
Vkruw dqg Orqj0whup Vfkhgxolqj lq Vhplfrqgxfwru Pdqxidfwxulqj

P1F1 FrodqwrqlrW/ O1 Sdsdjhrujlrxr c Q1 Vkdk

Fhqwuh iru Surfhvv V|vwhpv Hqjqj1/ Lpshuldo Froohjh

Orqgrq VZ: 5E\/ XN
rGhsw1 ri Fkhp1 Hqjqj/ Xqlyhuvlw| Froohjh Orqgrq

Wruulqjwrq Sodfh/ Orqgrq ZF4H :MH/ XN

Devwudfw

Wklv sdshu dgguhvvhv wkh vfkhgxolqj sureohp lq vhplfrqgxfwru pdqxidfwxulqj1 D wzr

ohyho klhudufklfdo vwuxfwxuh lv frqvlghuhg wr wdnh lqwr dffrxqw gl�huhqw krul}rqv lq wkh ghflvlrq

pdnlqj surfhvv1 Orqj0whup sodqqlqj lv vroyhg e| phdqv ri dq o4 � qrup Prgho Suhglfwlyh

Frqwuroohu zklfk jlyhv wkh uhohdvh srolf| wr d vkruw0whup vfkhgxohu1 Wkh odwwhu lv edvhg rq d

Vwdwh0Wdvn0Qhwzrun uhsuhvhqwdwlrq ri wkh edwfk uhflsh dqg surylghv wkh ghwdlohg rshudwlrq

ri wkh ide1

4 Lqwurgxfwlrq

D vhplfrqgxfwru pdqxidfwxulqj surfhvv lv w|slfdoo| odujh0vfdoh/ ihdwxulqj gl�huhqw vwhsv zkhuh

pdq| od|huv duh pdgh vhsdudwho| e| sulqwlqj d fkhplfdo sdwwhuq ryhu vlolfrq zdihuv1 Dq lpsruwdqw

vwuxfwxudo fkdudfwhulvwlf ri wklv glvfuhwh0hyhqw surfhvv/ lpsrvhg e| kxjh pdfklqh frvwv/ lv wkh

uhhqwudqw olqh1 Wklv phdqv wkdw wkh zdihuv pd| uhwxuq wr wkh vdph pdfklqh iru surfhvvlqj

dw gl�huhqw vwhsv dqg pd| dovr vshqg vrph wlph zdlwlqj wr eh surfhvvhg1 Lw uhvxowv lq odujh

f|foh wlphv zklfk ohdg wr orz surgxfwlrq yroxph1 Wkh rshudwlrq ri wkh ide lqyroyhv pxowlsoh

surgxfw dffrpprgdwlrq e| d vlqjoh surgxfwlrq olqh/ uhvwulfwlrqv rq pdfklqh dydlodelolw|/ uhjxodu

pdlqwhqdqfh dqg zdihu zdlw0wlph frqvwudlqwv1

Dowkrxjk wkh pdqxidfwxulqj  rru kdv ehhq dxwrpdwhg/ lw lv qhfhvvdu| wr surylgh qhz rs0

hudwlrqdo surfhgxuhv lq rughu wr uhgxfh xqsuhglfwdeoh ehkdylrxu dqg wr lpsuryh shuirupdqfh1

Wkhq/ wkh dlp ri d surfhvv frqwuroohu lv wr uhgxfh f|foh wlph zkloh nhhslqj lqyhqwrulhv orz dqg

pd{lplvlqj surgxfwlrq1 Wkh vl}h dqg frpsoh{lw| ri wkh v|vwhp pdnhv lw qdwxudo wr glylgh wkh

sodqqlqj2vfkhgxolqj sureohp lqwr ohyhov ri klhudufk| fkdudfwhul}hg e| wkh krul}rq ri sodqqlqj

dqg wkh gdwd uhtxluhg lq wkh ghflvlrq surfhvv +Hg Dgo hw do1/ 4<<9,1 Zh zloo frqvlghu d klhudu0

fklfdo vwuxfwxuh zlwk wzr ohyho ghflvlrq pdnlqj= d orqj0whup krul}rq iru fdpsdljq sodqqlqj dqg

d vkruw0whup krul}rq vfkhgxolqj dw wkh ohyho ri wkh surfhvv rshudwlrq +Ilj1 4,1 Orqj0whup sodq0

qlqj lv edvhg rq uholdeoh ghpdqg suhglfwlrqv ryhu d orqj shulrg ri wlph dqg kdv wkh dgydqwdjh

ri plqlplvlqj wkh qxpehu dqg frvw ri fkdqjhryhuv1 Vkruw0whup surgxfwlrq sodqqlqj lqyroyhv

ghwhuplqlqj krz wkh uhvrxufhv ri wkh sodqw zloo ehvw eh xwlolvhg ryhu d shulrg ri wlph wr phhw d

vshfl�hg remhfwlyh/ w|slfdoo| ghpdqg dqg vwrfn exlog uhtxluhphqwv1

Ydujdv0Yloodplo hw do1 +4<<:, kdyh sursrvhg wkh h{whqvlrq ri Prgho Suhglfwlyh Frqwuro +PSF,

frqfhswv wr dgguhvv orqj0whup vfkhgxolqj lq vhplfrqgxfwru pdqxidfwxulqj olqhv1 Dq o�0qrup

