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1. Introduction & Problem Motivation 
)*" +" ,-./+-" 0122-3" 45+67" .89+76:+;6.7" <=2-.3<<" +;" =3" >.=2+73?" @" A.1-B" -6C<" ;." B<D<-.2" +" *;+7B+8B"
;<=2-+;<" ;5+;"A6--"<EE<>;6D<-3"+7B">.7*6*;<7;-3"B86D<"F2<8+;6.7*"G<+B67<**"G<D6<A*" HIFGG*JK"+;"/.;5"+"
L8.98+="+7B"+"0<>;.8"M<D<-$"N56*"A6--"5<-2".18".89+76:+;6.7"/<;;<8"17B<8*;+7B"2.;<7;6+-"86*C"A6;567".18"
*122-6<8*";51*"-.A<8679";5<"86*C".E".18"67;<87+-"28.98+=*"9.679".D<8"*>5<B1-<"+7BO.8">.*;$"

FGGP*">+7"*<8D<"*<D<8+-"2182.*<*" E.8".18">.=2+76<*"28.98+=*$"F7<"8<+*.7"FGGP*"+8<">.7B1>;<B" 6*" ;."
+--.A"28.98+="*;+C<5.-B<8*";."<EE<>;6D<-3"+**<**"+"*122-6<8P*"+/6-6;3";."*122.8;"=+71E+>;18679"7<<B*"2<8"
;5<">188<7;"+7B"E.8<>+*;<B"8<Q168<=<7;*$"N56*"67>-1B<*";5679*"*1>5"+*?" -+/.8?";..-679?";8+67679?"*;+EE67
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3. Background & Literature Review 
X.8"=3"-6;<8+;18<"8<D6<A"@"286=+86-3"E.>1*<B".7";A."B.>1=<7;*Y"N5<"Z<2+8;=<7;".E"Z<E<7*<P*"N<>57.-.93"
G<+B67<**" M<D<-" HNGMK" 5+7B/..C" +7B" ;5<68" W+71E+>;18679" G<+B67<**" )**<**=<7;" HWG)K$" S3" 8<D6<A679"
9.D<87=<7;"B.>1=<7;*"@"A+*"+/-<";."/16-B"+"*C<-<;.7".E";5<"FGG";<=2-+;<$""

N5<"NGM"5+7B/..C"A+*"+7"67>8<B6/-3"1*<E1-";..-"/<>+1*<"6;"6*".E;<7"1*<B";."<D+-1+;<";5<"=+;186;3".E">86;6>+-"
<-<=<7;*".E"+"28.B1>;*";<>57.-.96<*$"N56*"A+*"5<-2E1-"67">8<+;679"=3";<=2-+;<"/<>+1*<"+"C<3"9.+-".E"+7"
FGG"6*";."<7*18<".18"*122-6<8*">+7"*1>><**E1--3"/16-B".18";<>57.-.93$",<7<8+--3?"NGM*"+8<"=<+*18<B"+-.79"
+"!";58.195"["*>+-<"A56>5"8+79<*"E8.="!"/<679"+"/+*6>"8<+B67<**"-<D<-";."["A5<8<";5<";<>57.-.93"6*";<*;<B"
+7B"28.D<7?"+-8<+B3"67;<98+;<B"+7B"*1>><**E1-"67"6;*"67;<7B<B"<7D68.7=<7;"H0.18><Y"Z.Z"H#\!\K?"Z<E<7*<"
)>Q16*6;6.7",16B</..CK"X6918<"!"*5.A*";5<"["B6EE<8<7;"8<+B67<**"-<D<-*"+7B"B<*>862;6.7*"])0)?"ZFZ?"+7B"
.;5<8".89+76:+;6.7*"1*<$""
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@7;<87+--3?"=+73".E".18">1*;.=<8*"+-8<+B3"8<Q168<".18"28.98+=*";.">.=2-<;<"WG)*"*."@"A+*"D<83"E+=6-6+8"
A6;5";56*"B.>1=<7;$"X6918<"%"*5.A*"5.A"=+73".E".18"28.98+=*"1*<"WG)*"67".18">188<7;"FGG"28.><**$"
X68*;?"A<"B<;<8=67<".18"*122-6<8*"WG)"-<D<-?";5<7"A<"6B<7;6E3"A5+;"-<B"1*";.";5+;"8+;679?"E67+--3?"A<"B<>6B<"
+*"+";<+="A5+;";5<"*122-6<8"=1*;"E.>1*".7";."6=28.D<";56*"*>.8<$"

"

N5<"67E.8=+;6.7"+7B"8+;679"*3*;<=*"67"NGM*"+7B"WG)*"A+*">86;6>+-"E.8"=<";.">.7*6B<8"+7B"6=2-<=<7;"67"
;5<"FGG";<=2-+;<$")**<**679"67;<87+-"+7B"<a;<87+-"B<*697"=+;186;3"+-.79"A6;5".18"*122-6<8P*"8<+B67<**";."
=+71E+>;18<"A.1-B"-.A<8"86*C"A5<7";5<3"+8<"96D<7"+"7<A".8">.=2-<a"B<*697$"

4. Data 
)">81>6+-"26<><".E"B+;+"A+*">.--<>;<B"286.8";.">8<+;679"+"*;+7B+8B6:<B"28.><**"E.8">.=2-<;679"FGG*$"X6918<"
&"*5.A*"%"28.98+=*"A5."8+;<B";5<"*+=<"*122-6<8"67";5<"*+=<"3<+8"H#\![K$")*"3.1">+7"*<<?"<+>5"28.98+="
9+D<"<a;8<=<-3"B6EE<8<7;"8+;679*"/+*<B".7";5<"Q1<*;6.7*";5<3"+*C<B?".8"B6B"7.;"+*C?"B18679";5<68"F2<8+;6.7*"
G<+B67<**"G<D6<A"A6;5";56*"*122-6<8$"S3">8<+;679"+"*;+7B+8B";<=2-+;<"28.98+=*"A6--"/<"+*C679";5<"*+=<"
Q1<*;6.7*"A56>5"*5.1-B"-.A<8";5<"D+86+;6.7"67"*122-6<8"8+;679*$"F7><"A<"8.--".1;";56*";<=2-+;<"@"A6--">.7B1>;"
+"8<2<+;+/6-6;3"+7+-3*6*"/3"5+D679"%"B6EE<8<7;"28.98+=*"B.";56*"+--".D<8"+9+67"1*679".18"7<A"*3*;<=$"N56*"6*"
=3"2-+7";."D+-6B+;<"D+86+;6.7"5+*"B<>8<+*<B$""

"

)7.;5<8"A+3"@"2-+7";.";<*;"=3";<=2-+;<"6*"/3"=<+*18679";5<"2<8><7;".E"28.98+=*">.7B1>;679"FGGP*"A6;5"+"
=<+7*".E" ;8+>C679">-.*18<".E" >86;6>+-"+>;6.7*">.=679".1;".E"FGGP*?"+7B" -+;<8"<*;6=+;679" ;5<"71=/<8".E"
=6**<B"+>;6.7*";5+;"A<8<"28<D<7;<B"/3"1*679"+"8./1*;"FGG"28.><**?"+7B"-+;<8"B<E67679"+"=<;86>";."=<+*18<"
8<B1>;6.7".E"B<E<>;*?"8<;187*?"<;>$""
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5. Model and Analysis 
N5<" FGG" ;<=2-+;<" 6*" /8.C<7" 67;." (" *<>;6.7*" /+*<B" .7" C<3" *;+C<5.-B<8*" A6;567" ],4" 28.98+=*Y"
L8.98+==+;6>*?"W+71E+>;18679?"L8.>18<=<7;?"U1+-6;3?"0>5<B1-<?"Z<*697"+7B"01*;+67=<7;$"
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X6918<" (" E.>1*<*" .7" ;5<" W+71E+>;18679" *<>;6.7" .E" ;5<" FGG" ;<=2-+;<$" N56*" *<>;6.7" 5+*" '" E.>1*" +8<+*Y"
W+71E+>;18679"L8.><**<*?"L8.B1>;6.7"G<;187*OG<2+68OG<2-+><=<7;"L8.><**<*?"W+71E+>;18679"4.7;8.-*?"
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L8.>18<=<7;"HX6918<"`K" 6*" ;5<".7-3"*<>;6.7".E";5<";<=2-+;<"A5<8<"+--" E.>1*"+8<+*"+8<"A<695;<B"<D<7-3$"
)E;<8"=<<;679"A6;5" *1/R<>;"=+;;<8"<a2<8;*" 67;<87+--3" 6;"A+*"D.;<B"G<Q168<=<7;*"X-.A"B.A7*?"01/c;6<8"
W+7+9<=<7;?"01/c;6<8"0122-6<8"U1+-6;3"FD<8*695;?"01/c;6<8"G<+B67<**?"+7B">.7;8+>;1+-">5+79<*">+7"+--"/<"
B<;86=<7;+-";.".18"28.98+="B<-6D<83"B+;<*"+7B">.*;"*+D679"<EE.8;*$"

