK� OHG� WR� WKH� VDPH� UHVXOW�� LV� WKH� VXEMHFW� RI� D

VHSDUDWH�SDSHU��$OVR�� LW�ZDV�IRXQG� WKDW� WKH�YDULDWLRQ�RI� WKH�SODQDUO\�DFWXDWHG�URERW�ZLWK

VSKHULFDO� MRLQW� DW� WKH� PRWRU� VLGH� HQG�� HQDEOHV� HYHQ� ODUJHU� ZRUN� YROXPH�� 5HVXOWV� RI

G\QDPLF�VLPXODWLRQ�VKRZ�FOHDUO\�WKH�DGYDQWDJH�RI�WKH�SODQDUO\�DFWXDWHG�URERW�LQ�VHYHUDO

SDWKV��0XFK�VPDOOHU�IRUFHV�DUH�QHHGHG�FRPSDUH�WR�D�VLPLODU�VL]HG�6WHZDUW�SODWIRUP�ERWK

LQ�WUDQVODWLRQDO�DQG�URWDWLRQDO�PRWLRQ�

7KH� H[SHULPHQWDO�PRGHO� H[KLELWV� WKH� VLPSOH� URERW� GHVLJQ� GXH� WR� YHU\� IHZ�PRYLQJ

SDUWV�� 7KH� VLPSOH� VWUXFWXUH� GRHV� QRW� GLPLQLVK� LWV� SHUIRUPDQFHV�� 2Q� WKH� FRQWUDU\�� LW

LQFUHDVHV�FRQVLGHUDEO\�LWV�ZRUN�YROXPH��VLPSOLILHV�WKH�NLQHPDWLF�VROXWLRQ�DQG�PDNHV�WKH

URERW�YHU\�VLPSOH�WR�FRQVWUXFW��:H�EHOLHYH�WKDW�WKLV�W\SH�RI�SDUDOOHO�URERW�LV�YHU\�DWWUDFWLYH

IRU� VHYHUDO� LQGXVWULDO� �H�J�� DVVHPEO\�� DSSOLFDWLRQV� DV� ZHOO� DV� DQG� QRQ�LQGXVWULDO� �H�J�

PHGLFDO�� DSSOLFDWLRQV� GXH� WR� LWV� XQLTXH� FRPELQDWLRQ� RI� ODUJH� ZRUN� YROXPH� ZLWK� KLJK

DFFXUDF\�

5()(5(1&(6

�� %DLJHV� ,�� -��� DQG� 'XII\� -��� �'\QDPLF� 0RGHOLQJ� RI� 3DUDOOHO� 0DQLSXODWRUV��

3URFHHGLQJV�RI�7KH������$60(�'HVLJQ�(QJLQHHULQJ�7HFKQLFDO�&RQIHUHQFHV�DQG

&RPSXWHUV�LQ�(QJLQHHULQJ�&RQIHUHQFH��$XJXVW�������������

�� %HQ�+RULQ�5���DQG�6KRKDP�0����&RQVWUXFWLRQ�RI�D�6L[�'HJUHHV�RI�)UHHGRP�3DUDOOHO

0DQLSXODWRU�ZLWK�7KUHH�3ODQDUO\�$FWXDWHG�/LQNV���3URFHHGLQJV�RI�7KH������ $60(

'HVLJQ�(QJLQHHULQJ�7HFKQLFDO�&RQIHUHQFHV�DQG�&RPSXWHUV�LQ�(QJLQHHULQJ

&RQIHUHQFH��$XJXVW�������������

�� &KHQ�1��;���DQG�6RQJ�6��0����'LUHFW�3RVLWLRQ�$QDO\VLV�RI�WKH�����6WHZDUW�3ODWIRUPV��

$60(� &RQIHUHQFH� RQ� 5RERWLFV�� 6SDWLDO� 0HFKDQLVPV�� DQG� 0HFKDQLFDO� 6\VWHPV�

'(�9RO�����������

�� 'R�:��4��'���DQG�<DQJ�'��&��+�� ���,QYHUVH�'\QDPLF�$QDO\VLV�DQG�6LPXODWLRQ�RI�D

3ODWIRUP�7\SH�RI�5RERW���-RXUQDO�RI�5RERWLF�6\VWHPV��9RO�� ���1R�� ��� SS�� ��������

�����

�� *RVVHOLQ� &�� 0��� �3DUDOOHO� &RPSXWDWLRQDO� $OJRULWKP� IRU� WKH� .LQHPDWLFV� DQG

