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M46(&+)-&!*,46434+9&N),(9945()3(F&:+)B&32:;2/(*/&

7+E(&922G(-&,2&+-+;,&E+*428/&+952*4,7:43&+;O

;*2+37(/&6*2:&,7(/(&64(9-/&+/&+&)2E(9&+;;*2+37&,2&

,7(&5()(*+,42)&26&:8/43&H&&N)-((-F&+&)8:P(*&&26&&

4:;*(//4E(&+952*4,7:43&/B/,(:/&7+E(&P(()&;*2O

-83(-&Q#4*+)-+F&<$$JRH&&&.7(&*22,/&26&,7(/(&()O

-(+E28*/&/,*(,37&P+3G&,2&,7(&:4-&,L(),4(,7&3()O

,8*BF&:4**2*4)5&,7(&74/,2*B&26&,7(&!*,46434+9&@34O

()3(/F&+)-&:+)B&32)3(;,/&7+E(&P(()&62*3(-&,2&
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4)5&68*,7(*&-(E(92;:(),S&62*&+&,72*2857&;*(74/O

,2*B&/((&T27)/2)F&<$$UH&

V749(&:+)B&*(/(+*37(*/&7+E(&+-2;,(-&P42O

92543+99B&4)/;4*(-&:2-(9/F&;+*,4389+*9B&"(9989+*&

!8,2:+,+&QW492,,+&(,&+9H&<$$JF&C+**+9-F&<$$UR&+)-&

'()(,43&!952*4,7:/&QT+32PF&JKK%F&.2--&+)-&

V(*)(*F&JKKKF&V+/37+&NNF&<$$JR&F&+&)8:P(*&26&*(O

/(+*37(*/&4),(*(/,(-&4)&5()(*+,4E(&:8/43&7+E(&

P(32:(&:2*(&6238/(-&2)&,7(&/4:89+,42)&26&:2*(&

/;(34643&:8/43+9&;*2P9(:/H&&!:P4,428/&*(/(+*37&4)&

,74/&-4*(3,42)&7+/&P(()&32)-83,(-&PB&#4*+)-+&

,7*2857&,7(&8/(&26&5#5(-#<&:2-(9/H&&X*+L4)5&4)O
/;4*+,42)&6*2:&*(/(+*37&4)&94)584/,43/&,7+,&+4:/&,2&

*(E(+9&,7(&2*454)/&26&9+)58+5(&8/4)5&32:;8,(*&

:2-(994)5&+)-&/4:89+,42)F&#4*+)-+!/&*(/(+*37&
7+/&(Y8+99B&926,B&52+9/F&+4:4)5&,2&:2-(9&,7(&

(:(*5()3(&26&389,8*(F&+)-&,7(&2*454)/&26&:8/43&

,7*2857&8/4)5&+-+;,4E(&5+:(/&Q#4*+)-+F&<$$<RH&&

.7(&?Z@?#WM?&/B/,(:&;*(/(),(-&7(*(&

-*+L/&4)/;4*+,42)&6*2:&,74/&,B;(&26&+;;*2+37&+/&4,&

6238/(/&2)&&,7(&/4:89+,42)&26&,7(&-B)+:43+9&/B/O

,(:/&26&:8/43F&;+*,4389+*9B&,7(&/234+9&-B)+:43/&

4)E29E(-&4)&:8/43&&;(*62*:+)3(H&&&?//(),4+99B&

:2-(994)5&+)&()/(:P9(&26&&4:;*2E4/(*/F&4)&/;4*4,F&

,74/&L2*G&4/&392/(9B&*(9+,(-&,2&2,7(*&P(7+E428*+9&

([;92*+,42)/&26&4:;*2E4/+,42)F&)2,+P9B&W9+3GL(99F&

<$$<H&
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)2,+,42)/&62*&-466(*(),&;(2;9(F&;+*,4389+*9B&L4,7&

*(5+*-/&,2&/(),4:(),/&+P28,&-((;&;(*/2)+9&([O

;*(//42)F&+)-&(Y8+99B&389,8*+9&P+3G5*28)-F&;(*O

7+;/&+&-4/38//42)&26&"1(*62*:+)3(&N)-(,(*:4)+3B!&
L499&*(:2E(&/2:(&26&,74/&(:2,42)+9&P+55+5(F&+)-&

/7(-&9457,&2)&,7(&,B;(/&26&:8/43+9&P(7+E428*/&([O

;92*(-&,7*2857&?Z?#WM?H&

!6,(*&32:;2/4)5&"#8/43&26&"7+)5(/!&4)&JK%JF&
+)&(+*9B&L2*G&8/4)5&"37+)3(&2;(*+,42)/!F&2*&*+)O
-2:&)(//&4)&32:;8,(*&&/34()3(&,(*:/F&!:(*43+)&

!E+),O'+*-(&32:;2/(*&&T27)&"+5(&&6+3(-&+&-4O

9(::+H&&.7*2857&8/4)5&37+)3(F&+)-&32)/(Y8(),9B&

*(:2E4)5&:(+)4)5&6*2:&74/&L2*GF&7(&7+-&*(O

-83(-&,7(&;(*62*:(*&,2&"L7+,&B28&:457,&3+99&+)&
+8,2:+,2)!&Q"+5(F&4)&+)&4),(*E4(LF&"2*P(,,F&
JKK\RH&&N)&2*-(*&,2&64[&,74/&4:P+9+)3(F&"+5(&*(-(O

64)(-&,7(&*29(&26&,7(&;(*62*:(*&,7*2857&8/4)5&;(*O

62*:+)3(&4)-(,(*:4)+3BH&&&&
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'()(*+99BF&4)-(,(*:4)+3B&54E(/&,7(&;(*62*:(*&

