MECCANICA DEI SOLIDI

ORELOH WHOHRSHUDWHG PDQLSXODWRU
IRU GLIILFXOW DQG KD]J]DUGRXV HQYLURQPHQ\

OHPRULD®1G&5/* (17$1,82/$50%7, %6,/,2%1$

)$%5,=,23,11$ Q*8(/.$28.1* &50,1(35,67(5-
H »6(33%20(2 SUHVHQWDWD GDO 6RFLR FRUULVSRQGHQWH
*LDQFRIF®RHOOTDGXQDQ]D GHO JLXJQR

$EVWWKFHWGHVLIQ DQG VLPXODWLR@RQDUWHQ ZKHHOV UR®

H[SORUDWLRQ DQG H[SORLWDIWRRQHQ QLG MHKUWHL GRQVW U XF WL
PRGHO DUH GHVFULEHG 7KH SWHWHQWY YBIUVLRQ RI WKH
WHOHPDQLSXODWRU ZLWK UHGXFRISHEDSLRIQD LEWWR] DXWRQ
ZLOO EH XVHG LQ WKH IXWXUH DV D WHVW EHG IRU UHVHI
LQFUHDVLQJ LWV DXWRQRP\ 7BE DBERMEQM WRRYLGHG ZLV
PDQLSXODWH REMHFWV WR FRGRROMWIRWDREIOBHNVQODQG WR FLC
DQG SHUIRUPLQJ WKH WDVNVWOBBGHRDLQWHIDBVFWDEOLVKP
RI DQ RXWSRVW 7KH SDSHU XPENWVRA LW OHVD GGNWLRQDO (
LGHQWLI\LQJ WKH FULWLFDO SRMNKLEROMHR OIDH R XDAG WER.V F X V V|
REWDLQ WKH UHTXLUHG PREAODWHDIHY VXLWDEOH FRQWURC
.H\ZRUGV SODQHWDU\ URYHUVH[BRRRWWHE RIQUPY GSODQHWD
H[SORLWDWLRQ WHOHPDQLSXODWLRQ

5LDVVXDMOR SUHVHQWH ODYRUR YLHQH GHVFULWWR LO ¢
PRGHOOL]]D]JLRQH H OD FRVWWPRGRQHGELXR® HQJIJLQHHULQ
SLDWWDIRUPD PRELOH VHPLDXWRSXRPDDRR@HHFL UXRWH S
OXQDUH /D YHUVLRQH TXL GMARUH WRRID qU XQRWWOHPDQLSR
FDSDFLW] GL RSHUD]LRQH DXWRQRRDWDQSHUNXUR YHUU]
VSHULPHQWDUH GLVSRVLWLYL X®RIWRPAR GLQ DXPHQWDUQ}
SDUWLFRODUH PHGLDQWH @f3%YBVWWDJIRWWBPL GRWILWDRQH /
GL XQ EUDFFLR SHU PDQLSROBBHRRLI H® WL HIREBRIJOLHUH F
RSHUDJLRQL QHFHVVDULH DOODH@GRWRWHX]JERQH H DOOD

LQVHGLDPHQWL XPDQL 1HO OMINRD\RL¥FKEIJRQRDGILWAXVVH OF
DOOH WHFQRORJLH FULWLFKIB UD® CSHi UF FROW WIK@BYIHR QD QHFH
QHFHVVDULD PRELOLW] H DIO-OBGOWWHNHILH GL FRQWUROOR

3DUROH FKLDYH EUDFFLR URB®WLBR UR¥RWRBED]LRQH SO
PRELOH

BBEBBBBBBB

'LSDUWLPHQWR GL OHFFDQLFRUSROKWMHRBHUIOR. GEURJJLQR & 7RULQR
,\WDOLD QLFROD DPDWL#SROLWR LW

'LSDUWLPHQWR GL OHFFDQLFD 3ROLWHFQLFR GL 7RULQR
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,QWURGXFWLRQ

,Q WKH ODVW GHFDGH D QXPBEHIOWI WRIELVOHIG URE & VR WZHHQ
DOVR XVHG LQ ILHOG RSHUDWLRQW |RUHDQZLGHQXBGL MR
FLYLOLDQ DFWLYLW\ PLOLWRWDWSRQDWKRD FRWP PRSD FH
FKDUDFWHULVWLF ZDV WKH RGMWQ@WLRQ LQ KDJDUGRXV H!
YRU PRVW RI WKH WDVNV RQONXDU®IGP DWIBGZRREWRIQRP\ |
QHHGHG LV PRUH D WHOHPDQTKMNORD\OR UH VEKIB®/ IR @ WXH L
VSDFH H[SORUDWLRQ EH\RQG WIGH WOKRHR QFORVH¥WW W H U
1(2 1HDU (DUWK REWHBWNGVY DQG FRPHWV ZKHUH WKH
WLPH IRU WHOHPHWU\ DQG FREPWHAGMRIS\HWRRLPRQS WR
W\V\SLFDO H[DPSOH RI WKLV VLWKBSWRRQ WLRD VRN HYYV 0
WKDW UHTXLUH D KLJK OHYHO/ RMAWDRWRBHRMRQGLWKH W]
WHFKQRORJLFDO SRVVLELOLWLERZ R SHEPDW HRQDOWRIHRPG
FRQVWLWXWH DQ XVXDO FRPSURPLVH
$XWRQRP\ LV DQ\ZD\ DQ LPSRUWBQW RISHUDXMLRQHYWQ
SRVVLEOH WR VDYH SUHFLRXW K®PRWKHHVRRKUGMV K XR DD/
SUHVHQW RQ VLWH KDYH PRQHRISHRIUMWIGW RERWYV WR GR
7KH WDVNV D WHOHRSHUDWRWXDYORDD CPHENVWRHSRUIRU |
REVHUYDWLRQ DQG PDQLSXODWMRQ KXKHFPREL DH YD W R
RI JHQHUDO VHQVRUV 79 FDPHHDNQXGYREVERWEWRRQJXL
VHQVRUV WR GHWHFW WKH DWW LZRUGNH RI FRKHG B\W DRWQ R U
*36 LI RSHUDWLQJ RQ D SOIYQAMW WX\SFSOLWMDBVRI /KSEKOGE B
VHQVRUV VPHOO VHQVRUV W®RV GHWHFMYS SRV INHFXORDW F
SROOXWDQWY JHRUDGDU P DB WW RHMRHOUWD HHFWFJUR R GGV
VDPSOHV WR SLFN XS REMHBWWRWRUGQJ ZWW R/ HF® HROJU RDACK |
YLWDO VXSSOLHV WR SHRSOH WUDSSHG LQ GDQJHURXV S
7KH DLP Rl WKH UHVHDUFK ZBUN GXVBGGLBEH® LR ERKWY FS
JHQHUDO SXUSRVH PHGLXP VL]HGHGRZELWK BODWIRUF
PDQLSXODWRU DUP
7KH UHTXLUHPHQWY DW WKH EDVH Rl WKH SURMHFW ZH
*RRG PRELOLW)\ LQ XQVWUXFQYRMWOW DQG VWUXFWXUHC
(DVH RI FRQWURO LQ WHOHRSHUDWLRQ
6LPSOH UREXVW DQG UHOLDEOH OD\RXW DQG FRQVW!
3RVVLELOLW\ RI LPSOHPHQWDMW\N.RIQ®I VEPILHUHQW D
DXWRQRPRXV FRQWUROOHUV WR WHVW GLIITHUHQW VW
x 3RVVLELOLW\ RI LPSOHPHQWDMQ® H IRH FOA RIBIW FAQRV D U
XVH WKH URERW IRU GLIIHUHGQGWWMRIDANVW QIGQ GLIIH
H[SHULPHQWLQJ ZLWK GLIIHUHQW FRQWURO VWUDWHJ
X 8VH Rl WHFKQRORJLHV WKD®DFBIQXEH HDVLO\ DGDSWH:

X
X
X
X
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6XFK GHYLFH FDQ EH FRQVLGHWHEGE. ®ODD FHJ RWRRWSH R
DEOH WR SHUIRUP PDQLSXORWHRRI WHKWNFLVQLEBRQYWRRXC
ZKLFK LW ZDV GHVLJQHG LV WRMW \UMPFOWD P R\ FRXQY\S B EQ
H[SORVLYHV DQG WKH LQVSHMPWLRQ RI WKH VXUURXQGLQJ

)W FDQ DOVR EH FRQVLGHUHKBQODVQM ICHIPRD F VAW RU D C
D URERW IRU /XQDU H[SORUDWRRY D&L® FH[SWRYWUW LR
SHUIRUPHG LQ J FRQGLWLRODLYWQEDDONHAQ BEDEW D QR
EHKDYLRU RI YHKLFOHV GH VUGV W FS IRSW IUDXYOHD W H 0K Q
ZDV GHYRWHG WR VLPXODWH @ KK FEHRR ¥ GR W IRR QWK Bl Q.G WW
LGHQWLI\ WKH FULWLFDO WHFERRO®R MW RVVWKDHW \PXDO\W \ E
PRYH RQ WKH VXUIDFH RI WKH ORRQ

*HQHUDO OD\RXW

7KH EDVLF GHVLJQ FKRLFH GHROGMVZLWKK VERMLPRELOLYV
UHTXLUHPHQW RI WKH SURMBFI\QGVFR R VNURIG WYXE PHFIK B
DV VLPSOH DV SRVVLEOH W R QDG KR UM IDF K L\ & HIHHGO/L IVEKIDON
SUHVHQW DUH EH\RQG WKH PDFBEQRGNMW\ RI RWKHU NLQGV
YROORZLQJ WKH FRQVLGHUDWHR® WMWLSR 2 KWHHHEO VQZ B Ui D
FKRVHQ 6LQFH WKH GHVLJQ RIXMWXFHHEZKEHOKHY PXFK
JUDYLWDWLRQDO DFFHOHUDWLR®KRFQHK H REFRIGA R® ZKLF
DWWHPSW DW GHVLJQLQJ ZKHRMH® WKHK DRRERXDG GRQHVHG
DW WKLV VWDJH $V VWDW HGXEMDRED HWH®I DFVRMQL\FWZUOHRHADL\R |
FRQVLGHUHG DV D FULWLFDOVHRQDEK L@J WKLAK QLRHIORG \ L B (
HVVHQWLDO LQ WKH VWDJH ORPGHQ JWIR) RPQ DI)F W RDDQ H t
SURWRW\SH WR EH XVHG RQ WKH ORRQ
BWDQGDUG SQHXPDWLF WLURKMBHNSH WKHWQ XS/FHER DRAK W k
LV WKH VDPH IROORZHG ZLWKQPXNKRYX¥KHVSIER WIKKHGH V
$SREORVLRQV ZKR GHVLJQHG DQ G ®RILRGHIUAMWLFRGHO S|
WLUHV IRU WHVWV RQ WKHDLORXQ G ZIKQ G DREMH B MW R KRIQDIX W
KRFWHHO ZLUH PHVK HODVWLFQHKHKIOV IRU WKH DFWXDO
7R GHFUHDVH WKH SUHVVXUH R WKH DBERXIQW RQG WF
RYHUFRPLQJ REVWDFOHV VIHUKM ®DDMG YDHEE IGRXWJI M PZKGHBIHDL
ZKHHOV ZHUH DGGHG WR REWDEMN DQ NH PRASS FERWG Wa QAR
WKH PD[LPXP VSHHG IDOOV LQWEK® UQWHBKH FRHELQWE VG HH
UDQJH ZKHHOV VXVSHQVLRQVRDWHD @RW @& WKRH G QVIRV WH
ZKHHOV DUH FRQVLGHUHG YXRIX®GHIQUW HR¥ODOWWUHYJ RX
+RZHYHU WR KHOS LQ REVWDIFRIJHRRYMHBRRIRXIOQG W
JURXQG WKH IURQW ZKHHOV DWHFORFBEW HD IRWH GV RRJ DU
ORZHUHG LQGHSHQGHQWO\ WR IROORZ WKH JURXQG SURI
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7KH ZKHHOV DUH QRW VWHHWHSHD RUJRMHD EHFWRS\ FR!
VWHHULQJ 7KLV VWUDWHJ\ LRRUFRRW L B 8 ULHG OYRZU ¥ W/DXY. MD\I
> @ EXW LV DOVR D JRRG RIQPHRHVNR U (DUWK OLNH HQYLU

