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Abstract

Hypersonic glide vehicle trajectory optimization requires generating complete reachable footprints for
mission planning under strict path constraints. Current methods face limitations including equilibrium
glide assumptions, fixed angle of attack profiles and incomplete footprint coverage requiring reoptimiza-
tion for each target direction. This work presents the first reinforcement learning approach for complete
global footprint generation with dual control authority (bank angle and angle of attack) on a rotating
spherical Earth model including direct target point guidance and no-fly zone avoidance. The trained
policy generates footprints for any location on Earth while incorporating full three-degree-of-freedom
dynamics including Coriolis effects and control rate limitations. All trajectories satisfy operational con-
straints including dynamic pressure, g-load and temperature limits. The policy learns purely from the
objective to maximize range in every direction without pre-designed control profiles. Based on the
Soft Actor-Critic algorithm, optimal control strategies are learned directly from environment interaction.
Large-scale Monte Carlo validation with 100 million randomly sampled trajectories confirms the learned
policy discovered the boundaries of the reachable domain, with the reinforcement learning footprint ex-
ceeding the Monte Carlo footprint by 5.1% in footprint area. The framework provides precision target
guidance to arbitrary global coordinates and allows for no-fly zone avoidance.
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y 6WDWH YHFWRU LQ (&() FRRUGLQDWHYV [ ]



"'SRXIRXW \Z

+VIIO 7]QFSPW

$QJOH RIDWWDEN [
7HPSHUDWXUH SDUDPHWHU [ ]
%HDULQJDQJOH X:1
12 %HDULQJIURP SRLQW WR SRLQW [Up&Y
13 %HDULQJIURP SRLQW WR SRLQW [Uupey
)OLJKW SDWK DQJOH [UDBU
'LVFRXQW IDFWRU [ ]
0 ,QLWLDO IOLJKW SDWK DQJOH [upey
orup 1RUPDOL]JHG IOLJKW SDWK DQJOH []
$QJXODU GLVWDQFH [UDG
max OD[LPXP FKDQJHLQDQJOHRIDWWDFN ]
max OD[LPXP FKDQJHLQEDQN DQJOH [
t 7LPH VWHS [V
/IDWLWXGH GLIITHUHQFH [UDBU
IRQIJLWXGH GLIIHUHQFH [upey
En (QHUJ\ KHLJKW GLIIHUHQFH [P]

max  OD[LPXP UDWH RIFKDQJHRIDQJOH RI DWW®B¥N

_max OD[LPXP UDWH RI FKDQJH RI EDQN DQJOH [=Y
5DQGRP QRLVH VWDQGDUG QRUPDO GLVWUIEXWLRQ
(PLVVLYLW\RIVXUIDFH [ ]
(IILFLHQF\ RD®LR []
1HXUDO QHWZRUN SDUDPHWHUV DFWRU [ ]

'LIIHUHQFH EHDULQJDQG KHDGLQJ [upey
orup 1RUPDOL]JHG GLIIHUHQFH EHDULQJDQG KHPBLQJ
JRQIJLWXGH [Up8Ud
K $FWLYH SHQDOW\ IDEWRU DW HSLVRGH []
max OD[LPXP SHQDOW\ PDJQLWXGH []
¢ &LUFOH FHQWHU ORQJLWXGH [Up8Ud
m OLGSRLQW ORQJLWXGH X:1

(DUWKYTV JUDYLWDWLRQDO SDUDPHWHU[P=V]
OHDQ RI SROLF\GLVWULEXWLRQ [

]
3ROLF\ [ ]
3ROLF\SDUDPHWHUL]HG E\ [ ]
$WPRVSKHULF GHQVLW\ [NJ %

0 6HD OHYHO DWPRVSKHULF GHQVLW\ [NJ %
%DQN DQJOH [uney
6WHIDQ %ROW]PDQQ FRQVWDQW [: P*.%]

BWDQGDUG GHYLDWLRQ RI SROLF\ GLVWULEXWLRQ
7UDMHFWRU\ []

/IDWLWXGH [UD8U
1 2 &ULWLF QHWZRUN SDUDPHWHUYV [ ]
c &LUFOH FHQWHU ODWLWXGH [upey

m OLGSRLQW ODWLWXGH [UpBY



\ZM 'SRXIRXW

OD\HU FRVW WHUPLQDO FRVW [ ]

+HDGLQJDQJOH [UD&
ui  S5HIHUHQFH KHDGLQJ [UDB
! (DUWKTV URWDWLRQ UDWH [UDP V
I (DUWKYV DQJXODU YHORFLW\ YHFWRU [UDBG V

TYFWGVMTXWERHT7YTIVWGVMTXW

6 XEVFULSWYV

0 ,QLWLDO FRQGLWLRQ RUVHD OHYHO YDOXH

a $HURG\QDPLF IUDPH

¢ &LUFXODU RUELWDO FRQGLWLRQ RUFLUFOH FHQWHU
Froy &RQYHFWLYH

b 'RZQ FRPSRQHQW 1('IUDPH

. (DUWK FHQWHUHG

. (DUWK UHODWHG

; J)LQDO FRQGLWLRQ

h 5HODWHG WR HQHUJ\ KHLJKW

,QGH[ YDULDEOH
(SLVRGH LQGH]
OLGSRLQW YDOXH

=

m

N I1RUWK FRPSRQHQW 1('"IUDPH

R S5HIHUHQFH IUDPH

s 6FDOH

t 9DOXH DW W IRPAIHW BMHISH W

v 9HKLFOH IUDPH

w :DOO

xy:z &DUWHVLDQ FRRUGLQDWH FRPSRQHQWYV
1:2:3 1XPEHUHG LQGLFHYV

12 13 ,QGLFHV LQGLFDWLQJUHODWLRQVKLS EHWZHHQ QXPEHUHCG
L u /IRZHU DQG XSSHU ERXQGYV

max OD[LPXP YDOXH

min OLQLPXP YDOXH

HT (TXLOLEULXP FRQGLWLRQ

UHI 5HIHUHQFH YDOXH

IF OD[LPXP ORDG IDFWRU FRQGLWLRQ

TF OD[LPXP KHDW IOX[ FRQGLWLRQ

DHUR $HURG\QDPLF

JuDyY *UDYLWDWLRQDO

2RULROL&*RULROLV DFFHOHUDWLRQ

FHowuLI ZHQWULIXIJDO DFFHOHUDWLRQ

(20 (DUWK &HQWHUHG (DUWK )L[HG IUDPH
10 lIRUWK (DVW 'RZQ IUDPH



"'SRXIRXW \ZMM

orup 1RUPDOL]HG YDOXH

sury 3URJUHVYV

vwps 6WDJQDWLRQ SRLQW

vwHHs BWHHSQHVV SDUDPHWHU

wrRwpo 7RWDO YDOXH

$FWRU QHWZRUN SDUDPHWHUYV
&ULWLF QHWZRUN SDUDPHWHUYV
(DUWK V\PERO

6 XSHUVFULSWYV

T 7TUDQVSRVH PDWUL]J
z 7TUDQVSRVH YHFWRU
2 6TXDUHG

2SWLPDO YDOXH
(YDOXDWHG XQGHU SROLF\

1EXLIQEXMGEP 2SXEXMSR

[a; bl

O 7LPH GHULYDWLYH
() ,QFUHPHQW RU GLIIHUHQFH

at 3DUWLDO GHUZMDKVUMMRHFW WR

x(t) u(t) 6WDWH YHFWRU DQG FROQWURO YHFWRU DW WLPH
kxk (XFOLGHDQ QRUP RI YHFWRU

miny f (x) OLQLPL]H IXQFRYIRQ YDULDEOH

maxy f (X) OD[LPL]H IXfHWLYRHQ YD LDEOH

L(x;u;t) 5XQQLQJFRVW

f(x;u;t) 6\WWHP G\QDPLFV IXQFWLRQ

g(x;u;t) 3DWK FRQVWUDLQW IXQFWLRQ

b(Xo; to; Xt ;¢ ) %RXQGDU\FRQGLWLRQ IXQFWLRQ

L [l /JRZHU DQG XSSHU ERXQGYV

St a I 6WDWH DFWLRQ DQG UHZDUG DW WLPH VWHS

S0 1H[W VWDWH DIWHU WDNLQJ DFWLRQ

(ajs) 3ROLF\ SURED E LaOLLW HR) DWW I WRIQ

Q (s;a) 4 YDOXH H[SHFWHG UalMWXV® BRUGE B8 RROQ F\

Q (s;a) &ULWLF QHWZRUN SDUUDPHWHUL]HG E\

H( (js)) (QWURS\ Rl SROLWDWH

L() /IRVV IXQFWLRQ ZLWK SDUDPHWHUYV

E[X] ([SHFWHG YDOXH RI UXQGRP YDULDEOH

Ex plf (X)] ([SHFWHG Y1) ZHIRQVDPSOHG IURP @LVWULEXWLRQ
X p 5DQGRP YDAUUVDES®HG IURP @LVWULEXWLRQ

&ORVHG LQWHWIRRDO IURP



\ZMMM 'SRXIRXW

log(x) 1DWXUDO ORJDULWKP RI
exp(x) e ([SRQHQWLDO IXQFWLRQ
sin() cos() tan() 7ULIJRQRPHWULF IXQFWLRQV

arcsin() arccos() arctan() ,QYHUVH WULJRQRPHWULFIXQFWLRQV



OMWX SJ *MKY\

ILPLWDWLRQV RI *30> @

&RPSDULVRQ EHWZHHQ WKHLQGLUHFW PHWKRG DQG WKHPRGHUQ RSV
7TUDMHFWRU\ SDUWLWLRQV > @

/ILQNDJHV RI WKH PXOWLSOH SKDVHRSWLPDO FRQWURO SUREOHP > @

7ZR GLPHQVLRQDO PRWLRQRID +*9 > @
7UDMHFWRU\ RSWLPL]DWLRQ HTXLOLEULXP JOLGH FRQGLWLRQ
7UDMHFWRU\ RSWLPL]DWLRQ PD[LPXP UDQJH

7UDMHEFWRU\ RSWLPL]DWLRQ PLQLPXP UDQJH

(YROXWLRQRIDOO VWDWH YDULDEOHV IRUD KLJK EDQN DQJOH WUDMF
7UDMHFWRU\ ZKHUH WKH DOWLWXGH FDQ EH VHHQ UHODWLYH WR WKH
7UDMHFWRU\RI +*9 ZI30K EDQN DQJOH

6NLSSLQJ EHKDYLRU RI WKH +*9 VKRZQ RYHU WKH (DUWKYTV VXUIDFH
ORQWH &DUOR VLPXODWLRQ ZLWK UDQGRP EDQN DQJOH VHWV DQG IL[F
ORQWH &DUOR VLPXODWLRQ ZLWK UDQGRP EDQNOPQJOH VHWV ZLWK DQ
ORQWH &DUOR VLPXODWLRQ ZLWK UDQGRP EDQN DQJOH DQG UDQGRP
DQLQLWLDO9HDGLQJ RI

ORQWH &DUOR VLPXODWLRQ ZLWK UDQGRP EDQN DQJOH DQG UDQGRP
DQ LQLWLDOKHDGXQWBDWLQJ WKH &RULROLV HITHFW

6LQN UDWH FXUYHDQG JOLGH GLVWDQFH YHUVXV VSHHG IRU /6 JOLGH
$6$ RSWLPL]DWLRQ IRU PD[LPXP DQG PLQLPXP UDQJH

2SWLPL]HG VSHHG SURILOHV IRU PD[LPXP DQG PLQLPXP JOLGH GLVWD(
2SWLPL]HG VSHHG SURILOHV IRU PD[LPXP DQG PLQLPXP JOLGH GLVWD(
*OLGHU GHVFHQW PRGHO PDGH E\ UHLQIRUFHPHQW OHDUQLQJ

7KUHH GLPHQVLRQDO LQWHUSRODWLRQ RIDHURG\QDPLF GDWD
$QRPDO\ZLWK DHURG\QDPLF GDWD DW KLJK DOWLWXGHV NP DQG C
&RPSDULVRQ EHWZHHQ WKHH[SRQHQWLDO DWPRVSKHUH DQG WKH 866
GHQVLW\GLIIHUHQFH RQ WKH OHIW DQG WHPSHUDWXUH GLIITHUHQFH R
6SKHULFDO WULJRQRPHWU\> @

(&() &DUWHVLDQ FRRUGLQDWH VI\VWHP > @

'"HILQLWLRQ RI WKH 1RUWK (DVW 'RZQ UHIHUHQFH IUDPH > @

'\QDPLF SUHVVXUH YHUVXV WLPH RI WKH 5%0 & ,,, UH HQWU\ YHKLFOH >
7HPSHUDWXUH IRU YDU\LQJDQJOH RI DWWDFEN BONLORFPKHGMNFEBEH UV DW |
&RPSDULVRQRIWKHQRQDEODWLQJDQGDEODWLQJVXUIDFHWHPSHUD
> @

6SHHG YHUVXV $OWLWXGH 3URILOH ZLWK &RQVWUDLQW 9LRODWLRQV
([SRQHQWLDO SHQDOW\ IXQFWLRQ ZLWK YDU\LQJ VWHHSQHVV
/RIDULWKPLF 5DQJH *DLQ SHU (QHUJ\ +HLJKW /RVV IRU YDULRXV $R$
‘RUNLQJRISHLQIRUFHPHQW /HDUQLQJ > @

$UWLVW LPSUHVVLRQV RI WKH +79 DQG') =) +\SHUVRQLF *OLGH 9HKLF
*URXQG WUDMHFWRU\DQG FRQWURO YDULDEOH LQSXWV IRUPD[LPXP L
6SHHG YHUVXV DOWLWXGH SURILOH IRU +79 PD[LPXP UDQJH WUDMHF)
*URXQG WUDMHFWRU\DQG FRQWURO YDULDEOH LQSXWV IRUPLQLPXP
*URXQG WUDMHFWRU\DQG FRQWURO YDULDEOHLQSXWV IRUPD[LPXPF
&RQVWUDLQW PDUJLQV DQG VSHHG YHUVXV DOWLWXGH SURILOH IRU G
*URXQG WUDMHFWRU\DQG FRQWURO YDULDEOH LQSXWV IRUPD[LPXP L
6SHHG YHUVXV DOWLWXG B SRR IRQ M KHJFHRIQWVDVDPRWKH 5/ DIJHQW TV OHE
SROLF\RQ WKH ULJKW

\ M\



\\

OMWX SJ *MKYVIW

9HORFLW\ FRQVWUDLQW PDUJLQV YHUVXV IOLJKW WLPH IRU FRQV
WUDMHFWRU\

$QJOH RI DWWDFN YHUVXV WLPH ZLWK LQWURGXFHG IODUH PDQHX
6WHUHRJUDSKLF SURMHFWLRQ FHQWHUHG RQ WKH 1RUWK 3ROH >
JRRWSULQW WUDMHFWRULHVDQG WDUJHW SRLQWV IRU+79 DQG")
DJLPXWKDO VDPSOLQJVWUDWHJ\