"
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N5<8<"+8<"&"C<3"E.>1*"+8<+*"67";5<"U1+-6;3"2.8;6.7".E";5<";<=2-+;<"HX6918<"[KY"@7;<87+-"U1+-6;3"W+7+9<=<7;?"
U1+-6;3" FD<8*695;?" W<+*18<=<7;" +7B" V+-6B+;6.7?" +7B" L8<D<7;+;6D<" U1+-6;3" A6;5" L8<D<7;+;6D<" U1+-6;3"
5.-B679" ;5<" 5<+D6<*;" A<695;" .E" %\d$" F18" V6><" L8<*6B<7;" .E" U1+-6;3" A.8C<B" A6;5" =<" A5<7" B<>6B679"
A<695;679*"5<8<$"e<"/<-6<D<*"L8<D<7;+;6D<"U1+-6;3"=<86;*"5+D679";5<"-+89<*;"A<695;679"/<>+1*<";56*"5.-B*"
;5<" *122-6<8" +>>.17;+/-<" 67" *5.A679" ;5<3" +8<" >.7*;+7;-3" A.8C679" ;." 28<D<7;" B<E<>;*" ;51*" 96D679" 1*"
E17>;6.7679"2+8;*";5+;"+8<"8<+B3"E.8"28.B1>;6.7$"

"
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0<>;6.7"̂ ".E";5<";<=2-+;<"6*"0>5<B1-679"HX6918<"!\K$"Z<-6D<83"2<8E.8=+7><"5.-B*";5<"-+89<*;"A<695;679"*67><"
.7<".E";5<"C<3"./R<>;6D<*".E"+7"FGG"6*";."<7*18<".18"28.98+=*"+8<"=<<;679".18"*>5<B1-<$"F;5<8"E.>1*"
+8<+*" 67>-1B<Y" 0>5<B1-<" W+7+9<=<7;?" WGLObGL" 03*;<=?" +7B" L+>C+9679?" e+7B-679?" 05622679" _"
N8+7*2.8;+;6.7$"

"
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Z<*697"6*"*<>;6.7"'"67";5<";<=2-+;<"HX6918<"!!K"A6;5"'"E.>1*"+8<+*Y"Z<*697"W+;186;3?"Z<-6D<8<B"e+8BA+8<"
L<8E.8=+7><?")>><2;+7><"N<*;"L-+7OL8.><B18<"H)NLK"bEE<>;6D<7<**?"ZW0OF/*.-<*><7><?"L8.B1>;"Z<*697"
@=28.D<=<7;"+7B"4.7E6918+;6.7"W+7+9<=<7;$"Z<-6D<8<B"e+8BA+8<"L<8E.8=+7><"6*";5<"=.*;">86;6>+-"E.>1*"
+8<+" 67" ;56*" *<>;6.7" A6;5" +" A<695;" .E" %\d$" )9+67?" ;56*" 6*" /<>+1*<" ;56*" 2.8;6.7" 28<D<7;*" 2.**6/-<"
B<E<>;*O8<;187*"A6;5"<EE6>6<7;"+8;6E+>;*"96D<7$"