�qlwh prylqj krul}rq frvw ixqfwlrq lv frqvlghuhg lq d vwdwh0vsdfh irupxodwlrq ri wkh PSF yld

WDxwkru wr zkrp doo fruuhvsrqghqfh vkrxog eh dgguhvvhg1 h0pdlo= f1frodqwrqlrClf1df1xn
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Fab

Outer loop (long-term)

Inner loop (short-term)

Ref.
long

Global controller Local controller
(long) (short)

Ref.
short

Control inputs
short

Outs

Iljxuh 4= Klhudufklfdo Vwuxfwxuh

dq djjuhjdwhg olqhdu prgho1 Wklv irupxodwlrq iru wkh PSF lv dwwudfwlyh lq wkh vhqvh wkdw wkh

rswlplvdwlrq sureohp fdq eh wudqviruphg lqwr d olqhdu surjudpplqj +OS, rqh1 Dq rshq0orrs

PSF frqwuroohu2vfkhgxohu surylghv wkh vwduwv dqg xwlolvdwlrq wdujhwv iru d vkruw0whup frqwuroohu

wkdw xvhv d sxoo0olnh srolf|/ wudfnlqj xwlolvdwlrq wdujhwv +Ydujdv0Yloodplo hw do1/ 4<<;,1 D vpdoo

wlph vfdoh prgholqj frqfhsw wr dssur{lpdwh dq dv|qfkurqrxv v|vwhp wr d v|qfkurqrxv rqh

+Wvdndolv hw do1/ 4<<:, lv xvhg lq rughu wr dyrlg ghdolqj zlwk wkh frpsoh{lw| ri glvfuhwh0hyhqw

v|vwhp prgho lwvhoi +Ho Dgo hw do/ 4<<9,1 Exw/ dv vfkhgxoh rswlplvdwlrq kdv ehfrph dq lpsruwdqw

idfwru iru lpsurylqj shuirupdqfh wkurxjk ehwwhu xwlolvdwlrq ri wkh dydlodeoh uhvrxufhv/ uhvhdufkhuv

duh irfxvhg rq vroylqj doo dvshfwv uhodwhg wr ghdo zlwk wkh diruhphqwlrqhg frpsoh{lw|1 Lpsuryhg

xqghuvwdqglqj ri wkh irupxodwlrq dqg vroxwlrq ri Pl{hg0Lqwhjhu0Surjudpplqj dv zhoo dv dgydqfhv

lq frpsxwhu kdugzduh/ doorzhg pruh jhqhudo irupxodwlrqv wr eh ghyhorshg dqg odujhu sureohpv

wr eh wdfnohg1 Slhufh dqg Uhdo� +4<<9, dgguhvvhg wkh vroxwlrq ri wkh vfkhgxolqj sureohp iru

pxowl0fkls ideulfdwlrq dgrswlqj d Vwdwh0Wdvn0Qhwzrun +VWQ, +Nrqglol hw do1/ 4<<6, wr uhsuhvhqw

wkh edwfk uhflsh dqg dq rswlplvdwlrq prgho wr surgxfh d Pl{hg Lqwhjhu Olqhdu Surjudpplqj

+PLOS, irupxodwlrq/ dvvxplqj �{hg surfhvv frqglwlrqv1

= Process/Task

= Raw Material/ Input State

=  Intermediate Product/ State

= Waste Product/ State

= Final Product/ State

= Material Flow

Iljxuh 5= VWQ uhsuhvhqwdwlrq
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Wkh nh| dgydqwdjh ri d VWQ +Ilj1 5, ryhu d *wdvn0rqo|* qhwzrun lv lwv delolw| wr uhsuhvhqw

xqdpeljxrxvo| surfhvvhv zlwk vkduhg lqwhuphgldwhv/ uhf|fohv ri pdwhuldov dqg wkrvh zlwk pruh

wkdq rqh gl�huhqw surfhvvlqj urxwh ohdglqj wr wkh vdph lqwhuphgldwh ru �qdo surgxfwv1 Krzhyhu/

dv wkh vroxwlrq ri wkh PLOS fdq eh frpsxwdwlrqdoo| lqwhqvlyh/ wkh VWQ lv lghdo iru sureohpv

zlwk uhodwlyho| vkruw wlph krul}rqv dv wkrvh hqfrxqwhuhg lq vkruw0whup vfkhgxolqj1