,Q WKH SUHVHQW YHUVLRQ R ZKHHHON QDU B HRBHWQDWARGS H
E\ WZR HOHFWULF PRWRUV LREW NRLG W KOH) & KRHGIHD VRRIQWK IRN
RQ WKH OHIW VLGH WKURXJK HXDLY \D UFKU M HDFEN DWQHFW ® L
XQGHU VWXG\ IRU IXUWKHU WHENUR QNURK DWK W K@ KL @QHR W
RI GHJUHHV RI IUHHGRP

7KH PDQLSXODWRU DUP LV PDLRROAHGRIEMHFMS ERW UD V.
FDQ DOVR EH DGDSWHG WR FDWIMNWRRO\G UR O OR QWD B UH
DVVHPEOLQJ ,W LV HVVHQWLID ODQY W KRRGRPERW BER QD ODURY
ZLWK GHJUHHV RI IUHHGRP BW VDKHWKIRXHDERZ DQG RQH

7KH VHFRQG DUP VHJPHQW HQ&V GLWHUBQS\OBWERUP W
HITHFWRUV FDQ EH DWWDFKHRB GHHJ NMAD RGEDUBHR@IR LV
KDQG ZLWK ILQJHUV 7KH WEZR/ IGHRZ U LINVWH DIE RIRW DMWKIHR Q U
D[LV DQG WKH FORVLQJ RSHQLQJ RI WKH ILQJHUYV

7KH WRWDO QXPEHU RI G RH DRJIPWZATH DMV LYQMIGHIR U O K
PD[LPXP ORDG RQ (DUWK RI HGNSRML WIKRQP R KWV HRFWDBQG
WKDW RQ WKH ORRQ D PDVV RILOXOPRWWG HYHGODIQ WBHLPD
ILJXUH PXVW EH UHJDUGHG ZLBMK GRCPUMIDR/@! & HD R M H W.DW ¢
DUP SRVLWLRQV E\ JOREDO HX®DGIVEU MWKFH FIRADM GRHIUD WY
VXLWDEO\ EDOODVWHG 7KHDDKRIOHGHIYVIHHY KO VI WHHG/R D W
$ SLFWXUH RI WKH PRELOH WH®HERSIHUPWHG PDQLSXODWR

S __
JLIXUH ORELOH WHOHRSHUDWHG PDQLSXODWRU SLFWXU
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7KH FRQWURO V\VWHP LV LMSFRQPHIXW B E OH/ IS@D B/ IRILIR. WD
KDUG UHDO WLPH FRQW UR ®ARPG MHFWHK DWKRODWLUF GYLRRZD
Rl WKH HOHFWURQLF V\VWHPD QK$& E&IR BN JQWDHOPRIBUG S8 L
WKDW LQFRUSRUDWHY D 7H[DY 6 QMYDUOXBHRMHIN YRGS '6I3JLWI
DQ $/7(5%$ & FORQH ,, +LJK GHQWLW\WHH{UG BURBWYHPPDEO
W FDQ EH XVHG LQ UHDO WQBMKVRRQWORDF\N X B WILRIW DR
DXWRPRWLYH VIVWHPV 7KH F683 USIDXML 6 R Q WHLLRKY LW KIH WHHW °
LQVWUXFWLRQV ZULWWHQ BA DUKHH \XVTHMH QAMKIRIV®! D Q 8 WADXCF \
H[HFXWHG ZLWK WLPH VFKHKE XOGIMQE\ WYPKH OHQJWK KDV WR

PW Supply
11

PC PC/104
1111

| | PW supply: Power Supply
I |
| EKU |
| ]
I |
| |

PC: PC104

EKU: Electronic Control Unit
FM: Field module

PX: PowerBusX

PowC: Power Carrier

Cx: Power Module Connectors

I I
PowM x: Power Module x

FM(s)

1

| PowM 1 | 1 PowM n |

J)LIXUH &RPSOHWH VFKHPDWLF GWWDNHPP Rl WKH HOHFWUR

2Q WKH )3*$ WKHUH LV WKH ,QKMHGOLHF \I XDRJ 131 FEDHRUFN \
WKDW KDV WR H[HEXWH VR PH) [RSMADDMAL REH/U DYV 5Q U B O/ONHLP
PDQDJHV D ODUJH QXPEHU RIH3WM\RB W2BD\Q KLRURRDW GV XQX
D +DUG 5HDO 7LPH 2SHUDWLQJ &IVWHPNHAGL7]HG WWKDW L\
GHWHUPLQLVP IDLO VDIH VIDXO@ WROHUDQW DQG UREXVW

7KH (.8 ERDUG LV VKRZQ WQVMHV\VEVHPKHQRED WKIHHD U P
VXEV\WWHP KDYH WZR GLIIHUHWWO (BRDUGWHGLKEBWHIBOGLJ
ORGXOHV )0 3RZHU &DUULHU G3R¥HV DIRZ W KOHJ AR Wb WR
Rl HOHFWURQLF ERDUGYV X\VZH®/ KVR/ K WRWIPEW WKH (.8

,Q SDUWLFXODU WKH )0 EORBNRW HEWH® WRUFERGHWLAJ
WKH ILHOG , 2 VLJQDOV ZLWIS WRKH. G.H8Y MY BRD® EGRONM FW I
WRZDUG GLIIHUHQW W\SHV RIWRZEDUBR®XOHW SKEDVEJH
WV SULQFLSDO IXQFWLRQ LN AN R/ K QWKHHU BIRFZHH W IRIR QX80 AW |
SURYLGLQJ WKHP ZLWK WKH QHSHYYPWH Y VJIW B BW RBRZADHPW |
SRZHU DQG GULYH WKH '& PRWRURI DVXG W R HRW. QHOH 3R X
ERDUG ZLWK WKH FRQQHFWRKH ARPPSREHDOPR EUQIBUH DQ
ERDUG XVLQJ OLNH 3RZ0 DUH VKRZQ LQ )LJ
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7TKH 3& LV D FRPPHUFLDO IOREBPHQI&EDRLQW &38 $GYD
yLJ D WKDW FDQ FRPPXQLFWWHRXUWKDQ8,6% lBRVUG
UHDOL]JHG LQ 3& IRUPDW DQWLRIQOYHY IRPHMWMRUR F\RRB XV
FRPSOHWH HOHFWURQLF V\VWHRP PHUH BD O XERDU G VUIR®V R
7UL 0 HQJLQHHULQJ PRGHO +% KH SKXHWG WR WKBSO\ W
HOHFWURQLF V\VWHP

7KH +XPDQ ODFKLQH ,QWHUIDFHU MR VHQGGRMKH WKH
UHIHUHQFH FRPPDQGYV WR WKHWRERWFEQDLY WWHRHWDWY F|
,0(7 UDGLR UHPRWH FRQWURO FR®VROH 0 6 7+25 %

J)LIXUH D $GYDQWHFK<« 3&0 %RBERIOUG E (.8

Connectoer
Group

JLIXUH D + EULGJH ERDUG &W.\@H GLNH 3RZ0 E 3RZ
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W LV PDGH E\ D WUDQVPLWKILWQ JFRQ® DR 0 HFGIQ Y& B JUX®
RI ITUHHGRP

7KH WUDQVPLWWLQJ XQLW LQROXGHMWD®@XPEHU RI \
EXWWRQV MR\WWLFNV DQG D®HORHWHKHFN WWRS EXWWR
D[LDO MR\WWLFNV VPDOO RVHOHRWRUV 2 DWHI UDWON B E O
EXWWRQV PXVKURRP KHDG HPHUJHQF\ VWRS EXWWRQ

7KH UHFHLYLQJ XQLW ORFDWHG \RR WKH IWLRIBREWP R XORH
RI WKH FRQWURO EORFN 'XUHB®RWHPRMW FOWUDWLRQ Wt
D VHW WKH VSHHG UHIHUHQFH M.U QD@ WRR BHRONFIKF & B P

VHSDUDWHO\
E HQDEOH RU GLVDEOH WKH PDRIQUWLF EUHDNV RI WKH 'é
F RSHQ RU FORVH WKH FRQW FRIU P RRIS\D UDDAHIQHU DQG L
G FKRRVH WKH URERWLF DUP FROQ@GR&DVWHDMDH\ MR

PRGH

7KH URERW LV SRZHUHG E\ UHNAKDREDMDEDN HECHUW B UL H
KRXUV RI FRQWLQXRXV DXWRQRPFEAWVIRBHEDWKRQJIJDQSE W
WKH EDWWHULHV WR FKDUJHRWRBPUDHIBURWWOYHBQORS
KXQGUHG PHWHUV LV HVVHQWLDO

&DUULHU VXEV\VWHP

7KH FDUULHU VXEV\VWHP FDQ EWKBRAVHOHBHGWDW\PDG
FRPSRQHQWY WKH FKDVVLXHMKH. MHRQR@GVZWRHDURY \D\ @t

&KDVVLV

7KH EDVLF UHTXLUHPHQWYV LWHWKH FKDVVLV GHVLJQ > @ .
x /[DUJH LQWHUQDO VSDFH WR KRYDDLWBE YDULRXV
FRPSRQHQWYV VXFK DV EDWWHLRGIVF ARG WW B DF XRR W/
DQG WKH WUDQVPLVVLRQ V\M@XPHWHLW KT RUL[HG U
HYHQ DQ K\GURVWDWLF WUDQ@BDVPDRIQPXPRUHRYHU
ZLGWK FP WR DOORZ HQWBV IMWDMHBRVW HOHYDW E
X +LJK VWUXFWXUDO VWLIIQHWUNW®RJ FIRFSGIGEZ W R QG/L11LF
PDQLSXODWLRQ RI KHDY\ SD\GRRG FRYPEILQ®IQ XQHY!
VWDLUV 7KH DLP ZDV NHHSUDMWIRKLIK VWLIIQHVV PD'
X (YHQ LI OHVV LPSRUWDQW W KLU MAHQWERYRPHQWLF
PDVV LV LPSRUWDQW IRU VHYHUD@HUUNDVRQV UH
FRQVXPSWLRQ DQG WKHQ LQF WHKDPV 5 Q B WWKKH W R@IH U
WKH JURXQG HQKDQFLQJ PREL®LA\ RRWQRRVRIQJURXQ
GDPDJHG VWUXFWXUHV DQG PDWIRXY WRVIHKWH WKH V
RSHUDWLQJ JRQH DQG PDNLQJ WKH GHSOR\PHQW HDVL
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7DEOH ODLQ FKDUDFWHULVWLFV RI WKH FKDVVLYV

KHHOEDVH
7TUDFN

2YHUDOO OHQJWK
2YHUDOO ZLGWK

obvyv
ODWHULDO

6WUXFWXUDO JHRPHWU

OD[ VWUHVV

OD[ GLVSODFHPHQW

6WHHO Y%ow(powd®3D
7XEHV

U\

PP

PP

NJ

PP

PP

03D

PP

(| PP PP WKLFN

7KH FKDVVLV RI

WKH SURWRW\BH ZKIHOWGH G HMFHHEBH G L\

VTXDUH WKLQ ZDOOHG WXEHV DQMXHVWBMOR$WDWHYV
HOHFWURPHFKDQLFDO FRPSRRR[®WY HWEGHFWWH FERWRGV
$ WUXVV FRQILIXUDWLRQ PLQ@LPHHVMLHKGQB\L § WV VWRMAX/ Y BIG
DQDO\WVLV SHUIRUPHG XVLQJ FRPPHUFLDO )(0 FRGHV