6*((-2:/&(4,7(*&,2&:+G(&37243(/&+P28,&72L&,7(B&

L499&;9+B&54E()&:+,(*4+9F&2*&3722/(&,7(&:+,(*4+9&

,7(B&L499&;9+B&4)&+&54E()&6*+:(L2*GH&&.7*2857&

,7(/(&6*((-2:/F&,7(&;(*62*:(*&:+G(/&37243(/&

/;2),+)(28/9B&L749(&;(*62*:4)5&,7(&;4(3(F&+)-&+/&

/837F&&

)2&,L2&;(*62*:+)3(/&26&,7(&L2*G&+*(&+94G(H&&

?Y8+99B&)2&4)-4E4-8+9&;(*62*:+)3(&26&,7(&L2*G&4/&

-(64)4,4E(F&]8/,&+)&([+:;9(&26&72L&,7(&L2*G&3289-&

/28)-H&&&&N)&-(/3*4P4)5&,74/&/4,8+,42)F&"+5(&;24),/&

28,&#,7(&68)3,42)&26&,7(&;(*62*:(*&4/&,7+,&26&+&
;72,25*+;7(*&L72&2)&&2P,+4)4)5&+&3+:(*+&8/(/&4,&

,2&,+G(&+&;43,8*(H&&.7(&32:;2/4,42)&;(*:4,/&+)&

4)64)4,(&)8:P(*&26&,7(/(F&+)-F&)2,&P(4)5&:(37+)4O

3+99B&32)/,*83,(-F&4,&L499&)2,&L(+*&28,F&4,&3+)&2)9B&

/866(*&-4/8/(F&2*&92//$&Q"+5(F&JK=J0>RH&
V749(&+99&,7(&:(:P(*/&26&,7(&Z(L&^2*G&

@37229&QW*2L)F&"+5(F&A(9-:+)F&+)-&V2966R&4)32*O

;2*+,(-&;(*62*:+)3(&4)-(,(*:4)+3B&4),2&,7(4*&

L2*G/&4)&-466(*(),&L+B/F&4,&4/&,7(&L2*G&26&"7*4/O

,4+)&V2966&,7+,&7+/&,7(&:2/,&*(9(E+)3(&,2&,74/&*(O

/(+*37H&&V2966!/&([;92*+,42)&26&4)-(,(*:4)+3B&4)O
E29E(-&/(,,4)5&8;&8);*(-43,+P9(&37+4)/&26&;(*O

62*:+)3(&/4,8+,42)/&,7+,&3289-&2)9B&+*4/(&,7*2857&

,7(&+3,&26&;(*62*:+)3(H&&.7(/(&L2*G/&;*(/(),&,7(&

;(*62*:(*&L4,7&+&;*(34/(&/(,&26&*89(/&,7+,&+*(&,*45O

5(*(-&PB&,7(&+3,42)/&26&,7(&2,7(*&;(*62*:(*/H&&

.74/&4/&:2/,&(+/49B&([;9+4)(-&,7*2857&+)&([+:O

;9(0&

&&

#A2*&+)&2*37(/,*+&:+-(&8;&26&+,&9(+/,&
J%&;9+B(*/F&(+37&26&L72:&3722/(/&2)(&

,2&,7*((&/28)-/F&6+4*9B&Y84(,H&&D/4)5&

2)(&26&,7(/(&(+37&,4:(F&B28&7+E(&,2&

;9+B&+/&/4:89,+)(28/9B&+/&;2//4P9(&

L4,7&,7(&)([,&/28)-&26&,7(&;9+B(*&

)(+*(/,&,2&B28S&,7()&L4,7&,7(&)([,&

/28)-&26&,7(&)([,&)(+*(/,&;9+B(*S&,7()&

L4,7&,7(&)([,&)(+*(/,&+6,(*&74:F&+)-&

/2&62*,7&8),49&B28&7+E(&;9+B(-&L4,7&

+99&,7(&2,7(*&;9+B(*/&;*(/(),H$&
Q([3(*;,&6*2:&"W8*-23G/!F&V2966F&
JK_JRH&&

&

V7+,&4/&4),(*(/,4)5&+P28,&,74/&([+:;9(&4/&,7+,&4,&

:((,/&:+)B&26&,7(&3*4,(*4+&,7+,&L289-&Y8+946B&,7(&

:8/43+9&*(/89,&+/&P(4)5&"(:(*5(),!F&4)&:+)B&*(O
/;(3,/&*(:4)4/3(),&26&6923G4)5&P(7+E428*&Q/((&

`(B)29-/F&JK>_RH&&&

A4*/,9BF&,7(&L2*G&4/&)2)O94)(+*&4)&,7+,&4,/&32)O

/,*83,42)&4/&4:;2//4P9(&,2&-(*4E(&PB&+)+9B/4)5&+&

*(32*-4)5&26&,7(&L2*G&4)&+&:8/43292543+9&/()/(H&&

@(32)-9BF&,7(&;(*62*:(*/&26&,7(&L2*G&+3,&+8,2)2O

:28/9B&4)&,7+,&2)3(&V2966&7+/&28,94)(-&,7(&

;*23(//&,7+,&52E(*)/&,7(&L2*GF&,7(&+3,8+9&L+B&4)&

L7437&4,&;9+B/&28,&4/&;8*(9B&52E(*)(-&PB&,7(&4)O

,(*+3,42)/&P(,L(()&,7(&;(*62*:(*/H&&A4)+99BF&52EO

(*)(-&PB&/4:;9(&923+9&*89(/F&,7(&;(*62*:(*/&+*(&

+P9(&,2&;*2-83(&+&32:;9([&592P+9&*(/89,F&+992L4)5&

+)&4),(*(/,4)5&:8/43+9&/,*83,8*(&,2&(:(*5(H&&.7(&

L2*G&26&"2*)(948/&"+*-(L&7+/&+9/2&P(()&-4/O