Gxulqj wkh odvw ghfdgh/ dq dgydqfhg lqwhjudwhg vriwzduh wrro nqrzq dv jEVV +Sdsdjhrujlrx

hw do1/ 4<<5, kdv ehhq ghyhorshg iru rswlpdo sodqqlqj dqg vfkhgxolqj ri edwfk sodqwv1 Lw lv

edvhg rq d VWQ ghvfulswlrq ri wkh surfhvv dqg d jhqhudo fkdudfwhulvdwlrq ri uhvrxufhv1 Lw dovr

dgrswv d uhsuhvhqwdwlrq ri wkh sureohp uhodwhg wr wkh glvfuhwh0hyhqw v|vwhp wkdw vklhogv wkh xvhuv

iurp wkh uhvxowlqj frpsoh{ pdwkhpdwlfdo prghov dqg vroxwlrq surfhgxuhv1 Wkhvh prghov duh

dxwrpdwlfdoo| jhqhudwhg dqg xvhg wr vroyh wkh xqghuo|lqj PLOS sureohp1 Dv d uhvxow/ d ghwdlohg

surgxfwlrq sodq vdwlvi|lqj frqvwudlqwv dqg rughuv lv rewdlqhg1

Lq wklv sdshu/ zh frqvlghu wkh lpsohphqwdwlrq ri wkh wzr ohyho klhudufklfdo vwuxfwxuh dv

iroorzv= d PSF irupxodwlrq vlplodu wr wkh rqh sursrvhg lq Ydujdv0Yloodplo hw do1 +4<<:, surylghv

wkh vwduw uhohdvh srolf| wr d vkruw0whup vfkhgxohu lq jEVV1 Dq remhfwlyh ixqfwlrq zklfk uhvxowv lq

d qxphulfdoo| pruh urexvw rswlplvdwlrq sureohp iru wkh PSF lv sursrvhg1 Zh srvh wkh vroxwlrq

lq forvhg0orrs irup wr dgguhvv wkh shuirupdqfh ri wkh frpsohwh klhudufklfdo vwuxfwxuh lq wkh

suhvhqfh ri sodqw2prgho plvpdwfk1

Lq Vhfwlrq 5/ zh ghvfuleh wkh pdlq dvshfwv ri wkh sursrvhg PSF dqg lwv irupxodwlrq dv wkh

vroxwlrq ri dq OS sureohp1 Vhfwlrq 6 frqwdlqv d eulhi ghvfulswlrq ri wkh vkruw0whup vfkhgxohu1

Uhvxowv ri wkh dssolfdwlrq ri wkh sursrvhg phwkrgrorj| wr wkh �yh0pdfklqh vl{0vwhsv vhplfrq0

gxfwru surfhvv ghvfulehg lq Ydujdv0Yloodplo +4<<;, duh suhvhqwhg lv Vhfwlrq 71 Pdlq frqfoxvlrqv

duh rxwolqhg lq Vhfwlrq 81

5 Orqj0Whup Sodqqlqj

Wkh joredo g|qdplfv ri idev lqyroylqj gl�huhqw wlph vfdohv fdq eh dssur{lpdwhg lq wkh orqj0

whup xvlqj dq djjuhjdwhg prgho/ zkhuh wkh lqwhufrqhfwlrq pdwulfhv duh dyhudjh ydoxhv ri gl�huhqw

h�hfwv1 Wkhvh lqfoxgh fxpxodwlyh h�hfw ri wudqvsruwdwlrq/ edwfklqj/ odjv/ xwlolvdwlrq dqg ex�hu

frqvwudlqwv/ pdlqwhqdqfh/ hwf1 Wkhq/ wkh prgho ri wkh ide fdq eh uhsuhvhqwhg lq wkh orqj0whup

e| wkh iroorzlqj glvfuhwh0wlph olqhdu v|vwhp=

{&n� @ D{& .Ex& .E_g& +4d,

|& @ F{& > {+3, @ {f +4e,

vxemhfw wr=

k|6�?
& � K +{&> |&> x&, � ak|6@%

& +5d,

jx6�?
& � J +{&> |&> x&, � ajx6@%

& +5e,

zkhuh {& 5 U?> x& 5 U6> g& 5 U_ dqg |& 5 U,1 {�c&^orwv` duh wkh lqyhqwrulhv lq wkh l0wk ex�hu/

zdlwlqj wr eh surfhvvhg dw wlph n +l @ 4> ===> q � 4,/ dqg {?c&^orwv@vkliw` lv wkh wkurxjksxw

yroxph1 x�c& duh wkh xwlolvdwlrq wdujhwv ri wkh m0wk vwhs +m @ 4> ===>p� 4, dqg x6c&^orwv` duh wkh

vwduwv hqwhulqj wkh ide1 Wkh zdihuv surgxfhg duh jlyhq e| |�c& iru l @ 4> ===> o � 4 zkloh |,c& lv

wkh wkurxjksxw yroxph1 K dqg J duh frqvwudlqw wudqvlwlrq pdwulfhv rq wkh rxwsxwv dqg lqsxwv/

uhvshfwlyho|1

Proceedings of the 7th Mediterranean Conference on Control and Automation (MED99) Haifa, Israel -  June 28-30, 1999

136



Iru wkh 80pdfklqhv090vwhsv surfhvv frqvlghuhg lq Ydujdv0Yloodplo hw do1 +4<<;,/ pdwulfhv lq