$ ORDG FRQGLWLRQ FRUUHVSRW ¢IX@EB5 RMRWWM IGHER DN KPIX P Z
DUP DW LWV PD[LPXP HORQJDWDREL B XWKH HHDIMRHWL JKW
FRPSRQHQWYV ZDV XVHG $ GUD/RRH RIFWKHMHWKRYVLV C
GHWDLOV DUH VKRZQ LQ )LJ KDWKN PDHQUGBWDWRIGWLKH

7DE

YLIXUH

5. Gear
Reducer

2. Chain
Tensioner

6. Linear
Actuator

JUDPH RI WKH FDURRHBKDIOQN Kk DAOK HRAPCSIR H Q WWW U
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7KH PRGHO XVHG IRU VWUXRHWXUDO DQDO\VLV LV VKRZQ

JLIXUH ORGHO IRU VWUXFWXUDO DQDO\VLV

$00 WKH UHTXLUHPHQWYV LQ GWHQWW URJDDOWV SIDFHY VD URD \
IXOILOOHG E\ WKH FRQILJXUPWDREQQF BIORNRIRS RXDHQ W& HR WW F
WUDFWLRQ VXEV\VWHPV DUHUGR BN WSHR \DL\E @HR 2/ ® Q\GK DW MR
FHQWUH RI PDVV LV ORZ DQG LFRCSRMY WRWDRLELDKMNOBP W
ZKHQ WKH URERWLF DUP PDQD$X®CPNHYRQIDWLREOMBIG & V |
ZKLOH WKH YHKLFOH LV PDQDJLQJ VORSHY DQG REVWDFOH

7KH PDVV Rl WKH FKDVVLV FIEQ EWLIXU O/KHWWP DO R\WG X |
RU FRPSRVLWH PDWHULDO VODP\VQH DK R I PKWH B 0G WIDLQ'E EZ\L
DQ K\GURVWDWLF GULYH R W UHLYHPRERUW HAL UE\FXWA\QO RFT
LQ WKH ZKHHO KXEV ,Q FDVHXQDD MHFSERW W VR QQ @ IHRYH
ODUJHU PDVV UHGXFWLRQ FNQLEHS B¥KL®NE GVDINWGH LFKWD
DFFRXQW WKH ORDGV DFWXD®OW\HEKRX QW HW K IGV LD DK Q
WHVWLQJ RQ (DUWK ZRXOG EHFRPH LPSRVVLEOH

JURQW VZLQJ DUPV

7KH ITURQW LGHQWLFDO DUPVH EQBD DWW P FRKQVAIGIHFKDUH |
WZR ZKHHOV D VPDOO DQG DKEGDMNURVRMUWHH BUHRMRKXWREGG
WKH IUDPH E\ EDOO EHDULQDW ERHHOD@DFKWBUWKLH/ FHC
PRYHG E\ DQ HOHFWULF OLQHDU PRWYXDMWRU IL[HG RQ WK
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7KH UHTXLUHPHQWYV IRU WKLV VXEV\VWHP DUH

x ODUJH DQJXODU GLVSODFHPHQWY ERWK XS DQG GRZQ

x KLJK VWUHQJWK DQG VWLIIQHVRFFRDW\WROBXODUO\ L

RYHUORDGYVY GXH WR VKRFNV

7KH PD[LPXP IRUFH H[HUWHG BA EWKHHQ OH.YQIH@MXUD WHW X D W |
XVLQJ WKH VWDWLF ORDG RIGWXIHGHRBERW SFOEWDW®HQSDDO
YDOXH RI 1 D VDIHW\ IDNWYRDJLORH WRFUHDVRAKHWKL
PD[LPXP GLVSODFHPHQW RI WK@ BPRBRFPOVHDFWKIDQNMRU KD
JHRPHWULF DVVXPSWLRQV DQIGL Q8 TOX YUDDHDREXHHQ RVIVD ER KW UH

PP $ FRPPHUFLDO EDOO VFWKHDHAWNXDVWRUHWPBWMWM\L(
ZDV IRXQG ,WV PDLQ FKDUDEWHULVWLFV DUH VKRZQ LQ 7

7DEOH ODLQ FKDUDFWHULWWVLFYV RI WKH OLQHDU DFWXDYV

7\SH %DOO VFUHZ
OD[LPXP IRUFH 1
OD[LPXP GLVSODFHPHQW PP
6FUHZ SLWEFK PP
9ROWDJH 9

OD[LPXP OLQHDU VSHHGG PP V

'ULYH DQG VWHHULQJ V\VWHP

7KH GULYH DQG VWHHULQJ V\VRAYHHP DBRCE0 BHD GV BKHWKR E R W
GLIITIHUHQW REVWDFOHV %RVGK SHGGENQRVMOW IGH) LLYRHER W B |
DOORZLQJ VOLS VWHHULQDOL ZK HHWHWHH KPS VE\)GLIITHDHQW

7KLV VWUDWHJ\ DOORZV WK H GHRKULEFIDO M/ RV RH WK UMK RQ Vv
PLQLPXP VWHHULQJ UDGLXV DQQGJPDQLQHVMWLNLIEMUH @ D QF
VSDFHV

JXUWKHUPRUH VOLS VWHHUL QX HRODORIZV WWRH KBUIRL @L W KR
GHYLFH WKDW LQ WKLV FDVUDB Y IORHWY GZEW KO & 3/O/L B BWXB W |
DQG FRQWURO V\VWHP

JLIXUH D 60LS 6WHHULQJUWNRKWHPXH E )J)URQW /HYH
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7KH GUDZEDFN RI VOLS VWHHUHGD QWRPHROYUN ZXWKQJ W
ORQJLWXGLQDO VOLS ODUJHIWWRINQDXVXW OPDLVVEARW V@
SDUWLFXODU WKH ZLGH WUDFNVDW&HVKRUS HXHIG QED V|
QDUURZ EHQGV $ VWUDWH J\HF KD WHGIHWP R Q Y WLUDMM IGHY IR\
ZKHHOV IURP WKH JURXQG ZKIRQ WXUQVQR QLW KD Y B/R WX (
ORVW RI WKH ORDG LV WKXV R & HWUKHID EHDRAHUHEDO LIV[ @H W EK
ORDGHG DQG WKH ZKHHOEDBHRIEF XD\ DIPG G HWH FONLMRQD K
FRQWURO ZKLFK KDV SURYHOQKWR ERSD@®XB\Y JRWRE& CLLWIW
SUDFWLFH LW LV SRVVLE GHDWRXAUFOQWHURD\ WKH PRWLRQ L

2Q HDFK VLGH WKHUH DUH IGYBIPHKMHHOV WPKUHHQ &I ODU
WZR Rl VPDOO GLDPHWHU HP B R WPLRAKIQRIQWG )ILQ DOWHUQD'
7KH GULYLQJ VA\VWHP UHTXLUHPHQWYV DUH

X OD[LPXP VSHHG RQ OHYHO JURXQG NP K

x OD[LPXP VORSH f

x OD[LPXP VSHHG RQ PD[LPXP VORSH NP K

$ FRQVHUYDWLYH HYDOXDWLR QRIPWBEH PDVV RI WKH YH
ZDV DVVXPHG IRU SHUIRUPDQFH MDPDG KDRVLRRH 7K O HOHL
FRHIILFLHQW RQ IODW JURXQW®WLRIQ PYD[DRX® WEHHG HYDO >
DQDO\VLV ZDV SHUIRUPHG LQ PDWWK FRQGLWLRQV
7KH SRZHU QHHGHG WR PRYH WKE URERDNVIDWSH FRQVWD
DLV

3 PJOWLER | "FRE D

7TDNLQJ LQWR DFFRXQW WKH RWLRQ HQFWRHP WKH ZKROH
SRZHU QHHGHG DW HDFK HOHFWULF PRWRU LV

3
$rRwWRO K,

7R PDWFK WKH VSHHG RI WKHRH®HKAWKIHHPNWRWYYHAHGV K
UHGXFHU LV QHHGHG 7ZR2®UHH QHAGBHEH DY WKWL RAZ R
FRQGLWLRQV KLJK VSHHG RQVI@DHRYSHO JURXQG DQG PD[LPX

297
ZKHHO
ZPRWRU

\%
Z|Z:’KHHO

ZPRWRU

W

Wy
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YLIXUH

7DEOH

6FKHPH RI WKH GULYH V\VWHP + &97 YHUVLRQ

$FWXDWLRQ GHYLFH\D WDYLIQUNH

XUHV + WLPLQJ E

ORWRU

I1RPLQDO SRZHU
1IRPLQDO VSHHG
IRPLQDO WRUTXH
IRPLQDO &XUUHQW
9ROWDJH

oODVV

NJ

USP
1P
$

7LPLQJ EHOW

3XOOH\ WHHWK QXP
%HOW ZLGWK
%HOW OHQJWK

EHU

PP
PP

2UWKRJRQDO D]

HWHDHDUEWIL R

&KDLQ V\VWHP

W LrpuU
WVHFRQGDU\ WR VP

DOO ZKH

WVHFRQGDU\ WR OO

UJH ZKH

H O
HO —

7R VDWLVI\ ERWK UHTXLUHPRQWW QY RYWIZDEO®ONW UDWLR
GHVLIQHG EXW LQ WKH ILUWIPEQRVWERMOWE HW DD QYR GVV DR
ZDV LQVWDOOHG > @
JRU LWV WUDQVPLVVERKOWEWHR AMKKNHYQ@OBHFHSWLQJ D V
UHGXFWLRQ RI WKH PD[LPXP VSHHG RQ OHYHO JURXQG

7KH RYHUDOO WUDQVPLVVLRMHFDXEEZH WXPFLYLGEHGOGW QW
&97 VA\VWHP DQ RUWKRJRQDO PHBVQIMHGMEWHRQ JHDU DQC

7KH FKDUDFWHULVWLFV RI

EHOW YHUVLRQ DUH OLVWHG LQ 7DE
7KH JOREDO JHDU UDWLR LXP VSHHOGIBGLQJNWRKD PDJ[LP

W K YRD i/ QV WRIFPS RIDIHPQ WY R1
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'ULYH XQLW PRGHO

$ PRGHO RI WKH GULYH XQLW WDB/KEXROWKXVIKGI WKH E|I
PDLQ DVVXPSWLRQV DUH

X 8QLW HIILFLHQF\ RI DOO WUDQVPLVVLRQ FRPSRQHQW\

X /HIW DQG ULJKW VLGH PHFKDQLFDOO\ LQGHSHQGHQW

x 1R OLPLWDWLRQV RQ YROWDJH DQG FXUUHQW

Xx 7LPH LQYDULDQW SDUDPHWHUYV

7KH VFKHPH Rl WKH PRGHOOHG X¥KUWHPWIKH VBRIZ® LQ )L
JUDSK LV VKRZQ LQ )LJ 7 B HWLV/Q FHODHFHW LLLYFH PFROLRUY  E |
WUDQVPLVVLRQ JHDU UHGXFHHK LFFIOHL Q7 KU R Q W RJMWLMVIL FRRQ
URWDWLQJ DQG WUDQVODWL®XEDUMD @ \HDXERXQMWHE PRI
DSSURDFK

7KH PRGHO G\QDPLFV LV GHVFWHEMIGF B X[V IMD WHWH WK |
HOHFWULF PRWRU WKH DQJXOWKHP®B HQNMUX B ¥R MAK HV R HL
EHOW HORQJDWLRQ DQG WKH YIH@JI $G DO H\RW R QKX P KR QD OWK
WKH VXEVHTXHQW NLQHPDWLF FKDLQ LV DVVRFLDWHG

J)LIXUH 6FKHPH RI WKH GULYH VA\VWHP PRGHO

J)LIXUH %RQG JUDSK PRGHO
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'DPSLQJ SDUDPHWHUV ZHUH HYD & KPHWH 6 HHHWVRD@GQJ V
PHDVXULQJ WKH VWHDG\ VWHFMW F X PR UQ/H HZ&KH 6 KEL W
GHWHUPLQHG E\ WKH YLVFRXVRGD®SWRJ WKRHUDXQHXOBUR:¢
VSHHG

Liverss £ LNy
e tN
Zz

ZKHNHY WKH WRUTXH FRQVWDQW RI HOHFWULF PRWRUYV
7KH YDOXHV RI WKH PRGHO SQUIDPHWHUV DUH VXPPDUL]

7DEOH ORGHO 3DUDPHWHUV

3DUDPHWHU 9DOXH 3DUDPHWHU 9DOXH
5p P. /o A +
N A 1P $ uN A 9V UDG
PR A NJP -s A NJP
Br A 1P V UDG 5; PP
Mio 1P 35 PP
T A NJAP =8 A 1P V UDPG

$OWHUQDWLYH GULYH VA\VWHPV

$Q DOWHUQDWLYH GULYH V\VRGDPF R DI YEHJ GIHEVQ B QH®D W R
UDWLR WR VDWLVI\ DOO WK HURXHHEG DIHST PIDUHPX® WV O
VORSH 7ZR NLQGV RI YDULDEOQIVLEUHDBOGPLDVLRQV :
&RQWLQXRXV 9DULDEOH 7UDQVPLUMMVILROH &OGLXEDVHG
SXOOH\V DQG DQ K\GURVWDWILFH® UBIQASFAIVVH RIQQ VED V H
SXPSV %\ XVLQJ YDULDEOH UDLWLSRW VDR LW R LRRKH 8\ V\
WKH HOHFWULF PRWRUV UXQQLKQQFDOBBEG/XPMQPIKPXP F
HQHUJ\ FRQVXPSWLRQ

&97 WUDQVPLVVLRQ

,Q D SDVVLYH EHOW &97 WK GOH\FWLY HD &N B WW R IX W&H
WKH HIIHFW RI WKH WRUTXH WRKM HE HDG\S O WHI® QBAP MWKW D C
VSULQJ > @

$ FRPPHUFLDO &97 ZDV VHOHFWABPDWRRUZHQJ WR Wk
H[HUWHG E\ WKH HOHFWULF \PRMHRU UHI® LW R PW QM \G L | WHW
FKDUDFWHULVWLFV DUH VXPPPULYHRQLQDMDER VSDOW WI
EHWZHHQ - DQG . 6LQEHD VWWKDMWHRLWKHPWQBLQJ
EHOW WUDQVPLVVLRQ LQLVRLIWE®\ RYQHWADDOOO A B Q IQ B X KDDL
DUH QHHGHG
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7DEOH &97 3SDUDPHWHUV

JHDW XUH V 9DOXHV
3XOOH\ GUDPHWHUpp; PP ZlocLo PP
6SULQJ VWLIIQHVV . 1 PP

%HOW ZLGWK : PP

%HOW OHQJWK / PP

(OHFWUR K\GUDXOLF WUDQVPLVVLRQ

7KH VSHHG UDWLR Rl DQ K\GUR\WVM PHGL B W SDQ WV PR IPHQALR Q
PDFKLQHVY HJ D JHDUV SXPPRWRUD @ M$SHING KRG UWDKIDLF
FRPSRQHQWY GLVSODFHPHQWYV

SXPS
Weur——
PRWRU

$ GLVFUHWH YDULDEOH UDWDRPRD® LESD IR ESXPISQHIGNE\ X
VHYHUDO YDOXHV' &bsGWRSHHW PHFRMHOQWWHG ZKHQ D VSHHG F
QHHGHG 7KH YDOYHV EORFNDUHISE \DHO\MV WZIRGHW R FIVDUFRD
RU H[FOXGH RQH RU ERWK SXPISWHBWGRWR LL &Y N OW SWWKAMHIHDL
FRQGLWLRQ 7KH K\GURVWDBWLRQNLGFUL 3> V@K A DSR BHY LD Q
VSHHG UHTXLUHPHQWYVY WDNLQ®G QUM VD/FARKQ \R QWHKBF W R
FRPSRQHQW OHFKDQLFDO WRWLEBQDX®@LEVSRXPRDW UPHEY LRL
WKH IROORZLQJ HTXDWLRQV

kcurd S 277 Zyek
4 'z

s

ZKHUHYV WKH K\GUDXOWLBE WERZFUDRAH. W SUHKW XUH 1 P
PHFKDQLFDO WRUMKKH DRQJBQGBU VSHHG $ WUDGH RIlI EH\
&97 bQG WKH HOHFWURVWDWEBENUDQVPLVVLRQV LV VKRZ

7DEOH +\GUDXOLF &LUFXLW 3DUDPHWHUV

JHDWXUH & 9(7 H&
ERQWLQXRXV UHGXFWLRQ UDWLR i
(ITLFLHQF\ i

/IRJLVWLFYV i
3RZHU PDVV i
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JLIXUH +\GUDXOLF WUDQVPLVVLRQ VFKHPH

7KH VLPSOHVW K\GUDXOLF W UD® WOHFAMN B QF VARRVKE JL W E R
K\GUDXOLF JHDU SXPSV DQG D@L\ UPRDQW PIRILR. W& HH
FKDLQ WUDQVPLVVLRQ V\VW HKPW KH VRAUFK KIR ZRQ DMK 1D [§ ¥7 VSO +
UHGXFHU DUH UHSODFHG E\ WRHKDK\IEFUDKOLLFWRB FK RQ MWK I
UHTXLUHG K\GURVWDWLF FRPSRQHQWY DUH UHSRUV HG LQ

7DEOH +\GUDXOLF FLUEXLW YHRW XV HR\W 7

&RPSRQHQW 3DUDPHWHUYV
3ULPDU\ 3XPS ' «n FPUHYp S EDK
6HFRQGDU| 3XPS,gp FPUHYp S EDW
+\GUDXOLK ORWRUWrwr FRUHYp S EDW
9DOYHV po; 4 FAWpS EDU

7KH RYHUDOO FKDUDFWHULWPALVAMLARQ WKH K\GUR\N WDWLF

X

X
X
X
X

OLQLPXP VSHHG UDWLR

OD[LPXP VSHHG UDWLR

6SHHG RQ OHYHO JURXQG NP K
6SHHG RQ PD[LPXP VORSH NP K
(IILFLHQF\
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$UP VXEV\VWHP

*HQHUDO OD\RXW
$ VNHWFK RI WKH PDQLSXODWRKHDRIDIPL QVUHKIKZQ HRHQW V
RI WKH DUP DUH WKH IROORZLQJ
x PD[LPXP ORDG NJ RQ (DUWK WWH WHSPRIQWSOHO D W H (
HQG HIIHFWRU LQ DQ\ SRVLWEIRQLIOWDHGHU WRB ®WFDQ
LV QRW IXOO\ HIWHQGHG
x JRRG GH[WHULW\ LQ D ODUJHDERURKEMBFWYV LIQQ RUGH!I
GLITHUHQW SRVLWLRQV RQ WMWRH PIR)YRK V&K H LA KIRIX WUW K
DQG WR LQVSHFW REMHFWVVHYKQOLQ IFRIEWWBBOHVQY LI

J)LIXUH 5RERWLF $UP D PRGHO E SLFWXUH

X KLJK PRGXODULW\ L H WKB @GR WHPER\OLLQV\ VRK H QMM D O
IURP WKH FDUULHU WR FKDQJBQWKWRH®RX®MWHFWRU\
GLITHUHQW WRROV

x KLJK VWUXFWXUDO VWUHQJWK DQG VWLIIQHVV

x ORZ PDVV

7KH FRQILIXUDWLRQ FKRVHQ LALWIQ D@MIUHRSRRRUSKLF

IUHHGRP ZLWK JULSSHU PRXQWHIS WRWD ORRNDWLQJI ZDVV
VKRZQ LQ )LJ
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JLIXUH /ILQHDU DFWXDWRBBVLSRMWMLRIEDUDBHWHKY RI WKH OLQI
DFWXDWRUV IRUKG RRVLWGRQLQJ SDUDPHWIHRWYGRRWKH OLQHDU DFWX

7R DFKLHYH WKH UHTXLUHG PRGXGHGLW® WZXKR DUP 1
VXEV\VWHPV 7KH ILUVW L¥{DREKGHIUWKW R K RXHOHGRP
DQG WKHYB®HERMHH RI IUHHGRP DQG LV DQ DQWKURSRPRU
7KH VHFRQG VXEV\VWHP LV WKHUHQ\G HIEWDFHVWER WPV BWEH
DERXW LWV RZQ D[LV DQG MUUVUSSIHIWLGIUHRMGHG ZLWK ¢

2ZLQJ WR WKH IDLUO\ KLJK QRDE& WRW XDUPRBXVIH OH | W
FKRVHQ IFOQMKEHHIUHHYV Rl IUHHGRP LQ D FRQILJXUDWLR
WKDW RI HIFDYDWRU DUPV WRU UH WK HE WRWLRSEIOD WH
WRUTXH DW WKH MRLQWYV QHKXGHIGDWIR BHHWY ¥ HU\ 100 R DIE
DQG KHDY\

7KH SRVLWLRQLQJ RI WKH DAWWRWRM PLHDWHKWH. W LFLC
VWUXFWXUDO PDVV DQG WKH PDWWRBBVHRINVRI, WKHN D
GHILQHG E\ D VHW RI WKUHHUJWKPMHWHARQG G B UDWH VRH U
IUHHGRP DQG WKUHH SDUDPHWHUV IRU WKH WKLUG )LJ

7KH SORWV Rl WKH DFWXDWRW IRWWGHVDDVY]HBQFWLR(
FRRUGUQDAGDWH UHSRUWHG LQ )LJ D QMBK H. J DV H[DP
SORWV XVHG IRU WKH JHRPEHWRILFDO RSWLPLVDWLRQ RI W



YLIXUH
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JRUFH H[HUWHG EfGNVRH DPWDXIMW RURE IRWRB JOH

GLIITHUHQW YXDOXIRV RI KP K P K P

YLIXUH

JRUFH HIHUWHG ESGWKH DRWIXDWRURQ@R RWEEJIOH

GLITHUHQW YROXHV RI KP K P K P
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(OHFWURPHFKDQLFDO VXEV\VWHPV

$UP

7KH WRWDO OHQJWK RI WKH HRWHUGBEHDEHWIZHHQ RV KK |
FDUULHU DQG WKH PDQLSXODWR,W ICFO\OR RV W KHK RIRGUDMLL |
RI WKH DUP DERXW D YHUW LP®IOHDXIS\S HDI) ® UNPK Bl ERRW DIV |
KRUL]JRQWDO D[LV ,W LV VRIRRPHG RMRVWKHZFD WR. DO ER Z
HDV\ UHPRYDO RI WKH ZKROH DUP

7KH PD[LPXP WRUTXH QHHGHGFWRVURKHQNW KMKBIUPK R X O |
LV ZKROO\ H[WHQGHG DQG WHKH,WHKLFOHI'¥V7RK® D f VOF
GRI LV DFWXDWHG E\ D EUXXR VWRPRWRWRIZLWHPD PD[LP
WKDW GULYHV WKH DUP WK UWRKJKDIVBR 6 MHYRDKHIHD UK HD
UHGXFWLRQ VWDJH ZLWK UDWLR

7KH ODWWHU FRQVLVW RI DU QHDOQY REEHOL Q] HE RXKW
WKH FDUULHU DQG FR D[LD G5 2L MHK MR \D DR HWK I X R/ R S\CROUF
RQ WKH URWDWLQJ HOHPHQWE UMKMHPRWRU LV SURYLGHG E

7KH PDLQ IHDWXUHV Rl WKH D/¥FMWXDRWYLFOE GHYLFHV DUH

7KH DUWLFXODWLRQ RI WKH WKRRO®HW LBHEDVHGE RQ
DOORZLQJ WR ZLWKVWDQG WKHOREZIKUEFWGRQJ PRIRHD WV
ZLWKVWDQGLQJ DOVR D[LDO. B®%G UDEHDULRUFRZADWV> @ $ |
FKRVHQ LW IHDWXUHV FRPSRBFWG G0 ZQ UKL REM FUHRIQO H L
JUDQWLQJ WKH RUWKRJRQD O OFHRRHGLWAL D@ & HDWRHLIEQ QUR C
PLVDOLJQPHQWY DQG IULFW LRIQQ $ U R¥ED HPW HIXQUDL.@ JU DRI G
IL[HG WR WKH FDUULHU ZKLRMWKWWKRWBE®QDO UDFH IL[H