'\QDPLFV�RI�3ODQDU�DQG�6SDWLDO�3DUDOOHO�0DQLSXODWRUV���$06(�-RXUQDO�RI�'\QDPLF

6\VWHPV��0HDVXUHPHQW��DQG�&RQWURO��9RO�������SS��������������

�� +XQW� .�� +��� �6WUXFWXUDO� .LQHPDWLFV� RI� ,Q�3DUDOOHO�$FWXDWHG� 5RERW� $UPV��� $06(

-RXUQDO�RI�0HFKDQLVPV��7UDQVPLVVLRQV�DQG�$XWRPDWLRQ�LQ�'HVLJQ��9RO�������1R����

SS����������������

�� ,QQRFHQWL�&���DQG�3DUHQWL�&DVWHOOL�9����$�1RYHO�1XPHULFDO�$SSURDFK�WR�WKH�&ORVXUH

RI� WKH� ���� 6WHZDUW� 3ODWIRUP� 0HFKDQLVP��� 3URFHHGLQJV� RI� WKH� ����� ,(((

,QWHUQDWLRQDO��&RQIHUHQFH�RQ�5RERWLFV�DQG�$XWRPDWLRQ��SS����������������



��

�� .DQH�7��5���/LNLQV�3�:���DQG�/HYLQVRQ�'��$����6SDFHFUDIW�'\QDPLFV���0F*UDZ�+LOO

%RRN�&RPSDQ\�������

�� ,QQRFHQWL� &��� DQG� 3DUHQWL�&DVWHOOL� 9��� �([KDXVWLYH� (QXPHUDWLRQ� RI� )XOO\� 3DUDOOHO

.LQHPDWLF�&KDLQV���$06(�&RQIHUHQFH�RQ�'\QDPLF�6\VWHPV�DQG�&RQWURO��'6&�9RO�

������SS�����������������

��� /LQ�:���'XII\�-���DQG�*ULIIV�0����)RUZDUG�'LVSODFHPHQW�$QDO\VLV�RI�WKH�����6WHZDUW

3ODWIRUPV���3URFHHGLQJV�RI� WKH������$60(�'HVLJQ�7HFKQLFDO�&RQIHUHQFH��'(�9RO�

����SS����������������

��� /LQ�:���&UDQH�&��'���DQG�'XII\�-����&ORVH�)RUP�)RUZDUG�'LVSODFHPHQW�$QDO\VLV�RI

WKH�����,Q�3DUDOOHO�3ODWIRUPV���$60(�&RQIHUHQFH�RQ�5RERWLFV��6SDWLDO�0HFKDQLVPV�

DQG�0HFKDQLFDO�6\VWHPV��'(�9RO�����������

��� /LX�.���/HZLV�)��� /HEUHW�*��� DQG�7D\ORU�'��� �7KH� 6LQJXODULWLHV� DQG�'\QDPLFV� RI� D

6WHZDUW�3ODWIRUP�0DQLSXODWRU���-RXUQDO�RI�,QWHOOLJHQW�DQG�5RERWLF�6\VWHPV��9RO�� ��

SS����������������

��� 0HUOHW� -��3��� �3DUDOOHO�0DQLSXODWRUV�� 6WDWH� RI� WKH� $UW� DQG� 3HUVSHFWLYHV���$GYDQFHG

5RERWLFV��9RO�����SS����������������

��� 1DQXD�3���:DOGURQ�.�� -��� DQG�0XUWK\�9��� �'LUHFW�.LQHPDWLF�6ROXWLRQ�RI� D�6WHZDUW

3ODWIRUP��� ,(((� 7UDQVDFWLRQV� RQ� 5RERWLFV� DQG� $XWRPDWLRQ�� 9RO�� ��� 1R�� ��� SS�

��������������

��� 3DQJ�+���DQG�6KDKLQSRRU�0�����,QYHUVH�'\QDPLFV�RI�D�3DUDOOHO�0DQLSXODWRU���-RXUQDO

RI�5RERWLF�6\VWHPV��9RO������1R�����SS����������������

��� 3LHUURW�)���)RXUQLHU�$���DQG�'DXFKH]�3����7RZDUGV�D�)XOO\�3DUDOOHO���'2)�5RERW�IRU

+LJK�6SHHG�$SSOLFDWLRQV���3URFHHGLQJV�RI� WKH������,(((�,QWHUQDWLRQDO�&RQIHUHQFH

RQ�5RERWLFV�DQG�$XWRPDWLRQ��SS����������������

��� 6DOPRQ�*���/HVVRQV�,QWURGXFWRU\�WR�WKH�0RGHUQ�+LJKHU�$OJHEUD��)LIWK�(GLWLRQ��1HZ

<RUN��&KHOVHD��SS��������������

��� 6WHZDUW�'�� �$�3ODWIRUP�ZLWK�6L[�'HJUHHV�RI�)UHHGRP��� LQ�3URF�� ,QVW��0HFK��(QJU�

�/RQGRQ���9RO�������1R�����SS����������������

��� 6WRXJKWRQ� 5�� 6��� DQG� $UDL� 7��� �$� 0RGLILHG� 6WHZDUW� 3ODWIRUP� 0DQLSXODWRU� ZLWK

,PSURYHG�'H[WHULW\���,(((�7UDQVDFWLRQV�RQ�5RERWLFV�DQG�$XWRPDWLRQ��9RO�����1R����

SS����������������

����7DKPDVHEL�)���DQG�7VDL�/��:����2Q�WKH�VWLIIQHVV�RI�D�1RYHO�6L[�'HJUHHV�RI�)UHHGRP

3DUDOOHO� 0LQLPDQLSXODWRU� ��� -RXUQDO� RI� 5RERWLF� 6\VWHPV�� 9RO�� ���� 1R�� ���� SS�

��������������

��� 7VDL� /�� :��� DQG� 7DKPDVHEL� )��� �6\QWKHVLV� DQG� $QDO\VLV� RI� D� 1HZ� &ODVV� RI

6L[�'HJUHHV�RI�)UHHGRP�3DUDOOHO�0LQLSXODWRUV���-RXUQDO�RI�5RERWLF�6\VWHPV��9RO�����

1R�����SS����������������

��� 7VDL�/��:���DQG�7DKPDVHEL�)����&ORVHG�)RUP�'LUHFW�.LQHPDWLFV�6ROXWLRQ�RI�D�1HZ

3DUDOOHO� 0LQLPDQLSXODWRU��� $60(� -RXUQDO� RI� 0HFKDQLFDO� 'HVLJQ�� 9RO�� ����� SS�

����������������



��

��� :DOGURQ�.��-���5DJKDYDQ�0���DQG�5RWK�%����.LQHPDWLFV�RI�D�+\EULG�6HULHV�3DUDOOHO

0DQLSXODWLRQ� 6\VWHP��� $60(� -RXUQDO� � RI� '\QDPLF� 6\VWHPV�� 0HDVXUHPHQW� DQG

&RQWURO��9RO�������1R�����SS����������������

��� :DQJ� -��� DQG�0DVRU\�2��� �:RUNVSDFH�(YDOXDWLRQ�RI�6WHZDUW� 3ODWIRUPV���$GYDQFHG

5RERWLFV��9RO�����1R�����SS����������������

��� =KDQJ� &�� '��DQG� 6RQJ� 6�� 0�� ��� $Q� (IILFLHQW� 0HWKRG� IRU� ,QYHUVH� '\QDPLFV� RI

0DQLSXODWRUV�%DVH�RQ�WKH�9LUWXDO�:RUN�3ULQFLSOH���-RXUQDO�RI�5RERWLF�6\VWHPV��9RO�

����1R�����SS����������������

��� =KLPLQJ� -��� �'\QDPLFV� 'HFRPSRVLWLRQ� IRU� 6WHZDUW� 3ODWIRUPV��� $60(� -RXUQDO� RI

0HFKDQLFDO�'HVLJQ��9RO�������SS��������������


