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$ E VWUD F W SURSRVHG 11& WR PRUH JHQHUDO V\VWHPV� ,Q >�@ � VHYHUDO

PHWKRGV DUH SURSRVHG WR UHOD[ WKH $635 FRQVWUDLQW� ,Q$ Q HZ Q HX UD O Q HWZ R UN FR Q WUR OOHU �1 1 & � Z K R VH SD UD P H�

WKH SUHVHQW VWXG\� KRZHYHU� WKH DSSOLFDWLRQ RI LQWHUHVW LVWHUV D UH D G MX VWHG R Q OLQ H LV S UHVHQ WHG WR FR Q WUR O D FOD VV R I

P X OWLYD ULD EOH OLQ HD U V\VWHP V� 7 K H S OD Q W WR EH FR Q WUR OOHG YLEUDWLRQ FRQWURO RI rH[LEOH VWUXFWXUHV� ,W KDV EHHQ VKRZQ

LV D VVX P HG WR EH VTX D UH �S LQ S X WV� S R X WS X WV� D Q G D OP R VW WKDW IRU WKHVH V\VWHPV WKH $635 FRQGLWLRQ FDQ EH VDWLVqHG

VWULFWO\ SR VLWLYH UHD O �$ 6 3 5 �� >� @� 7 K H 1 1 & LV D S S OLHG WR E\ DQ DSSURSULDWH FRPELQDWLRQ RI RXWSXW YDULDEOHV �SRVL�

WLRQV DQG YHORFLWLHV� >�� &KDSWHU �@ � � 6LPXODWLRQ UHVXOWVD OLQ HD U P RG HO R I D OD UJH VHJP HQ WHG VSD FH UHr HFWR U D Q G

IRU D ODUJH VHJPHQWHG VSDFH UHrHFWRU PRGHO >� @ DUH VKRZQVLP X OD WLR Q UHVX OWV D UH S UHVHQ WHG � 7 K H $ 6 3 5 FR Q G LWLR Q LV

D VWUR Q J FR Q G LWLR Q � LQ JHQ HUD O� EX W IR U WK H VSHFLq F D S S OL� LQ 6HFWLRQ �� DQG FRQFOXVLRQV DUH SUHVHQWHG LQ 6HFWLRQ ��

FD WLR Q R I LQ WHUHVW� L�H� FR Q WUR O R I r H[LEOH VWUX FWX UHV� WK H

$ 6 3 5 FR Q G LWLR Q FD Q EH VD WLVq HG E\ D Q D S S UR S ULD WH FR P � � � $ G MX VWD E OH 1 1 &
ELQ D WLR Q R I WK H R X WS X W YD ULD EOHV �SR VLWLR Q V D Q G YHORFLWLHV�� 7KH SURSRVHG FRQWURO V\VWHP LV VKRZQ LQ ),J� � DQG

$ V FR P SD UHG WR R WK HU D G D S WLYH 1 1 & UHSR UWHG LQ WK H OLWHU� LV EDVHG RQ SDUW RI WKH UHVXOWV REWDLQHG LQ >�@ � ,Q WKH

D WX UH� WK H S UR SR VHG 1 1 & LV VLP S OHU D Q G P R UH VX LWD EOH IR U IROORZLQJ� ZH GHVFULEH LWV PDLQ FKDUDFWHULVWLFV�

UHD O WLP H D S S OLFD WLR Q V�

� �� � ' H VF ULS WLR Q R I WK H V\ VWH P D Q G WK H

1 1 &� � ,Q WUR G X F WLR Q
$ VVX P S WLR Q � �� � 7KH SODQW LV GHVFULEHG E\ WKH WUDQVIHU

$GDSWLYH QHXUDO QHWZRUN FRQWUROOHUV XVXDOO\ H[KLELW

PDWUL[ * �V � ZLWK D PLQLPDO VSDFH VWDWH UHDOL]DWLRQ�KLJK FRPSOH[LW\ WKDW PDNHV WKHLU UHDO WLPH DSSOLFDWLRQ

GLsFXOW� 7KLV LV EHFDXVH WKH QXPEHU RI QHXURQV UHTXLUHG
B[  $ [ � % X �

���LV XVXDOO\ KLJK� DQG WKH DOJRULWKPV WR WUDLQ WKH 11 DUH
\  & [ �

VORZ� ,Q WKLV SDSHU ZH SUHVHQW D QHXUDO QHWZRUN FRQWUROOHU
Q S S�11&� ZKRVH SDUDPHWHUV DUH DGMXVWHG RQ OLQH IRU WKH SURE� ZKHUH [ � 5 � X � 5 DQG \ � 5 � 7KH V\VWHP ��� LV

OHP RI GLVWXUEDQFH UHMHFWLRQ IRU D ODUJH VHJPHQWHG VSDFH WRWDOO\ FRQWUROODEOH DQG REVHUYDEOH�
UHrHFWRU PRGHO >� @ � 7KH FRQWURO DOJRULWKP LV VLPSOH DQG $ VVX P S WLR Q � �� � 7KH V\VWHP ��� LV DVVXPHG WR EH DO�
FDQ EH LPSOHPHQWHG LQ UHDO WLPH� 8QOLNH RWKHU 11&V WKDW PRVW VWULFWO\ SRVLWLYH UHDO �$635� � L� H� WKHUH H[LVW D JDLQ
DUH UHSRUWHG LQ WKH OLWHUDWXUH �>�@ � >�@ � � WKH QHXUDO QHWZRUN