JLIXUH 6KRXOGHU YLHZ DQG FURVV VHFWLRQ
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7KH KLJK VWLIIQHVV Rl WKH EHODWQR @ RO RDODQ DPP L
XQGHU D EHQGLQJ PRPHQW RI QHR O L7ZMIEWOHOHDGV W
GLVSODFHPHQW RI WKH HQG Q#H HHRW R/ H5 E H DR QUK i GARFP S
WKH EHDULQJ KRXVLQJ PXVWDBHRQWWKH R\Y WHWALVG DWXG:

HIWHUQDO ULQJ ZRXOG QRW EHQBYEBEGDULQILVWULEXV
PDOIXQFWLRQLQJ

7DEOH ODLQ IHDWXUHV RIGWKH DFWXDWLRQ GHYLFH IRU
ORWRU 1RPLQDO VSHHG ysp
1RPLQDO WRUTXH | P
1RPLQDO &XUUHQW $
9ROWDJH VXSSO 9
THLIJKW NJ
% UDNH %UDNLQJ WRUTXH 1p
9ROWDJH VXSSO 9
"HLIJKW NJ
30DQHWDU\ JH|D5.LKWIDRG :
OD[LPXP RXWSXW VSHHG USP
OD[LPXP LQSXW VSHHG USP
OD[LPXP WRUTXH 1P
THLIJKW NJ
)LQDO *HDU 5DWLR -
2YHUDOO 6KRXOGHU WUDYHO f
5SRWDWLRQDO VSHHG UsSP
7RUTXH 1P
7DEOH 3DUDPHWHUV RI WKH VKRXOGHU OLQHDU DFWXDW
3XVK )RUFH 1
3X00 )RUFH 1
1RPLQDO 9ROWDJH 9
1RPLQDO &XUUHQW $
&XUUHQW 3HDN $
,QSXW 3RZHU
"HLIJKW N[J
BWHP /HQJWK PP

7KH PDLQ UHTXLU¥BHR W LRUDWKBI@JIBHLIRU DQJOH
EHWZHHQ f DQG f 7KH PDLRIIWBEWXVHR R) HD VK RHXZ

PP SLWFK QRQ UHYHUVLERHQOLMMADE DFWXDWRUV DUH

7R REWDLQ D KLJK VWLIIQH\D\G A DBAVDUDHNDLGRH GV WHI YOMMNP L

RI VWHHO VTXDUH WXEHV ZLWKOWXWH XNOHG IRIWHWBEG P
FKDVVLV
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7DEOH 6WUXFWXUH IHDWXUHV RI WKH DUP
8SSHU $UP 6 W[UXFHOWDHD OHQJIWK PP
2YHUDOO ZLUGWK PP
0DVV NJ
ODWHULDO |6WHHO Y%ow(pow® 3D
BWUXFWXUDO JHRPHWU\ 7XEHV [ PP PP WKI
0D[ VWUHVY 03D
0D[ GLVSODFHPHQW PP V[HH )LJ
/RZHU $UP 6W UX¥FMUXUBIO OHQJIWK PP
2YHUDOO ZUGWK PP
0DVV NJ
ODWHULDO |[6WHHO Y%ow(pow® 3D
BWUXFWXUDO JHRPHWU\ 7XEHV [ PP PP WKI
OD[ VWUHVYV 03D
0D] GLVSODFHPHQW PP

7KH WRWDO OHQJWK RI

7KH

WKH ZRU P WD VW HIPEHIWVGHSG LQ
WKDW LW LV SRVVLEOH WRDKIDQUGRPO® WRKG SOCPWDIMSIREMHFW

ILUVW HOHPHQW LV WKHQ EXXRQ MWL W IGD Q MU ¥ H AR/

VPDOO WR HQKDQFH GH[WHUG&WR ZHKWH MDHRMI WKW Rl RESHU

DQG

PP UHVSHFWLYHO\

7KH VWUHVV DQG G\QDPLF DQROPHGE RVLWKHWBHP ZDV

VDPH )(0 FRGH XVHG

PD[LPXP ORDGLQJ DUH VKRZQ LQ )LJ

JLIXUH

IRU WKH KD ORIDHU FRR & LPRIGHDY O R G

/IRDG FRQGLWLRQWUP ORZHU DU PSSEHUXBSRU
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7KH PDLQ IHDWXUHV RI WKHHYWUKXEMXUR RDEVKH DUP DL
7KH PDLQ UHTXLUHPHQW IRUQNKHROPRUODN DQ DQJIJXOD
EHWZHHQ f DQG f 7KHWZARE RZ QNDLF WKW MIHVEREN Z L W
WKH VDPH FKDUDFWHULVWIKRXRGWHH7TMEHY XVHG IRU WK

J)LIXUH (QG HIIHFWRU D WRORUBUVYW\R®@ GHYUAMV

(QG HIITHFWRU

7KH XSSHU DUP HQGV ZLWK DQsW O BWGRHPMAHWVFRVRKNVFRKD®L EIH
DWWDFKHG 3RVVLEOH HQG HIMRWRDY S QEMEHEGEN D RADRRX
OLNH D GULOOHU YLGHR FDPHWB YV 2IRQ\ IWKAS HIEUWM W (R G B\
FRQVLVWLQJ LQ D ZULVW DQGHVRHULBIBEUKHWE 7KB LV
PHFKDQLFDO VWUXFWXUH RI WKH ZULVW LV VKRZQ LQ )LJ

JLIXUH :ULVW PHFKDQLFDO VWUXFWXUH
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7DEOH

ODLQ IHDWXUHV RFM\NKH ZULVW DFWXDWLRQ GHYL

ORWRU 1RPLQDO VSHHG Jsp
1RPLQDO WRUTXH P1P
1RPLQDO &XUUHQW $
9ROWDJH 9
THLIJKW J

% UDNH %UDNLQJ WRUTXH P1P
9ROWDJH 9

30DQHWDU\ JH|DRIXWMDRS
OD[LPXP WRUTXH 1P
THLIJKW J

7LPLQJ EHOW | 7UDQVPLVVLRQ UDWLR :

2YHUDOO 7UDYHO f f
5SRWDWLRQDO VSHHG USP
7RUTXH 1P

7R URWDWH WKH PD[LPXP ORDG HFFNQWIUBVWNMG ZLW
EHWZHHQ WKH ORDG FHQWUH RIVPRIVWKOH GUWKW BRWDWL
PP D WRUTXH RI 1P PXVW EBRWNKDWHG EAKIH ZWXVRK '&V
PRWRU ZLWK D PD[LPXP WRUTXHJRXJK 1S OBRGHWMDRWHG V
JHDUKHDG ZLWK DOXWWLRXUWKHU UHGXFWKRQ VWDJH RE)
D WLPLQJ EHOW ZIKWKPODDMWIXP WRTXH DW WKH ZULVW L

1P 7KH PDLQ IHDWXUHV RI MAH 22U W HERNUXDHVGL RQ C
7DE 7KH JULSSHU SURYLGHG DIQMGK ORQEBMHURQHWXS
PRYLQJ VLPXOWDQHRXVO\ ZDVWVHGQGMVNIQIBE® WRREMHFON G
LV SRZHUHG E\ D VLQJOH DFWKPMUIRQL IV & HPHRAHWD\ WBRF
XSSHU ILQJHUV WKURXJK D '& BEOXMKDBRWRG DEGRLWKR
WLPLQJ EHOW 7KH ORZHU ILQFWOWLW RH REHU ZWHIGOW KU |
ZLWK UDWKR PDLQ IHDWXUHV RI WKBEV\VWHP DUH UHSRU\

7KH PD[LPXP WRUTXH H[HUW RQLWKH QL QI HXWY DLWV 1P
YHORFLW\ RI USP DQG D PD[URXIK RIHQEQIFKH WKH ILC
HOHFWURPDJQHWLF EUDNH FDXF K [GHHVWI HDU WARKUDTX W R D W 1R
WKH PRWRU WKH JULSSHU PDEHIR WD RWDAIWQGHWR RJ DR
WKH REMHFW WR EH PRYHG DQ@GQGOGMWMKHD PXNFK QWMHPIHWD FC
ORDG

&RQWURO RI WKH WHOHPDQLSXODWRU

7KH LVVXH RI WKH FRQWUR OVKIE &KL @ B G LISX @RE RWH FB Q
DQG KLJK OHYHO FRQWURO 7PKSHD HR H BKWD \8 HPD® \R 1Z MVKK W
EDVLF FRQWURO ORRSV QHHGHRUWR PREFRIQMOIFRKO B IGF DI L
ZKLOH WKH ODWWHU FRQVLVWWUDQB JRRAKHD EBPWE ML RO ¥
NLQHPDWLF LQYHUVLRQ
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7DEOH ODLQ IHDWXUHV RHWIKHAHYULSSHU DFWXDWLRQ G
ORWRU 1RPLQDO VSHHG Jsp
1RPLQDO WRUTXH 1P
1RPLQDO &XUUHQW $
9ROWDJH VXSSO 9
"HLIKW N J
%UDNH %UDNLQJ WRUTXJH 1lp
9ROWDJH VXSSO 9
"HLIKW N J
30DQHWDU\ JHDWXWMDRS
OD[LPXP WRUTXH 1P
*HDUV WUDQVPL/WWRR
2YHUDOO 7UDYHO
&ORVLQJ USP
7RUTXH 1P
JLIXUH 3," VWUXFWXUH

IRZ OHYHO FRQWURO

7KH ZKROH PDFKLQH KDV '& HWXVRIPARWRGRPIRW L&HJU
SRVVLEOH WR VXEGLYLGH WKXV@&H EHHHR/Q RIU RIHHHE®R R QUK
WZR JURXSV WKRVH Rl WKHIEDVWLHWHFWQRQRPO &R G VWUV R
8QLW DQG WKRVH Rl WKH URERARE®@DBEPHRQWUROOHG E\ '

'"HVSLWH RI WKLV VXEGLYLVIURYKVEQFRWRMUY PRWIRUV O
VDPH NLQG RI ORZ OHYHO FRWW WRK®M LHO HFES\OHRRH.FWAHRE® WQ
XQLWV 7KH ORZ OHYHO FRQWWR® V. ALYOMHKHHODDNFIGH UR Y H® F
DQ H[WHUQDO VSHHG ORRS SD:XQ G@D @ KLH) WRIQ\W D ROF X H U M DR\
URXWLQH LPSOHPHQWLQJ WK H\WS FREOMOURIKDG ORRGR SVKHV  Z
'63 7KH '63 GHYLFH JXDUDQWUHPNQFMHYG UHDO WLPH SHUIF

7KH VHUYLFH URXWLQH PXVWDONFHQ YR RBHWHR WBRY B C
WKH FRQWURO ORRSV )RU WKHIVUSBIFE ©RRED W K HJ RIPUW Ky
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+0, DQG WKH IHHGEDFN VLJQDUHIURPFNKGJHRQKRGHU %*t
FRQYHUWHU RI WKH HOHFWHGRH I/ ERLDDU ROV XQ E WR WWK W K
J)LHOG ORGXOH VWDJH ZKHUH LRQERQ ZDWHRBRIBUB\ D KHR Q¢
HQFRGHU VLJQDOV PXVW EH BWRPHVIHBSEUDNQ RBQ ,W WHIC
)3*$ )LHOG 3URJUDPPDEOH *DWH $UUD\

7KH VSHHG ORRS FRPSDUHV WKKH HOQHFIRIGHQ PH.MADQDO
SURGXFLQJ D YHORFLW\ HBURAR QMWQORDMOW K DMK DW | HHEGQW B C
WKH FXUUHQW FRPPDQG 7KH ODNMUNHBH LPROOMIPGID WIHVG F
SURYLGHG ZLWK WKH DQWL ZD®RB LGS WKHJ B WBHS \DIUR RYG H
SKHQRPHQD DQG WR OLPLW WKH FRQWURO FRPPDQG