"
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)*"*5.A7"+/.D<?"<+>5"E.>1*"+8<+"5+*"*<D<8+-"B6EE<8<7;"Q1<*;6.7*"-6*;<B"A6;567$"b+>5"E.>1*"+8<+"6*"96D<7"+"
*>.8<"!";."!\"/+*<B".7";5<"0>.8679",16B<"*5.A7"67"X6918<"!%"/<-.A$"!\"6*";5<"5695<*;"8+;679"=<+7679";5<8<"
6*"D<83"-.A"6=2+>;";.";5<"28.98+=O+7*A<8*"28.D6B<B"+8<"*1EE6>6<7;$"!"6*"+"5695"86*C"8+;679"+7B"28.D6B<B"
B.>1=<7;*"+8<"7.;"6B<+-"E.8"28.98+="*1>><**$",8<<7"8+;679*"+8<"96D<7"E.8"+"*>.8<".E"`$^"+7B"5695<8?"3<--.A"
8+;679*"1*<B"E.8"+"*>.8<"67";5<"8+79<".E"(";."`$&?"+7B"8<B"8+;679*"+8<"1*<B"E.8"+"*>.8<"-<**";5+7"($""
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S<>+1*<";5<8<"+8<"*<D<8+-"B6EE<8<7;"Q1<*;6.7*"A6;567"<+>5"E.>1*"+8<+"6;"6*"12";.";5<"28.98+=";."96D<".7<"
.D<8+--" *>.8<" 2<8" +8<+" /+*<B" .7" ;5<" *122-6<8P*" +7*A<8*" +7B" +8;6E+>;*" 28.D6B<B$" X6918<" !&" *5.A*" <+>5"
*<>;6.7*"+7B";5<68"8<;8.*2<>;6D<"E.>1*"+8<+*"+-.79"A6;5";5<"A<695;679*$"

"
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b+>5"*<>;6.7";5<7"9<;*"A<695;<B"+9+67"/+*<B".7";5<"E.>1*"+8<+"*>.8<*$"N56*"28.D6B<*";5<"28.98+="A6;5";5<"
E67+-"FGG"*>.8<$"05.A7"67"X6918<"!^$"
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5.1. Supporting Documentation  
)-.79"A6;5"96D679"67;<87+-"28.98+=*"+7B".18"*122-6<8*";56*";<=2-+;<";."1;6-6:<"@"+-*.">8<+;<B"*122.8;679"
B.>1=<7;+;6.7";."9."A6;5";5<";<=2-+;<$"N56*"A6--"<7*18<"*122-6<8*"+7B"28.98+=*"/.;5"17B<8*;+7B"+7B"
+8<"28<2+8<B";."1*<";5<";<=2-+;<"A56>5"A6--"-<+B";."+"*1>><**E1-"FGG$"N5<8<"+8<"%"C<3"B.>1=<7;*";5+;"
*5.1-B"/<"1*<BY"N5<")>;6.7"@;<="N<=2-+;<?",16B+7><"Z.>1=<7;?"+7B";5<"M<;;<8".E"ba2<>;+;6.7*";5+;"
=1*;"/<"*<7;";.";5<"*122-6<8$"X6918<*"!(c!["*5.A";5<"*122.8;679"B.>1=<7;+;6.7$"

N5<")>;6.7"@;<="N<=2-+;<"*5.1-B"/<"E6--<B".1;"B18679";5<"FGG$"N5<"FGG"=<B6+;.8"H;326>+--3"+"L8.98+="
W+7+9<8K"*5.1-B"/<";8+>C679"+--"+>;6.7*"/.;5"67;<87+--3"+7B"<a;<87+--3$")E;<8";5<"FGG"6*">.7B1>;<B";56*"
A6--"/<"2.*;<B";.".18"FGG"*6;<"E.8";8+>C679"E8.=";5<"*122-6<8*"*6B<"+7B";5<"28.98+="*6B<"+*"A<--$"N56*"6*"
>86;6>+-"B1<";.";5<"E+>;";5+;"6E"+73"+>;6.7"6;<=*"9."178<*.-D<B";5<".D<8+--"86*C"A6--"7.;"B<>8<+*<"+7B"A<"
>.1-B"<7B"12"E+>679"+7"6**1<"-+;<8"B.A7";5<"-67<$""