IPDWUL[ . DQG WZR SRVLWLYH GHqQLWH PDWULFHV� 3 DQG 4
FRQWUROOHU SURSRVHG KHUH UHTXLUHV UHODWLYHO\ IHZ QHXURQV

VXFK WKDW WKH IROORZLQJ HTXDWLRQV DUH VLPXOWDQHRXVO\ VDW�
DQG LWV OHDUQLQJ DOJRULWKP LV IDVWHU WKDQ EDFNSURSDJDWLRQ

LVqHG�
XVHG LQ >�@ DQG >�@ �

7
I I6WDELOLW\ RI WKH FORVHG ORRS V\VWHP LV GHWHUPLQHG XV� 3 �$ b % . & � � �$ b % . & � 3  b 4 � ��

���
7LQJ D /\DSXQRY IXQFWLRQ DSSURDFK� ,I WKH SODQW LV DOPRVW 3 %  & �

VWULFWO\ SRVLWLYH UHDO �$635� � VWDELOLW\ LV JXDUDQWHHG ZLWK
f

) D F W � �� � 7KHUH H[LVWV D X VXFK WKDWUDWKHU PLOG FRQGLWLRQV DQG FHUWDLQ SULRU NQRZOHGJH RI WKH

SODQW WR EH FRQWUROOHG� 7KLV VWDELOLW\ DQDO\VLV� DORQJ ZLWK f f fB[  $ [ � % X �

���WKH GHVFULSWLRQ RI WKH SODQW DQG WKH 11&� LV JLYHQ LQ 6HF� f f\  \  & [ �
P

WLRQ ��

f f
7KH $635 FRQGLWLRQ DV GHqQHG LQ >�@ LV LQWURGXFHG IRU ZKHUH [ LV WKH VSDFH WUDM HFWRU\ ZKHQ X LV DSSOLHG WR

WKH DGDSWLYH FRQWURO RI PXOWLYDULDEOH V\VWHPV� 7KH $635 V\VWHP ��� DQG \ LV WKH GHVLUHG RXWSXW �UHIHUHQFH� � ,Q
P

fFRQGLWLRQ LV UHVWULFWLYH DQG KLQGHUV WKH H[WHQVLRQ RI WKH RUGHU WR DOORZ X WR EH WKH RXWSXW RI D UHDOLVWLF FRQWUROOHU�
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\ LV DVVXPHG WR KDYH WZR SDUWV� D WUDQVLHQW UHVSRQVH ) D F W � �� � 7KHUH H[LVWV D 11 ZLWK FRQVWDQW SDUDPHWHU
P

IWKDW GLHV RXW DV W � � � DQG D VWHDG\ VWDWH UHVSRQVH WKDW {YHFWRU p WKDW DSSUR[LPDWHV WKH PDWUL[ . LQ D FRPSDFW
SLV DFWXDOO\ WKH UHIHUHQFH WR EH IROORZHG� 7KLV IDFW LV VHOI� VHW 6 | 5 WKDW LQFOXGHV WKH RULJLQ� L� H

HYLGHQW JLYHQ WKDW WKH V\VWHP LV FRPSOHWHO\ FRQWUROODEOH�
I{k �H � p  . H � t�H � � H � 6 � ���$ VVX P S WLR Q � �� � 7KH QHXUDO QHWZRUN FRQWUROOHU �11&�

LQ )LJ� � LV D WZR OD\HU 11 ZLWK RQH KLGGHQ OD\HU
ZKHUH t LV D VPDOO DSSUR[LPDWLRQ HUURU YHFWRU IXQFWLRQ RI

�X  1 �H � � � 7KH LQWHUQDO QHWZRUN WRSRORJ\ LV DUUDQJHG
{H � DQG WKH FRQWURO ODZ X  k �H � p SUHVHUYHV WKH FRQGLWLRQ

WR SURYLGH WKH IROORZLQJ RXWSXWV �FRQWURO LQSXWV WR WKH
$635� 7KHUHIRUH� WKH GHULYDWLYH RI WKH /\DSXQRY IXQF�

SODQW� �
7WLRQ 9  [ 3 [ DORQJ WKH V\VWHP WUDMHFWRULHV LQVLGH WKH� � UHJLRQ 6 LV QHJDWLYH GHqQLWH ZKHQ VXFK FRQWURO ODZ LV DS�S C; ;

SOLHG DQG \  � � SUHVHQWLQJ WKH RULJLQ DV WKH RQO\ VWDEOHX  F �W� � �� H � w � � ��� PL LMN LMN M LMN

HTXLOLEULXP SRLQW LQ 6 �M � N  �

3 URR I �VHH >�@ IRU GHWDLOV� � (VVHQWLDOO\� )DFW ��� VD\V WKDW

ZKHUH X LV WKH L�WK FRPSRQHQW RI X DQG H LV WKH M �WK FRP�L M WKH 11 DSSUR[LPDWLRQ GRHV QRW DOWHU WKH VWDELOLW\ SURSHU�
�SRQHQW RI H  \ b \ � DQG � �] �  � 1RWLFH WKDW WKH
c ]P WLHV DQG WKH RUELW VWUXFWXUH RI WKH RULJLQDO V\VWHP REWDLQHG� � H