&RPSDULVRQ RI IRRWSULQWYV IRU WKH +79 DQG ') =) K\SHUVRQLF
LQLWLDO SRVLWLRQ DFURVV HYHQO\ GLVWULEXWHG KHDGLQJ C
UHSUHVHQWY WKH RSHUDWLRQDO UDQJHHQYHORSH DQG WUDMHI
LQGLYLGXDO IOLJKW SDWKYV

JRRWSULQWYV IRURSSRVLWH ODXQFK KHDGLQJV IRU ERWK +79 D
6RXWK 6\PPHWU\DQG &RULROLV (IIHFW

JRRWSULQWYV IRU ZHVWZDUG ODXQFKHV VKRZLQJ UHGXFHG UDQJH
WRULHV GXH WR (DUWKTV URWDWLRQ HIITHEWYV

&RPSDULVRQ RIWZR IRRWSULQWV RIGLIITHUHQW +*9V RQ DUELWUL
&RPSDULVRQ RI WKH WZR IRRWSULQWV RI WKH +79 ZLWK GLIIHUH
"IRRWSULQW RI WKH +79 VKRZLQJVNLS JOLGH WUDMHFWRULHYV
"IRRWSULQW RIWKH') =) VKRZLQJORZHU DOWLWXGH VNLS WUDM}
VWDWH FRPSDUHG WR WKH +79

8QLIRUP VSDWLDO GLVWULEXWLRQ RI UDQGRPO\JHQHUDWHG WD!
XQLIRUP VDPSOLQJ

*URXQG WUDMHFWRU\DQG FRQWURO YDULDEOH LQSXWV WR QDYL.
*URXQG WUDMHFWRU\ DQG FRQWURO YDULDEOH LQSXWV WR QDYL
WKHLQLWLDO SRVLWLRQ GHPRQVWUDWLQJOHDUQHG EDQN UHYH
+79 IRRWSULQW JHQHUDWHG ZLWK PD[LPXP UDQJH WUDMHEWF
WLRQV IURP LQLWLDO SRVLWLRQ

1)= DYRLGDQFH WUDMHFWRU\ ZLWK HIILFLHQW GHWRXU URXWLQJ
VWDUWLQJ SRVLWLRQ DQG WDUJHW SRLQW

+*9 WUDMHFWRU\ VKRZLQJ 1)= DYRLGDQFH DW GLIIHUHQW JHRJUI
SRVLWLRQRI1)= UHODWLYH WR RULJLQ DQG WDUJHW
7UDMHFEWRU\ Rl WKH +*9 ZLWK WDUJHW SRLQW SRVLWLRQHG DGMD
1)= ORFDWHG WRR FORVH WR WKH LQLWLDO SRVLWLRQ ZKLFK ZLC
WDUJHW SRLQW L\=SRV46ILRQHG DW

OHDQ UROORXW UHZDUG VKRZLQJTXLFNHDUO\OHDUQLQJIROORZ
WUDLQLQJ

OHDQ HSLVRGH OHQJWK GXULQJWUDLQLQJUROORXWY ZKLFK VKR
E\VWDEOH SODWHDX

$FWRU ORVV GXULQJWUDLQLQJ VKRZLQJTXLFNLQLWLDO OHDUQL
&ULWLF ORVV GXULQJWUDLQLQJ VKRZLQJUHGXFWLRQ IURP LQLW
YDOXH

5HSUHVHQWDWLRQRI+ JULGRQ (DUWK > @
ORQWH &DUOR 6LPXODWLRQ ZLWK PLOOLRQ WUDMHFWRULHYV

JRRWSULQW VHQVLWLYLW\WREQLWLDO IOLIJKW SDWK DQJOH
7TUDMHFWRU\FKDUDFWHULVWLFVIRULQLWLDOIOLJKW SDWKDQJO
G\QDPLF SUHVVXUH YV WLPH VXUIDFH WHPSHUDWXUH YV WLPH D
o= 35% 305 25 DQG EDVHOLQH WUDMHFWRU\

JRRWSULQW VHQVLWLYLUMEWR LQLWLDO YHORFLW\

7TUDMHFWRU\ FKDUDFWHULVWLFV IRU LQLWLDO YHORFLW\ YDULD'
QDPLF SUHVVXUH YV WLPH VXUIDFH WHPSHUDWXUM¥V WLPHDQG
610060005900 P VDQG EDVHOLQH WUDMHFWRU\

JRRWSULQW VHQVLWLYUMMWR LQLWLDO DOWLWXGH

7TUDMHFWRU\ FKDUDFWHULVWLFV IRU LQLWLDO DOWLWXGH YDULI
QDPLF SUHVVXUH YV WLPH VXUIDFHWHPSHUDWXUH¥V WLPHDQG
11610690 NP DQG EDVHOLQH WUDMHFWRU\



OMWX SJ *MKYVIW \\M

%
%

Ro

Ro Ro Ro Ro

JRRWSULQW VHQVLWLYUWA WR YHKLFOH PDVV

7TUDMHFWRU\ FKDUDFWHULVWLFV IRUPDVY YDULDWLRQV VKRZLQJDOYV
VXUHYVWLPH VXUIDFHWHPSHUDWXUH Y Vm\AIRES,R1BE2402 RDG IDFWRU YV
NJDQG EDVHOLQH WUDMHFWRU\

JRRWSULQW VHQVLWLYLW\WR VXUIDFHDUHD

7TUDMHFWRU\ FKDUDFWHULVWLFV IRU VXUIDFH DUHD YDULDWLRQV VK
QDPLF SUHVVXUHYV WLPH VXUIDFHWHPSHUDWXUSH:YY WLPHDQG J ORI

3:96,4:4,484 P> DQG EDVHOLQH WUDMHFWRU\

6WHDG\ VWDWH 736 KHDWLQJPRGHO > @
6SHFLILFVWUHQJIJWK YHUVXV WHPSHUDWXUH IRU GLITHUHQW PDWHUL

7KH DWWDLQDEOHHQYHORSHRIDQDLU EUHDWKLQJ YHKLFOH LQ VSD!
DO > @

7TKHIORZ IHDWXUHV RQDQ $+)9> @

7TKHVKRFNDQG H[SDQVLRQ ZDYHV RI D K\SHUVRQLF YHKLFOH > @
6KRFN RQ OLS FRQGLWLRQ IRUGLITHUHQW ODFK QXPEHUYV
7KHWUDMHFWRU\RIDQDLU EUHDWKLQJ K\SHUVRQLF YHKLFOH > @






OMWX SJ B8EFP

2YHUYLHZ RI ZRUN SDFNDJHV
RUN 3DFNDJH
RUN 3DFNDJH
RUN 3DFNDJH
RUN 3DFNDJH
RUN 3DFNDJH

&RPSDULVRQ RIQXPHULFDO WUDMHFWRU\RSWLPL]DWLRQ PHWKRGV

SDUDPHWHU GHILQLWLRQV IRUWKHHTXDWLRQV RI PRWLRQ
O9DULDEOH GHILQLWLRQV XVHG LQ WKH HTXDWLRQV

5DQJH FRPSDULVRQ EHWZHHQ 5/ SROLF\DQG FRQVWDQW PD[/ 'DQJOH |
VWDUWLQJFRQGLWLRQV

3HUIRUPDQFH FRPSDULVRQ RI +79 DQG') =) IRRWSULQWYV

1RUWK 6RXWK VIPPHWU\ YDOLGDWLRQ IRU &RULROLV HIIHFW

(DVW :HVW IRRWSULQW FRPSDULVRQ

%DQN DQJOH OLPLW FRPSDULVRQ

&RPSDULVRQ RIORQWH &DUOR DQG UHLQIRUFHPHQW OHDUQLQJ IRRWSE

JOLIJKW 3DWK $QJOH 6HQVLWLYLW\5HVXOWYV
I9HORFLW\6HQVLWLYLW\5HVXOWYV
$OWLWXGH 6HQVLWLYLW\5HVXOWYV
9HKLFOH ODVV 6HQVLWLYLW\5HVXOWYV
5HIHUHQFH $UHD 6HQVLWLYLW\5HVXOWYV

\\MMM






-RXVSHYGXM

&EGOKVSYRH

JRUPRUH WKDQ VL[WA\\HDUV K\SHUVRQLF WHFKQRORJLHV KDYHEHHQ H[WH (
DQLQWHUQDWLRQDO VFDOH +\SHUVRQLF *OLGH 9HKLFOHV +*9 DUH VSDFI
WKDQ WLPHV WKH VSHHG RI VRXQG 8QOLNH EDOOLVWLF PLVVLOHVY WKDW
ULHV +*9V FRPELQH K\SHUVRQLF YHORFLW\ZLWK OLIWJHQHUDWLRQ ZKLFF
IOLIJKW SDWK GXULQJDWPRVSKHULF IOLIJKW 7KHVH YHKLFOHY DUH XVXDOC
JOLGH WKURXJK WKH DWPRVSKHUH ZKLOH JHQHUDWLQJ OLIW WR HIWHQG W
QHXYHUDELOLW\ (QWU\JXLGDQFH KDV EHHQ GHVLJQHG IRU WKH 6SDFH 6KX
SLRQHHUHG LQ WKH $®ROOR SURJUDP >

(IDPSOHV RI +*9 LQFOXGH &$9 +79 +79 ') =) : %@%®: ROGRSWKH PDQ\
DGYDQWDJHV WKDW +*9V RIITHU VXFK DV KLJK VSHHGY ORQJJOLGH UDQJH |
DWWUDFWHG WKH DWW H QWA REQFOILAHIE BA R QWWILHVBHQWU\ ERGLHV +*9V F
WUDMHFWRULHY WKURXJK DEWLYH IOLJKW SDWK FRQWURO

7TKHWUDMHFWRU\RSWLPL]DWLRQ SUREOHP IRU +*9V LV FKDOOHQJLQJGXH YV
WKHFRXSOHG QDWXUH RI WKHFRQWURO SUREOHP '"XULQJDWPRVSKHULFIO
KHDWLQJ VWUXFWXUDO ORDGY DQG G\QDPLF SUHVVXUHYV 7KH IOLJKW UH
JRHV WKURXJK PDQ\ DWPRVSKHULF OD\HUV ZLWK YDU\LQJ GHQVLW\ WHPSH
WKH ZKROH IOLJKW WKH YHKLFOH PXVW VDWLVI\ WKUHH SDWK FRQVWUDLC
SUHVVXUH WKHUPDO DQG ORDGIDFWRUFRQVWUDLQW 7KHVHFRQVWUDLQ
VSDFH UHTXLULQJ SUHFLVHJXLGDQFH WRDYRLG FRQVWUDLQW YLRODWLR!

+*9 WUDMHFWRU\ FRQWURO LQYROYHV WZR FRQWURO YDULDEOHYV QDPHO\
%\ FRRUGLQDWLQJWKHVHWZRFRQWUROV WKH +*9VFDQ FRQYHUW DOWLW X
UHDFK WDUJHWV FUHDWLQJD PDQHXYHULQJ VSDFH WKDW GHILQHYV WKH UH
YLVXDOLJHG DVWKHODQGLQJIRRWSULQW 7R FDOFXODWHDIRRWSULQW W
VKRXOG EH GHWHUPLQHG 6ROYLQJD IDPLO\RI RSWLPDO FRQWURO SUREOH
WDVN DFFRUGLQJVEGrR 6DUDI HW DO >

7UDGLWLRQDO DSSURDFKHV WR +*9 WUDMHFWRU\ RSWLPL]DWLRQ W\SLFDO
WKHU DQJOH RIDWWDFN LV YDULHG ZKLOH PDLQW®@L @R@H MHHGVEPY K W Q DHGH
RXV FRQWURO RI ERWK D@IGOEHDRY D QUL GHV VLIQLILFDQWO\HQKDQFHG PD
LW\DQG UDQJH H[WHQVLRQ FDSDELOLWLHYV 7KHJOLGLQJWUDMHFWRU\ RSV
FKDOOHQJLQJGXHWR VWURQJQRQOLQHDU FRXSOLQJDPRQJDHURG\QDPLF
DQG WUDMHFW@&U\ VWDWHV >

S8VENIGXSV]3TXMQMA"EXMSR 1IXLSHW

7KHVWXG\RIK\SHUVRQLF WUDMHFWRU\RSWLPL]DWLRQ EHIDQDW5%1'FRUS:®
UHSRUWDQDO\JHG KRZ K\SHUVRQLF YHKLFOHVY FRXOG DFKLHYH ODWHUDO U



'LETXIV -RXVSHYGXM:

DFNQRZOHGJHG WKDW YHKLFOH FRQWURO LV DVVXPHG WR EH H[HUFLV
DQJOH KRZHYHU KLV PHWKRGRORJ\ PDGH D VLPSOLILFDWLRQ ZKHUH V
EH FRQVVWAD QW LV FKRLFH ZzDV VHQVLEOH IRU WKH WLPH YDU\LQJ FRQW
WUDMHFWRU\ ZRXOG KDYH UHTXLUHG QXPHULFDO RSWLPL]DWLRQ PHW
UHVRXUFHV RI WKH V %\ KROGLQJ ERWK FRQWUROV FRQVWDQW 1\C
ZKLFKVLPSOLILHVY WKH FRQWURO VWUXFWXUH WRJDLQ SK\VLFDO LQVL.