Htv1 4d dqg 4e duh gh�qhg e|=

D @

%
LSfS 3

3 3

&
> E @

5
99999999997

�U� 3 3 3 3 3 4

U� �U2 3 3 3 3 3

3 U2 �U� 3 3 3 3

3 3 U� �Ue 3 3 3

3 3 3 Ue �UD 3 3

3 3 3 3 UD �US 3

3 3 3 3 3 US 3

6
::::::::::8

+6,

E_ @ ^3` > F @ ^L.f.`

ehlqj U�^orwv@vkliw` wkh h�hfwlyh pdfklqh surgxfwlrq udwhv iru wkh l0wk vwhs1

Lq wklv fdvh/ frqvwudlqwv lq Htv1 5d dqg 5e duh vshfl�hg dv iroorzv=

x& � 3 +7,

|4�?
& � |& � |4@ 

& +8,

F4�?
�� � Fux& � F4@ 

�� +9,

zkhuh Ht1 7 duh frqwuro lqsxw vljq frqvwudlqwv/ Ht1 8 duh pd{lpxp dqg plqlpxp fdsdflw| ri

lqyhqwrulhv dqg Ht1 9 duh dydlodelolw| frqvwudlqwv1 Fu lv d shupxwdwlrq pdwul{ uhodwhg wr wkh

uhhqwudqw qdwxuh ri wkh surfhvv1

514 PSF irupxodwlrq

PSF lv dq rswlpdo frqwuro edvhg phwkrg wr vhohfw frqwuro lqsxwv e| plqlplvlqj dq remhfwlyh

ixqfwlrq gh�qhg lq whupv ri erwk suhvhqw dqg ixwxuh surfhvv rxwsxwv +Jdufld hw do/ 4<<8> Khqvrq

dqg Vheruj/ 4<<:,1 Wkh frqwuro sureohp lv vroyhg dv iroorzv= zlwk nqrzohgjh ri wkh fxuuhqw

rxwsxw |&/ zh vhhn iru d frqwuro wkdw plqlplvhv wkh remhfwlyh dqg lpsohphqw rqo| wkh �uvw

frqwuro pryh1 Zkhq d qhz phdvxuh ehfrphv dydlodeoh/ wkh sdudphwhuv ri wkh sureohp duh

xsgdwhg dqg wkh rswlplvdwlrq lv fduulhg rxw djdlq1 Wkh vroxwlrq surylghv wkh qh{w frqwuro pryh1

Wklv uhshdwhg surfhgxuh wkurxjk surfhvv ihhgedfn lv rqh ri wkh pdlq gh�qlqj ihdwxuhv ri PSF1

Lq wklv iudphzrun/ Ydujdv0Yloodplo +4<<:, sursrvh wr srvh wkh orqj0whup vhplfrqgxfwru ide

vfkhgxolqj dv wkh vroxwlrq ri d pxowlremhfwlyh frqvwudlqhg rswlplvdwlrq sureohp=

plq
{�

&
c���c{�

&n6

M +:,

zkhuh M fdq eh wdnhq dv dq o�0ixqfwlrq gxh wr wkh qdwxuh ri wkh sureohp dqg �x� lv d frqwuro

lqfuhphqw1 Frqvlghulqj pd{lplvlqj wkurxjksxw/ nhhslqj lqyhqwrulhv dw d uhtxluhg ohyho dqg

olplwlqj wkh hqhuj| ri lqsxw pryhv/ wkh remhfwlyh ixqfwlrq fdq eh wdnhq dv=

M @ �

6@%� RoJ_�} �� ~
�[
,'�

����J�|r\ J�|r

&n�*&

���
�
.

�?�e?|� re|} �� ~
�[
,'�

����t �
\&n�*& �U&n�*&

����
�
.

6J�e r�RR�} �� ~
�[
,'�

����{L�X&

���
�

+;,

vxemhfw wr=
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aLX& . Lu�X&n�*& � 3 +<,

FuLu�X& � F��c&n� �Fu
aLx&3� +43,

%
V��X&

�V��X&

&
�

%
�V%�{& � aL|& � V_�G& . \ 4@ 

&n�*&

V%�{& . aL|& . V_�G& � \ 4�?
&n�*&

&
+44,

�
t
@ gldj

k
�t� = = = �

t

�

l
+45,

�{L @ gldj
k
�{L

� = = = �{L

�

l
+46,

Ht1 < fruuhvsrqgv wr wkh lqsxw ru surgxfw wdujhw vljq frqvwudlqwv/ Ht1 43 lv wkh uhhqwudqw

frqvwudlqw dqg Ht1 44 ghvfulehv wkh lqyhqwru| ohyho frqvwudlqw1 S lv wkh rxwsxw suhglfwlrq krul}rq

dqg P lv wkh qxpehu ri frqwuro pryhv iru suhglfwlrq1 �t dqg �{L duh pdwulfhv ri rxwsxw dqg

lqsxw zhljkwv/ uhvshfwlyho|1 \&n�*& lv wkh suhglfwhg rxwsxw wudmhfwru| dqg �X& frqwdlqv wkh

lqsxw frqwuro pryhv1

515 OS0PSF irupxodwlrq

Dv wkh remhfwlyh ixqfwlrq lv o�0qrup/ wkh PSF sureohp fdq eh wudqviruphg wr dq OS wkurxjk d