SDUDPHWHUV F 
 V DUH WLPH YDU\LQJ ZKLOH WKH SDUDPHWHUVLMN IZKHQ WKH FRQWURO ODZ X  b . & [ �\  � � LV DSSOLHG�
P

� 
 V DQG w 
 V DUH FRQVWDQW� )RU WKH VDNH RI VLPSOLFLW\�LMN LMN :KHQ WKH LGHDO FRQWURO LV DSSOLHG� WKH FORVHG ORRS G\QDP�
OHW XV GHQRWH � �� H � w �  � � WKHQ ZH FDQ ZULWHLMN M LMN LMN LFDO V\VWHP LV VWUXFWXUDOO\ VWDEOH VLQFH LW LV H[SRQHQWLDOO\
X DVL VWDEOH LQ WKH /\DSXQRY VHQVH� 7KHUHIRUH� DQ\ VXsFLHQWO\

7
�X  i p �L LL VPDOO SHUWXUEDWLRQ LQ WKH & WRSRORJ\ ZLOO SUHVHUYH WKH

RUELW VWUXFWXUH� 0RUHRYHU� E\ DGMXVWLQJ WKH SDUDPHWHUZKHUH

YHFWRU p � WKH SHUWXUEHG V\VWHP REWDLQHG E\ VXEVWLWXWLQJ
7

i  >� ccc� � ccc� ccc� @ � ��� IRU X LQ ��� � WKDW LV�L L� � L� C L� � L� C LS C
7

p  >F cccF F cccF cccF @ �L L� � L� C L� � L� C LS C

IB[  �$ b % . & � [ � % t � H  b & [ � 6 � ���

8VLQJ WKH SUHYLRXV GHqQLWLRQ IRU i DQG p � WKH YHFWRUL L

FDQ KDYH WKH RULJLQ DV WKH RQO\ HTXLOLEULXP SRLQW ZLWK WKH
X FDQ EH ZULWWHQ DV

VDPH HLJHQYHFWRUV DV WKH LGHDO FORVHG ORRS V\VWHP >�� �@ �� �
7 � �

i � ccc � p� S 7KLV LV SRVVLEOH EHFDXVH 11V FDQ DSSUR[LPDWH D FRQWLQX�� �

7 P� �
� i ccc � p� � RXV IXQFWLRQ DQG LWV GHULYDWLYHV �DSSUR[LPDWLRQ LQ WKH &� S ��� �� �X   k p � ���� � ��� � �� � � WRSRORJ\� � DQG DOVR PDWFK D IXQFWLRQ DQG LWV GHULYDWLYHV�� � � �� � ��� � �

DW LVRODWHG SRLQWV� 
7
p� � ccc i S� � S f

) D F W � �� � 7KHUH H[LVWV D 11 ZLWK SDUDPHWHU YHFWRU p �W�

IXQFWLRQ RI WLPH VXFK WKDW� �
7KH GLPHQVLRQV RI k DQG p DUH S d CS DQG CS d �

UHVSHFWLYHO\� � �L  ������S � LV D ]HUR URZ YHFWRU ZLWK f fL
X �W�  k �H �W� � p �W� � ���

WKH DSSURSULDWH GLPHQVLRQV�

1 R WH � �� � $ PRUH JHQHUDO QHXUDO QHWZRUN WRSRORJ\ FDQ 7KLV IDFW LV VHOI�HYLGHQW JLYHQ WKH VWUXFWXUH RI WKH 11� 7KH
fDOVR EH XVHG� EXW� VLQFH WKH SODQW LV OLQHDU DQG FDQ EH VWD� V\VWHP RI HTXDWLRQV ��� KDV LQ JHQHUDO VROXWLRQV IRU p �W� �

I 1 R WH � �� � 1RWLFH WKDW WKH LG HD O QHXUDO QHWZRUN FRQWUROOHUELOL]HG E\ D JDLQ PDWUL[ . � WKH QHXUDO QHWZRUN WRSRORJ\
KDV WLPH YDU\LQJ SDUDPHWHUV� UDWKHU WKDQ FRQVWDQW LGHDOJLYHQ E\ HTXDWLRQ ��� LV VXLWDEOH WR DSSUR[LPDWH VXFK FRQ�

I SDUDPHWHUV� DV LQ WKH FODVVLFDO DGDSWLYH FRQWURO�WUROOHU JDLQ� L� H� 1 �H � { . H � ,Q WKLV FDVH� X LV JHQHUDWHGL

E\ DGGLQJ WKH RXWSXW RI S GLpHUHQW 11V� HDFK RI ZKLFK
a � �� � $ G D S WD WLR Q OD Z D Q G VWD E LOLW\SURYLGHV WKH DSSUR[LPDWLRQ RI WKH HOHPHQW N H � WKDW LV�LM M

*LYHQ WKH DERYH FRQGLWLRQV� ZH SURSRVH WKH IROORZLQJ
C DGDSWDWLRQ ODZ IRU WKH 11&�;

a
F �W� � �� H � w � { N H � ���LMN LMN M LMN LM M

7Bp  c k H b c c p � ����� � �N  �

c DQG c DUH WZR V\PPHWULF SRVLWLYH GHqQLWH PDWULFHVa I � �ZKHUH N LV WKH FRUUHVSRQGLQJ HQWU\ RI . � $ PRUH JHQHUDOLM
FKRVHQ DFFRUGLQJ WR GHVLJQ FULWHULD� 7KH OHD ND JH WHUP11 WRSRORJ\ LV FRQVLGHUHG LQ >�@ IRU QRQOLQHDU V\VWHPV�
c c p XVHG LQ UREXVW DGDSWLYH FRQWURO LV LQFOXGHG EH�� �

1 R WH � �� � :LWKRXW ORVV RI JHQHUDOLW\ DQG LQ RUGHU WR VLP�
FDXVH RI WKH WLPH GHSHQGHQFH RI WKH LGHDO SDUDPHWHUV �)DFW

SOLI\ WKH QRPHQFODWXUH� ZH KDYH DVVXPHG D VDPH QXPEHU
���� � 7KH OHD ND JH WHUP LV D PHDQV WR SUHYHQW WKH SDUDP�

RI QHXURQV �C� IRU HDFK 11 GHVFULEHG LQ ��� � ,QGHHG� GLI�
HWHUV IURP JURZLQJ LQGHqQLWHO\�

IHUHQW QXPEHU RI QHXURQV IRU 11V LQ ��� FDQ EH FRQVLGHUHG
� �ZLWKRXW DpHFWLQJ WKH PDLQ UHVXOWV JLYHQ EHORZ� $ W OHD VW� D Q D S S UR[ LP D WLR Q LQ WK H & WR S R OR J \ LV UHT X LUHG �
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7KH FRQWURO ODZ ���� ZLOO JXDUDQWHH ORFDO VWDELOLW\ DQG ERXQGHG� SURYLGHG WKDW WKH 11 DSSUR[LPDWLRQ LV VWLOO

VPDOO WUDFNLQJ HUURU XQGHU FHUWDLQ FRQGLWLRQV DV VKRZQ LQ YDOLG� 'HQRWH 6 DQG 6 DV� �

WKH IROORZLQJ� ,Q RUGHU WR VWXG\ WKH VWDELOLW\ RI WKH SUR�
Q

6  IH � 5 M& H � 6 J�SRVHG QHXUDO QHWZRUN FRQWURO V\VWHP� ZH FKRRVH WKH FDQ� � [ [

Q 7
6  IH � 5 MH 3 H � 9 J �GLGDWH /\DSXQRY IXQFWLRQ� � [ [ �[

c �7 7{ {9  H 3 H � �p b p � c �p b p � � ����[[ � WKHQ� LW LV HDV\ WR VHH WKDW VXsFLHQW FRQGLWLRQV WR HQVXUH
VWDELOLW\ DUH

ZKHUH
f

H  [ b [ � 6 | 6 �[ � � ����
H  & H � H ��� � 6 �[ [ �

7KH WLPH GHULYDWLYH RI ���� LV JLYHQ E\
,Q WKH IROORZLQJ ZH SRLQW RXW VRPH LPSRUWDQW UHPDUNV

DERXW WKH DGMXVWDEOH 11& SUHVHQWHG DERYH�7 c �7 7B B B { B9  H 3 H � H 3 H � ��p b p � c p � ����
[ [[ [ �

5 H P D U N � �� � 7KH FRQYHUJHQFH RI WKH SURSRVHG DOJRULWKP
fB B B LV D ORFDO RQH� ,Q >�@ D JOREDO VWDELOLW\ LV REWDLQHG XVLQJZLWK H GHULYHG IURP WKH GHqQLWLRQ RI [ DQG [ �$VVXPS�

[

VOLGLQJ PRWLRQ FRQWURO� 7KH VWUDWHJ\ IROORZHG LQ >�@ FDQWLRQ ��� DQG )DFW ��� � �

DV ZHOO EH XVHG ZLWK WKH DGDSWDWLRQ ODZ ���� WR DFKLHYH
f fBH  $ H � % k �p b p �  $ H � % �X b k p � � ����

[ [ [ JOREDO FRQYHUJHQFH� +RZHYHU� IRU WKH VDNH RI VLPSOLFLW\

DQG NQRZLQJ WKDW HYHU\ SK\VLFDO V\VWHP LV GHVLJQHG WR
6XEVWLWXWLQJ ���� LQWR ���� JLYHV RSHUDWH LQ LWV R SHUD WLR Q UD Q JH � ZH GR QRW WU\ WR DFKLHYH

JOREDO VWDELOLW\ EXW UDWKHU PDNH WKH 11 DSSUR[LPDWLRQ7 77 f 7B9  H �3 $ � $ 3 �H � ��X � % 3 H
[ [[

FRYHU WKH RSHUDWLRQ UDQJH RI WKH V\VWHP�7 7 77 7 ����
b �p k % 3 H � �p k & H[ [

5 H P D U N � �� � 7KH RE MHFWLYH RI WKH 11 SUHVHQWHG KHUH�77 7 7{ {b �p c p b �p k & H � �p c p �� [ �
LV QRW WR DSSUR[LPDWH WKH G\QDPLFDO V\VWHP WR EH FRQ�

WUROOHG� EXW UDWKHU WR HPXODWH D K\SRWKHWLFDO FRQWUROOHU(TXDWLRQ ���� FDQ EH VLPSOLqHG E\ XVLQJ WKH $635
�QRW QHHGHG WR EH NQRZQ� LQ RUGHU WR FUHDWH D UHJLRQ RIHTXDWLRQV ��� �$VVXPSWLRQ ���� DQG HTXDWLRQ ��� �)DFW