%XLOGLQJ XSRQ WKHVH IRXQGDWLRQV UHVHDUFKHUV LQ WKH V WR
OLEULXP JOLGH FRQGLWLRQV WKDW ZRXOG GRPLQDWH RQ K\SHUVRQLF
HTXLOLEULXP JOLGH FRQGLWLRQ LV D FRQGLWLRQ ZKHUH WKH YHKLFO
FHQWULIXJDO IRUFHV 7KLV HOLPLQDWHY WKH SRVVLELOLW\ RI WKH YF
VLPSOLILFDWLRQ RI WKH SUREOHP SURYLGHG D SRZHUIXO DQDO\WLFDO
PHQWYV

7UDMHEFWRU\ RSWLPL]DWLRQ PHWKRGY WUDGLWLRQDOO\IDOO LQWR W.
DQDO\WLFDO RSWLPDOLW\ FRQGLWLRQV DQG GLUHFW PHWKRGV WKDW
WLRQ WKURXJK GLVFUHWL]DWLRQ 7KH LQGLUHFW DSSURDFKHV UHO\ |
WU\DJLQTV PLQLPXP YDOXH SULQFLSOH FRQYHUWLQJ WKH RSWLPDO F
DU\ YDOXH SUREOHP ZLW K@W Z R LH/QIXDRIDQQWWHHY WKH RSW @P® C®W\ R1 W
+RZHYHU VROYLQJWZR SRLQW ERXQGDU\ YDOXH SUREOHPV LV GLIILF)>
FRPSOH[ SUREDHMAWLY LV DOVR VW DW H GIE \Z+ X\OKQW KIMVHIOHSWLRQ RI VLPS
DQ DFFXUDWH VROXWLRQ ZLOO EH KDUG WR ILQG 7KH QRQOLQHDU V\V
K\SHUVRQLF JOLGH YHKLFOH DUH FRPSOH[ 8QGHU WKHVH FRQGLWLRQ\
ERXQGDU\YDOXH SUREOHP +RZHYHU D@FRQ®RISQLW R 'DUWDIQRD KW D BH # Q
RQ D K\SHUVRQLF JOLGH YHKLFOH XVLQJDQ LQGLUHFW PHWKRG

,QFRQWUDVW GLUHFWPHWKRGV KDYHEHFRPHLQFUHDVLQJO\SRSXOD!
QROR® >7KHVH LQFOXGH WHFKQLTXHV VXFK DV GLUHFW VKRRWLQJ FR
SVHXGRVSHFWUDO PHWKRGY +HUH WKH RULJLQDO FRQWURO SUREOHT
WLRQ SUREOHP DQG VROYHG WKURXJK QRQOLQHD@ S/XKKUDW FHQ X HIQ 8
TXDGUDWLF SURJ®D BD@ P@C®> =KDQJ HWIK®YH SURSRVHG D GLUHFW DSS
QRQ OLQHDU SURJUDPPLQJ DQG WKH *DXVVLDQ SVHXGRVSHFWUDO OHYV
HQHUJ\ )XUWKHUPRU® KXYHWSDBSRVHG D GLUHFW PHWKRG XVLQJD 1R
SUREOHP DQG WKHGLUHFW FROORFDWLRQ PHWKRG +RZHYHU WKH WLI
XQSUHGLFWDEOH DQGFRQYHUJHQFH FDQQRWEH JXDUDQWHH®ZKHQ D

&RQYH[RSWLPL]DWLRQWHFKQLTXHVDUHLQFUHDVLQJO\EHLQJXVHG W|
RSWLPL]DWLRQ F@D GOKEFRODYV RI FRQYH[ RSWLPL]DWLRQ LV VHFRQG
62&3 ZKLFK ZDV SURYHQ WR EH SURPLVLQJ IRU UHDO WLPH RQERDUG
HQWU\WUDMHFWRU\RSWLPL]DWLRQ SUREOHP GRHV QRW QDWXUDOON\ I
WR WKH QRQOLQHDU G\QDPLFV DQG WKH LQHTXDOLW\ FRQVWUDLQWYV D
/LX HW D@ DSSOLHG WKH VHFRQG RUGHU FRQH SURJUDPPLQJ PHWKRG E
PRWLRQ ZLWK UHVSHFW WR HQHUJ\ DQG WKH SUREOHP ZDV VKDSHG LQW
628&3 $GGLWLRQDOO\ SVHXGRVSHFWUDO RSWLPDO FRQWURODQG FRQY
WKH RSWLPDO GUDJ HQ®UJ\ JXLGDQFH >

6SHFLILF PHWKRGV IRUIRRWSULQW JHQHUDWLRQ KDYH HYROY®G RYHU
KDYH SURGXFHG D PHWKRG WKDW JLYHV D IRRWSULQW ZLWKRXW YHKLF
&RULROLV HIIHFW 7KLV ZRUN ZDV FRaDMWQ Q X H @ KN \1K B YHHINGIHY HORSHG D
WKDW JHQHUDWHY QHDUO\RSWLPDO ODQGLQJ IRRWSULQWY EXW GLG C
HW D@ KDYH GHYHORSHG D PHWKRG WKDW JHQHUDWHYV D IRRWSULQW W
DQG WKH &RULROLV HIIHFW +RZHYHU DOO RI WKHVH KDYH QRW XVHG
ZLWK EDQN DQJOH FRQWURO 7KLV VLQJOH FRQWURO IDLOV WR H[SORL
VLPXOWDQHRXV PRGXODWLRQ RI ERWK FRQWURO LQSXWYV

ORVW H[LVWLQJ PHWKRGV RSWLPL]H RQO\ EDQN DQJOH ZKLOH IL[LQJ D¢
UDWLR LQKHUHQWO\ FRQVWUDLQLQJ H[SORUDWLRQ RI WKH IXO0 FRQ
SURPLVLQJ DOWHUQDWLYH IRUDHURVSDFH W& D MHE WRHUQ \R S WD B V] DML
KDV LQYHVWLIJDWHG DGYDQFHG VROXWLRQ DSSURDFKHV WKDW RIIHU L



SLI"'LEPPIRKISJ %RKPISJWXXEGO ERH &ERO %RKPI'SRXVSP 8SKIXLIV MR

UDSLG FRPSXWDWLRQ 7KLVHIIRUWKDV EHHQ GULYHQ E\QHZ WHFKQRORJLI
PDFKLQH OHD@ QLKQH BSSOLFDWLRQ RI UHLQIRUFHPHQW OHDUQ®@QJ KDV DFFI
5HLQIRUFHPHQW OHDUQLQJDOJRULWKPYV KDYHVKRZQ SURPEYLQI UHVXOW\
FRQWUDVW WR WUDGLWLRQDO JXLGDQFH DOJRULWKPYV UHLQIRUFHPHQW C
VWURQJDQWL GLVWXUEDQFH FDSDELOLWLH¥VQG UHDO WLPH SHUIRUPDQF

&KDL HW MOLQPWHJIJUDWHG GHHS QHXUDO QHWZRUNV ZLWK RSWLPDO FRQWU
SODQQLQJ ZKLOH@&HHUMORGHS GHHS OHDUQLQJ IUDPHZRUNV IRU RQERDU
+RZHYHU WKHVH DSSURDFKHY UHO\ RQ VXSHUYLVHG OHDUQLQJ IURP SUH F
FHQW GHYHORSPHQWV LQ PRGHO IUHH UHLQIRUFHPHQW OHDUQLQJKDYH HJ
$FWRU &ULWLF 6$& DOJRULWKP KDV VKRZQ VWURQJ VD P& OHHQHDI EICALQIQ F\ L Q
GLUHFW SROLF\ OHDUQLQJ ZLWKRXW RSWLPD@ WEDVHFWRMHHN & B5\W B/ \HHW V Q L
SROLF\JUDGLHQW WR UHHQWU\ WUDMHF® RYHBESWVOLYFH Y D W URIQ QD R GFEKPHIVY WY
IRUSRLQW WR SRLQW HQWU\ BXQEWHFW K DDV HVRDBUY VLIQLILFDQW RSSRU
WUDMHFWRU\ FRQWURO WKRXJK IXUWKHU UHVHDUFK LV QHHGHG

ORVW VWDWH RI WKH DUW IRRWSULQW JHQHUDWLRQ PHWKRGYVY UHO\ RQ VH
WKH DFFXUDF\ 6LPSOLILFDWLRQV LQ UHVHDUFK LQFOXGH XVLQJ HTXLOLE
PLQLPXPUDQJHERXQGDU\GHWHUPLQDWLRQ QHJOHFWLQJ &RULROLV IRUFI
RIDWWDFNSURILOHVDW SUHGHWHUPLQHG YDOXHVZLWKWUDMHFWRU\ VKD
DVVXPSWLRQV UHGXFH FRPSXWDWLRQDO FRVW EXWOLPLW WKHPDQHXYHU

7KLV ZRUN SUHVHQWYVY WKH ILUVW 5/ EDVHG DSSURDFK IRU FRPSOHWH IRRYV
DXWKRULW\ EDQNDQJOHDQGDQJOHRIDWWDFN RQDURWDWLQJVSKHULFL
EHH[WHQGHG ZLWK QR IO\]RQHDYRLGDQFHDQG GLUHFW WDUJHW SRLQW QL
IRRWSULQWY IRU DQV\JOREDO ORFDWLRQ ZKLOH LQFRUSRUDWLQJ IXOO WK
&RULROLV HIIHFWV DQG FRQWURO UDWH OLPLWDWLRQV

LI 'LEPPIRKI SJ %RKPI SJ %XXEGO ERH &ERO % RKI

KIXLIVMR ,+: 8VENIGXSVMIW

&RRUGLOQDWLQJDQJOHRIDWWDFNDQGEDQNDQJOHFRQWUROVLPXOWDOQHF
LQ+*9 WUDMHFWRU\ RSWLPL]DWLRQ %RWK FRQWUROV LQWHUDFW ZLWK Wt
FKDQJHVLQRQHGLUHFWO\DIIHFW WKH RWKHU $W K\SHUVRQLF VSHHGV Wk
ZKHUH VPDOO YDULDWLRQV SURGXFH ODUJH VKLIWV LQ DOWLWXGH ORVV Kl

&ODVVLFDO RSWLPL]IDWLRQ PHWKRGV VWUXJJOH ZLWK WKLY LQWHUDFWLR(
DQJOH RIDWWDFN SURILOH WKDW LV GHVLIQHG LQ DGYDQFH DQG WKH ODW
UHYHUVDO VWUDMMHWVGHFRXSOLQJ VLPSOLILHVY WKH SUREOHP EXW VDFUL
DQJOH RI DWWDFN LV FKDQJHG WKH WRWDO OLIW RI WKH YHKLFOH LV FKDQ
WKH GLVWULEXWLRQ RIWKHOLIWEHWZHHQ YHUWLFDODQG KRUL]JRQWDO LV
SDUDPHWHU UHTXLUHY FRPSHQVDWLQJDGMXVWPHQWY LQ WKH RWKHU

7KHSULPDU\GLIILFXOW\ZLWK QXPHULFDO RSWLPL]IDWLRQ RIERWKFRQWUR
SOH[LW\ 7KH FRXSOHG SUREOHP UHTXLUHYV VHDUFKLQJ RYHU WZR WLPH GH
RQH ZKLFK VLJQLILFDQWO\H[SDQGV WKHVHDUFK VSDFH $GGLWLRQDOO\ |
VWLII FRQWDLQLQJ ERWK IDVW G\QDPLFV DQG VORZ G\QDPLFV UHTXLULQJ
FUHDVH FRPSXWDWLRQDO FRVW 7KH SDWK FRQVWUDLQWYV RQ J ORDG G\Q
WHPSHUDWXUH FUHDWH QDUURZ IHDVLEOH WUDMHFWRU\ UHJLRQV ZLWK Gl
DFWLYDWH 7KHVHIDFWRUV FDXVH SRRUFRQYHUJHQFHLQJUDGLHQW EDVF
LQIJDSSURDFKGHYHORSHGLQ WKLVZRUNDGGUHVVHVY WKHFRXSOHG SUREO
WKDW FRPPDQGVY ERWK FRQWUROV VLPXOWDQHRXVO\EDVHG RQ WKH REVHU

SLIWMW *SGYW ERH 7XVYGXYVI
7KLV UHVHDUFK LV RUJDQL]JHG LQWR WHQ FKDSWHUV ZLWK IRXU $SSHQGLF
7KLV WKHVLV LQWHJUDWHY WKH OLWHUDWXUH UHYLHZ DQG SURMHFW SUR
SUHVHQWLQJWKHP DV D VHSDUDWH VWDQGDORQH FKDSWHU IXUWKHU H[SO



'LETXIV -RXVSHYGXM:

&KDSWHVUWDEOLVKHVY WKH UHVHDUFK FRQWH[W E\ UHYLHZLQJ WKH VWEC
RSWLPLIDWLRQ 7KHFKDSWHU SUHVHQWY WKH HYROXWLRQ IURP HTXL(
SXWDWLRQDO PHWKRGV KLJKOLJKWLQJ WKH OLPLWDWLRQV RIVLQJOH
RIFRXSOHG DQJOH RIDWWDFN DQG EDQN FRQWURO LV HI[DPLQHG ZKLF
DSSURDFK GHYHORSHG LQ WKLV ZRUN

&KDSWEHHILQHY WKH UHVHDUFK TXHVWLRQV 7KH FKDSWHU JLYHV WKH
GXDO FRQWURO LPSOHPHQWDWLRQ DQG JLYHV ILYH VXSSRUWLQJ VXE ~
FLILF WHFKQLFDO REMHFWLYHVY WKDW JXLGH WKHIUDPHZRUN GHYHORSE
SDENDJHV

&KDSWHGHQWLILHY WKH NH\ VWDNHKROGHUVY ZKR ZRXOG EHQHILW IUR
VSHFLILFLQWHUHVWY DQG UHTXLUHPHQWYV

&KDSWHIRYLGHV D FRPSUHKHQVLYHRYHUYLHZRIWUDMHFWRU\RSWLPL
VRQLFJOLGH YHKLFOHYVY 7KHFKDSWHUH[DPLQHVLQGLUHFWPHWKRGV E
GLUHFW PHWKRGV LQFOXGLQJ VKRRWLQJ FROORFDWLRQ SVHXGRVSH
VXFKDVJHQHWLFDOJRULWKPVDQG SDUWLFOHVZDUP RSWLPL]JDWLRQ
DQG &DV$'LDUH HODERUDWHG XSRQ 7KH FKDSWHU FRQFOXGHV ZLWK C
DQG WKHLUDSSOLFDWLRQ WRIRRWSULQW JHQHUDWLRQ SUREOHPYV

&KDSWSWHVHQWY WKH SUHOLPLQDU\ GHYHORSPHQW SKDVHV WKDW IRU
FKDSWHU EHJLQV ZLWK YDOLGDWLRQ RI WKH HTXDWLRQV RI PRWLRQ W
WLPL]DWLRQ DWWHPSWV XVLQJ $GDSWLYH 6LPXODWHG $QQHDOLQJ DQ
FRPSXWDWLRQDO FKDOOHQJHV RI WKLV FRPSOH[ SUREOHP 7KH FKDSW
KDQGOLQJDQG WKHVHOHFWLRQRIWKHG6RIWS$FWRU &ULWLFDOJRULWK
WUDLQLQJUHVXOWY GHPRQVWUDWH WKH IHDVLELOLW\ RI WKH 5/ DSSUF

&KDSWHRIQVLVWYV RI WKH FRUHWHFKQLFDO FRQWHQW RI WKH WKHVLV 7
WDWLRQ RI WKH IUDPHZRUN DUFKLWHFWXUH EHJLQQLQJZLWK WKH RENMN
RUJDQL]DWLRQ 7KHFRUH SK\VLFVHQJLQHLY GHVFULEHG ZKLFKLQFO:
PRGHOLQJ DHURG\QDPLFFRHIILFLHQWLQWHUSRODWLRQ DQGFRRUGL
&DUWHVLDQ UHIHUHQFH IUDPHV 7KHHTXDWLRQV RIPRWLRQ LQFOXGH &
LQJ (DUWK 7KHUHLQIRUFHPHQW OHDUQLQJLPSOHPHQWDWLRQLV H[DP
PHQW GHVLJQ REVHUYDWLRQ DQG DFWLRQ VSDFHV UHZDUG IRUPXOD\
FKDSWHU H[SODLQV WKH 6RIW $FWRU &ULWLF DOJRULWKP DQG LWV DS
OHP LQFOXGLQJWKHWUDLQLQJSURFHVV ZLWKUDQGRPL]HGLQLWLDO |
YHKLFOH FRQILJXUDWLRQV )RRWSULQW JHQHUDWLRQ UHVXOWYV VKRZ
URWDWLRQDO G\QDPLFV 7KHJHQHUDOL]DWLRQ FDSDELOLW\RIWKH IU]
JHQHUDWHG IURP DUELWUDU\ JOREDO ORFDWLRQV ([WHQVLRQV RI WK
QR IOV]JRQHDYRLGDQFH ZKLFK VKRZV WKH IUDPHZRUNYTV YHUVDWLOLW