7KH LPSOHPHQWHG 3, FRQWURDOBHQ® KBWHKFWXWDQG
)LJ 7KH DQWL ZLQG XS DVDHGV VRIQID@ENW \WIRV W.IQRV H J L
SDUDPHWHU %\ WKLV ZD\ NMPWIRQ WG i HWY K HQERW MU R O
WXUQV IDVWHU LQ LWV QRUPDO ZD\ RI ZRUNLQJ

,PSOHPHQWLQJ WKLV FRQWUBBOMR NBNUKPWKH W ZRV L\
FRQILIXUDWLRQV 3, DQG 3,DO 7HHXDMQHRUDD G H/IFIUH B HQ W W |
3," FRQWUROOHU LV

XsunvBlvl X W X W X W

ZKHYH WMV WKH 3," RXWSXW X WLRUW KD WERBOMUWDRQDO
WHUPWLY WKH LQWHJUDO WHUP ZOQWKWYMVWXKIDWLRQ FRU
GHULYDWLYH WHUP

7TKH SURSRUWLRQDO WHUP LV

X W W
7KH LQWHJUDO WHUP LV

XW = BH[GL N XW Xy W

L

ZKHQHYVY WKH LQWHJUDO WLPHNLWWKIE,S FRQMHMRIOW MR D!
DGMXVW WKH DQWL ZLQGXS IXQFWLRQDOLW\
7KH GHULYDWLYH WHUP LV

G v
GW

X W 7g

ZKHWHYV WKH GHULYDWLYH WLPH RI WKH 3," FRQWUROOHU
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7KH ILQDO H[SUHVVLRQ LV
G NV-
GW

8VLQJ /DSODFH WUDQVIRUPVL@WR DBERXQMWNVWRKWD @\ N
ZLQG XS FRUUHFWLRQ EHFRPHYV

Xeou N HW — 3L G Ny XW Xy 7o
© L

a o
« »
PRY; « Vd »
N V7 s 7 »
« S V<] >

& © 1 G i 274

7KH LQWHUQDO FXUUHQW QR\R8HYVRURYBIKY EGDQHIDW R HF R (
H[WHUQDO VLJQDO WKDW WG®R VWHWXIHF F RORKWR@ HD RRISH GRK
VLIQDO PXVW FURVV WKH 3RZHAKERQU WHKHI $3REQY BHVRIB U\
SURGXFHVY D FXUUHQW HUURRS RUWNQRQ D/OK BW HIU DA WHR
FRQWUROOHU WKDW JHQH U DNMKHHV 3WOK A RGVWRN\ G URLOYHH LY W R DY
FRPSDUHV LW ZLWK D WULDQJXDM®S R YRIE R LA VDK VD XUDLH
ZDYH VLJQDO DV UHIHUHQFH XROW WEHWF %KV GIKHSRR B W PJRH
FRPPDQG IRU WKH DFWXDW RF\¥ GH SHOEVOWK XV RQ WKH GX

7KH 3, FRPSHQVDWRU LV SURY3 G/MQU ZWWK\ WIQHE DYWL Z
LPSOHPHQWHG LQ WKH VDPH ZDU HWL RKWHOS ,GARPS HBN® W R

7TDEOH /IRZ OHYHO FRQWURO V\VWHP SHUIRUPDQFHYV

&DUULHU

&XUUHQW ORR|S EDQGZLGWK 6SHHG ORRS ED(
7UDFWLRQ PRWRUV +] ]
JURQW VZLQJ QUPV +] +
$UP

&XUUHQW ORR|S EDQGZLGWK 6SHHG ORRS ED(
VG R I +] +]
¢GRI +] +]
YG R I +] +]
G R I +] +]
Y'G R | +] +]

JRU WKH OLQHDU DFWXDWR UYGRIRW KW K\HZ RQH D IRR WK\ W
°DQEG R 1 RI WKH DUP WKH 3:0 LV$ WKOHHANHQWRIG RQ WK
D VSHFLILF ,3 )RU DOO WKH RW KHD O8 |HFEWRQ V6B KEN 3:0
VHWWLQJ VRPH 3:0 GHGLFDWH®IUHRISUWPHQWIZ&BH \GKAEHV\
VDPH IXQFWLRQ LQ WZR GLIIHUHBDGW IMXPVWGHSHWE&NVRQ
DSSOLFDWLRQ ERWK '63V PXVW RDOBJIB3PRRV HPRWRUV Z|
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PD[LPXP QXPEHU RI , 2 PDQDJHDEGIDVRIQY MRPH )RU WK
IXQFWLRQV OLNH 3:0 GULYLQJ KDWKH B3H) ZRBOHPHQWH
SHUIRUPDQFHV RI HDFK PRWRORZRBWPHQHBGR WWDQ RV DR
GHVFULEHG LQ 7DE

+LJK OHYHO FRQWURO

7KH GLUHFW DQG LQYHUVH NLRHPDRMAGFGNPHIWBHWLRQV
VLPXODWLRQ PRGHO DQG WKHHFHP WR QW QRWOK\ W WHW WI\RD

'LUHFW DQG LQYHUVH SRVLWLRQ NLQHPDWLFV

7KH PRWLRQ RI WKH URERW DA GDQ@ ED\DHQ DE\WHE ERHD V
IUDPBH SOV UHIHUHQBHWIRIDHDHAK OLQN WR REWDLQ DQ R
WUDQVIRUPDWLRQ WKDW U&DWDWHIWLYE H/ SIIRAKD W R\RIIDGAH BN
> @

7KH FXUUHQW &D S WHW LLDHD B WHIGVWRQW KH FXUUHQW YDC
MRLQW YDULDEOHV E\ WKH BRUZDUG NLQHPDWLFV IXQFWL

SW a4 Tay

ZKHWHWLY WKH YHFWRU FRQWDLQLQIRWKBQ&DUWHVLDQ
RULHQWDWLRQ RI WKH ZULVW

SW YW \W W EWEW EW@

WKH WKUHH DQRDHEH LGHQWLILHG DV WKH (XOHU DQJOH
SLWFK \DZ DQJOHV 7KH MRLQW YHFWRU

TW > TW 7W 7TWQ@

FRQWDLQV WK HDMRYQI YIHFMDORIY YDOXHG IXQFWLRQ FKDUD
WKH JHRPHWULFDO SURSHUW IWR/URE RQKHI OWPW ZK@ BPRGL
FRRUGLQDWH GHVFULSWLRQLUH VFKHPDWLFDOO\ VKRZQ

'LUHFW NLQHPDWLFV RI WKH DHUPDIYV VG H B BWHMEBHNYLQJ
SDUDPHWHUV VKRZQ LQ 7DE

7DEOH ODQLSXODWRU 'HQD Y IDAD DWW HNQERIAY 1S DHEG FOHVDH WK V
/LQ N L D L G N
E D W
D W
D W

7KH DLP RI WKLV FKRLFH LV WARR XWHHWDHYWDQ GIRU G WPTHAW
FRRUGLQDWH IUDPH ,Q WKLV RPRQ WHPWMRU HD¥KRIQRPR J
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JLIXUH ODQLSXODWRU &RQIGEIXBDWIWORMPOG FRRUGLQDWH

HT LV UHSUHVHQWHG DWUD QVRRGJ)FDWRR QR XU EDVLF

§ 5RW " 7UDQ@V G T{UD@V, D 5RW
ZKHUH

afF 7: V7L' 0
sRwr T FT )
RL L « »
7
a o
« »
Tupev s 2
« »
= Ya
a Q o
« »
7UDQV O »
L « »
« »

- Ya
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a )
shwp < FR VR )
L « VQ FQ »
« »

- Ya

,Q WKLV FDDMHGVYFDUH XVHG LQVWHDG FRRWWRL Q
VLPSOLI\ WKH H[SUHVVLRQVREWD LGLHIG PW WIKGHS D RG X FW. \
KRPRJHQHRXV WUDQVIRUPDWLRQ PDWULFHV > @

$ S usus
ZKHUH
aF T V7T oo
< »
$ T ((\/ T F 7- »
« D »
« »
- Ya
BFT VT D Freo
( »
s 1 T FT D V7T,
« »
« »
- Ya
BET VT D Fro
< »
s T VT FT D Vvr)
« »
« »
- Ya

)LQDOO\ WKH FRPSOHWH W U D@V VWRKH B\R VR @ LFROQV D Q[G
RULHQWDWLRQ RI WKH ZULYMHZIBBRHW HVSHFW WR WKH

HI<S
UH
*ET FT T FT VT T VT ® FO F®, T

« »

T FT T VT VT T FT 2T FO F5

VT T FT T D VT 7D V TD,
« Y,
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7KH LQYHUVH NLQHPDWLFV SURPWHR QYHRTXWKHVH@Y&H W
HITHFWRUV &DUWHVLDQ VSDFHVERRGGQQDWRH\D W QWSD AHK
FRRUGLQDWHYV

TW B SyW

$VVXPLQJ RQO\ WKH ILUVW WKUHRKM GHREQBEIHVKH DUP )l
EH FRPSXWHG E\ SURMHRWLWQKHVEB DRH. J£ @ R@

T Duﬂvj
©[F 1

7R ILQG WKH RWKBQGYEZRHIOIOM GIRWVLEOH WR FRQVLGHU \
SODQH IRUPHG E\ WKH VHFRKRZQQGIWKH WKLUG OLQNV D\

JLIXUH 6FKHPH SURMHFWLRQOR@QWR W®&HE SODQH IRUPHG

7KH VROXWILWRQ IRU

u Vv D D
DD

F7

ZKHUH
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u I ) G
Vv ] G
§ !
T DUE—Q{’;,
© 1

6LPLODWVONLYHQ DV

V. & DVT _°
7 DURWI  DOFwW3
Ui SD BT oy,

'LUHFW DQG LQYHUVH YHORFLW\ NLQHPDWLFV
8VLQJ WKH YHORFLW\ NLQHPDW®ILIFMUBQWR IFR MRRGI®D ADL.G ¥

WKH MRLQW T WIFIDH) VEXHBGQNHG WR W KO/ BDUWKHWMLDQ RQH
-DFRELDQ PWWUL]J

SW -2 Ty T w
6LQFH LQ WKLV FDVH WKH QKFAEGKPEHWMRIQWSDHREN DQ
FRRUGLQDWHV LV WKUHH FRRQ®LQW WH VSRVWWURE D
-DFRELDC -s5T W/ @HO O'WW QUWK WKH &DUWHVLDQ FRRUGLQD)
EHHQ FRQVLGHUHG
X a
[s W

K
S

X X X (Z

[ W \ W % w

7KH -DFRELDQ PDWUL[] IRU WKLV VWUXFWXUH LV
s S s ] s s ] s@

ZKHUH

ao a o aDF7 F7T ©
« » « » « »
S S s DVT FT

« » « » »

«y, Ky, «DVT Dy,
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*FT3 FT DFT T
« »
S JTAaDFT DFT Ty

«

»
« DVT DV7r T D%
a o ayr o

] KL » ] « »

(())] FT

« »
< 9, <oy,

ay7Tap FT DF 79, FraD FT D FT Ty, D FT VP T
« »
-« FTPFT DF 79, V72D FT D FT Ty D VT Vi T

«

»
& DFT DFT T DFE T Ty,

7KH VLQJXODULW\ SRLQWV FBQPER DRWORBDOHWRVLQJ WKH
JHUR

GHW DD TY¥ DT F DT FT9,

7KLV JLYHV WKH FRIQEBLWIRKY DUP LV LQ VRQJIJXODULW\ ZK¢F

E ,Q RUGHU WR REWDLQ WKH LOWKHUBBIWRHORFLW\ NLQH
PXVW EH LQYHUWFHG@ZKHQ GHW >

TW-¢23 TYyV S W
'XH WR WKH IDFW WKDW W KHH G/HLPRHIEG ED QDG QUKD W ® RVRX QWIF
WKH UHODWLRQVKLSV EHWZHH\Q RIK 1 QIEF WXCHN RIR\L QUL Q
URWDWLRQD O GBRVAWAL FE FRPSXWHG $ VLPSOLILHG VFKF