S DWWUDFWLRQ LQ WKH VWDWH VSDFH� 7KLV FRQWUROOHU GHSHQGV RQB���� � 7KHQ� LQ WKH FRPSDFW VXEVHW 6 | 5 � 9 FDQ EH
WKH RXWSXW PHDVXUHPHQWV� WKHUHIRUH� WKH SURSRVHG 11& LV

ZULWWHQ DV
QDWXUDOO\ H[SHFWHG WR KDYH OHVV QHXURQV WKDQ WKRVH EDVHG

7 7 7B9  b H 4 H b �H t b �p c p � RQ DQ DFFXUDWH DSSUR[LPDWLRQ RI WKH RULJLQDO G\QDPLFDO�[ [ ����77 f 7 V\VWHP�{�p c p � ��X � % 3 H � & H � 6 �� [ [

5 H P D U N � �� � 7KH SURSRVHG DOJRULWKP GRHV QRW JXDUDQWHH
fB {,Q H[SUHVVLRQ ���� IRU 9 � p LV D FRQVWDQW YHFWRU� X ]HUR WUDFNLQJ HUURU GXH WR WKH SUHVHQFH RI WKH OHDNDJH WHUP�

LV D ERXQGHG VLJQDO� DQG WKH VXP RI WKH qUVW WKUHH WHUPV 7KHUH LV D WUDGH�Rp EHWZHHQ UREXVWQHVV DQG VPDOO WUDFNLQJ

LV QHJDWLYH GHqQLWH� ,I HLWKHU N H N RU Np N LQFUHDVHG EH� HUURU� 7KLV WUDGH�Rp LV H[SUHVVHG LQ WKH VHOHFWLRQ RI WKH[

\RQG FHUWDLQ SRLQW DQG WKH UHODWLRQ & H � 6 LV VWLOO YDOLG� GHVLJQ SDUDPHWHUV c DQG c �[ � �

WKH QHJDWLYH GHqQLWH TXDGUDWLF WHUPV LQ ���� EHFRPH GRPL� 5 H P D U N � �� � 6LQFH WKH SODQW LV $635� WKH V\VWHP ZLOO
BQDQW� DQG WKXV 9 EHFRPHV QHJDWLYH� JXDUDQWHHLQJ WKDW WKH UHPDLQ DV\PSWRWLFDOO\ VWDEOH ZLWK DQ\ JDLQ WKDW LV KLJKHU

VLJQDOV DUH ERXQGHG� ,I� RQ WKH FRQWUDU\� N H N LQFUHDVHV[ WKDQ VRPH PLQLPDO YDOXH� 7KHUHIRUH� WKH FRQWURO ODZ FDQ
EH\RQG WKH UHJLRQ GHqQHG E\ & H � 6 � WKH 11 DSSUR[�[ EH DXJPHQWHG WR�

ILPDWLRQ IRU WKH JDLQ FRQWUROOHU . LV QRW YDOLG DQ\ ORQJHU

DQG VWDELOLW\ FDQ QRW EH JXDUDQWHHG� X  k p �W� � . H � �����

7KHUH H[LVW SRVLWLYH qQLWH FRHsFLHQWV q � q � q DQG� � �

q VXFK WKDW ZKHUH . LV D SRVLWLYH GHqQLWH PDWUL[� DQG WKH SDUDPHWHUV� �

p �W� DUH DGMXVWHG DFFRUGLQJ WR WKH DGDSWDWLRQ ODZ ���� �
� �B { {9 � b q NH N b q N �p b p �N � q N �p b p � N� [ � � 7KH FRQWURO ODZ ���� ZLOO LQFUHDVH WKH VWDELOLW\ UHJLRQ DQG

� q N H N �� [ LPSURYH WKH WUDQVLHQW UHVSRQVH�
& H � 6 �[

5 H P D U N � �� � 7KH $635 FRQGLWLRQ LV YHU\ VWURQJ IRU
����

PXOWLYDULDEOH V\VWHPV� 0HDVXUHPHQW RI WKH IXOO VWDWH YHF�
DQG VLQFH 9 �H �p � LV D SRVLWLYH GHqQLWH TXDGUDWLF IXQFWLRQ[

WRU ZLOO DOORZ XV WR FUHDWH DQ $635 FRQGLWLRQ DV VHHQ LQ
RI H DQG p � LW FDQ EH VKRZHG WKDW[

WKH VLPXODWLRQV EHORZ� $QRWKHU RSWLRQ LV DXJPHQWLQJ WKH
S

SODQW DV H[SODLQHG LQ >�@ �B9 � b D 9 � D 9 � & H � 6 � ����� � [

5 H P D U N � �� � $ YHU\ LQWHUHVWLQJ IHDWXUH RI WKLV DOJRULWKP

)URP HTXDWLRQ ���� � LI 9 �H �p � WDNHV DQ\ YDOXH ODUJHU LV WKH DEVHQFH RI UHIHUHQFH PRGHO� 7KH UHIHUHQFH WR IROORZ[

D �� BWKDQ 9  � � � WKHQ 9 LV QHJDWLYH DQG H � p DUH LV SUHVHQWHG DV DQ LQGHSHQGHQW WLPH YDU\LQJ VLJQDO�� [
D �
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� � 6 LP X OD WLR Q UH VX OWV &KDSWHU �@ LW LV VKRZQ WKDW LI z ! � VDWLVqHV DQ XSSHU