&KDSWHDOLGDWHY WKHUHLQIRUFHPHQW OHDUQLQJ JHQHUDWHG IRRW:
VLPXODWLRQ PLOOLRQ WUDMHFWRU\HYDOXDWLRQV ZLWK UDQGRP:
SURILOHV FRQILUP WKDW WKH 5/ SROLF\ KDV GLVFRYHUHG WKH WUXH E
FKDSWHU GHVFULEHVY WKH VSDWLDO WKLQQLQJ DOJRULWKP XVHG WR F
TXDQWLWDWLYH FRPSDULVRQVWRGHPRQVWUDWH WKHDJUHHPHQW EH

&KDSWSHUIRUPYV D VHQVLWLYLW\DQDO\VLY WKDW VKRZV KRZ YDULDWL]I
SHUIRUPDQFH DQG WHVWV WKH OHDUQHG SROLF\fV DELOLW\ WR JHQHL
FKDSWHU H[DPLQHV VHQVLWLYLW\WR LQLWLDO IOLJKW FRQGLWLRQV L
DV ZHOO DV YHKLFOH SURSHUWLHYV VXFK DV PDVV DQG UHIHUHQFH DUF
SROLF\PDLQWDLQV UHDVRQDEOHSHUIRUPDQFH ZKHQ RSHUDWLQJLQ Ut
HQFRXQWHUHG GXULQJWUDLQLQJ

&EKDSWHWHY WKH FRQFOXVLRQ DQG UHFRPPHQGDWLRQV 7KH FKDSWH
LQFOXGLQIJWKHILUVWS5/ EDVHGDSSURDFKWRFRPSOHWHJHQHUDWLRC
LW\ 5HFRPPHQGDWLRQVDGGUHVV IXWXUHGHYHORSPHQW GLUHFWLRQ
ZD\SRLQW QDYLJDWLRQ WHUPLQDO SKDVH JXLGDQFH DQG H[WHQVLRQ
QDOO\ WKHUHVHDUFK TXHVWLRQV DUH ORRNHG EDFNRQDQGDQVZHUF



SBLIWMW *SGYW ERH 7XVYGXYVI

&KDSWHWHVHQWYV WKH MRXUQDO DUWLFOH WKDW ZLOO EH VXEPLWWHG WR
7KH SDSHUJLYHV D FRQGHQVHG SUHVHQWDWLRQ RI WKHIUDPHZRUN PHWKF
VWXGLHY 7KH FKDSWHU GHPRQVWUDWHY KRZ WKH WKHVLV FRQWULEXWLRC
DUWLQ K\SHUVRQLFJOLGH YHKLFOHWUDMHFWRU\RSWLPL]DWLRQ

$SSHQ®BMKRZYV FRPSUHKHQVLYH GLDJUDPV GRFXPHQWLQJ WKH VRIWZDUH LP
LQFOXGHVY FODVV VWUXFWXUHV IRUWKH +*9 DQG HQYLURQPHQW PRGXOHV |
WLRQ IORZ RI WUDMHFWRU\ LQWHJUDWLRQ DQG VHTXHQFH GLDJUDPV LOO X
QHQWV GXULQJIRRWSULQW JHQHUDWLRQ WUDLQLQJHSLVRGHY DQG WUDN

$SSHQBIPYRYLGHY DGGLWLRQDO LQIRUPDWLRQ RQ WKHWKHUPDO HQYLURQP
IOLJKW DQG GLVFXVVHV WKH UHTXLUHPHQWY DQG PDWHULDO FRQVLGHUDW

$SSHQ&BEHVFULEHY WKH VFUDPMHW LQWHJUDWLRQ FRQWHQW FRYHULQJ W
RQ OLS FRQGLWLRQV

$SSHQGGHVFULEHVY WKH SURMHFW SODQQLQJ PHWKRGRORJ\ +HUH WKH SO
DQG LWLV VWDWHG WKDW WKH SURMHFW KDV EHHQ ILQLVKHG ZLWKLQ WKH C

OMXIVEXYVI6IZMI[| 3VKERM/M"EXMSR
7KH OLWHUDWXUH UHYLHZ L ¥ FORFWDIVOH GVIKM KK SWVRMWUFDO GHYHORSPHQW DG
LQ K\SHUVRQLF WUDMHFWRU\ RSWFZRH]DWD FR PBQ 6 KIQRKD'FMUIHY LHZ RI DOC
RSWLPL]DWLRQ WHFKQLTXHV VRIWZDUH WRROV DQG DSSOLFDWLRQV IURP
JURXQG DQG H[SODQDWRU\FRQWHQW UHODWHG WR DWPRVSKHULF PRGHOL:
WDWLRQ WHFKQLTXHV VSKHULFDO JHRPHWU\ FDOFXODWLRQ DQG FRQVW
&KDSWHKWHUH WKH\ GLUHFWO\ VXSSRUW WKH PHWKRGRORJ\DQG IUDPHZRUN
FRQWDLQ OLWHUDWXUH EDMHG'ERQWWRWUBBSSOHURWHFWLRQ VIVWHPV DQG
SHUVRQLF IOLJKW &H)IS GSBEAIQEEUDPMHW LQWHJUDWLRQ DQG SURSXOVLR(
H[LVWLQJ UHVHDUFK 7KH SURMHFW SURSRYDPKLS iU QW QUWKHGULHY & DD W A
WLRQV &KDSRWHGEHY D VWDNHKROGHU D QDONVLWKHEBSGORBELRI WKH WKHV
LQWHJUDWHG DSSURDFK SURYLGHV WKH OLWHUDWXUH LQ WKH PRVW UHOH Y






6IWIEVGL 3FNIG X

-RXVSHYGXMSR 6IPIZERGI SJ8LIWMW

+*9VUHSUHVHQWD FULWLFDODGYDQFHPHQW LQDHURVSDFHWHFKQRORJ\ :
DUHH[SHULHQFHG ZKLOHPDQHXYHULQJWKURXJKWKHDWPRVSKHUH 8QG
RIWKHVHYHKLFOHVIURPDQVJLYHQLQLWLDOFRQGLWLRQLVHVVHQWLDO IR

7TUDGLWLRQDODSSURDFKHV WR +*9 WUDMHFWRU\RSWLPL]DWLRQ WA\SLFDOO
HLWKHUWKHDQJOHRIDWWDFNLYVY YDULHG ZKLOHPDLQWDLQLQJIL[HGEDQN
WKH VLPXOWDQHRXV FRQWURO RI ERWK DQJOH RIDWWDFN DQG EDQN DQJO!
YHUDELOLW\DQGUDQJHH[WHQVLRQ FDSDELOLWLHY 7KHFKDOOHQJH OLHV
WKDW PD[LPLIHWKHUHDFKDEOHIRRWSULQW ZKLOH VWLOO VDWLVI\LQJ WKt
VWUDLQWY WKURXJKRXW WKH IOLJKW

7KLV WKHVLVDGGUHVVHVY WKH SUREOHP RI GHWHUPLQLQJ ZKDW UHJLRQV D
LQSXWV DUH XVHG VLPXOWDQHRXVO\ %H\RQG PDSSLQJ WKH PD[LPXP UHDI
HQDEOHVY SUHFLVLRQJXLGDQFHWRVSHFLILFWDUJHW SRLQWV ZLWKLQ WKH
IRUUHDOLVWLF RSHUDWLRQDO VFHQDULRYV

4VSNIGX :MWMSR ERH 7GSTI
7KH SULPDU\ REMHFWLYH RI WKLY UHVHDUFK LV WR GHYHORS D IUDPHZRUN
DEOHIRRWSULQWRID +*9 XVLQJVLPXOWDQHRXVDQJOHRIDWWDFNDQG ED
DUHWKHIROORZLQJ

'HYHORS D KLJK ILGHOLW\ '2) SRLQW PDVV VLPXODWLRQ WKDW DFFXU
G\QDPLFV LQFOXGLQJ DWPRVSKHULF HITHFWV VSKHULFDO (DUWK JHRP
DHURG\QDPLFLQWHUSRODWLRQ IURP WDEXODWHG GDWD

,PSOHPHQW GXDO FRQWURO WUDMHFWRU\ RSWLPL]DWLRQ WKDW JLYHV
DWWDFNDQG EDQN DQJOH VLPXOWDQHRXVO\ UDWKHU WKDQ NHHSLQJR
ILOHV

*HQHUDWH IRRWSULQWY WKDW VKRZ WKH FRPSOHWH RSHUDWLRQDO HC
PXOWLSOHUDGLDO GLUHFWLRQV IURP WKHLQLWLDO SRVLWLRQ

7TDUJHW IJXLGDQFH WR VSHFLILF SRLOQWYVY ZLWKLQ WKHIRRWSULQW WKDMW
WKHIRRWSULQW FDQ EH UHDFKHG

,QFRUSRUDWH QR IO\]RQH FRQVWUDLQWY WKDW DOORZ WUDMHFWRULH

6DWLVI\ FRQVWUDLQWY WKURXJKRXW DOO WUDMHFWRULHY ZKHUH J OF
OLPLWY DUH PRQLWRUHG

9DOLGDWH WKHIUDPHZRUN WKURXJK WHVW FDVHV WKDW YHULI\FRUUHF



'LETXIV 6IWIEVGL SFNIGXM

6IWIEVGLSYIWXMSRW

7KLV UHVHDUFK DGGUHVVHY RQH PDLQ TXHVWLRQ ZLWK IRXU VXSSRUW
JDWLRQ

ODLQ 5HVHDUFK 4XHVWLRQ

+RZFDQ GXDO FRQWURO RIDQJOHRIDWWDFNDQG EDQN DQJOH EH LPSO
DEOH IRRWSULQW RI +\SHUVRQLF *OLGH 9HKLFOHYV XQGHU DHURG\QDP
VWUDLQWV"

7KHVXE TXHVWLRQV DUHGLYLGHG LQWR WKHIROORZLQJ
f+RZFDQ +*9I10LJKW G\QDPLFVEHDFFXUDWHO\PRGHOHG WR VXSSRU
PRGHO"

$+RZFDQ WKH FRXSOHG QRQOLQHDU LQWHUDFWLRQ EHWZHHQ DQJOH
VLPXOWDQHRXVO\"

1 KDW FRPSXWDWLRQDO DSSURDFK HQDEOHV HIILFLHQW PXOWL GLU
IRRWSULQWV"

t+RZ FDQ WUDMHFWRULHY EH JHQHUDWHG WKDW PDLQWDLQ FRQVW
IOLIKW™

tf+RZFDQ IRRWSULQW DFFXUDF\EH YDOLGDWHG DFURVV GLITHUHQW |
7TKHDFKLHYHPHQWYV RI WKHUHVHDUFK REMHFWLYHV DUHJLYHQ LQ 6HF\

; SVO 4EGOEKIW
7TR DFKLHYH WKH UHVHDUFK REMHFWLYHV VAVWHPDWLFDOO\ WKH ZRUN
SDFNDJHDGGUHVVHV VSHFLILF FKDOOHQJHV DQG UHODWHYYHMNVMEDFN
RYHUYLHZ RIDOO ZRUN SDFNDJHV DQG WKHLU PDLQ GHOLYHUDEOHYV IR
HDFK SDFNDJH

'3 | 7TLWOH ODLQ HOLYHUDEOH

'3 | ORGHO GHYHORSPHQW YDOLGDWLRQ "2) VLPXODWLRQ IUDPH
ZRUN

'3 | ' XDOFRQWURO RSWLPL]JDWLRQ 2SWLPL]JDWLRQ I[UDPHZRL

'3 | )RRWSULQW JHQHUDWLRQDQG WDUJHW)RARWOQIFHPW DOJRULWKP

'3 | &RQVWUDLQW KDQGOLQJ &RQVWUDLQW |PRQLWR
V\VWHP

'3 | )JUDPHZRUN YDOLGDWLRQ 9DOLGDWLRQ SURWRFRO

7TDEOH 2YHUYLHZ RI ZRUN SDFNDJHV



6IWIEVGLSYIWXMSRW

;SVO 4EGOEKI

RUN 3DFNDJH

:3 ORGHO GHYHORSPHQWDQG YDOLGDWLRQ

2EMHFWLYH

'"HYHORS D KLJK ILGHOLW\ '2) SRLQW PDVV YV
VFULEHV +*9 IOLJKW G\QDPLFV

.H\ 7DVNV

$f  PSOHPHQW VSKHULFDO (DUWK HTXDWLRQV
1, QWHIJUDWH WKH DWPRVSKHULF PRGHO

LPXODWLRQ

RIPRWLRQ

F'HYHORS DHURG\QDPLFLQWHUSRODWLRQ IURP WDEXOD

FOHULI\HTXDWLRQV RI PRWLRQ ZLWK HTXLYD

OHQW FDUW

FOHULIV1RUWK 6RXWK VIPPHWU\DQG &RULRQLV HIITHFW

'"HOLYHUDEOHYV

t9DOLGDWHG '2) VLPXODWLRQIUDPHZRUN

fO9HULILFDWLRQ WHVW FDVHV GHPRQVWUDWLQJPRGHO D

SHODWHG 5HVHD
WLRQ

UHFRKZAKHY +*9 IOLIKW G\QDPLFVEHDFFXUDWHO
DQDO\WLVLQDKLIJK ILGHOLW\PRGHO"

i SVO 4EGOEKI

7DEOH :RUN 3DFNDJH

RUN 3DFNDJH

:3 'XDO &RQWURO 2SWLPL]DWLRQ

2EMHFWLYH

,PSOHPHQW VLPXOWDQHRXV RSWLPL]DWLRQ
IRUWUDMHFWRU\ FRQWURO

.H\ 7DVNV

f6HOHFWDQG LPSOHPHQW DSSURSULDWH RS

F'HILQH REMHFWLYH IXQFWLRQVIRUUDQJHP

F5HSUHVHQW DQG VWUXFWXUH WKH FRQWUR
OLPLWLQJ

\PRGHOHG W

RIDQJOH RI

WLPL]DWLR
D[LPL]DWLR
O LQSXWV R

F$QDO\][HLQWHUDFWLRQ HIITHFWV EHWZHHQ FRQWURO YD

'"HOLYHUDEOHYV

$F'XDO FRQWURO RSWLPL]DWLRQ IUDPHZRUN
F&RPSDULVRQ ZLWK VLQJOH FRQWURO VWUD

SHODWHG S5HVHD
WLRQ

WHJLHV

UHFKZ4XKHY WKH FRXSOHG QRQOLQHDU LQWHUDRFWLRQ EHWZ
EDQNDQJOHEHRSWLPL]JHG VLPXOWDQHRXVO\"