fkdqjh ri yduldeohv +Gdyh hw do1/ 4<<5> Ydujdv0Yloodplo/ 4<<:,1 Krzhyhu/ iru wkh pxowlremhfwlyh

ixqfwlrq lq Ht1 ;/ wkh sureohp lq wkh qhz yduldeohv jlyhv ulvh wr d vhw ri frqvwudlqwv wkdw ehfrphv

loo0frqglwlrqhg dqg2ru ryhuo| vwulqjhqw li d ghvluhg udwh iru wkh wkurxjksxw yroxph lv vshfl�hg

zkloh lqyhqwrulhv duh nhsw dw d jlyhq vhw0srlqw1 Wklv ohdgv wr qxphulfdo sureohpv wkdw lq pdq|

fdvhv suhyhqw wkh OS iurp rewdlqlqj d ihdvleoh vroxwlrq hyhq li rqolqh frqvwudlqw vfdolqj lv dgghg

zkhq qhfhvvdu|1 Qrwh wkdw/ wkhuh zloo eh d olplw ri dfklhydeoh surgxfwlrq iru d jlyhq ohyho ri

lqyhqwrulhv1 Xqghu wkh deryh vshfl�fdwlrqv iru lqyhqwrulhv dqg rxwsxwv/ zh frqvlghu wkh remhfwlyh

ixqfwlrq eh uhgxfhg wr=

M @

�?�� @?_ J�|r re| |o@S&�} �� ~
�[
,'�

����t �
\&n�*& �U&n�*&

����
�
.

6J�e r�RR�} �� ~
�[
,'�

����{L
�X&

���
�

+47,

Wkh yduldeoh vxvwlwxwlrq xvhg e| Ydujdv0Yloodplo hw do1 +4<<:, iru wkh wzr whupv uhpdlqlqj

lq wkh remhfwlyh vwloo dssolhv1 Wkhq/ wdnlqj=

�y&n�*& � �&n�*& � y&n�*& +48,

�� � �{L�X& � � +49,

zlwk=

y> � � 3>

zkhuh wkh uhvlgxdo yhfwru � lv jlyhq e|=

�&n�*& @ �t +\&n�*& �U&n�,> +4:,

wkh sureohp lq wkh qhz yduldeohv uhvxowv lq=
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plq
�c>c{L&

+y . �, +4;,

vxemhfw wr= %
�L �t V�
�L ��t V�

& %
y

�X&

&
�

%
��t %&n�*&
�t %&n�*&

&
+4<,

%
�L �{L

�L �{L

& %
�

�X&

&
�

%
3

3

&
+53,

5
9997
FuLu
�Lu
�V�
V�

6
:::8�X& �

5
99997

F��c&n� �Fu
aLx&3�

aLx&3�
V%�{& . aL|& . V_�G&

�V%�{& � aL|& � V_�G& . \ 4@ 
&n�*&

6
::::8 +54,

y> � � 3

ehlqj=

%&n�*& @ \&n�*& �U&n�= +55,

Wkh deryh OS sureohp kdv o � S ohvv rswlplvdwlrq yduldeohv dqg d zhoo0gh�qhg vhw ri frq0

vwudlqwv1

6 Vkruw0Whup Vfkhgxolqj

D nh| fkdudfwhulvwlf ri wkh vkruw0whup vfkhgxolqj sureohp lv wkdw wkh sodqqlqj krul}rq lv wrr

vkruw iru d jlyhq sdwwhuq wr eh hvwdeolvkhg1 Wkhuhiruh/ frpsohwh  h{lelolw| lq wkh xwlolvdwlrq ri

uhvrxufhv lv ghvludeoh/ vxemhfw wr wkh ydulrxv whfkqlfdo dqg frqwudfwxdo frqvwudlqwv xqghu zklfk

wkh sodqw rshudwhv1

Wkh sureohp lv gh�qhg e| wkh surgxfw uhflshv/ wkh sodqw fdsdflwlhv dqg ixqfwlrqdolwhv/ wkh

xwlolw| dqg vwrudjh dydlodelolwlhv dqg wkh surgxfwlrq remhfwlyhv ryhu d jlyhq krul}rq1 Lwv vroxwlrq

lqyroyhv wkh ghwhuplqdwlrq ri ghwdlohg xwlolvdwlrq sur�ohv iru doo uhvrxufhv ryhu wkh vdph krul}rq/

dv zhoo dv wkh fdofxodwlrq ri pdwhuldo  rzv lq wkh sodqw1

jEVV lv d pxowlsxusrvh sodqw rswlplvdwlrq sdfndjh ghyhorshg dw Lpshuldo Froohjh/ edvhg rq d