38//(-&4)&,74/&9457,&QT27)/2)F&<$$UR&+)-&(Y8+99BF&

:2*(&*(3(),&([+:;9(/&3+)&P(&/(()&4)&,7(&5+:(&

;4(3(/&26&T27)&a2*)&Q<$$<RH&

.7(&([;92*+,42)&26&,7(&(:(*5(),&-B)+:43/&26&

,7(/(&,B;(/&26&:8/43+9&L2*G/&4/&,7(&:+4)&;*(:4/(&

8)-(*&&L7437&?Z@?#WM?&7+/&P(()&-(E(92;(-H&&

.7(&:+4)&52+9&7+/&P(()&,7(&-(/45)&26&+)&+5(),&

:2-(9&,7+,&4/&+P9(&,2&/4:89+,(&,7(&()/(:P9(&-BO

)+:43/&;*2-83(-&PB&,7(&;(*62*:(*/&4)&,74/&,B;(&

26&;(*62*:+)3(&()E4*2):(),F&4)&,8*)F&9(+-4)5&,2&

,7(&P2,,2:&8;&5()(*+,42)&26&:8/43+9&62*:/&

,7*2857&,7(&+8,2)2:28/&4),(*+3,42)/&26&,7(&

+5(),/H&&

01"*!#.2%("#!2*3.4"&&'*5'&"*
!/&?Z@?#WM?&+4:/&,2&/4:89+,(&L7+,&4/&(//()O

,4+99B&+&/234+9&4),(*+3,42)&;*2P9(:F&4,&L+/&/8/O

;(3,(-&,7+,&,7(&1*4/2)(*!/&X49(::+&'+:(&3289-&
266(*&+&;2//4P9(&6*+:(L2*G&62*&68*,7(*&([;92*+O

,42)H&&.7(&1*4/2)(*!/&X49(::+&7+/&P(()&628)-&
8/(689&4)&+&L4-(&*+)5(&26&4),(*+3,42)&;*2P9(:/&

*+)54)5&6*2:&8)-(*/,+)-4)5&,7(&-B)+:43/&P(O

,L(()&62*+54)5&64/7&+)-&-4E2*34)5&;(2;9(&Q![O

(9*2-F&JKK_0&=RH&&!/&,74/&/4)59(&:2-(9&4/&+P9(&,2&

3+;,8*(&,7(&68)-+:(),+9&6(+,8*(/&26&/837&-4/;+O

*+,(&/4,8+,42)/&L4,728,&,7(&)((-&62*&*(;*(/(),4)5&

,7(&-(,+49/F&4,&/,+)-/&,2&*(+/2)&,7+,&4,&3289-&+9/2&

266(*&4)/457,&4),2&,7(&/234+9&4),(*+3,42)/&26&:8/43H&

!&,B;43+9&"1*4/2)(*!/&X49(::+!&/3()+*42&4/&+/&
62992L/0&.L2&-*85&-(+9(*/&+*(&3+857,&PB&;2943(&

+)-&;9+3(-&4)&/(;+*+,(&*22:/&,2&P(&4),(**25+,(-H&&

V749(&,7(&;2943(&7+E(&,7(&;*4/2)(*/&2)&;2//(//42)&

37+*5(/&L7437&3+**B&+&;2//4P9(&/(),()3(&26&2)(&

B(+*&4)&]+49F&,7(B&/8/;(3,&,7+,&,7(B&+*(&-(+9(*/&P8,&

7+E(&)2&;*226&26&,74/H&&.7(&;8P943&;*2/(38,2*&,7()&

266(*/&P2,7&;*4/2)(*/&+&-(+9H&&"2)6(//&,2&P(4)5&+&

-*85&-(+9(*&+)-&54E(&(E4-()3(&+5+4)/,&B28*&;+*,O

)(*&+)-&B28&3+)&52&6*((&L749(&B28*&;+*,)(*&

/(*E(/&64E(&B(+*/&4)&]+49F&46&B28&P2,7&32)6(//&B28&

L499&*(3(4E(&,7*((&B(+*/&4)&]+49&62*&;9(+-4)5&5849,BH&&

.7(&-49(::+&62*&,7(&;*4/2)(*/&7(*(&4/&,7+,&L749(&

46&)(4,7(*&32)6(//(/&,2&-(+94)5F&,7(B&L499&52&,2&]+49&

62*&+&B(+*F&,7(B&3+)!,&58+*+),((&,7+,&,7(&2,7(*&
L2)!,&32)6(//&+)-&,+G(&,7(&;9(+OP+*5+4)F&/2&,7(&
2)9B&*+,42)+9&,74)5&,2&-2&4/&32)6(//&+/&+&,7*((&B(+*&

/(),()3(&4/&+&P(,,(*&28,32:(&,7+)&+&;2//4P9(&64E(&

B(+*/&4)&]+49H&

V749(&4)&+&2)(&266&/4,8+,42)&94G(&,7(&2)(&28,O

94)(-&+P2E(&,7(*(&4/&)2&4)3(),4E(&62*&,7(&,L2&;+*O

,434;+),/&,2&32O2;(*+,(F&,7(&/3()+*42&37+)5(/&/2:(&

L7+,&46&,7(&;*23(//&4/&4,(*+,(-&+992L4)5&62*&:89,4O

;9(&()328),(*/&P(,L(()&,7(&;+*,434;+),/H&&@8-O

-()9B&+&L729(&:B*4+-&26&/,*+,(54(/&+*(&;2//4P9(&+/&

,7(&;+*,434;+),/&+*(&+P9(&,2&,+G(&4),2&+3328),&;*(O
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E428/&4),(*+3,42)/&4)&2*-(*&,2&/7+;(&,7(4*&*(O

/;2)/(&4)&68,8*(&4),(*+3,42)/H&

.7(&Y8(/,42)&26&L7+,&4/&,7(&"P(/,!&/,*+,(5B&4)&
,74/&/4,8+,42)&L+/&+;;*2+37(-&PB&`2P(*,&![(9*2-&

,7*2857&,7(&2*5+)4/+,42)&26&,L2&32:;8,(*&,28*O

)+:(),/&4)&,7(&(+*9B&JK>$/H&&?[;(*,/&4)&5+:(&,7(O

2*B&L(*(&4)E4,(-&,2&/8P:4,&/,*+,(54(/&62*&,7(&4,(*O

+,(-&;*4/2)(*!/&-49(::+&L7437&L(*(&;9+B(-&266&
+5+4)/,&(+37&2,7(*&4)&+&*28)-&*2P4)&,28*)+:(),&&

Q![(9*2-F&JK>\0&<_O%\RH&&.7(&L4))4)5&&/,*+,(5B&4)&

P2,7&,28*)+:(),/&&L+/&,7(&".N.&Ab`&.!.!&*89(&
PB&!)+,29&`+;2;2*,F&+9,72857&4,&7+/&P(()&628)-&

,7+,&4)&,7(&1*4/2)(*!/&X49(::+F&:837&94G(&4)&*(+9&
946(F&,7(*(&

4/&26,()&)2&P(/,&/,*+,(5BF&P8,&,7+,&(+37&/,*+,(5B!/&
/,*()5,7&94(/&4)&,7(&()E4*2):(),&4)&L7437&4,&68)3O

,42)/&Q"+:;P(99&c&@2L-()F&JK>%RH&

The ENSEMBLE model 
.7(&:2-(9&+,&,7(&7(+*,&26&?Z@?#WM?&4/&+&-(,(*O

:4)4/,43&1*4/2)(*!/&X49(::+&,28*)+:(),&,7+,&
-*+L/&4)/;4*+,42)&6*2:&![(9*2-!/&L2*G&P8,&7+/&
/2:(&39(+*&-4/,4)3,42)/&()+P94)5&+5(),/&4)&,7(&/B/O