7TDEOH :RUN 3DFNDJH



'LETXIV

;SVO 4EGOEKI

6IWIEVGL SFNIGXM

RUN 3DFNDJH

'3 )J)RRWSULQW JHQHUDWLRQDQG WDUJHW J

XLGDQF

2EMHFWLYH

*HQHUDWHFRPSOHWHUHDFKDEOH IRRWSULQ

WV DQG

.H\7DVNYV

F'HYHORS PXOWL GLUHFWLRQDO WUDMHFWR
$  PSOHPHQW UDGLDO KHDGLQJVZHHSV IURP

U\ FRPS.
LQLWLD

F&UHDWH IRRWSULQW ERXQGDU\ GHWHUPLQDWLRQ D

FHYHORS WDUJHW SRLQW JXLGDQFH FDSDEL

FOHULI\UHDFKDELOLW\RI SRLQWV ZLWKLQ IR

OLW\
RWSULC

'"HOLYHUDEOHYV

) RRWSULQW JHQHUDWLRQ DOJRULWKP
$f7DUJHW JXLGDQFH IUDPHZRUN

SHODWHG 5HVHD
WLRQ

UKDWNXHRPSXWDWLRQDO DSSURDFK HQDEOHYV

WRU\JHQHUDWLRQ WR FUHDWH IRRWSULQWYV

HIILFLH

;SVO 4EGOEKI

7DEOH :RUN 3DFNDJH

RUN 3DFNDJH

'3 &ROVWUDLQOW +DQGOLQJ

2EMHFWLYH

(QVXUH DOO WUDMHFWRULHYV VDWLVI\RSHUD

WLRQDC

.H\ 7DVNYV

$f, PSOHPHQW J ORDG FRQVWUDLQWY WKURXJ
¥, PSOHPHQW G\QDPLF SUHVVXUH FRQVWUDL

$f  PSOHPHQW WHPSHUDWXUH FRQVWUDLQW W

f9DOLGDWH FRQVWUDLQW VDWLVIDFWLRQ IR

KRXW W
OWV WKL
KURXJK
UDOO JI

'"HOLYHUDEOHYV

$1&RQVWUDLQW PRQLWRULQJ V\VWHP
$+&RQVWUDLQW YLRODWLRQ GHWHFWLRQ V\V

W H P

SHODWHG 5HVHD

WLRQ

UHHKZAKBHY WUDMHFWRULHY EH JHQHUDWHG WK
WKURXJKRXW WKHHQWLUH IOLJKW"

DW PDLC

7TDEOH :RUN 3DFNDJH



6IWIEVGLSYIWXMSRW

;SVO 4EGOEKI

RUN 3DFNDJH

:3 )J)UDPHZRUN 9DOLGDWLRQDQG 9HULILFDWLRQ

2EMHFWLYH

9DOLGDWH WKH FRPSOHWH IUDPHZRUN WKUR

XIJK FRPSUH

.H\7DVNYV

FO9HULI\PRGHO LPSOHPHQWDWLRQ WKURXJK

IRUPXODWLF

f9DOLGDWH SK\VLFDO FRQVLVWHQF\ WKURXJK V\PPHWU\

$f3HUIRUP ORQWH &DUOR YDOLGDWLRQ

$t&RPSDUH PD[LPXP UDQJHV ZLWK OLWHUDWXUH EHQFKPELC

F7THVW IUDPHZRUN IRU PXOWLSOH YHKLFOHV
$f3HUIRUP VHQVLWLYLW\DQDO\VLV

'"HOLYHUDEOHYV

f9DOLGDWLRQ WHVW VHWXS
$f3HUIRUPDQFH PHWULFV DQG DQDO\VLV
F)UDPHZRUN OLPLWDWLRQV

SHODWHG 5HVHD
WLRQ

UFKZAKHQY IRRWSULQW DFFXUDF\EH YDOLGDWHG DFURVYV G

7TDEOH :RUN 3DFNDJH







[ XEOILSPHIV %REP

TXEOILSPHIVW

7KLY WKHVLV LVFRQGXFWHG DV SDUW RI WKHODVWHUTY SURJUDP $HURVSD
7THFKQRORJ\DQGLQ FROODERUDWLRQ ZLWK WKH 1HWKHUODQGY $HURVSDF
ZLWK WKHVWXGHQW SURYLGHG WKHDVVLIQPHQW DQG SURMHFW FRQWH[W

SBULPDU\6WDNHKROGHUYV

fIHWKHUODQGY $HURVSDFH &HQWHU 1/5

$V WKH FRPPLVVLRQHU 1/5LV WKH SULPDU\ VWDNHKROGHU 7KH\ GHILQ
DFFHVV WR UHOHYDQW GDWD WRROV RUH[SHUWY DQG ZLOO HYDOXDW
7KHUHVHDUFK UHVXOWY DUH H[SHFWHG WR FRQWULEXWH GLUHFWO\ WR

78 'HOIW 6XSHUYLVRUVDQG $FDGHPLF 6WDII

7KHDFDGHPLF VXSHUYLVRUV HQVXUH WKH VFLHQWLILF TXDOLW\RI WKH
DFFRUGLQJWRJXLGHOLQHY 7KH\SURYLGHJXLGDQFHRQUHVHDUFK GH\
vVWDQGDUGY 7KHWKHVLVPXVWPHHWWKHUHTXLUHPHQWY RIWKH 78 '"HC

6HFRQGDU\6WDNHKROGHUYV

$(QJLQHHUV DW 1/5
7KHHQJLQHHUV DW 1/5 DUH DIIHFWHG E\ WKH UHVHDUFK RXWFRPHV DV W
WKHVLV LQ WKHLU DFFRUGLQJ SURMHEWYV

$)XWXUH VWXGHQWY RULQWHUQV
7KHWKHVLV PD\VHUYHDV WKHIRXQGDWLRQRUUHIHUHQFHIRUIXWXUH V
SUREOHPV ZLWKLQ 78 '"HOIW RUDW 1/5

$(XURSHDQ 6SDFH $JHQF\ (6%
(68 KDVLQWHUHVW LQ K\SHUVRQLFWHFKQRORJLHV IRUDWPRVSKHULF U
SODQH GHYHORSPHQW 7KHUHVHDUFKILQGLQJVRQ+*9 WUDMHFWRU\RS
JLHV FRXOG LQIRUP WKHLU SURJUDPV RQ UHHQWU\ JXLGDQFH

11$69%
1$6$ LVDFWLYHO\UHVHDUFKLQJ K\SHUVRQLF IOLJKW IRUDWPRVSKHULF
RSHG LQ WKLV WKHVLV IRUKDQGOLQJFRXSOHG QRQOLQHDU G\QDPLFV L
DSSOLFDEOHWR WKHLU WUDMHFWRU\RSWLPL]DWLRQ SUREOHPV

IF'"XWFKOLQLVWU\RI'HIHQVH
'XH WR WKH VWUDWHJLF LPSOLFDWLRQV RI KA\SHUVRQLF JOLGH YHKLFO
'"HIHQVH KDVDQLQWHUHVW LQ GHYHORSPHQWV LQ WKLV ILHOG IURP GHI
WKHRSHUDWLRQDOFDSDELOLWLHVDQG OLPLWDWLRQVRI+*9VLVUHOHR"®

11$72
1$72 DOOLHVY FROODERUDWH RQ GHIHQVH UHVHDUFK LQFOXGLQJ K\SHU



'LETXIV 7TXEOILSPHIV %REP]

PHWKRGRORJLHVDQG IRRWSULQW DQDO\VLVY WHFKQLTXHY GHYHOR
EURDGHU XQGHUVWDQGLQJRI +*9 FDSDELOLWLHYV

t712
2UJDQL]DWLRQV OLNH 712 DQG VLPLODU GHIHQVH UHVHDUFK LQVWL
QRORJLHV IRUERWK PLOLWDU\DSSOLFDWLRQV DQG FLYLOLDQ WHF
GHYHORSHG FRXOGEHUHOHYDQW IRUWKHLU VLPXODWLRQDQG DQI

206 )\TIGXEXMSRW

7TRIHWKHU ZLWK 1/5 WKH IROORZLQJ WKHVLY RXWOLQH KDV EHHQ WKR X
WKDW 1/5ZLOO EHQHILW IURP LQ FRPELQDWLRQ ZLWK D VXLWDEOH JUD((

7KLV WKHVLY VKDOO GHYHORS DQ RSWLPDO JXLGDQFH VWUDWHJ\IRU D
RXVDQJOHRIDWWDFNDQGEDQNDQJOHFRQWURO WR PD[LPL]H WKH UH
7KH GXDO FRQWURO DSSURDFK LV WR IXOO\ H[SORLW WKH +*9V PDQHX"
LQSXWV WKURXJKRXW WKH WUDMHFWRU\ LQVWHDG RI XVLQJ SUH GHIL
UHYHUVDO VWUDWHJILHYV

7KHSULPDU\FKDOOHQJHOLHVLQWKHFRXSOHG QRQOLQHDU LQWHUDF\
FRQWURO 7UDGLWLRQDO RSWLPL]DWLRQ PHWKRGYV VWUXJJOH ZLWK W|
HUDWLQJ FRPSOHWH IRRWSULQWY UHTXLULQJ IHDVLEOH WUDMHFWRUL
DSSURDFKPXVWEHGHYHORSHG WKDW FDQ HIILFLHQWO\KDQGOH WKH F
LVIDFWLRQ DFURVVDOO WUDMHFWRULHVDQG JHQHUDOL]H WR DUELWU
UH RSWLPLIDWLRQ IRUHDFK GLUHFWLRQ 7KLV VKRXOG DOO EH GRQH 7
UHDO OLIHH[DPSOH

7KH SULPDU\ GHOLYHUDEOH LV D FRPSUHKHQVLYH IRRWSULQW PDS WKD
JLYHQ LQLWLDO FRQGLWLRQV GHPRQVWUDWLQJWKHIX0O0O RSHUDWLRGC
DWWDFN DQG EDQN DQJOH



STXMQMAEXMSR 11X

9DULRXV RSWLPL]DWLRQ PHWKRGV IRU VROYLQJ WKH WUDMHFWRU\ RSWLPL
GLVFXVVLRQ LQFOXGHY GLUHFW LQGLUHFW DQG KHXULVWLF PHWKRGV ||
DQG OLPLWDWLRQV LQ WKHFRQWH[W RI +*9 IOLJKW

+\SHUVRQLF WHFKQRORJ\ WRGD\LV VWXGLHG DOO RYHU WKH ZRUOG 6LQFF
KDV EHHQ PDGH LQ PRGHOLQJ WKH G\QDPLFV RI KA\SHUVRQLF JOLGH YHKLFC
WUDMHFWRU\D ORW RI SURJUHVYV KDV EHHQ PDGH

7KH HIDFW HTXDWLRQV RI HQWU\ G\QDPLFV FDQQRW EH VROYHG DQDO\WLF!
SXWHU PRGHOV KDYH WR EH XVHG W R D QRO KHGW K H BW PDEXEHIPOSXGLUHFW PHW
ILQG DQ RSWLPDO FRQWURO VWUDWHJ\ WKDW VDWLVILHV VA\VWHP G\QDPLF\
ZKLFK FRXOG EH PD[LPL]LQJ UDQJH IRU H[IDPSOH 'LUHFW PHWKRGV FRPH
WKH RSWLPDO FRQWURO SUREOHP EH WUDQVIRUPHG WR D QRQOLQHDU SUR
WKLY WUDQVIRUPHG QRQOLQHDU@B URIVHFMPRRWEBRE PEKKW VROYH ODUJH \
HDU SURJUDPPLQJ SUREOHPV ZKLFKLQWURGXFH FKDOOHQJHV LQ FRQYHU.
GLUHFW PHWKRG LV LQ FRPSDULVRQ WR WKHLQGLUHFW PHWKRG PRUH ZLC

*SVQYPEXMSR SI'SRXMRYSYW (]JREQMGEP 7]WXI1Q\

,Q WKLV VHFWLRQ WKH JHQHUDO QRQ OLQHDU G\QDPLFDO V\VWHP WKDW |
LQWURGXFHG 7KH VWDWH VSDFH UHSUHVHQWDWLRQ RI WKH VIVWHP DQG
GHVFULEHG IRUPLQJWKH PDWKHPDWLFDO IRXQGDWLRQ IRUWUDMHFWRU\ |

+\SHUVRQLFJOLGH YHKLFOHVIROORZD FDUHIXOO\GHVLJQHG WUDMHFWRU\
DQG RSWLPL]DWLRQ RI WKLY WUDMHFWRU\ HQVXUH FRPSOLDQFH ZLWK IOLJ
PD[LPLIHG 7KURXJKRXW WKH OLWHUDWXUH WKHUH LV D ZLGH YDULHW\ RI
WKHUH DUH PDQ\ GLITHUHQFHYV WKH\DOO VKDUH D FRPPRQ PDWKHPDWLFDC
DVSDFH YHKLFOHLY GHVFULEHG A{gWEKPROAHPWQRHRQYRO XWEWRUY JLYHQ E\L
RI GLITHUHQWLDO HTXDWLRQV 7KHUHSUH@HQWDWLRQ LV XVXDOO\DV IROO

x(t) = f x(t);u(t);t;

ZKHUB LV WKH FRQW URIOV YD IXLQDFEYOLHR Q ZL W K U H(tH MAKWM W DWLR H ,[DQIGI Q HU D O
WKH IXGFMWLRRQ OLQHDU 7 Kxift) AWADDAUMWY/HIFWY R LB U H G H W Hk) PIQEEHBWE RL QW F D C
SUHGHWHUPLQH G WLIRH LRNVOWRIQWKH VIVWHP LV WR UHDFK ® PWHBHWHUPLQ
ILQDOYW ZRHMUHIRUH WKHUH LV DQ LQHTXDOLW\WR GHVFULEH WKH ERXQGD!

b b(xoito;Xe;ty) by



'LETXIV STXMQMAM"EXMSR 11XL

STXMQMM"EXMSR 4VSFPIQ

, QWUDMHFWRU\RSWLPL]DWLRQ DIHDVLEOH IOLJKW WUDMHFWRU\ LV C
VI\VWHP ZKLOH VDWLVI\LQJWKH SUHVFULEHG SDWK FRQVWUDLQWYV )RU
VLEOH WUDMHFWRULHY ,QRUGHU WR VHOHFWDQRSWLPDO WUDMHFWR
RQWKHPLVVLRQYY REMHFWLYH 7KLV DOORZVIRUD T TXDQWLWDWLYH P!
IRUPXODWHG XVLQJD FRVW IXQFWLRQ ZKLFK KDV WKHIROORZLQJIRUP