VWQ +Ilj1 5, ghvfulswlrq ri wkh surfhvv dqg d jhqhudo fkdudfwhulvdwlrq ri uhvrxufhv1 Frqvlghudeoh

 h{lelolw| lv doorzhg lq wkh xwlolvdwlrq ri surfhvvlqj htxlsphqw/ vwrudjh fdsdflw|/ pdqsrzhu dqg

xwlolwlhv1 Rwkhu lvvxhv/ vxfk dv wkrvh uhodwhg wr sodqw rshudelolw| dqg vdihw| dvshfwv/ fdq dovr eh

wdnhq lqwr dffrxqw zkhqhyhu qhfhvvdu|1 Lw lqfoxghv d vhw ri uljrurxv pdwkhpdwlfdo surjudpplqj

irupxodwlrqv frxsohg zlwk h!flhqw vroxwlrqv dojrulwkpv1

Wkh gh�qlwlrq ri wkh vfkhgxolqj sureohp lv jlyhq lq wkuhh fdwhjrulhv ri lqirupdwlrq �ohv=

surfhvv uhflsh/ sodqw uhvrxufhv dqg sureohp0vshfl�f lqirupdwlrq +Sdsdjhrujlrx hw do1/ 4<<5,1

D frqwh{w0vshfl�f lqwhuidfh pdqdjhv wkh gdwd lq whupv wkdw duh idploldu wr wkh xvhu +Vkdk hw

do1/ 4<<8,1 Iurp wkhvh gdwd �ohv/ jEVV dxwrpdwlfdoo| exlogv d pdwkhpdwlfdo irupxodwlrq ri wkh

vfkhgxolqj sureohp dv d PLOS/ zklfk lv vroyhg e| d prgl�hg eudqfk dqg erxqg dojrulwkp +Vkdk

hw do1/ 4<<5,1 Wkh uhvxowv ri wkh rswlplvdwlrq duh wudqvodwhg edfn lqwr hqjlqhhulqj whupv dqg duh

glvsod|hg lq d ydulhw| ri lqirupdwlyh ylhzv1
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7 Fdvh Vwxg|

Ohw xv frqvlghu wkh �yh0pdfklqh vl{ vwhsv vhplfrqgxfwru pdqxidfwxulqj surfhvv suhvhqwhg lq

Ydujdv0Yloodplo +4<<;, dqg lqwurgxfhg lq Vhfwlrq 51 Iru wkh sxusrvh ri frpsdulvrq/ zh dvvxph

wkh vdph vshfl�fdwlrqv1

Wkh qrplqdo udwhv lq pdwul{ E +Ht1 6, duh jlyhq e|= U� @ :=8/ U2 @ 45/ U� @ <=9/

Ue @ </ UD @ 9=;/ US @ 57^orwv@vkliw`1 Wkh pd{lpxq dqg plqlpxp fdsdflw| ri lqyhqwrulhv duh

|6@% @ ^43 43 43 43 43 434`A ^orwv` dqg |6�? @ 31 Wkh shupxwdwlrq pdwul{ lq Ht1 43 lv=

Fu @

5
97

4 3 3 3 4 3 3
3 4 3 4 3 3 3
3 3 4 3 3 4 3

6
:8

zlwk wkh gxudwlrq ri vkliwv frqvwudlqhg e|= F6@%

��
@ ^5 5 4`A dqg F6�?

��
@ 3^ku`1

Wkh erxqgdu| ri shuirupdqfh xvlqj gl�huhqw lqlwldo frqglwlrqv dqg rxwsxw wdujhwv iru frq0

vwdqw zrun0lq surfhvv lqyhqwru| wdujhwv fdq eh rewdlqhg wkurxjk d Sduhwr fxuyh1 Wklv hvwdeolvkhv

d wudgh0r� ehwzhhq surgxfwlrq wdujhw dqg wkurxjksxw wlph1 Lq rughu wr dyrlg wkh zdihuv wr eh

h{srvhg wr dhuldo frqwdplqdwlrq/ lqyhqwrulhv vkrxog eh nhsw orz/ wkrxjk juhdwhu wkdq }hur1

Vxssrvh wkdw wkh dyhudjh lqlwldo frqglwlrqv duh {+3, @ ^5 4 43 43 ; 7 3`1 Wkh ghvluhg lqyhqwru|

ohyho lv U @ ^4 4 4 4 4 4`> zkloh wkh fruuhvsrqglqj pd{lpxp surgxfwlrq udwh rewdlqhg iurp wkh

Sduhwr fxuyh lv 9=6;^orwv@vkliw`1 Wkh ydoxhv ri wkh wxqqlqj sdudphwhuv iru wkh PSF duh= S @ 7
dqgP @ 5 iru wkh suhglfwlrq dqg lqsxw krul}rqv/ uhvshfwlyho|1 Wkh zhljkwv duh wdnhq dv= �t @ 4
dqg �{L @ 41

Wkh lpsohphqwdwlrq ri wkh PSF iurp wkh pxowlremhfwlyh lq Ht1 ; zdv qrw vxlwdeoh iurp wkh

rswlplvdwlrq srlqw ri ylhz1 Wkh uhvxowlqj vhw ri frqvwudlqwv diwhu wkh yduldeoh wudqvirupdwlrq

ehfrphv loo0frqglwlrqhg dqg lw lv qrw dozd|v srvvleoh wr ryhufrph wkh vlwxdwlrq lqfoxglqj rq0olqh

frqvwudlqw vfdolqj1 Pruhryhu/ qhdu wkh qhz vhw0srlqw wkh frqwudlqwv duh ryhuo| vwulqjhqw dqg wkh