,Q WKLV 6HFWLRQ� ZH SUHVHQW VLPXODWLRQ UHVXOWV IURP DS� ERXQG� DQG LI WKH DFWXDWRUV DQG VHQVRUV DUH FR ORFD WHG � L� H�
7PDWUL[ & LV VXFK WKDW %  & � WKHQ WKH rH[LEOH VWUXFWXUHSO\LQJ WKH GHYHORSHG 11& WR WKH YLEUDWLRQ FRQWURO RI D

VDWLVqHV WKH $635 FRQGLWLRQ�VHJPHQWHG VSDFH UHrHFWRU� 7KH VHJPHQWHG VSDFH UHrHF�

WRU VKRZQ LQ )LJ� � LV D W\SLFDO ODUJH VWUXFWXUH WKDW UH� 7KH VLPXODWLRQV ZHUH SHUIRUPHG IRU D WK UHH�SD Q Q HO

TXLUHV WKH GHYHORSPHQW RI FRQWURO ODZV WR DFFRPSOLVK YL� VX EV\VWHP RQ D VLPSOLqHG PRGHO RI WKH ODUJH VL[�SDQHO VHJ�
EUDWLRQ VXSUHVVLRQ� SRLQWLQJ DQG UHrHFWRU VKDSH FRQWURO� PHQWHG VSDFH UHrHFWRU GHVFULEHG LQ >� @ � 7KHUH DUH WKUHH
7KH PRGHOOLQJ RI WKLV VWUXFWXUH KDV EHHQ GHYHORSHG LQ >� @ SRVLWLRQV WR FRQWURO IRU HDFK SDQHO� ZKLFK JLYHV D WRWDO RU
DV SDUW RI D 1$6$ SUR MHFW WKDW LQFOXGHV WKH FRQVWUXFWLRQ � SRVLWLRQV WR EH FRQWUROOHG IRU WKH WKUHH�SDQHO VXEV\VWHP�
RI WKH UHrHFWRU WR EH XVHG DV D WHVWEHG IRU WKH GHYHORSPHQW )RU WKH VLPXODWLRQV� WKH IROORZLQJ GHVLJQ SDUDPH�

c �DQG WHVWLQJ RI GLpHUHQW FRQWURO WHFKQRORJLHV� VHQVRUV� DFWX� WHUV ZHUH FKRVHQ� z  �� � .  ��� c  ����, �� �

w LDWRUV� DQG LPSOHPHQWDWLRQ RI GLpHUHQW FRQWURO DOJRULWKPV� c  ����, � 7KH TXDQWLW\ b UHSUHVHQWV WKH FHQWHUV RI�
� L

,Q )LJ��� WKH SULPDU\ UHrHFWRU LV VHJPHQWHG LQWR VL[ SDQHOV WKH VLJPRLGDO QRQOLQHDULWLHV IRU HDFK QHXURQ� 7KH FHQWHUV
HDFK PHDVXULQJ �P LQ GLDPHWHU� 7KH\ DUH PRXQWHG RQ D RI WKH VLJPRLGV ZHUH FKRVHQ WR FRYHU XQLIRUPO\ DQ DSSUR[�
OLJKWZHLJKW VXSSRUWLQJ WUXVV VWUXFWXUH WR IRUP D SDUDEROLF LPDWH RSHUDWLRQ UDQJH WKDW VSDQV WKH LQWHUYDO IURP ��PP
VXUIDFH� 7KH RULHQWDWLRQ DQG SRVLWLRQ RI HDFK SDQHO DUH WR �PP IRU HDFK SRVLWLRQ� ,Q HTXDWLRQ ��� � C  ��
FRQWUROOHG E\ WKUHH OLQHDU DFWXDWRUV� $ VHW RI VHQVRUV SUR� 7KH VLPSOLqHG PRGHO RI WKH VHJPHQWHG UHrHFWRU DF�
YLGH PHDVXUHPHQWV RI SDQHO GLVSODFHPHQW� $FFHOHURPHWHUV FRXQWV IRU GLVWXUEDQFHV DFWLQJ RQ WKH VWUXFWXUH WKURXJK
DUH PRXQWHG RQ HDFK SDQHO DW WKH FRQHFWLRQ SRLQWV RI WKH WKH VXSSRUW ELSRGV� 7KUHH VLQXVRLGDO GLVWXUEDQFHV ZLWK
DFWXDWRUV WR SURYLGH DGGLWLRQDO PHDVXUHPHQWV IRU YLEUD� IUHTXHQFLHV FORVH WR WKH IXQGDPHQWDO IUHTXHQF\ RI WKH
WLRQ FRQWURO� 'LVWXUEDQFHV DFWLQJ RQ WKH SULPDU\ VXSSRUW VWUXFWXUH ZHUH FKRVHQ� DQG WKH GLVWXUEDQFH UHMHFWLRQ FD�
VWUXFWXUH WKURXJK WKH VXSSRUW ELSRGV ZLOO GHJUDGH WKH LP� SDELOLWLHV RI WKH QHXUDO FRQWUROOHU ZHUH HYDOXDWHG WKURXJK
DJH TXDOLW\� 7KH RE MHFWLYH LV WR DWWHQXDWH WKH HpHFWV RI VLPXODWLRQV� 7KH UHVXOWV RI WKH VLPXODWLRQV FRUUHVSRQG�
WKHVH GLVWXUEDQFHV� LQJ WR SDQHO � RI WKH WKUHH�SDQHO VXEV\VWHP DUH VKRZQ LQ