Z f
J = ( Xosto;Xsite)+ t L (x(t); u(t);t) dt

to

ZKHUHV WKH OD\HU FRVW ZKLFK GHSHQGV RQ WKH LQMWMRB B QREFIH QD
FRVW ZKLFK LQWHJUDWHYV WKURXJKRXW WKH WUDMHFWRU\ 7KH OD\HL
WUDMHFWRU\ PHDQLQJLW GRHV QRW DFFXPXODWH GXULQJ WKH IOLJK'
GRPIOWHLQ] PHDQLQIJLWDFFRXQWV IRUFRQWLQXRXV IDRAVRUV GXULQJ WK

7KH FRVW IXQFWLRQ PXVW EH)PLVQWRH M & DMWHUWHFWRU ZKLFK UHSUHVH(
WKbw bDUH QHHGHG WR GHVFULEH WKH VA\VWHP DW DQ\JLYHQ WLPH ZKl
DQ +*a(t) LVWKH  FRQWURO YHFWRU WKDW UHSUHVHQWY WKH YDULDEOF
EHKDYLRU RI WKH VA\VWHP )YRUDQ +*9 WKLV FRXOG EHWKHEDQN DQJOF
YHFWRU GHVFULEHYV ZKDW WKH VA\VWHP LV GRLQJ ZKLOH WKH FRQWURC
LVWKHREMHFWLYHIXQFWLRQ ZKLFKLVDLPHGWREHPLQLPL]JHG 7KLV
DQG FRQWURO LQ S X)MoRY;HY WILWKH WHUPLQDO FRVW 7KLV FRXOG EH X
IOLJKW WLPH IRUH[DPSOH RUWRDFKLHYHDILQDO VWDWH ZLWK PLQL
FE%I WKH WUDMHFWRU\ 7KLV FRXOG EH VHHQ DV D SHQDOW\ IRU DUULYL
tof L(x(t);u(t);t)dt LV WKH UXQQLQJFRVWDQG UHSUHVHQWY WKH FXPXODWLY
WKH IOLJKW ZKLFKLVY GHSHQGLQJRQ WKHVWDWH FRQWURO DQG WLF
FRQVXPSWLRQ FRQWURO HIIRUW RU GHYLDWLRQV IURP D GHVLUHG SD
HIDPSOH IXHOFRQVXPSWLRQ WKURXJKRXW D MRXUQH\ 7KLV SHQDOL]F
LOSXW GXULQJIOLIKWI TKIBD @ RLW. HWVOWWH BRIUIRUPDQFH RI WKH WUDMH
PHDQ EHWWHU SHUIRUPDQFH

7KH WRWDO IRUPXODWLRQ RI WKH WUDMHFWRU\@SWLPL]DWLRQ FDQ EH

Z,,
PLQLPLWIH Xoto;Xs;ty + L x(t);u(t);t dt

to
VXEMH KW WRx(t); u(t);t G\QDPLF FRQVWUDLQWYV
o} b Xo; to; Xt ; ts by ERXQGDU\FRQGLWLRQV
o g x(t);u(t);t u SDWK FRQVWUDLQWYV

(MVIGX QIXLSHW

'LUHFW PHWKRGY GLVFUHWL]H WKH WUDMHFWRU\ DQG VROYH WKH UH\
HUDO YDULDQWY VXFK DV GLUHFW VKRRWLQJ PXOWLSOH VKRRWLQJ D
HPSKDVLV RQ WKHLU VXLWDELOLW\IRUKLJK GLPHQVLRQDO FRQVWUDL

'LUHFW PHWKRGV KDYHEHHQ ZLGHO\ XVHG LQ WKHILHOG RI YHKLFOH W1
RGVDUHDOVR XVHG EXW WR D OHVVHU HIWHQW 7KLV KDV@GEHH®RPWHQ
HW DO@ KDYH SURSRVHG D GLUHFW DSSURDFK XVLQJ QRQ OLQHDU SUR
GRVSHFWUDO OHWKRG WR PLQLPL]H WKH WHUPLQDO KR K BNHR & URBRVH G
DGLUHFWPHWKRG XVLQJD 1RQ /LQHDU 3URJUDPPLQJ 1/3 SUREOHPDQ
LQGLUHFW PHWKRG KDV EHHQ ®VH® PX$/G\L E X QMRKM G WKDW WKLV ZDV X
ZDUGV $GLPXUWK\ SHUIRUPHG D WUDMHFWRU\RSWLPL]DWLRQ LQ z
WKHUREXVWQHVV RI 1/3 ZD V@ HRRRIGNRWHDW@ @® DOSHUIRUPHG D GRZQU
RSWLPL]DWLRQ RI D +\SHUVRQLF %YRRVWHG *OLGH 9HKLFOH XVLQJ D GL
ZHUHLQFOXGHG %\ =@DQGEGHMWMB®W PHWKRG KDVEHHQ HPSOR\HG LQ ZKLF



(MVIGX QIXLSHW

EHHQ PLQLPL]JHG )LQDOO\ WRODPOODWRVXOMMHGD GLUHFW PHWKRG WR PD[L]
ZLWK D QRQ OLQHDU SURJUDPPLQJIRUPXODWLRQ

(MVIGX 7LSSXMRK 11 XLSH
7TKHGLUHFWPHWKRG SDUDPHWHUL]JHV WKHFRQWUROLQSXWVDQGLQWHJUD
DGMXVWYVY WKH FRQWURO SDUDPHWHUV WR PLQLPL]H WKH REMHFWLYH ,I W|
WKHVWDUWLQJFRQGLWLRQVDUHDGMXVWHGDQG WKHSURFHVV LV UHSHDW
'LUHFW VKRRWLQJFDQEHDFFXUDWHEXWEHFRPHVY QXPHULFDOO\XQVWDEO
WUDMHFWRULHY PDNLQJ LW XQVWDEOH IRU +*9 SUREOHPV | WKH LQLWLD
WRFRQYHUJH ZKLFKUHTXLUHVILQH WXQLQJRUDOWHUQDWLYHLQLWLDOL
QXPHULFDO LOQO@RWREQBPHWPHDOO HUURUV LQ LQLWLDO FRQGLWLRQV JURZ R®
VWUXJJOHV ZLWK ORQJ GXUDWLRQ WUDMHFWRULHVY VXFK DV WKH +*9 PLVVI
RSWLPLIHVDOO FRQWUROVDWRQFH LWPLIJKWILQG D VROXWLRQ ZKLFK LV C

I1YPXMTPI (MVIGX 7LSSXMRK 1IXLSH

7KH PXOWLSOH GLUHFW VKRRWLQJ PHWKRG LVDQ LPSURYHG YHUVLRQ RI W
EHHQ GHVLIQHG WR RYHUFRPH WKH LVVXHV RI VWDELOLW\DQG FRQYHUJHQ
ORQJ GXUDWLRQ RUKLJKO\VHQVLWLYHWUDMHFWRU\RSWLPL]DWLRQ SURE
ILUVW GLYLGHV WKH WUDMHFWRU\LQWR VHIPHQWY ,QVWHDG RILQWHJUDV
SRLQW PXOWLSOH GLUHFW VKRRWLQJVSOLWY WKH WUDMHFWRU\LQWR VP
RSWLPL]JHG IRU HDFK VHIPHQW ZKHUH WKH LQLWLDO FRQGLWLRQV IRU HD
RSWLPLIJHG 7KHHQWLUH SUREOHP LQFOXGLQJWKHVHIPHQWHG WUDMHFW
XVLQJ D QXPHULFDO RSWLPL]DWLRQ PHWKRG OLNH VHTXHQWLDO TXDGUDW
VWDEOH WKDQ GLUHFW VKRRWLQJ VLQFH WKH WUDMHFWRU\ LV GLYLGHG D
PXFK 7KLY FRPHV DW WKH SULFH RI KLJKHU FRPSXWDWLRQDO FRVWV DQG
VWLOO DQ@VVXH >

'SPPSGEXMSR 1IXLSH

7KH FROORFDWLRQ PHWKRG VROYHV WKH WUDMHFWRU\RSWLPL]DWLRQ E\ E
FDOOHG FROORFDWLRQ SRLQWYV 7KH VI\VWHPVY EHKDYLRU LV DSSUR[LPDW
VROYLQJ WKH HQWLUH WUDMHFWRU\ DV D FRQWLQXRXV IXQFWLRQ LW FRQ
HTXDWLRQV 7KH VWDWH DQG FRQWURO YDULDEOHV DUH GLVFUHWL]HG DW
WUDMHFWRU\ EHWZHHQ FROORFDWLRQ SRLQWV LV DSSUR[LPDWHG XVLQJ S|
HQIRUFHG DV FRQVWUDLQWY DW HDFK FROORFDWLRQ SRLQW 7KH HQWLUH \
OLQHDU SURJUDPPLQJ SUREOHP 7KH VROYHU WKHQ ILQGY WKH EHVW SRO\
DOO FRQVWUDLQWY 7KLV DSSURDFK LV PRUH VWDEOH WKDQ WKH VKRRWL!
LV RSWLPL]HG DW RQFH DQG QR QXPHULFDO LQWHJUDWLRQ HUURUV DGG X
SURYLGHV D VPRRWKHU DQG PRUH DFFXUDWH WUDMHFWRU\@ XHKWR WKH XV
FROORFDWLRQ PHWKRG FDQ EH WUDQVFULEHG XVLQJ SVHXGRVSHFWUDO P
SDUW Rl WKH GLUHFW PHWKRGV ZKLFK KDYH D GLVFUHWL]DWLRQ RI WKH R
ILQLWH QRQ OLQHDU SURJUDPPLQJ SUREOHP 7RROV WKDW LPSOHPHQW SV
*3236>@ ZKLFK ZLOOEHGLVFXVVHG LQ 6HFWLRQ

+EYWWMER 4WIYHSWTIGXVEP 1IXLSH

,Q WKH SDVW \HDUV WKH *DXVV 3VHXGRVSHFWUDO OHWKRG *30 KDV EHH
RSWLPL]IDWLRQ ®WRBOWP®Y*EH XVHG IRUD UHHQWU\ YHKLFOH WR FDOFXOD
SULRUWR ODXQFK ,W KDV EHHQ GHPRQVWUDWHG WKDW RIPDQ\ QXPHULFL
FRQYHQLHQW WRROV IRUUHHQWU\ WUDMHFWRU\ RSWLPL]DWLRQ SUREOHP
VXEMHFWHG WR PDQ\ FRQVWUDLQWY VXFK DV DHURG\QDPLF ORDG G\QDPLF
WLRQDOO\ *30LVFUXFLDOIRU +*9 GXHWR WKHQRQ OLQHDU G\QDPLFV RI K\
HWDO@ >KDYH REWDLQHG JUHDW UHVXOWYVY XVLQJ WKH *DXVV SVHXGRVSHFV
WUDMHFWRU\ $GGLWLR @DKDY H=X\DH)E H3W RIOHUH WKH FRVW IXQFWLRQ ZDV X
WHUPLQDO FRQWURO HQHUJ\DQG ZHUH VXFFHVVIXO LQ WKLV

*30ZRUNV ZLWK D VHULHV RIGLVFUHWH SRLQWY ZKLFKDUHFDOOHG *DXVV S
RSWLPDO FRQWURO SUREOHP IURP D FRQWLQXRXVY SUREOHP WR D GLVFUHWI



'LETXIV STXMQMAM"EXMSR 11XL

ORFDWLRQV WKDW DUH XVHG LQ QXPHULFDO PHWKRGYVY WR DSSUR[LPDW
UHTXLUHPHQWY RIDOO FRQVWUDLQWY DW HDFK *DXVV SRLQW +RZHYH
QRW YHULILHG $GGLWLRQDOO\ PDQ\*DXVV SRLQWYVY DUH QHHGHG WKD
DOVRLQWURGXFH ODUJH DSSUR[LPDWLRQ HUURUV

7KH SULQFLSOH RI *30 LV WKDW WKH RSWLPDO FRQWURO SUREOHP LV
JHIHQGUH *DXVV /* SRLQWV 7KHVH DUH WKH URRWV RI /HJHQGUH SR
WKH /HIHQGUH GLIIHUHQWLDO HTXDWLRQ $O[0IWK HWRHE IS RH Q WVKIHUW ZD N
WRU\RSWLPL]DWLRQ LV IRUPXBRW &R VOKMKIQWHBH QGWEOWWDQ LDEOH L
WKH LQWIHY YOWHU WKLY WKH SUREOHP LV FRQYHUWHG LQWR D QRQ OL
FDQ DIWHUZDUGY EH VROYHG E\ WKH 6HTXHQWLDO 4XDGUDWLF 3URJUDI

8VLQJ WKLV *30 DOO FRQVWUDLQWY FDQ EH VDWLVILHG ZLWK KLJK SU
EHWZHHQ *DXVV SRLQWYVY FRQVWUDLQW VDWLVIDFWLRQ LV QRW YHULIL
SUREOHP WKDW WKH ZD\SRLQWV FRQVWUDLQWY FDQQRW EH VDWLVILHG
SRLQW $GGLWLRQDOO\ LW FRXOG EH WKDW WKHFRQGLWLRQV IRU WK
WR WKHVH QR IO\ ]RQH FRQVWUDLQWY WKH SDWK FRQVWUDLQWY FRXO
SRLQW SRVLWLRQV 7KHVH SUREOHPV DUH GHSLFWHG LQ )LJXUH

D/LPLWDWLRQRI *30 RQ ZD\SRLQW FRQVW UDLL@WWDWLRQ RI *30 RQ QR 10V ]JRQH FRQV\

F/LPLWDWLRQ RI*30RQ SDWK FRQVWUDLQW

JLIXUH /LPLWDWLRQV@®&I *30 >

7KHVH SUREOHPYVY DUH FDXVHG E\ WKH GLVWULEXWLRQ RI WKHVH *DXV
KDV EHHQ VXJIJHVWHG WKDW PRUH *DXVV SRLQWYV DUH DOORFDWHG WR
ORFDWLRQRI ZD\SRLQWV FRLQFLGH ZLWK *DXVV SRLQWYV ,Q RUGHU WR
LQWR VHYHUDO VHIPHQWY DQG DIWHUZDUGY *DXVV SRLQWY DUH DOO|
*DXVV SRLQWV DUH QHDU WKH EUHDNYV