WKH DUP VHJPHQWY DQG WKH BHERPH®WULB SDUDPHWHU)
7KH IROORZLQJ HTXDWLRQVQUDHODPMMHNMDO BPOGEMDU ZLWK URW

G 6 N K FNK
Gy N K NEK | G

G 6 3 K F3K D
G, J 3 K BW D, G
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3 VN G

D DUF-§—\NJ

©G -1

7KH H[SUHVVDR@GBURU

*G, G 3

T D UFERERM » D
« 3 K »
- Ya
*G, G N

7 DUFERM » D
« N K »
= Ya

7R FRPSXWH WKH UHODWLRQVXLGMDEHWIHHE@ DUKG UKW X
MRLQW URW DWWRI@®W SMKHE VXQFWLRQV WKDW WUDQVIRU

VSHHG LOQWR URWDWLRQDO V3 HHS WIDRH EGH B EWDW DKV WRK
WKH IRUPXODYV DERYH

a X
S« T K3v T N
«/3 K 3R T D,
a X
L.« T KNV T N

YN K OKNT

7KH H[SUHV¥ LR QQ/GRWD UH

X E;Y\/ 3 K FK7 D
T
K3V 7

X GX Y\/ N K KFN
T
K NV 7

6LPXODWLRQ ORGHO GHVFULSWLRQ

7KH DLP RI WKH SUHVHQW P RGHWKIHY EW R DMLPROCOD W IH WDKHG
PDQLSXODWRU V\VWHP VSHRUKIH NARERWKH NU B HRDAN WHMH
FROQOWUROOHU GHVLJQ
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YJLIXUH

33.K $.8 5LJLG $UP" 6LPXOLQN ORGHO

J)LIXUH 5HIHUHQFH JHQHUDWRU EORFN
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JLIXUH 7KH 30DQW EORFN ZLWK LWV SDUWYV

7KLV PRGHO )LJ GHYHORSHG BYWKOWK®GHI RPPHU
VRIWZDUH SDFNDJH 0$7/$% 6LPXOLRINLGVSBBPOOH 5 3.K $
DQG LV D SDUW RI D IXOO\ LQWHIUDOXIEE VH®K HURQP
VLPXODWLRQ LWVHOI DQG WKH VDVVBHBLWDOG:DUH (
UHFRQILJXUDEOH SODWIRUP IRQGKDBW XWDMDLAR @/ LF KHFR Q
VIVWHP KDUGZDUH LQFRUSRUDWEY DLIHWMDWO ,QVWUXPH
6LJQDO 3URFHVVRU '63 DQG DIXK $GHGYLEF QRO ,, +L
3URJUDPPDEOH *DWH $UUD\ )3*$ > @

7KH 33.K $.8 5LJLG $UP" 6LPXOLQNJPRGHQYH VK1ZQ LQ
GLIIHUHQW EORFNV FDQ EH UHFRJQL]HG

30DQW EF&ERWNEORFN GHVFULEHV WKH BE@WRLIFF E IKDYLR

PDQLSXODWRU ,Q SDUWLFXGHUWRH LSO BRW EB®! : NVRQW.

WKH IROORZLQJ SDUWYV

x $FWXDWRKUYV SDUW LPSOHPHQWYV WKHQPRGHOV 'l '& P}
DFWXDWRUV ,W WUDQVIRUPW RP HEKNH LFROIONV VI DO DOV
EORFN LQWR SK\VWLFDO TXDQWKWYHRXXVRGWKA PRGLI
VWUXFWXUH

X B6WUXFW)KWM SDUW LPSOHPHQWV D PHFKDQLFL O PRG
6LPOHFKDQLFV 0$7/$% WRROER[ ZDXHXVHG \'R WU
BROLGZRUN PRGHO LQWR WKH BLPXOLQN PRGHC RI WK

X 6HQVRMKLY SDUW LPSOHPHQWYV WKW PRGHO R WKH I
HQFRGHU VHQVRUV ,W WUDQXRUWVWWKM BRPL FIDO R
IURP WKH VWUXFWXUH LQW RVPHDVOWDEOH HOH ‘WULFIL

&RQWURO VEIOIRFNEORFN SURFHVVHV WKWKHQIRUPI WLRQ

30DQW EORFN WKURXJK W KWK H@SHQV R/UYQ DPSOFPR @W M UR
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FORVH ORRS FRQWURO DOJRULWBEKRUVDRY WRHUDWHY
$FWXDWRUV 7KH PDLQ SDUWMIRI WKH FRQWURO EOREN I
x 3RZHU OR®WXOWM SDUW UHSUHVHQWVFMKWHWG.JQDO SRZH

WKH GLJLWDO FRPPDQG VLJIJQDOV FRPQ®J IURP WKI

ODEHOOHG &RPPDQGV! VLPXODWHVD@WXH + EULGJ
JHQHUDWHY WKH RXWSXW YRB@YWJHNWWBWRRYWURO
9B"!

x )LHOG ORWKDW SDUW UHSUHVHQWYV WKW IMLJQDO FRQG
QHFHVVDU\ WR DGDSW WKH +DOW DQDQ@RJIODEB O®HGEG WL

+0,! DQG WKH HQFRGHUV GDIM®O(YERQEOV OLQH
vLJQbov! YROWDJH UDQJH WRUIV&HH (.&: , 2 YROW
VLIQDOV!

X (.8 EORMNKLY LV WKH SULQFLSDO SDUW RI WKH &RQW
DQG LV SRVVLEOH WR GLVWH®JXLVK WKUHH GLIIHUHQ)
X )3*$ WKLV GHYLFH FRQWDLQV WZR ,QWHOOHFW
ILUPZDUH URXWLQHV 7KH ILUWMWQRD@Y JHQHUDWH
IRU DFWXDWRUV FRQWURO ZMVYOMKWKH VHFRQCGC
HQFRGHU VLJQDOV DQG WUDQWMRUPYV WKHP LQ
VSHHG VLJQDOV
X '63 WKLV GHYLFH LPSOHPHQWY WKH PRWLRQ F
5RXWLQHV 65 6LQFH DOO DFWERRMRM\ DUH '& F
DQG FXUUHQW FRQWURO ORRSDRRV EHHQ LPSO
RQHKLY FRQWURO VWUDWHJI\ DOORZV WR GHVL
LQSXW UHVSRQVH DQG WKH FORVHG ORRS
LOQGHSHQGHQWO\ 7KH ILUVWWORRSRSEY DQ H[WH
FORVHG E\ RQH HQFRGHU RW SURGXGHVY D YHO
WKDW LV IHG WR D 3URSRUMLBQDO ,QWHJUDWIL
FRQWUROOHU WKDW JHQHUDWH¥RWIGH FXUUHQW
ORRS LV DQ LQWHUQDO FXUUFKQWHQRRS FORVH
VHQVRU W SURGXFHV D FXUWGQWR HUURU VLJ
3URSRUWLRQDO ,QWHJUDWLYHVH\ VFRIQWUROOH
YROWDJH FRPPDQG IRU WKH DEFWXDWRUYV
X 3& WKLV GHYLFH LPSOHPHQWINUMKH VHUYLFH U
XVHG WR VLPXODWH WKH NLQHPODLWBHFY RI WKH |
WKLV GHYLFH D 0$7/$% IXQFWLRQ FDOOHG 330
EHHQ GHYHORSHG 7KLV IXQFWWMRKHGUDZV WKH
URERWLF DUP VFKHPDWLFD®OQWHWSUBVHQWHG E
WKUHH GLIIHUHQW &DUWHVLEB BDORHMY ;< ;= DI
RI WKH ZULVW &DUWHVLDQ FRRUGHEDPWHY DQG
RI WKH MRLQW DQJOHV )LJ
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+267 EORFW SURYLGHV WKH UHIHUR@AB DR®RSW VLJIQDO
VIVWHP LPSOHPHQWHG LQ WK N LIPR@W WRIY B\KRIF MO , WKLV |
GLJLWDO DQG DQDORJ VLJQMD AL ¥PIXHY OLQH ODEHOO
30DQW 'LVWXUEDWEKHY EORFN SURYLGHV QRLVH VLJQEL
DSSOLHG WR WKH SODQW EORRI$S D QGN W R UEHIKHDW MRKKH) F C
WR WKH XQSUHGLFWDEOH H[WBUQMHO WLUDPION UXEK D
ODEHOOHG 'LVWXUEDQFHV!

30DQW ORQLWWKLEORFRFN VKRZV WKH VLPXODWLRQ U}
FDVH LW LV SRVVLEOH WR VHI WRIE PRMWREDNSWHG U
VLIJQDOV OLQH ODEHOOHG PRQLWRU VLJQDOV!

$UP &RQWURO 6WUDWHJ\

%DVHG RQ WKH VLPXODWLRQLERGHWR )YBH WKDW MWKBF
+0, SURYLGHY WKH VSHHG UHIFHHUHQHIQ PfHN QB QW UDKMROH V
EORFN D PRGXOH LPSOHPHQWHG/RQ@ MRKIHSTED Q QGA Y IDRHG L
JHQHUDWLQJ WKH WUDMHFW RV DFFIWWW KHP B H B 6 OBPRVRAU B
ORRS UHIHUHQFH VLJQDOV DPQQLQJ VMARUWWB WHFFW RDY FO
LPSOHPHQWHG > @

X -RLQW 6SDFH 7TUDMHFWRU\

X &DUWHVLDQ 6SDFH 7TUDMHFWRU\

7KH ORJLFDO YDULDEOH "&DUWFAVOQK VI/VOUORVAHI\WMRRV ZL
WKH RWKHU

7KH ILUVW WUDMHFWRU\ FROQWUR®LQWFKLW HDFRQV XUH |
LQGHSHQGHQW VXEV\VWHP FRIQ WAKRYOWW UB\WIH O RG-PKV | H
QRW UHTXLUH WKH FRPSXWDMM R,Q RX QWRNHL REIWY HML\OH HL QW P
WDNHV WKH MRLQW DQJXODYH®SE\HW®WKWH+A UHIFE YDYYDO)
WKHP GLUHFWO\ DV WKH VSHRIG HBRRRVMROQQWR R7K UWH INLUQHE,
RI FRQWURO LV VLPSOH PROADU DQG-WREQVIW MRIVWK I
LPSOHPHQWHG DV DQ LGHQWLW\ PDWUL]

7KH VHFRQG WUDMHFWRU\ FRYWQUIRWKHJPRIQW 8§ X &/XWR LD C
LQ D WKUHH GLPHQVLRQDO VSDEBHQDRRYSWHIKWIGBVLUHKGHU
&DUWHVLDQ FRRUGLQDWHYV ; HY DMKGH v SHHE WMMHDWEGBH V
VLIJQDOV JLYHV E\ WKH +0, DFRGJ WHVBERWIRURY LS HHGQG W
FRQWURO ORRS UHIHUHQFHYHIRRQMOMKO MRLDQW WY RQJ WKH

a[ o

< » X

«\ 5 " T T W
A

ZKHUH LV WKH -DFRELDQ RI WKH SRVWH/URQVKHQHPDWLFYV
MRLQW DQJ@WKH MKRLQW YHORFLWLHYV
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JLIXUH &RQWURO EORFN ZLWK LWV SDUWYV

JLIXUH 'LITHUHQW GHYLFHV RI WKH (.8 EORFN
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J)LIXUH 33O0RWBS$UP” 0$7/$% IXE@FRYRHPHEIRWFR IGUIDEWRKRWLF DUP
UHSUHVHQWHG E\ WKUHH VHIW}HQWY LQ HDFK &DUWHVLDQ S