$ PRGHO RI WKH SODQW LV REWDLQHG WKURXJK qQLWH HOH� qJXUHV � WKURXJK �� 7KHVH UHVXOWV DUH UHSUHVHQWDWLYH RI
PHQW PRGHOLQJ� DV GHVFLEHG LQ >� @ � )RU SUHOLPLQDU\ FRQ� WKH G\QDPLFDO EHKDYLRU RI WKH ZKROH VWUXFWXUH� )LJXUH �
WURO GHVLJQ SXUSRVHV� D VLPSOLqHG OLQHDU PRGHO RI WKH SODQW VKRZV WKH SRVLWLRQ YHFWRU [ IRU SDQHO �� $ FRPSDULVRQ
LV XVHG DV LQ >� @ � 7KLV VLPSOLqHG PRGHO LV GHVFULEHG E\ D RI WKH RSHQ ORRS UHVSRQVHV �GDVKHG OLQHV� WR FORVHG ORRS
PXOWLYDULDEOH VHFRQG RUGHU HTXDWLRQ� UHVSRQVHV XVLQJ WKH 11& �VROLG OLQHV� VKRZV DQ DWWHQXD�

WLRQ IDFWRU RI PRUH WKDQ �� ��� GE� � )LJ� � VKRZV W\SLFDO
� B0 [ � ' [ � . [  % X � % I � ����� �

FRQWURO LQSXWV IRU SDQHO �� DQG )LJ� � VKRZV WKH YDULDWLRQ

RI D W\SLFDO DGMXVWDEOH SDUDPHWHU �ZHLJKW� RI WKH 11&�ZKHUH

.  3RVLWLYH GHqQLWH V\PPHWULF VWLpQHVV PDWUL[�
� � & R Q F OX VLR Q V

0  3RVLWLYH GHqQLWH V\PPHWULF PDVV PDWUL[�
$ VLPSOH DGMXVWDEOH 11& KDV EHHQ SUHVHQWHG WR FRQ�

'  'DPSLQJ PDWUL[�
WURO $635 V\VWHPV� LQ SDUWLFXODU D ODUJH VHJPHQWHG VSDFH

%  &RQWURO LQrXHQFH PDWUL[��
UHrHFWRU� 7KH QHXUDO QHWZRUN FRQWUROOHU DGMXVWV LWV ZHLJKWV

%  'LVWXUEDQFH LQrXHQFH PDWUL[��
RQ�OLQH DQG UHTXLUHV PHDVXUHPHQWV RI WKH SRVLWLRQV DQG

X  &RQWURO LQSXW YHFWRU�
YHORFLWLHV� DQG WKDW WKH DFWXDWRUV DQG VHQVRUV EH FROR�

I  'LVWXUEDQFH IRUFH YHFWRU� DQG
FDWHG� 8QGHU WKHVH FRQGLWLRQV WKH $635 FRQGLWLRQ FDQ

[  9HFWRU RI SK\VLFDO FRRUGLQDWHV �SRVLWLRQV� �
EH VDWLVqHG� DOORZLQJ WKH 11& WR EH LPSOHPHQWHG� 7KH

7KH V\VWHP ���� LV LQ JHQHUDO D FRXSOHG V\VWHP ZKHUH
11& LV VLPSOH EHFDXVH LW DGMXVWV WKH FRHsFLHQWV RI WKH

WKH FRQWURO LQSXWV FDQ DpHFW LQ GLpHUHQW ZD\V DQ\ SDUWLF�
OLQHDU OD\HU �RXWSXW OD\HU� RI WKH 11� 7KH LQWHUQDO SDUDP�

XODU FRPSRQHQW RI WKH YHFWRU [ �
HWHUV RI WKH VLJPRLGV �KLGGHQ OD\HU� DUH q[HG DFFRUGLQJ

,Q RUGHU WR DSSO\ WKH 11& GHYHORSHG LQ WKH SUHYLRXV WR WKH RSHUDWLRQ UDQJH RI WKH V\VWHP� 6SHFLDO FRQVLGHU�
VHFWLRQ� ZH QHHG WR JXDUDQWHH WKH $635 FRQGLWLRQ� ,Q WKLV DWLRQ LV WDNHQ WR XQLIRUPO\ GLVWULEXWH WKH FHQWHUV RI WKH
VHQVH� ZH IROORZ WKH ZRUN RI '�6� %D\DUG SUHVHQWHG DV D w LVLJPRLGV �b � DOO RYHU WKH UDQJH RI RSHUDWLRQ� 7KH VLP�

� LFDVH VWXG\ LQ >�� &KDSWHU �@ � 7KH FDVH VWXG\ SUHVHQWHG LQ XODWLRQV SHUIRUPHG VKRZ VDWLVIDFWRU\ WUDQVLHQW UHVSRQVHV
WKLV UHIHUHQFH LQFOXGHV WKH DSSOLFDWLRQ RI GLUHFW DGDSWLYH