"

N5<"B.>1=<7;"/<-.A"HX6918<"!`K"6*";5<"M<;;<8".E"ba2<>;+;6.7*"96D<7";.";5<"*122-6<8$"N56*"B.>1=<7;"-<;*"
;5<"*122-6<8"C7.A"A<"A6--"/<">.=679"A6;567"'\"B+3*"+7B"96D<*";5<="<7.195";6=<";."-..C".D<8";5<"
;<=2-+;<"+7B"9+;5<8";5<68"+8;6E+>;*$"F7><";5<3"5+D<";5<68"
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.D<8";5<"*122-6<8"FGG"*>.8<?"Q1<*;6.7*?">.7><87*?"<;>"B18679";5<"+>;1+-"FGG$"

"

" "
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X6918<"!["*5.A*".18"67;<87+-"916B+7><"B.>1=<7;$"N56*"6*"96D<7";."28.98+=*"*.";5<3"C7.A"A5+;"6*"
<a2<>;<B".E";5<="B18679";5<"FGG"28.><**$"

LM%0"+4'*,&A%"14*%,,&A%94%B&NLAAO&P241"*3%&D'327%*+&
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;8+D<-"+**<**=<7;"*5.1-B"+-*."/<"2<8E.8=<B";."67>.82.8+;<";8+D<-">.*;*"+**.>6+;<B"A6;5"*122.8;679";5<"
*122-6<8*"*<-<>;<B";."2<8E.8=";5<"8<D6<A$""N5<8<"6*"+";8+D<-"SFb";..-"+>><**6/-<"E.8"1*<";.">+->1-+;<";5<"
+7;6>62+;<B";8+D<-">.*;*"+**.>6+;<B"A6;5">.7B1>;679"<+>5"8<D6<A$"

)--"*122-6<8".D<8*695;"+7B"*122.8;";5+;"6*"8<Q168<B"=1*;"/<">..8B67+;<B";58.195",-./+-"0122-3"45+67"*."
;5+;"+--">.*;+"+8<">+2;18<B"+228.286+;<-3"B18679";5<"28.2.*+-"25+*<$"

LAA&;+">%R'$1%0,T""0;+C<5.-B<8*"67"+7"FGG">+7"D+83"B<2<7B679".7";5<"*122-6<8?";5<"28.B1>;"+7B";5<"
28.98+=?"5.A<D<8"6;P*"9<7<8+--3"+"/<*;"28+>;6><";."<7*18<";5<"E.--.A679"E17>;6.7+-";<+="=<=/<8*"+8<"
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6. Results and Recommendations 
FGGP*"8+79<"E8.="*6=2-<";.">.=2-<a"B<2<7B679".7";5<"*122-6<8"+7B";5<">.=2-<a6;3".E";5<"5+8BA+8<"
/<679"218>5+*<B$""N5<";+/-<"/<-.A"HX6918<"!(K"*5.A*";5<"8+79<".E">.*;*"8<Q168<B";.">.7B1>;"FGGP*"
B<2<7B679".7";5<">.=2-<a6;3Y"

LAA&)',+&V$%7%*+& H4?R$G&)'7M$%U&LAA&
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6.1 Updated Process 

)*"+"8<>+2?";56*"6*"5.A"@">8<+;<B".18"7<A"28.><**"HX6918<"!`K$"@7";5<"E68*;"25+*<"@"=<;"A6;5"*;+C<5.-B<8*";."
B<;<8=67<"A5+;"Q1<*;6.7*"*5.1-B"/<"+*C<
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8. References 
Z.Z"H#\!\K?"Z<E<7*<")>Q16*6;6.7",16B</..C"
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