JLIXUH 'LVVLSDWHG SRZHBEKRUTWKHUFOAL & [WHHRHQW WO GDWD
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([SHULPHQWDO DQDO\VLVY DQG ILHOG WHVWYV

([SHULPHQWDO WHVWV KDYH RIMQ VEIHRIQR U RBGRUG /U YWHR
HYDOXDWH WKH FDSDELOLWLHVFR QWP W RE® W3 RDHU WK F
GLVVLSDWLRQ KDV EHHQ HYBOXRWHG DQH WEHGS WRGHKEH F

SURSRUWLRQDO WR WKH FXUFUPRWR BN D EX WHKCH LEQ WXGHD H (
VSHHG Rl WKH HOHFWULF PRWRUYV

$ ILUVW VHW RI H[SHULPHQVGDIOQWH F R/WGKH DWL FE® HZ® HFBBH | |
WKH URERW PXVW KDQGOH DRIODWMG VWQU VDKMV H KHH § RVAH B DL
DERXW :

)XUWKHU H[SHULPHQWYV KDYH RBHQWERQBLRQ Df FRQVW
ZKHUH WKH SRZHU FRQVXPSWLRRXWHDFKHGS WKH YDOXH
UHOHYDQW SDUW RI WKH SRZKIUJIGMDVLSH WRH G QW HE&XQHD Qv
IULFWLRQ RI WKH NLQHPDW UV WWQBQONPRLVYYRQ JHDU UHG)

6OLS VWHHULQJ WHFKQLTXH KBV HHH Q/ OSI®PEHNG RWQ |L
WDUPDF FRQFUHWH OLQROHXRXWWWWYD®GLBYD YHHY WK V
UHVXOWV DUH UHSRUWHG EHORZ )LJ

$V VKRZQ LQ WKH JUDSK WKH WKRKQVTXWKRI UWHVLWYJ RC
RQHV RU WKH IURQW RQHV ZWHKDRVWARD G RW R R/QFIDW $ RN\ LOE
KHDY\ ORDG ZLWK WKH URERWQHHBHG WR &XAHHUWEWL O R :
DOO WKH WHQ ZKHHOV RU RO\ S\RZAHURGUVH[WBHWQRQ R
LQFUHDVHV 7KLV LV SUHGLHADDHE GRH WEKHHF ZXHHH GRE DV IIHRLL G
WKH YHKLFOH

&RQFOXVLRQV

7KH PRELOH WHOHRSHUDWHG HP CSQLHB\KHO@W FBUD SG-HWV ZDIVE H G
GHVLJQHG EXLOW DQG WHVWHGLOWKRZIL @O G HEHRUPQQF
VSHFLILFDWLRQ H[FHSW IRUHMGKHRBDZKPRKR W& HUDRW QH W <
LQVWDOOHG YDULDEOH UDWLR WUDQVPLVVLRQ LV QHHGH

7KH PDQLSXODWRU ZDV WHVR®G IIRY \DHY KU DIOL & ODLFBHD
DQG VHFXULW\ URERW OLNRXW RXSHD R D Q EIVWHDF @ HW KD ®
UHWULHYLQJ REMHFWYV RI GYIIRAKH GMWMR]BIP D/XDS H D QG P
WKHVH WDVNV ZDV JRRG RIWHWKMX WKH G HRDADH.$ XVOMMCR WM
DYDLODEOH RQ WKH PDUNHW

,Q SDUWLFXODU WKH VOLS WNHHODQY X\\W WG PIRSWRYH
PDFKLQHV RI WKLV NLQG DOQORWL@IXPKJIRR® VWPHIQ WKKHQ D
WKDW RI D VLPLODU PRYLQJ SDODWIRQB PIDWMK QUWIHHULQ.
SRVVLEOH WR SRVLWLRQ WHKIHZEBMKUH HAH O Q MKW SHWRILWH. R

$V DQ HQJLQHHULQJ PRGHO IBDQHWRYN W [SRAURORQYD B D (
DQG H[SORLWDWLRQ WKH PDFIOLQI) XQRYAHLX PMRK UBHHGJ IR L
HQYLURQPHQWY DQG WR EH [FDAHWMDUN LROH SIH\@HRDIBY RX U
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GLIIHUHQW W\SH B6RPH FULWDVFDQF WHR® GRMHXFPD VLFOL!
ZKHHOV DUH VWLOO WR EH H\RRGWWZXKIHWYXF FESHV RW WHK HZ H
SUHVHQW ZRUN

7KH PDLQ SUREOHPV WKDW ZHU W KHY IWSIHIDFHREL DM FR Q@ H O
VIVWHP LQ SDUWLFXODU WRLWYXW FNDL® GUWLIPLKN BEEGW
UHGXFWLRQ $OWHUQDWLYH VROKMHRMWR EKDIGHBX YQFD &
GULYHV DUH DOUHDG\ LQ W KBH EMIQVW MGHRY WWIB JF)D QIGHZ
D VKRUW WLPH )RU SODQHWRBUWHKI[SOREWWLRPHR VRRY X
SRVVLEO\ WRUTXH PRWRUVGLQSW K WKKHHDWHGE XE GXW L\R
LQFOXGLQJ HODVWLF ZKHHONQSURNYBBIRBSHGVK PRW RUV L\

7KH PDLQ DSSOLFDWLRQ RI| WR<ZHH PRE LDDH P DE VS YJBEW R U
WRRO 7KH ILUVW VWHS WR DDULGHD Y HKIDWHEHRQ B dDNH® G
LPSOHPHQWHG DQG LV GHVFWKHHBRIQWWRE B U M\KHI( WRER %
DUP LPSRVLQJ WKH WUDMHFWRDG RR | W\KK-H HIQQG GiHi M- DWVR W K
MRLQWYV

)XUWKHU UHVHDUFK ZRUN DLPHG®GRWROBRBGMMHWHO WKH R
FRQWURO WDVNV LV SODQQEBD G KA WK \D\¥ YQ B PW/ LV WH SWXI
RSHUDWRU ZLOO VXSSO\ D VBWIRURMISRQQAWY ORI GV MH K
SDWK VR GHILQHG $XWRPDWDPRW I R RF FAGKH R \A )N FIGH
RQ LQWHUSUHWDWLRQ RI WKH GPEDMNVUDYDNHQ CE\V WKB R
IROORZ WRJHWKHU ZLWK WKRISBIX\DRRRWVY]DWLRQ F1 WKH

$FNQRZOHGJHPHQWYV

7KH UHVHDUFK ZRUN GHVFULEROGHIQ EWKIHLFDEBH J ZDV
SLHPRQWH WKURXJK WKH JUDQW 35LFHUFD $SSOLF WD

6\PEROYV

DUP EWEBHPHQW MRLQW GLVWDQFH 4 UDWH\GURVWD'/LF FLUF
VWOeHOHPHQW MRLQWY GLVWBQEWDWLYH WLPH RI 3,'
C°HOHPHQW MRLQW ZULVW GQWWDWQF® WLFH RI 3,

UROOLQJ FRHIILFLHQMAvrrxv YLVFRXV GDPSLQJ WRUTXH

DQWL ZLQGXS SDUDPHWHU 9 URERW OLQH U VSHH:
FRQWUROOHU JDLQ < = UHIHUHQFHLIUD®H RI 5

HOHFWULF PRWRU WRUTXH FRQVWDQRMHIILFLHQW YLVFI XV GDP!
URERW PDVV WU WUDFWLRQ V\WWHP HIILFLHCF\
K\GURVWDWLF FLUFXLW SUHVF/ XRHLQWY SRVLWLRQ DQJDHV
e HQG HIIHFWRU FRRU®LQRDWMHGURVWDWLF UHGXFWLRQ LDWLR

1g FORVLQJ SROH VHWWL\RJ SWUDPNWWHWYLRQ UHGXFWLRQ UDWLRV
QHFHVVDU\ SRZHU RA’R'VORGHXODU WBSHHGV

WOTZZZ OO0

—

w
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IHUHQFHV

@17 * :KHHOHG URYHUV EDVLF PREBELOLW\ FRQVLGI
,QWHUQDWLRQDO :RUNVKRS RQWIKGRDDODRIXWDWY DQG
7UHQWR ,WDO\ -XQH

@ /IXQDU 5RYLQJ O9HKLFOH 2SHUDWLRQ +DC
KWWS ZZZ KT QDVD JRY RIIDRHs SORPOLVWRU\ DOVM O

@1(7) $2(77.$ 3URWRW\SLQJ DQG &RQVWUXFWLRQ RI D
3HQGXOXP &RQWURO XVLQJ D RRVGRG EFUXVK GMMV ZLW
ODVWHU 7KHVLV OHFKDQLFDOLGHBWDWWP HXW\ 3ROLW

@ (0%11 * ;17(5+ (OHPHQWL GLO9RIODFFKLQESULQJIHU
1HZ<RUN

@118+ - M, (5 0 - $SSOLHG OHRIGIBQRIVRKQ :HVOH)\
IRQIJPD'"HGLWLRQ O0DU

@$190,$/85', /| 6WXGLR GL XQ &97 D FLQJKLD WUDSH]
DXWRUHBRODWRFQLFR GL %DUL

@'5%: 3 +\GUDXOLFV DQG 3QHXPDWLFV $ WHFKQLF
HQJLQHHUBHBRQGH(GLWLRQ (OVHYLHU 6FLHQFH % 9

@758, 46('s * ,GUDXQ®RFD ,, &DVD HGLWULFH $PEURVL
OLODQR

@9,t$//5 B6+(.. 0 )RQGDPHQWL GHOOD 3URJHWWD]LRQ
ODFFKL@H]LRQL (76

@ 2843 ' & 2% ,2512- - $U)HHGEDFN 7KHRU\ RI 7ZR
'HJUHH Rl )UHHGRP 2SWLPDO ;(HUQUIRQYRIJAQ'HVLIQ
$XWRPDWLF &RQWURO 9ROi Q -X 0\

@21% %O0ORGHOOLVWLFD GHLLURERWULQARXVWULDOL

@23/(60 (%$5 58d$s 0 $87269&725- $Q DQWKURSR
PRUSKLF URERW WRUVR IRU LPLWBDQWRQ GHVLJQ
,QWHUQDWLRQDO FRQIHUHQF6\VRYHPYWHBQGDHQW 5RE
-DSDQ 6HSW 2FW

@ (5%6 . 97 + 6$285 7 ,)/0o$11 5 'HVLIQ DQG
&RQWURO $UFKLWHFWXUH RI DQQW@WRDRIRRMDWSKLF
&RQIHUHQFHVY RQ $GYDQFHG OHFKDMMWRQLFV ,&%$0
-DSDQ $XJ



160 Giancarlo Genta, Nicola Amati, B. Bona, F. Impinna, M. Kaouk Ng, C. Prister” e G. Romeo

@s$.+'.5 0 $bB'(/(1 , ORGHOOLQJ DQG VLPXODWLRQ RI
DOQWKURSRPRUSKLF URERW DBWR EN GV 'R0I2/$
,QWHUQDWLRQDO 6\PSRVLXP RQ6\\DWHIRMN LOBI\QW 0DQXII

@326* 0 : §7&+,16216 ,'¥$6%$*$50 S5RERW ORGHOLQJ
DQG &RQAQWYRO

@ (1%$ * @7, 1 2%),772% $&$%(//,6 03,11%)
.$28. 0 $ :KHHOHG 5RERW IRU /XQDU (QYLURQPHQW
ORGHOOLQJ DQG,8&QVWUXFWLRQ

@%$)65,&5 5817,&0 (6&2* ' $&1,&* &RQWURO DQG
URERWLFV UHPRWH ODERUDWRWQ LRY( HQJLQHHULQ
,QWHUQDWLRQDO -RXUQDO R LADORRBD(WQUERWHULQJ

)DFXOW\ RI HOHFWULFDO HQJD®EHHWDQILBRG FRPSXV
60ORYHQLDP 0D\

7THVWR GHILQLWLYR SHUYH®EWR LQ UHGD]JLRQH LO \