DQG D IDVW DGDSWDWLRQ� DOWKRXJK WKH QHXUDO ZHLJKWV ZHUH
PHWKRGV IRU WKH FRQWURO RI D ODUJH rH[LEOH VWUXFWXUH� ,Q

DOO LQLWLDOL]HG WR ]HUR� 7KH GLVWXUEDQFHV DUH DWWHQXDWHG
S

WKDW DSSOLFDWLRQ WKH RXWSXW VLJQDO \ � 5 LV D FRPELQDWLRQ
E\ D IDFWRU RI �� RU PRUH� DQG DV SUHGLFWHG E\ WKHRU\�

RI SRVLWLRQ DQG YHORFLW\ PHDVXUHPHQWV
DOO WKH VLJQDOV UHPDLQ ERXQGHG DQG DOO SRVLWLRQ HUURUV

UHPDLQ VPDOO� LQ WKH SUHVHQFH RI H[WHUQDO GLVWXUEDQFHV�B\  & �z [ � [ � � ����
$ F N Q R Z OH G J P H Q W � 7 K H UHVHD UFK G HVFULEHG LQ WK LV SD SHU

7KH TXDQWLW\ z LV D IDFWRU ZKLFK VFDOHV WKH SRVLWLRQ PHD� Z D V VX S SR UWHG E\ WK H 1 D WLR Q D O $ HUR Q D X WLFV D Q G 6 SD FH $ G �

VXUHPHQWV ZLWK UHVSHFW WR UDWH PHDVXUHPHQWV� ,Q >�� P LQ LVWUD WLR Q X Q G HU JUD Q W � 1 $ * : �� � � � �
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5 H IH UH Q F H V
>� @ %RXVVDOLV� +� � &RUD� 6�0� � 	 :HL =� � 7KH XVH RI

GHFHQWUDOL]HG FRQWURO LQ GHVLJQ RI D ODUJH VHJPHQWHG VSDFH

UHrHFWRU� � ���� ,QWHULP 5HSRUW� 75����� &DOLIRUQLD 6WDWH

8QLYHUVLW\� /RV $QJHOHV� 0D\ �����

>�@ .DXIPDQ� +� � %DU�.DQD� ,� � 	 6REHO� .� ' LUHFW

D G D S WLYH FR Q WUR O D OJR ULWK P V� 6SULQJHU�9HUODJ� 1HZ <RUN�

�����

>�@ /HYLQ� $�8� � 	 1DUHQGUD� .�6� � &RQWURO RI QRQOLQ�

HDU G\QDPLFDO V\VWHPV XVLQJ QHXUDO QHWZRUNV � 3DUW ,,�

2EVHUYDELOLW\� ,GHQWLqFDWLRQ DQG &RQWURO� � ,( ( ( 7 UD Q V�

D FWLR Q V R Q 1 HX UD O 1 HWZ R UNV� 9RO� ��� 1R �� SS� ������ -DQ

�����

>�@ /X]DUGR� -�$� � 1HXUDO 1HWZRUNV IRU DSSUR[LPDWLRQ

DQG FRQWURO RI FRQWLQXRXV QRQOLQHDU V\VWHPV� � 3K�'� GLV�

VHUWDWLRQ� 'HSW� RI 0DWKHPDWLFV� 7KH &ODUHPRQW *UDGX�

DWH 6FKRRO� &ODUHPRQW� &$� -DQ� � �����

>�@ /X]DUGR� -�$� &KDVVLDNRV� $� � 	 5XPERV� $� � 5HS� ) LJ X U H � � 3 R VLWLR Q V IR U S D Q HO � � 2 S HQ OR R S �G D VK HG � D Q G
UHVHQWDWLRQ RI qUVW RUGHU G\QDPLFDO V\VWHPV XVLQJ QHXUDO FOR VHG OR R S �VR OLG � Z K HQ WK H D G D S WLY H 1 1 & LV D S �

S OLHGQHWZRUNV� � 3 URF� ,( ( ( ,Q WHUQ D WLR Q D O & R Q IHUHQ FH R Q 1 HX �

UD O 1 HWZ R UNV ,& 1 1 
� � � 9RO�� � SS� ������� � 3HUWK� $XV�

WUDOLD� �����

>�@ 1DUHQGUD� .�6� � 	 3DUWKDVDUDWK\� .� � ,GHQWLqFDWLRQ

DQG FRQWURO RI G\QDPLFDO V\VWHPV XVLQJ 1HXUDO 1HWZRUNV� �

,( ( ( 7 UD Q VD FWLR Q V R Q 1 HX UD O 1 HWZ R UNV� 9RO� � � 1R �� SS�

����� 0DU �����

>�@ 6DQQHU� 5�0� � 	 6ORWLQH� -�-� � *DXVVLDQ QHWZRUNV

IRU GLUHFW DGDSWLYH FRQWURO� � ,( ( ( 7 UD Q VD FWLR Q V R Q 1 HX UD O

1 HWZ R UNV� 9RO� �� 1R �� SS� �������� 1RY �����

>�@ 6DQQHU� 5�0� � 	 6ORWLQH� -�-� � 6WDEOH DGDSWLYH FRQ�

WURO RI URERW PDQLSXODWRUV XVLQJ QHXUDO QHWZRUNV� � 1 HX UD O

& R P S X WD WLR Q � 9RO� �� SS��������� �����

) LJ X UH � � &RQWURO LQSXW IRU SDQHO ��

) LJ X UH � � $GDSWLYH 11& IRU OLQHDU V\VWHPV�

) LJ X U H � � $ FK D UD FWHULVWLF E HK DY LR U R I WK H S D UD P HWHU HVWL�

P D WHV�

) LJ X U H � � 6HJPHQWHG 5HrHFWRU 7HOHVFRSH�
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