,(:&,2&:2*(&392/(9B&:2-(9&+&5*28;&26&4),(*+3,4)5&

:8/434+)/H&&.7(/(&-466(*()3(/&+*(&7+*-9B&/8*;*4/O

4)5F&+/&;24),(-&28,&PB&V+/37G+&4)&+&-4/38//42)&26&

:8/43+9&+;;943+,42)/&26&'()(,43&!952*4,7:/F&+/&

:8/43&4/&+&8)4Y8(&;*2P9(:F&+)-&,7(*(62*(&,7(&

:2-(9/&8/(-&*(Y84*(&8)4Y8(&&,*(+,:(),/&

QV+/37G+&NNF&<$$JRH&

.7(&38**(),&:2-(9&32)/4/,/&26&(457,&4),(*+3,O

4)5&+5(),/F&(+37&26&L7437&4/&;*(/(,&,2&+&;+*,4389+*&

/,*+,(5B&;*42*&,2&,7(&64*/,&*28)-&26&4),(*+3,42)/H&&

.7(&/,*+,(54(/&,B;43+99B&+*(&*+)-2:9B&/(9(3,(-F&

P8,&3+)&+9/2&P(&4)-4E4-8+99B&/(,&PB&,7(&8/(*H&&"8*O

*(),9B&/(E()&*89(&/(,/&+*(&4:;9(:(),(-0&

&

.N.&Ab`&.!.0&32O2;(*+,(&4)&,7(&64*/,&*28)-F&-2&

L7+,(E(*&,7(&2;;2)(),&-4-&4)&,7(&;*(E428/&*28)-&

62*&+99&/8P/(Y8(),&*28)-/H&

&

`!ZXb#0&+&*+)-2:&2*&4**+,42)+9&/(9(3,42)H&

&

d?Z'?ADM0&32O2;(*+,(&8),49&-(6(3,(-&+5+4)/,F&

,7()&-(6(3,&62*&,7(&)([,&64E(&*28)-/&*(5+*-9(//&26&

,7(&2;;2)(),/&*(/;2)/(H&

&

"b1^"!.0&-2&L7+,(E(*&,7(&;9+B(*&L4,7&,7(&

7457(/,&/32*(&-4-&4)&,7(&;*(E428/&*28)-H&

&

1!dMbd0&V4)&/,+B&,7(&/+:(F&92/(&37+)5(H&&Q"8*O

*(),9B&,7(&/B/,(:&4:;9(:(),/&,L2&E+*4+,42)/&26&

,74/&*89(F&2)(&4/&+55*(//4E(F&+)-&328),/&&+&322;(*O

+,(e&322;(*+,(&*(/89,&+/&+&92//F&L749(&,7(&2,7(*&4/&

;+//4E(F&+)-&328),/&,74/&/4,8+,42)&+/&+&L4)HR&

&

XbVZNZ'0&-2&L7+,&,7(&:2/,&;9+B(*/&4)&,7(&;*(O

E428/&*28)-&-4-H&

&

.7(&+5(),/&4),(*+3,&,7*2857&+&)8:P(*&26&*28)-/F&

,7(&9()5,7&26&L7437&+*(&-(64)(-&*+)-2:9B&PB&+)&

([,(*)+9&3923G&+)-&,7(&*+)5(&26&L7437&3+)&P(&/(,&

PB&,7(&8/(*F&+992L4)5&/2:(&32),*29&2E(*&,7(&-()O

/4,B&26&,7(&:8/43+9&:+,(*4+9&;*2-83(-H&

N)&(+37&*28)-&26&4),(*+3,42)/F&,7(&+5(),/&()O

328),(*&(+37&2,7(*&4)&*+)-2:9B&/(9(3,(-&;+4*/H&&

.7(*(&4/&+)&(Y8+9&37+)3(&,7+,&+)&+5(),&L499&()O

328),(*&,7(&/+:(&2;;2)(),&4)&,7(&/8P/(Y8(),&

*28)-&+/&+&)(L&2;;2)(),H&&b)(&4:;2*,+),&-466(*O

()3(&P(,L(()&,7(&:2-(9&8/(-&7(*(&+)-&![(9*2-!/&
,28*)+:(),&4/&,7+,&+99&+5(),/&4),(*+3,&4)&;+4*/&/4O

:89,+)(28/9BF&+)-&3+)&"/((!&+99&26&,7(&2,7(*&4),(*O
+3,42)/&,7+,&+*(&2338**4)5F&)2,&2)9B&,7(&4),(*+3O

,42)&L4,7&,7(4*&38**(),&2;;2)(),H&.74/&:(+)/&,7+,&

46&+)&+5(),&"/83G(*/!&+)&2;;2)(),&4)&,7(&38**(),&
*28)-F&4,&:+B&*(3(4E(&*(,*4P8,42)&62*&,7+,&-(6(3O

,42)&(E()&46&4,&()328),(*/&+&)(L&2;;2)(),H&&

!)2,7(*&-466(*()3(&P(,L(()&,74/&:2-(9&+)-&

![(9*2-!/&4/&4)&,7(&:(:2*B&&26&,7(&+5(),/S&,7(&
+5(),/&*(+99B&+*(&94G(&529-64/7&4)&,7+,&,7(4*&:(:O

2*B&4/&94:4,(-&,2&2)9B&,7(&;*(E428/&*28)-&26&4),(*O

+3,42)/H&&N)&,74/&/()/(F&,7(&:2-(9&4)&/2:(&L+B/&4/&