(MJJIVIRXMEP -RGPYWMSR 11XLSH
7TKHGLITHUHQWLDOLQFOXVLRQPHWKRGLVDZD\WRRSWLPLJHD WUDMHI
> @ ,QVWHDG RI VROYLQJIRU HIDFW FRQWURO YDOXHV DW HDFK PRPH
WUDQVLWLRQVDQGZLOO OHW WKHRSWLPL]JHUSLFNWKHEHVWRQH )RU
WKHEDQNDQJOHFDQEHDQ\ZKHUH EHWZHHQ GHJUHHV DQG GHJUHH
VWDWHVUDWKHUWKDQD VLQIJOHWUDMHFWRU\ 7KHRSWLPL]J]HUWKHQH
WKHRQHWKDW OHDGVY WR WKHEHVW WUDMHFWRU\ZKLOH VDWLVI\LQJ W
LVFRPSXWDWLRQDOO\NIDVWHU FRPSDUHG WR WKHFROORFDWLRQ PHWK
IRU UHFRQVWUXFWLQJ WKH HI[DFW FRQWURO VWUDWHJILHV LV PRUH FRI
LVFRPSDUHG WR WKH FROORFDWLRQ PHWKRG WKDW JLYHVY H[SOLFLW F|



-RHMVIGX 1IXLSHW

-RHMVIGX 1IXLSHW

%DVHG RQ 3RQWU\DJLQYV OD[LPXP 3ULQFLSOH LQGLUHFW PHWKRGV \LHOG
ERXQGDU\YDOXHSUREOHPVLQYROYLQJFRVWDWHG\QDPLFV 7KLV VHFWLR
DQG SUDFWLFDO FKDOOHQJHV LQ DSSOLFDWLRQ

, QGLUHFW PHWKRGV DUH XVHG WR VROYHDQ RSWLPDO FRQWURO SUREOHP E
WKDW GHVFULEH WKH EHVW SRVVLEOH VROXWLRQ 7KHVH HTXDWLRQV DUH
,QVWHDG RI GLUHFWO\ ORRNLQJ IRU WKH EHVW WUDMHFWRU\ E\ GLVFUHWL]
LVWKHGLUHFW PHWKRG WKHLQGLUHFW PHWKRG VWDUWY E\ XVLQJ D WRRC
SRQWU\DJLQTV OD[LPRXRBWEQIFQBEOFOH ZRUNV XVLQIJDQRWKHU VHW RIYDULD
7TKHVH PHDVXUHKRZVHQVLWLYHWKHSHUIRUPDQFHPHDVXUHLVWRFKDQJH
VHQVLWLYLWN\LQGLFDWRUV ZKLFK WHOO KRZPXFK D VPDOO FKDQJH LQ WK
IXQFWLRQ 7KH 3RQWU\DJLQTV PD[LPXP SULQFLSOH WHOOV WKDW LI D WUD
FHUWDLQ PDWKHPDWLFDO FRQGLWLRQV 8VLQJWKHHTXDWLRQV RI PRWLRC
DVHWRIHTXDWLRQVLVIRUPHG 7KHVHHTXDWLRQVDUHVROYHG WRJHWKH
WKH VWDUW SRVLWLRQ DQG WKHHQG SRVLWLRQV DUHNQRZQ WKLV LV D SU
DW WKH HQG UHVXOWLQJLQ DWZR SRLQW ERXQGDU\ YDOXH SUREOHP 7K
DQVZHUVLQ WKHFDVHWKDW WKHHTXDWLRQV FDQEHVROYHG +RZHYHU D
LVUHTXLUHG DQG RWKHUZLVH VROYLQJ WKHHTXDWLRQV EHFRPHV GLIILFX

$FFRUGLQJ WR +XD@J HW IDWOYHU\ GLIILFXOW WR VROYH WZR SRLQW ERXQG
WKH H[FHSWLRQ RI VLPSOH SUREOHPVY DQ DFFXUDWH VROXWLRQ ZLOO EH K
RUGLQDU\NGLIITHUHQWLDO HTXDWLRQV RI D K\SHUVRQLF JOLGH YHKLFOH DU
PXFK KDUGHU WR VROYH WKH WZR SRLQW ERXQGDU\YDOXH SUREOHP

+RZHYHU DFFRUGLQJW® *DRD@RBWUWPLRPDWLRQ KDV EHHQ SHUIRUPHG RQ D K\!
KLFOH XVLQJDQLQGLUHFW PHWKRG 7KHVROXWLRQRIWKHLQGLUHFW PHW
WUDMHFWRU\ RSWLPL]DWLRQ WRRO ','2 ZKLFK YDOLGDWHG WKH VROXWLR
DFFRPSOLVKHG E\ ILUVW HIWHQGLQJ WKH WUDMHFWRU\ VR WKDW LW PDW FK
WLRQV $IWHU WKDW WKHFRQVWUDLQWY DUHLQWURGXFHG DQG JUDGXDOC
RI WKLY FRPSOH[ WUDMHFWRU\ VROXWLRQV FDQ EH TXLFNO\ FRQVWUXFWH
GLIILFXOW RSWLPL]DWLRQ SWKRHEFORPPIWD Y QY RDXEHHW ZHHQ WKH PRGHUQ RSWLP
WKHLQGLUHFW PHWKRG LV VKRZQ RQ WKH IRRWSULQW RI WKH +*9

JLIXUH &RPSDULVRQ EHWZHHQ WKHLQGLUHFW PHWKRG QG WKH PRGHUQ RS\

,QVXPPDU\ WKHGLITHUHQFHEHWZHHQ GLUHFW PHWKRGV DQG LQGLUHFW P
ZD\ 7KHDGYDQWDJHV RI WKHLQGLUHFW PHWKRGY DUH WKDW LW JLYHV KLJ
VDWLVI\WKHRSWLPDOLW\FRQGLWLRQVY +RZHYHU QHFHVVDU\RSWLPDOLW
DIJRRGLQLWLDO JXHVVLVQHHGHG GXHWRWKHVPDOO FRQYHUJHQFH VSDFI
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FRVWDWH IXQFWLRQV LY QHHGHG 7KH GLUHFW PHWKRG DYRLGV WKH G
JLYHV OHVV DFFXU@RWH UHVXOWYV >

SXLIV1IIXLSHW

+HXULVWLFDQG JUDGLHQW IUHH PHWKRGV VXFK DV JHQHWLF DOJRULW
QDPLF SURJUDPPLQJDUH GLVFXVVHGDVDOWHUQDWLYHDSSURDFKHYV
PHWKRGV RITHUUREXVWQHVV DQG JOREDO VHDUFK FDSDELOLWLHV

(IREQMG 4VSKVEQQMRK
‘\QDPLF SURJUDPPLQJ LV D PDWKHPDWLFDO PHWKRG WR VROYH WUDMH
LQJ WKHSUREOHP LQWR GLVFUHWH VWDJHV DQG ILQGLQJ WKHRSWLPDC(
VPDOOHU VXESUREOHPVY UHFXUVLYHO\ 7TKHDGYDQWDJH RI G\QDPLF S U
FXODWLRQ WKHRU\DQG D UHO W \REZG\YKHLI KMDKFHF RDDBHY W GLVDGYDQW
LVWKHODUJHDPRXQW RIPHPRU\VSDFHUHTXLUHG '\QDPLF SURJUDPP
EHHQ XVHG LQ WKHHDUO\VWDJHV RI YHKLFOHWUDMHFWRU\RSWLPL]DV

+IRIXMG %PKSVMXLQ
$QRWKHU SRVVLEOH PHWKRG WR SHUIRUP DQ RSWLPL]DWLRQ LV WR X'
RQ QDWXUDO VHOHFWLRQ RI WKH ILWWHVW *HQHWLF DOJRULWKPV KD
RSWLPL]DWLRQ RI UHH® WHOHMKUFDBYRULWKPY DUH UREXVW DUH QRW
DQG KDYHJRRG SHUIRUPDQFH ZKHQ GHDOLQJ ZLWK ODU@H DQG FRPSOH

$VDQH[DPSOH <RNR\MBPOMHWHXYHG DQ RSWLPLIDWLRQRIWKHUHHQWU\
SURJUDPPLQJ SUREOHP IRUPXODWLQJ XVLQJ D UHDO FRGHG JHQHWLF
EHHQ VKRZQ WR SHUIRUP WKHJOREDO VHDUFK RIWKHREMHFWLYHIXQF)
EHHQ DSSOLHG WR RSWLPL]JHWKH UHHQWU\WUDMHFWRU\RID VSDFH S
DSSURDFKHG WKH YLFLQLW\RIDQ RSWLPDO VROXWLRQ

JXUWKHUPRUH *D@IKDWVBGURSRVHG D UHHQWU\ WUDMHFWRU\ ZLWK PL
IL[IHG WHUPLQDO WLPH XVLQJD JHQHWLF DOJRULWKP $OVR KHUH LW ZI
REWDLQHG IDVWHUDQG WKDW WKHDSSURDFK LV QRW VHQVLWLYH WR W

$ GLVDGYDQWDJH RI XVLQJ JHQHWLF DOJRULWKPV LV WKDW LVWBORIWHQ
$GGLWLRQDOO\ JHQHWLFDOJRULWKPV VWUXJJOHAWRKHWM IV WHKHH] &/H WK W
IRUWKLV +*9 UHHQWU\ SUREOHP

4EVXMGPI7[EVQ3TXMQMM"EXMSR
SBDUWLFOH6ZDUP 2SWLPL]DWLRQ 362 LVDQHYROXWLRQDU\FRPSXWDW
LQJ RSWLPLIDWLRQ DOJRULWKP 7KLV LV GXHWRLWV@LBES®&HPQDHWXD &
> @ KDYH VXFFHVVIXOO\ XVHG D UHHQWU\ YHKLFOH WUDMHFWRU\ RSWL
PLIHWKH KHDW JHQHUDWHG $V D FRQFOXVLRQ RI WKLV VWXG\ LW ZDV
DFFXUDWH PHWKRG WR GHWHUPLQH WUDMHFWRU\RSWLPL]DWLRQ

+RZHYHU WKHUH DUH DOVR GLVDGYDQWDJHV WR WKLV PHWKRG ,W LV
GLPHQVLRQDO VSDFH OLNHLQ WKH +*9 SUREOHP $GGLWLRQDOO\ LWK
SURFHW >KH SUHPDWXUH FRQYHUJHQFH LV ROVRWVMWDWWHNEEV/DXVHE G}
EHFRPH WUDSSHG LQ ORFDO RSWLPD

4EXXIVR 7IEVGL
7KH SDWWHUQ VHDUFK PHWKRG KDV QRW EHHQ H[WHQVLYHO\LQYHVWLJ
W KDV WKHSRWHQWLDO WR GHDO ZLWK RSWLPL]DWLRQ SUREOHPV WKD'
EDVHG JUDGLHQW IUHH DOJRULWKP WKDW GRHY QRW UHTXLUH WKH REM
PLQLP D@

JRUDQ +*9 WKHUH DUH XVXDOO\ WKUHH SDWK FRQVWUDLQWY 7KHVH F
DUH ZULWWHQ DV HTXDWLRQV DQG WKHQ LQFRUSRUDWHG LQWR WKH +
LV WKHQ GHWHUPLQHG E\ FRPSXWLQJ WKH SDUWLDO GHULYDWLYH RI W



3XLIV1IIXLSHW

YHFWRU

ZRUN GLITHUHQWO\

JRUUDQGRP VHDUFK PHWKRGV VXFK DV *HQHWLF $OJRULWKPV RL
7TKHUH WKH\ ZRUN DV FKHFNSRLQWY DQG LI WKH SDW

VLPXODWLRQ VWRSV LPPHGLDWHO\DQG WKDW FRQWURO VHW LV UHMHFWHC

WKH UXOHVY DUH NHSW IRU WKH QH[W URXQG RI WHVWLQJ

7R

LPSOHPHQW W

WUDMHFWRU\N LY GLYLGHG LQWR PXOWLSOH VORWYV 7KH QXPEHU RI VORWYV
IRUIHZHU VORWY ZKHUHDV WKH QXPEHU RI VORWY KDV WR EH ODUJH HQR.
G\QDPLFV 7KHVORWYV DUH GHSLFWHG LQ )LJXUH

JLIXUH 7TUDMHFWRU\ SPUWLWLRQV >

WWWIWWQIRX SI2YQIVMGEP 1IXLSHW
,Q 7T DEOMWKH WUDMHFWRU\ RSWLPL]DWLRQ PHWKRGYV GLVFXVVHG LQ WKH SL
7KLV JIJLYHV D FRPSDUDWLYH RYHUYLHZ RI WKHLU FKDUDFWHULVWLFV VWU}
+*9 WUDMHFWRU\RSWLPL]DWLRQ

7TDEOH &RPSDULVRQ RIQXPHULFDO WUDMHFWRU\ RSWLPL]DWLRQ PHW:

OHWKRG '"HVFULSWLRQ $GYDQWDJHV| 'LVDGYDQWDJHWVHVVPHQW
'LUHFW 6KRROWLBIJUDWHYV| WKH V\V 6LPSOH EXW|OLPLWHG
OHWKRG WHP IRUZDUG| IURFEBQPSOH WR DS 6HQVLWLYBFM}RUDF\ 6WUXJJOHV
WLDO JXHVV RI FRQ3¥URO LQLWLDQ ZL@KH ORQJ GXUDWLRQ
LQSXWV $1&0OHDU WUXFLXPHULFD®*9 WUDMHFWRULHYV
W XUH LQVWDELO
LW\ LQ |ORQJ
WUDMHFWRULHV
$1&DQ IDOO LQWR
ORFDO PLQLPD
OXOWLSOH 'LYHEG MWV WUDMHFWRU\ ORUH VWDEOH WKDQ
6KRRWLQJ 0 HWIKQRWR VHIPHQWWSURYH[G F+LIJKHU FRFPLUHFW VKRRWLQJ
ZKHUH HDFK LVYHUVLRQ SXWDWLRQRO® ORQJ GXUDWLRQ
VROYHG DQG Sxw GLUHFW FRVWYV SUREOHPYV
WRJIJHWKHU VKRRWLQJ $16WLOO UHTXLUHV
I % HWWHU| VWDBER®RG LQLWLDO
LW\WKDQ GLUHPW VYV
VKRRWLQJ
$1XPHULFDO
HUURUV GR QRW
DFFXPXODWH
DV PXFK
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OHWKRG

'"HVFULSWLRQ

$GYDQWDJHV| 'LVDGYDQWDJHWVHVVPHQW

&ROORFDWLRQIRONBERBLD O

ODWLRQ EHW
FUHWL]HG QR

LQWHUSR
ZHHQOBUW

(ITHFWLYH
WD #5HTXLUHVVWUDLQH®E*9

TRU FRQ

GHV EOH WKDQ DGYDQFHGRSWLPL]DWLRQ DQG

VKRRWLQJ

PHWKRG

$:KROH
MHFWRU
RSWLPL]
RQFH

$16PRRWKHU
DQG PRUH
DFFXUDWH

WUDMHF

t1R QXPHUL

FDO LQ

WLRQ HUURUV

DFFXPXODWH
$1&DQ BH

WUDQVFULEHG

XVLQJ S
GRVSHF
PHWKRG

VROYHU

WUD

HG DW

WRU\

NVHJUD

V H X
uboO

XVHG LQ
OLWHUDWXU H

*DXVVLDQ

TXDGUDWXUH

BVWOKFWUDO FROORFDWLRQ
GRVSHFWUDQ MW RBG *DXVVLDRQ2QH RI
PRVW FRQYH VHWXS

QLHQW
IRU +*
UHHQWU

$++DQGOH

PDQ\ FRQ
VWUDLQWYV

DHURG\

QDPLF QRDG

G\QDPLF

SUHVVXUH
KHDWLQJ UDWH

$,GHDO IR
OLQHDU
G\QDPLF

NVKH £+ &RPSOH]