OS idlov wr rewdlq d ihdvleoh vroxwlrq1 Qr ehwwhu uhvxowv duh jrw iru gl�huhqw wxqqlqj sdudphwhuv

ri wkh PSF1

Wkh deryh frxog eh lqihuuhg iurp wkh sureohp vshfl�fdwlrqv/ revhuylqj wkdw wkh pd{lpxp

wkurxjksxw yroxph iru d jlyhq frqglwlrq kdv ehhq rewdlqhg ehiruh1 Wkhq/ wkhuh lv qr qhhg wr

lqfoxgh wkh pd{lplvdwlrq ri rxwv lq Ht1 ;1 Gursslqj wklv �uvw whup jlyhv ulvh wr wkh remhfwlyh lq

Ht1 471 Dv orqj dv wkh PSF lv ghvljqhg dqg wxqqhg wr vwhhu wkh surfhvv iurp wkh lqlwldo frqgl0

wlrqv wr wkh qhz vhw0srlqw/ wkh jrdo ri pd{lplvlqj wkurxjksxw yroxph zkloh nhhslqj lqyhqwrulhv

dw vhw0srlqw zloo eh dffrpsolvkhg1 Wklv lv vkrzq lq Ilj1 6/ zkhuh qr sodqw2prgho plvpdwfk lv

frqvlghuhg1

Ohw xv lqfoxgh sodqw2prgho plvpdwfk dqg vxssrvh wkdw wkh uhdo udwhv lq pdwul{ E duh=

U� @ :=5/ U2 @ 45/ U� @ 45/ Ue @ 45/ UD @ :=5/ US @ 45^orwv@vkliw`1 Qhz phdvxuhv iurp

wkh uhdo surfhvv duh dydlodeoh wr eh ihhg edfn lqwr wkh PSF hdfk vkliw1 Nhhslqj wkh frqwuroohu

sdudphwhuv lqyduldqw zlwk uhvshfw wr wkh qrplqdo fdvh/ lw lv revhuyhg iurp Ilj1 7 wkdw wkh vwduwv

uhohdvhg lqwr wkh ide dqg wkh vhwwolqj wlphv kdyh qrw fkdqjhg vljql�fdqwo|1 Wkh wkurxjksxw

yroxph lv forvh wr wkh pd{lpxp zkloh wkh lqyhqwrulhv kdyh dq r�vhw zlwk uhvshfw wr wkh vhw0

srlqw1

Wkh vwduwv rewdlqhg iurp wkh PSF duh ihg lqwr wkh vkruw0whup vfkhgxohu zkhuh wkh surfhvv lv

uhsuhvhqwhg e| d VWQ1 Wkh ghvluhg zrun0lq lqyhqwrulhv zhuh vshfl�hg lq jEVV dv *wdujhwv*1 Wkh

hyroxwlrq ri wkh lqyhqwrulhv dqg wkh wkurxjksxw duh vkrzq lq Ilj1 81 Lw lv vhhq wkdw wkh vkruw0whup

vfkhgxohu fdq iroorz wkh srolf| surylghg e| wkh PSF nhhslqj wkh lqyhqwrulhv lq wkh ylflqlw| ri wkh

wdujhw lpsrvhg1 Pruhryhu/ wkh surgxfwlrq ohyho suhglfwhg e| wkh orqj0whup fdpsdljq sodqqlqj
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Iljxuh 8= jEVV 0 lqyhqwrulhv dqg wkurxjksxw

lv rewdlqhg lq wkh vshfl�hg krul}rq1 Wkh Jdqww fkduw iru wkh ghwdlohg rshudwlrq ri wkh ide gxulqj
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Iljxuh 9= jEVV 0 ghwdlohg rshudwlrq iru wkh 8 pdfklqhv/ gd| <wk1

8 Frqfoxvlrqv

D sursrvdo iru orqj0whup sodqqlqj dqg vkruw0whup vfkhgxolqj iru uhhqwudqw olqh surfhvvhv lv

glvfxvvhg1 Wkh surshuwlhv ri wkh wzr gl�huhqw krul}rq sodqqlqj2vfkhgxolqj uhsuhvhqwdwlrqv ri

wkh surfhvv lq forvhg0orrs rshudwlrq duh vkrzq1 Dv d uhvxow/ ghwdlohg rshudwlrq ri d vhplfrqgxfwru
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pdqxidfwxulqj surfhvvhv xvlqj jEVV zdv rewdlqhg/ iroorzlqj wkh orqj0whup uhihuhqfhv lpsrvhg e|

d PSF1 Wkh lqwhjudwhg vriwzduh sdfndjh ghdov zlwk wkh glvfuhwh0hyhqw v|vwhp g|qdplfv wkurxjk

dq lqwhuidvh wkdw vklhogv wkh xvhu iurp wkh frpsoh{ pdwkhpdwlfv lqyroyhg lq wkh prgho1 Gxh wr

wkh rswlplvdwlrq fduulhg rxw lqwr jEVV/ wkhuh lv qr qhhg wr wudqvodwh wkh xwlolvdwlrq wdujhwv iurp