/4:49+*&,2&,7(&/;+,4+9&;*4/2)(*!/&-49(::+&QZ2L+G&
(,&+9H&JKK%R&+9,72857&/;+3(&4/&8)4:;2*,+),S&(+37&

+5(),&7+/&+)&(Y8+9&37+)3(&26&()328),(*4)5&+)B&

2,7(*&+5(),&4)&(+37&*28)-H&&&

!,&,7(&32)398/42)&26&(+37&*28)-&26&4),(*+3O

,42)/&;24),/&+*(&+L+*-(-&,2&(+37&+5(),&+332*-4)5&

,2&+&;24),/&:+,*4[&Q/((&6458*(&JR&+)-&,+994(-&-(O

;()-4)5&2)&,7(&28,32:(&26&,7(&4),(*+3,42)F&+)-&

,7(/(&*(/89,/&+92)5&L4,7&,7(&*(/;2)/(/&6*2:&,7(&

2,7(*&+5(),/&+*(&/,2*(-&4)&,7(&+5(),/&:(:2*B&,2&

-(,(*:4)(&,7(&28,32:(&26&,7(&)([,&*28)-H&

&

The Prisoner's Dilemma payoff matrix
Note: the payoffs to the row chooser are listed first
                       Column Player
Co-operate Defect
R=3, R=3 S=0, T=5

Co-operateReward for Row: Sucker's payoff,
Row Player Mutual Co-operationColumn: Temptation to defect

T=5, S=0 P=1, P=1
Defect Row: Temptation to defectPunishment for

Column: Sucker's payoffmutual Defection
&

6.78#"*9:&A%-4&#<'+%&)#$,7()$%:#+(55'%&,#7-$%5'-)#*%,;-H
+#7#78%-"(%&'4,EE$%E,)%&+'4()$%'<<,):#78%-,%-"(%,;-H
<,5($%,E%-"(#)%#7-()'<-#,7$D%%JA*(+),:6%PQY@VYO&

&

;82.)'4*<%(2.,"#'-.%(2*
&

N)&G((;4)5&L4,7&,7(&7B;2,7(/4/&26&,74/&*(/(+*37F&

:2-(994)5&(:(*5(),&()/(:P9(&-B)+:43/F&,7(&:8O

/43+9&()54)(&26&?)/(:P9(&4/&*+,7(*&/4:;9(F&+)-&

-*+L/&4)/;4*+,42)&6*2:&,7(&/3()+*42&28,94)(-&4)&

,7(&V2966&([+:;9(H&&#837&94G(&,7(&/3()+*42&4)&,7(&
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&

1+5(&_J&

1*4/2)(*!/&X49(::+&4,/(96F&,7(&+5(),/&2)9B&7+E(&
,L2&37243(/H&&?4,7(*&;9+B&,7(&/+:(&:+,(*4+9&+/&,7(&

;*(E428/&*28)-&2*&4),*2-83(&)(L&:+,(*4+9&

,7*2857&+&*+)-2:&/(9(3,42)H&&.7(*(&+*(&)2&:(+)/&

PB&L7437&,7(&+5(),/&7+E(&+)B&32),*29&2E(*&,7(&

74(*+*3743+9&/,*83,8*(&26&,7(&:8/43&,7(B&;*2-83(&

4)&,7+,&,7(B&+*(&)2,&;*25*+::(-&L4,7&+)B&([;(*,&

G)2L9(-5(&,7+,&*(9+,(/&,2&:8/43+9&/,*83,8*(&+,&+99S&

+)B&/()/(&26&:8/43+9&/,*83,8*(&;*2-83(-&PB&,7(&

/B/,(:&4/&+&*(/89,&/29(9B&26&,7(&4),(*+3,42)/&P(O

,L(()&,7(&+5(),/H&

N)&+&*28)-&26&4),(*+3,42)/F&(+37&+5(),&32)O

6*2),/&4,/&2;;2)(),&+)-&4//8(/&+&*(/;2)/(H&&.7(&

2E(*+99&

;24),&/32*(/&26&,7(&;+4*&+*(&32:;+*(-&+)-&,7(&

+5(),&L4,7&,7(&7457(/,&/32*(&P(32:(/&,7(&-2:4O

)+),&;9+B(*&4)&,7(&4),(*+3,42)H&&!&:8,8+9&32O

2;(*+,42)&L499&*(/89,&4)&,7(&-2:4)+),&;9+B(*!/&
:8/43+9&:+,(*4+9&6*2:&,7(&;*(E428/&*28)-&P(4)5&

32),4)8(-&4)&,7(&38**(),&*28)-&PB&P2,7&;9+B(*/H&&

N6&(4,7(*&;9+B(*&4/&"/83G(*(-!&,7(B&L499&,+G(&2)&,7(&
2;;2)(),!/&:8/43+9&:+,(*4+9&L749(&,7(&-(6(3,2*&
:+G(/&+&*+)-2:&/(9(3,42)&26&)(L&&:+,(*4+9H&&#8O