WRROV
9

U QRQ

+*9

"THPRQVWUDWHG DV D

FRQYHQLHQW PHWKRG
IRU +*9 WUD
RSWLPL]DWLRQ

MHFWRU\

'LITHUHQWLD

WUDQVLWLR(
RI H[SOLFLW,
LQSXWYV

D 2SWIFFOAHY RYHU VHWYV
VLRQ OHWKRG RI SRVVLEOH

VWDOWHRK IDVWHUf /DFNV
VvV  LQNRWAEIXGV O

FRQWURQ

F$YRLGYV
SOLFLW
GHILQLW

KDQ KLVWRU\
HI FRQWURO

LRQ

(INLFLHQW

FRQWBROVWUXFWLRQ

IRU UDSLG
HFRPSXWDWLRQ /HVV
SOLFLW FRRMWUR® IRU
FRQWURO
FROORFDWLRRQ/HVV SUHFGHMNLJIQ

GHWDLOHG
VWUDWHJ\

,QGLUHFW OH

YLD 3RQWU

WKRIEYHY RSWLPDOLW\

OD[LPXP 3ULQFLSOWDF\UHYV
DQG FRVWDWHYV

RSWLPD(

$F6ROXWLRQV

VDWLVI\
WLPDOL
FRQGLWI

RS JXHVYV

GHULYHQG

TIILFXOW
\DJLIOMMIK DRFX $9HU\ GLIILEXOWEXW
XOWVIRU FRPS @K
$+7KHRUHWLFDOSUREOHRVGHPRQVWUDWHG +*9
$5HTXLUHVRSWLPL]DWLRQ
JRRG LQLWOILOL@GDWLRQ
IPIRGHUQ WRR
U\ FRVWDWHYV

RQVi6PDOO FRQ
YHUJHQFH
VSDFH

$ THFHVVDU\
RSWLPDOQLW\
FRQGLWLRQV
PXVW EH

DQDO\VWLFDOO\

WR DS

DQW HW
VVIXO0O\

ZLWK
DJDLQVW
ORY




8SSPW 8S 9WI

OHWKRG "HVFULSWLRQ $GYDQWDJHY] LVDGYDQWDJHBWVHVVPHQW
TQODPLF 3URJBBROYHV RSW[PL]DWLRQ 8VHG LQ HDUO\
PLQJ E\EUHDNLQJSUREBHIPSOH FDOFX5HTXLUHVVWDJHY RI YHKLFOH
LQWR GLVFUHWH VWDWHWRQ WKHRODUJH RHPUDMHFWRUY\ RSWLPL]D
DQG ILQGLQJ| RSWEHFHADWLYHO\ RU\VSDFHWLRQ EXW PHPRU\
FRQWLQXRXV| LQSXKLDW DFFX UHTXLUHPHQWY OLPLW
HDFK VWDWH| E\ VRWIYF\ DSSOLFDELOLW\
LQJVPDOOHU VXESURE
OHPV UHFXUVLYHO\
*HOHWLF SOJRGRWXOUWLRQ EDVHG (IWHQVLYHO\ DSSOLHG
JOREDO VHDUFK EDVYRIBXVW $6XITHUV JURPUHHQWU\ WUDMHFWRU\
RQ QDWXUDO|VHOHMERWRQIQVLWLWHORZ FRRQREBWLPL]DWLRQ DQG
WR LQLWLDO VIBI@FH UDVEGHWRQVWUDWHG HIIHF
XHV $6WUXJJOHWLWR JOREDD VHDUFK
$*RRG SHU PHHW WIRNKSDELOLWLHYV
IRUPDQFH QRQOLQHDU
ZLWK FRPRSOH[FRQVWUDLQWYV
QRQOLQHKDU
VAVWHPV
$&DQ RE
WDLQ JOREDO
RSWLPXH
IDVWHU
3DUWLFOH 6ZDOPMSRVED VHC SHJDUGHG DV D
PLIDWLRQ VHDUFK XVLQJ WRLPSOH $(DVIWRIDBORQSHFWLYH RSWL
FLDO DQG FRJQLWQAIYWXUH ORFDO REWLPIWLRQ DOJRULWKP
XSGDWH $5DSLG FRQ f/RZ FRQYHWG VXFFHMVIXOO\
YHUJHQFH JHQFH UDWH SOLHG WR|PLQLPL]H
$(IILFLHQ KHDW JHQHUDWLRQ
UHOLDEQH DQG
DFFXUDWH
GHPRQ
VWUDWHG LQ
OLWHUDWXUH
3DWWHUQ 6HDGFKGLUHFW HDUFK +DV SRWHOWLDO IRU
EDVHG DQG JUDGHEHRWWV QRW UHt 1RW MIKLJKO\ FRQVWUDLQHG
IUHH DOJRULWKP TXLUH GHULYDWHQVLYHON*9 SUREOHP|V EXW
WLYH LQIRUPDLQYHVWUJOMITNA UHV IXUWKHU
WLRQ IRU WUDMHBOWRWWLIDW|LROQ
$++DV SRWHQ RSWLPL]PWLRQ
WLDO IRU KLJKO\
FRQVWUDLQHG
SUREOHRYV
$+&DQ UHDFK
JOREDO | PLQ
LPD ZLWKRXW
JUDGLHQWYV

8SSPW 8S 9W|

7KLVVHFWLRQ SUHVHQWY VRIWZDUH WRROV WKDW LPSOHPHQW WKH RSWLP
IRFXVLVRQ','2 &DVS$'LDQG *3236 ,, KLIKOLIJKWLQJ WKHLU FRUH IHDW XUH?
WR +*9 WUDMHFWRU\DQDO\VLV
_(3

7KH'","2 VRIWZDUH SDFNDJH HPHUJHG LQ DQGLVDO$7/$% WRROER[ XVHG
OHPV ','2 LV EDVHG RQ SVHXGRVSHFWUDO RSWLPDO FRQWURO WKHRU\ DQ
SURJUDPPLQJVROYHU )URPWKHQRQLWKDVHYROYHGWRDQHZDSSURDEFK
> @ 7KHRSWLPDO FRQWURO SUREOHP FDQ EH GHILQHG LQ 0$7/%$% XVLQJ "',
LOQFOXGHYV

6WDWH YXWLDEOHYV
&RQWURO Y@®ULDEOHYV
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(TXDWLRQV RI ORWLRQ
&RQVWUDLQWYV
2EMHFWLYH IXQFWLRQ

,QVWHDG RI VROYLQJ HTXDWLRQV FRQWLQXRXVO\ ','2 XVHV WKH SVHXC
LQWLPHDQG DSSUR[LPDWH W K H HHIHQLEUUHHV RO/ LIRING DINAX B B DR L \W D R/}
WKH VWDWHY DQG FRQWUROV DW WKH VSHFLILF QRGHV 7KH GLIIHUHQV
WLRQV DW WKHVH QRGHV 8QOLNH WUDRIMWHE QRDO. QR WY B 0\J X H 2 \G FRHV\
LQSXW 7KLV UHGXFHV ELDV DQG PDQXDO DGMXVWPHQW HIIRUWV ','2
QRQ OLQHDU SURJUDPPLQJ VROYHU ZKLFK ILQGV WKH RSWLPDO FRQW U
DQG PLQLPL]HV WKHJLYHQ REMHFWLYH IXQFWLRQ

$QDGYDQWDJHRIWKH','2SDFNDJHLVWKHXVHU IULHQGO\LQWHUIDFH I
DSSURDFRK >,'2 KDV EHHQ XVHG E\ 1$6$ WR FRQGXFW D VSLQ ZLWK JHUF
,QWHUQDWLRQDO 6SDFH 6WDWLRQ

"EW % (-
&DVS$'L RITHUV D YHUVDWLOH RSWLPLIDWLRQ IUDPHZRUN FUHDWHG HYV S
7TKLVLVDQRSHQ VRXUFHVRIWZDUHSODWIRUPIRUQXPHULFDORSWLPL]
SURJUDPPLQJ SUREGPBRY$' DOORZV RQH WR GHILQH RSWLPL]DWLRQ SU
PHDQV WKDW WKH HTXDWLRQV FDQ EHH[SUHVVHG PDWKHPDWLFDOO\
PLF GLIIHUHQWLDWLRQ WKDW FRPSXWHV HI[DFW GHULYDWLYHV RIIXQFYV
RUXVH QXPHULFDO DS RLWBW GRIQVQL QJ WKH SUREOHP &DVS$'L FDQ F
H[ISUHVVLRQVLQWRDQHIILFLHQW QXPHULFDO FRGH 7KHVROYHU WKDYV
,QWHULRU 3RLQW 237LPL]JHU ZKLFK LY GHVLJQHG IRU VROYLQJ ODUJH V
&DVS$'LKDVGLIIHUHQWLDWHG WKHPRGHO WR JHQHUDWH WKHLQIRUPDYV
DQG FRGLQJ FRPSOH[ GHULYDWLYH H[SUHVVLRQV GRHVY QRW QHHG WR
VHDUFKHV IRUWKHRSWLPDO VROXWLRQ ZKLOHHQVXULQJWKDWDOO W

&DV$'L KDV EHHQ XVHG LQ WUDMHFWRU\ RSWLPL]DWLRQ VWXGLHV RI D
&KDL HW @O &%$6%$', ZDV DEOH WR SURYLGH VLIJQLILFDQWO\VPRRWKHU E
WKHLU GHYHORSHG DSSURDFK

+4347 --
*3236 ,,LVDO0%$7/$% VRIWZDUH WKDW LV XVHG WR VROYHPX@WUIIKSIKWVH I
PHDQV WKDW WKHHQWLUH SUREOHP KDVEHHQ VSOLWLQWR GLIITHUHQW
DQGJRDOV )RUWKHK\SHUVRQLFJOLGH YHKLFOH WKHWUDMHFWRU\ FI
DQG *3236,, VROYHVWKHVH SKDVHVWRJHWKHUEXWWUHDWYVY WKHP VHS
WLRQEHWZHHQ WKHP 7KHVRIWZDUH XVHV *DXVVLDQ TXDGUDWXUH FRC
*DXVV 5DGDX TXDGUDWXUH RUWKRJRQDO FROORFDWLRQ PHWKRG LV X
FROQWURO SUREOHP LVWUDQVFULEHGLQWR D QRQOLQHDU SURJUDPPLC

(DFK RI WKH SKDVHV KDV LWV RZQ VWDWH DQG FRQWURO YDULDEOHV (
REMHFWLYHYV +RZHYHU WKH\DUHOLQNHG WRIJHWKHU WKURXJKHYHQW
RYHULQ WKHRWKHU 7KLV LV VKRZY YWDADIO® DER YIHI X3R36 ,, XVHV GLU
WLRQ ZKLFKPHDQV WKDW WKHVWDWHDQG FRQWURO YDULDEOHYV DUH
7TKLVFDQEHFRQYHUWHGWRDQRQ OLQHDU SURJUDPPLQJSUREOHP ZKI|
61237 DQG ,3237 *3236 ,, XVHV WKH KS DGDSWLYH*DXVVLDQ TXDGUDWX
DGDSWLYH PHVK UHILQHPHQW WKH K PHWKRG LQFUHDVHVY WKH QXPEH
LQFUHDVHY WKH GHJUHH RI SRO\QRPLDOV ZLWKLQ DQ LQWHUYDO 7KH
DGDSWLYHO\UHILQH WKHPHVKEDVHG RQHUURU HVWLPDWHYV 7KLV DO
UHJLRQV ZKHUH WKH VROXWLRQ FKDQJHV UDSLGO\
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JLIXUH /LQNDJHV RI WKH PXOWLSOH SKDVH RBWLPDO FRQWURO SUREOF

*3236 ,, KDVEHHQDSSOLHGWRWKHHQWU\RIUHXVDEOHODXQFKYHKLFOHYV
FURVV UDQJH GXULQJ DWPRVSKHULF HQWU\ 7KLV YHKLFOH KDV WKUHH GLI
RUELW K\SHUVRQLF JOLGH DQG ILQDO DSSURDFK 7KH FRQVWUDLQWYV ZHLU
KHDWLQJ UDWH DQG ORDG IDFWRU OLPLWYV *3236 ,, KDV EHHQ VKRZQ WR
VROXWLRQ XVLQJ D FRDUKH P3I28K >, VROXWLRQ KDV EHHQ FRPSDUHG ZLWK I
WKHG6SDUVH 2SWLPL]DWLRQ 6XLWH 626 VRIWZDUH @K|WK RD VREHH®RW K BIW® W
WKHWZR VROXWLRQV DUH YLVXDOO\LQGLVWLQJXLVKDEOH

*3236 ,, FDQ EH GLYLGHG LQWR IRXU IRXQGDWLRQ VFULSWY QDPHO\ WKH |
FRQQHFW VFULSW DQ@®&D FKRWWHFDLQWPRPULSW WKHIUDPHZRUN RI WKH FDV
VHWLQWR WKHQXPEHU RIVHFWLRQV ZKLFKLVEDVHGRQWKHQXPEHURI SK
SKDVHV KDV QRGHY DQG WKH QRGHV DUH WKH SRLQWYV WKDW ZLOO EH XVH(
VWDQGV IRU "LITHUHQWLDO $OJHEUDLF (TXDWLRQV 7KLV VFULSW FRQWDL(
SUREOHP 7KHVHLQFOXGH WKH (TXDWLRQV RIORWLRQ (DFKVWDWHUHTXLI
WR EH VROYHG E\ WKH 1/3 VROYHU 7KH FRQVWUXFW VFULSW KDV WKH ILQDC
LQLWLDO VWDWH IRUWKH SKDVH WKDW IROORZV )J)URP RQH VWDWH WR WKH
WKDW SHUIRUP WKH WUDQVIRUPDWLRQ RI WKHVHVWDWHY )LQDOO\ WKH FR
RSWLPDO FRQWURO SUREOHP ZLWK WKH DSSURSULDWH REMHFWLYH IXQFW
IXQFWLRQIRUHDFK VH&@DUDWH SKDVH >

7DZILTXUH@®W RDYHM SHUIRUPHGD WUDMHFWRU\RSWLPL]DWLRQ XVLQJWKH*D
D K\SHUVRQLF YHKLFOH WUDMHFWRU\DQG WKHDSSOLFDWLRQ ZDV FDUULHC(
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