PSF1

Uhihuhqfhv

Gdyh/ S1/ G1 Zloolj/ J1 Nxgyd/ M1 Shnq|/ dqg I1 Gr|oh +4<<:,1 �Os phwkrgv lq psf ri odujh0vfdoh

v|vwhpv= Dssolfdwlrq wr sdshu0pdfklqh fg frqwuro/� DLFkH M1/ 76/ qr1 7/ ss1 4349�43641

Ho Dgo/ D1 U1/ P1N1 dqg N1 Wvdndolv +4<<9,1 �Klhudufklfdo prgholqj dqg frqwuro ri uhhqwudqw

vhplfrqgxfwru pdqxidfwxulqj idflolwlhv/� lq 68wk1 Frqihuhqfh rq Ghflvlrq dqg Frqwuro/ Nreh/

Mdsdq1

Jdufld/ F1/ G1 Suhww/ dqg P1 Prudul +4<;<,1 �Prgho suhglfwlyh frqwuro= Wkhru| dqg sudfwlfh 0 d

vxuyh|/� Dxwrpdwlfd/ 58/ qr1 6/ ss1 668�67;1

Khqvrq/ P1 dqg G1 Vheruj +4<<:,1 Qrqolqhdu Surfhvv Frqwuro/ Suhqwlfh Kdoo/ Qhz Mhuvh|1

Nrqglol/ H1/ F1 F1 Sdqwholghv/ dqg U1 Vdujhqw +4<<6,1 �D jhqhudo dojrulwkp iru vkruw0whup

vfkhgxolqj ri edwfk rshudwlrqv/� Frpsxwhuv dqg Fkhplfdo Hqjqj1/ 4:/ qr1 5/ ss1 544�55:1

Sdsdjhrujlrx/ O1/ Q1 Vkdk/ dqg F1 F1 Sdqwholghv +4<<5,1 �D vriwzduh v|vwhp iru rswlpdo sodqqlqj

dqg vfkhgxolqj ri jhqhudo edwfk rshudwlrqv/� lq Dgydqfhv lq Surfhvv Frqwuro LLL/ LFkhpH/

Uxje|/ ss1 494�4:31

Slhufh/ G1 dqg P1 M1 Uhdo� +4<<9,1 �Surfhvv v|qwkhvlv dqg ghvljq iru pxowl0fkls prgxoh ideul0

fdwlrq/� Frpsxwhuv dqg Fkhplfdo Hqjqj1/ 53/ qr1 Vxsso1/ ss1 V463:�V46481

Vkdk/ Q1/ N1 Nxul|dq/ O1 Olehulv/ F1 F1 Sdqwholghv/ O1 Sdsdjhrujlrx/ dqg S1 Ulplqxffl +4<<8,1

�Xvhu lqwhuidfhv iru pdwkhpdwlfdo surjudpplqj edvhg pxowlsxusrvh sodqw rswlplvdwlrq v|v0

whpv/� Frpsxwhuv dqg Fkhplfdo Hqjqj1/ 4</ qr1 Vxsso1/ ss1 V:98�V::51

Vkdk/ Q1/ F1 F1 Sdqwholghv/ dqg U1 Vdujhqw +4<<5,1 �D jhqhudo dojrulwkp iru vkruw0whup vfkhgxo0

lqj ri edwfk rshudwlrqv= Sduw ll 0 frpsxwdwlrqdo lvvxhv/� Frpsxwhuv dqg Fkhplfdo Hqjqj1/ 4:/

qr1 5/ ss1 55<�5771

Wvdndolv/ N1/ M1 M1 Ioruhv Jrgr|/ dqg D1 D1 Urguljxh} +4<<:,1 �Klhudufklfdo prgholqj dqg frqwuro

iru uhhqwudqw vhplfrqgxfwru ideulfdwlrq olqhv= D plql0ide ehqfkpdun/� lq 9wk1 LHHH Lqw1

Frqihuhqfh rq Hphujlqj Whfkqrorjlhv dqg Idfwru| Dxwrpdwlrq/ HWID*<:/ Orv Dqjhohv/ FD1

Ydujdv Yloodplo/ I1 dqg G1 H1 Ulyhud +4<<:,1 �Vfkhgxolqj ri uhhqwudqw pdqxidfwxulqj olqhv xvlqj

d prgho suhglfwlyh frqwuro +psf, dssurdfk/� lqDphulfdq Frqwuro Frqihuhqfh/ DFF*<:/ yro1 6/

ss1 4<4<�4<561

Ydujdv Yloodplo/ I1 dqg G1 H1 Ulyhud +4<<;,1 �Vfkhgxolqj ri vhplfrqgxfwru pdqxidfwxulqj id0

flolwlhv xvlqj d prgho suhglfwlyh frqwuro dssurdfk/� Whfk1 uhs1/ Frqwuro V|vwv1 Oderudwru|/

Xqlyhuvlw| ri Dul}rqd/ Whpsh/ Dul}rqd1
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