,8+9&-(6(3,42)&*(/89,/&4)&+&*+)-2:&/(9(3,42)&62*&

P2,7&;9+B(*/S&/((&6458*(&<H&

&

Ensemble: possible musical outcomes
                for a single interaction
Agent 1 Agent 2
Current Score: 246 Current Score: 233
Previous sound= 23 Previous sound= 2
Response: co-operate Response: co-operate
Result: Both agents play sound 23.
Response: Defect Co-operate
Result: Agent 1 randomly selects a new sound, 
            Agent 2 plays sound 23.
Response: Co-operate Defect
Result: Agent 1 plays sound 2,
            Agent 2 randomly selects a new sound.
Response: Defect Defect
Result: Both agents randomly select a new sound.
&

!
"#$%&'!()%A7%,;-+#7(%,E%-"(%&,$$#9+(%5;$#<'+%,;-<,5($%,E%'7%

#7-()'<-#,7%9(-F((7%-F,%'8(7-$%#7%-"(%.7$(59+(%
(7C#),75(7-D%

&

.7(&+3,8+9&,*+)/62*:+,42)&26&,7(/(&:8/43+9&

37243(/&4),2&+&:8/43+9&/8*6+3(&7+/&P(()&7+)-9(-&

4)&+&)8:P(*&26&L+B/F&+)-&,74/&L499&P(&([;92*(-&

68*,7(*&,7*2857&-4/38//42)&26&/;(34643&([+:;9(/&

26&:8/43+9&L2*G/&;*2-83(-&8/4)5&"?)/(:P9(!H&&!,&
,74/&;24),&,7(&/B/,(:&7+/&P(()&8/(-&,2&:+)4;8O

9+,(&/28)-&+,&+&:+3*2&9(E(9F&:+)4;89+,4)5&;+99(,/&

26&/+:;9(/&4)&+&XTO94G(&6+/742)F&,7(&:43*2&9(E(9&

,7*2857&32),*2994)5&,7(&32:P4)+,42)&26&/4)(&

L+E(/&+)-&+,&,7(&:(ff2&9(E(9&,7*2857&5()(*+,4)5&

/,*(+:/&26&:4-4&(E(),/&,2&5()(*+,(&:8/43+9&

/32*(/H&

&

3.2)822.%(*
&

.7(&4),(*;*(,+,42)&26&,7(&+3,42)/&26&,7(&+5(),/&4)&

:8/43+9&,(*:/&7+/&2PE428/&4:;943+,42)/&62*&,7(&

:8/43+9&/8*6+3(&;*2-83(-F&P8,&+9/2&4)698()3(/&,7(&

4:;9(:(),+,42)&26&,7(&1*4/2)(*!/&X49(::+&:2-(9&
4,/(96H&&A2*&([+:;9(F&L749(&,7(&+5(),/&4)&,7(&:2-(9&

7+E(&+&/72*,&:(:2*BF&,7(B&+*(&+P9(&,2&"/((!&+99&,7(&
2,7(*&4),(*+3,42)/&,7+,&2338*&4)&(+37&*28)-&+)-&

(Y8+99B&"7(+*!&L7+,&,7(&2,7(*&+5(),/&+*(&;9+B4)5H&&
.74/&592P+9&4)62*:+,42)&+992L/&,7(&+5(),/&,2&/8*O

E(B&,7(&-B)+:43&9+)-/3+;(&+/&4,&8)629-/F&L749(&

(+37&4),(*+3,42)&+992L/&,7(:&,2&6238/&,7(4*&+,,()O

,42)&2)&;+*,4389+*&+5(),/F&:837&94G(&+&:8/434+)&

94/,()4)5&,2&,7(&L729(&5*28;&26&;(*62*:(*/F&+)-&

L4,74)&,7+,&:2E4)5&,7(4*&6238/&+*28)-&P(,L(()&

4)-4E4-8+9&;(*62*:(*/H&&&

.74/&7+/&4:;943+,42)/&62*&,7(&L+B&4)&L7437&

,7(&E+*428/&/,*+,(54(/&+*(&*(+94/(-F&62*&([+:;9(F&+&

,B;43+9&XbVZNZ'&/,*+,(5B&/8*E(B/&,7(&74/,2*B&

26&4,/&;*(E428/&4),(*+3,42)/&L4,7&+)&2;;2)(),&,2&

-(,(*:4)(&,7(&;*2P+P494,B&26&4,/&2;;2)(),!/&*(O
/;2)/(&4)&,7(&38**(),&*28)-H&&&A*2:&,74/&4)62*:+O

,42)&4,&4)&,8*)&-(,(*:4)(/&4,/&*(/;2)/(&Q![(9*2-F&

JK>\0U\RH&&N)&,7(&"?)/(:P9(!&:2-(9F&XbVZNZ'&4/&
,L(+G(-&/2:(L7+,&+/&4,&3+)&/((&+99&,7(&*(/;2)/(/&

26&,7(&2,7(*&+5(),/&6*2:&,7(&;*(E428/&*28)-F&P8,&

4,/&:(:2*B&4/&*(/,*43,(-&,2&2)9B&,7+,&*28)-H&&&

C()3(&4,&922G/&+,&L7(,7(*&,7(&:+]2*4,B&26&+5(),/&

+*(&32O2;(*+,4)5&2*&-(6(3,4)5F&+)-&8/(/&,74/&4)O

62*:+,42)&,2&-(,(*:4)(&4,/&*(/;2)/(H&&N)&,74/&/()/(&

4,&4/&+P9(&,2&+//(//&L7(,7(*&4,&4/&([;(*4()34)5&+&32O

2;(*+,4E(&2*&72/,49(&()E4*2):(),F&+)-&*(/;2)-&

+332*-4)59B&+/&2;;2/(-&,2&+//(//4)5&4,/&-4*(3,&

2;;2)(),H&&N6&,7(&:+]2*4,B&26&+5(),/&+*(&P(7+E4)5&

4)&+&72/,49(&6+/742)F&4,&L499&;*(/8:(&,7+,&4,/&2;;2O

)(),&4/&94G(9B&,2&P(&72/,49(&*(5+*-9(//&26&4,/&P(7+EO

428*&4)&,7(&;*(E428/&*28)-H&

V749(&,7(&+5(),/&+*(&+P9(&,2&32)/4-(*&592P+9&

+,,*4P8,(/&4)&,7(4*&-(34/42)O:+G4)5F&,7(&/(9(3,42)&

+)-&,*+)/6(*&26&:8/43+9&:+,(*4+9&P(,L(()&+5(),/&

4/&/29(9B&52E(*)(-&PB&,7(&28,32:(&26&,7(&923+9&

4),(*+3,42)&26&(+37&;+4*&26&+5(),/&4)&+&;+*,4389+*&

*28)-H&&&&

.74/&3*(+,(/&,7(&:8/43+9&-49(::+&62*&,7(&

+5(),F&4)&,7+,&4)&2*-(*&62*&,7(4*&:+,(*4+9&,2&P(&

;9+B(-&PB&,7(4*&2;;2)(),&+)-&4)-((-&;2//4P9B&P(&

;+//(-&2)&,2&2,7(*&+5(),/&4)&68,8*(&*28)-/F&32O

2;(*+,42)&4/&*(Y84*(-H&&!,&,7(&/+:(&,4:(F&46&,7(4*&

:8/43+9&:+,(*4+9&4/&,2&;(*/4/,F&,7(B&:8/,&(4,7(*&

7+E(&+&7457(*&/32*(&,7+)&,7(4*&2;;2)(),&/2&,7+,&

,7(B&+*(&,7(&-2:4)+),&;9+B(*&4)&,7(&()328),(*F&2*&

"/83G(*!&,7(:&L7437&(4,7(*&L+B&:(+)/&,7(B&:8/,&
*4/G&-(6(3,42)&+,&/2:(&;24),H&&b6&328*/(F&P(3+8/(&

,7(4*&+3,42)&3+)&P(&/(()&PB&,7(&2,7(*&+5(),/F&,7(B&

+*(&+9L+B/&+,&,7(&*4/G&26&/L46,&*(,*4P8,42)&4)&,7(&

)([,&*28)-F&L7437&L499&2PE428/9B&3+8/(&,7(4*&:8O

/43+9&:+,(*4+9&,2&P(&45)2*(-&,7*2857&,7(&4),*2-83O
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&

1+5(&_<&

,42)&26&)(L&&:8/43+9&:+,(*4+9&PB&,7(4*&2;;2)(),H&&

?Y8+99BF&,7*2857&32O2;(*+,42)F&,7(B&+9/2&*8)&,7(&

*4/G&26&P(4)5&"/83G(*(-!&3+8/4)5&,7(:&,2&P(&62*3(-&
,2&,+G(&2)&,7(4*&2;;2)(),!/&:8/43+9&:+,(*4+9&*(O
5+*-9(//&26&,7(4*&/32*(H&

.74/&P(7+E428*&7+/&/,*2)5&94)G/&,2&,7(&-4O

9(::+&6+3(-&PB&;(*62*:(*/&4)&+)&4)-(,(*:4)+,(&

/(,,4)5F&+/&28,94)(-&PB&W9+3GL(99&4)&74/&-(/3*4;O

,42)&26&,7(&L+B&/,*83,8*(&(:(*5(/&4)&)2)O

4-42:+,43&4:;*2E4/+,42)S&

&

@,*83,8*(&4)&4:;*2E4/(-&:8/43&-(O

*4E(/&6*2:&/;2),+)(28/&Q4(H&8)O

;9+))(-R&37+)5(/&4)&:8/43+9&-4*(3O

,42)%&?+37&:8/434+)&4/&6+3(-&L4,7&+&
32)/,+),&-49(::+0&)(L&([;*(//4E(&

4)4,4+,4E(/&:+B&P(&62992L(-F&2*&,7(B&

:+B&P(&45)2*(-H&&.7(&,()/42)&P(,L(()&

([;*(//4E(&+,,*+3,42)&+)-&+E24-+)3(&

9(+-/&,2&,7(&/8--()F&+;;+*(),9B&2*O

37(/,*+,(-F&37+)5(/&,7+,&37+*+3,(*4/(&

,74/&:8/43H&&QW9+3GL(99&c&W(),9(BF&

<$$<0J\=<RH&

&

.7*2857&:2-(994)5&,74/&,B;(&26&/3()+*42F&4,&4/&

2PE428/&,7+,&+&"P(/,!&/,*+,(5B&3289-&P(&/(+*37(-&
62*F&L7(*(&PB&+&;+*,4389+*&+5(),&4/&+P9(&,2&-2:4O

)+,(&,7(&2,7(*/&+)-&P+/43+99B&4:;2/(&4,/&:8/43+9&

L499&4)&+&G4)-&26&:8/43+9&""2*(&V+*/!&&
Q"2E(),*B&c&C45764(9-F&JKK%0<\$RH&&!,&,74/&;24),&

,74/&4/&)2,&,7(&+4:&26&,74/&*(/(+*37F&)2,&,2&/+B&/837&

*(/(+*37&L289-&)2,&;*2-83(&&4),(*(/,4)5&*(/89,/F&

]8/,&,7+,&:2*(&(:;7+/4/&7+/&P(()&;9+3(-&2)&([O

;92*4)5&,7(&-B)+:43/&,7+,&+*4/(&6*2:&,7(&4),(*+3O

,42)/&P(,L(()&,7(&+5(),/&*+,7(*&,7+)&/(+*374)5&

62*&+&"P(/,!&/,*+,(5BH&N)-((-F&,7(&:+4)&Y8(/,42)&
;2/(-&PB&,7(&:2-(9&4/&L7+,&32:P4)+,42)&26&

/,*+,(54(/&3+)&9(+-&,2&,7(&(:(*5()3(&&26&4),(*(/,O

4)5&592P+9&:8/43+9&/,*83,8*(/H&&&

?Y8+99BF&+)2,7(*&6+/34)+,4)5&Y8(/,42)&4/&

*+4/(-&L4,7&*(5+*-/&,2&,7(&-((;(*&:2*(&68)-+O

:(),+9&8)-(*/,+)-4)5&26&6*((O4:;*2E4/+,42)F&

L7(*(&2)(&3289-&+*58(&,7+,&5*28;/&26&4:;*2E4/O

4)5&;(*62*:(*/&+*(&4)-((-&3+857,&8;&4)&+&62*:&26&

;*4/2)(*!/&-49(::+H&&V749(&,7(&?Z@?#WM?&
:2-(9&/855(/,/&+&*+,7(*&/,*2)5&+)+925B&/8;;2*,O

4)5&,74/&+*58:(),F&3(*,+4)9B&68*,7(*&*(/(+*37&

)((-/&,2&P(&32)-83,(-&&,2&E(*46B&/837&+&/,+,(O

:(),H&

System Design and Implementation 
?Z@?#WM?&4/&4:;9(:(),(-&4)&"B394)5&_\!/&
#+[#@1&;*25*+::4)5&&()E4*2):(),&Q"B394)5&

_\F&JKK$O<$$\RH&&?//(),4+99B&,7(&/B/,(:&4/&:2-89+*&

4)&)+,8*(F&()+P94)5&(+/B&:2-4643+,42)&,2&/84,&-46O

6(*(),&:8/43+9&,+/G/&4)&-466(*(),&32:;2/4,42)/F&

+)-&,2&+332::2-+,(&&68,8*(&-(E(92;:(),H&&!,&

,74/&,4:(F&,7(&/B/,(:&32)/4/,/&26&,7*((&:+4)&32:O

;2)(),/S&+&,4:(&:2-89(&,7+,&,*455(*/&(+37&*28)-&

26&4),(*+3,42)/F&+&;*23(//4)5&:2-89(&,7+,&4)32*;2O

*+,(/&,7(&1*4/2)(*!/&X49(::+&:2-(9F&+)-&+)&28,O
;8,&&:2-89(&,7+,&7+)-9(/&P2,7&,7(&+8-42&+)-&E4/O

8+9&28,;8,H&&N)&,7(&68,8*(F&+)&4);8,&:2-89(&L499&

+9/2&P(&+--(-&,2&+992L&94E(&;(*62*:(*/&,2&4),(*+3,&

L4,7&,7(&/B/,(:&4)&*(+9O,4:(H&

0.&"*
&

.4:(&L4,74)&,7(&/B/,(:&4/&-4/3*((,F&+)-&32)O

,*299(-&PB&+&:2-89(&,7+,&3+)&P(&/(,&62*&(4,7(*&*(+9O

,4:(&;(*62*:+)3(&/4,8+,42)/F&2*&5()(*+,4E(&-8,4(/H&&

.7(&:2-89(&+9/2&32),*29/&,7(&;+4*4)5/&26&,7(&

+5(),/&4)&(+37&*28)-&26&4),(*+3,42)/H&&N)&*(+9O,4:(&

:2-(F&,7(&:2-89(&E+*4(/&,7(&9()5,7&26&(+37&

*28)-&*+)-2:9B&+332*-4)5&,2&94:4,/&/(,&PB&,7(&

8/(*H&&.7(/(&+*(&5()(*+99B&/(,&+P2E(&628*&/(32)-/F&

+)-&+*(&+4:(-&+,&,7(&68,8*(&4),(*+3,4E(&,B;(&26&

/4,8+,42)S&78:+)&;(*62*:(*/&5()(*+99B&+*(&8)+P9(&

,2&-(+9&L4,7&-(34/42)O:+G4)5&;*23(//(/&/72*,(*&

,7+)&,L2&/(32)-/&/2&+&628*&/(32)-&*28)-&+992L/&

+&P866(*&62*&,74/&,7*(/729-H&&N)&5()(*+,4E(&:2-(F&

,7(&*28)-/&+*(&,*455(*(-&4)&+&:(,*2)2:43&6+/742)&

+,&%$$&:4994/(32)-&4),(*E+9/&+)-&,7(&9()5,7&26&

(+37&*28)-&4/&/4:;9B&-(94E(*(-&,2&,7(&+5(),/&+/&

+)&4),(5(*F&+992L4)5&6+/,&/32*(&5()(*+,42)&4)&)2)O

*(+9&,4:(H&

!#%)"22.(7*
.7(&;*23(//4)5&:2-89(&32)/4/,/&26&,7(&()/(:P9(&

26&+5(),/H&&.7(4*&()E4*2):(),&4/&/29(9B&:+-(&8;&

6*2:&,7(4*&4),(*+3,42)/&+)-&(//(),4+99B&,7(&2)9B&

L+B&,7(&+5(),/&3+)&32::8)43+,(&L4,7&(+37&2,7(*&

4/&,7*2857&,7(&/(Y8()3(&26&,7(4*&2L)&P(7+E428*H&&

?+37&+5(),&32)/4/,/&26&+&P(7+E428*+9&()54)(F&+&

:(:2*BF&"(B(/!&+)-&"(+*/!H&&&
.7(&P(7+E428*+9&()54)(&32),+4)/&+99&,7(&

+5(),/&325)4,4E(&+P494,4(/F&(66(3,4E(9B&4)32*;2*+,O

4)5&,7(&/,*+,(54(/&62*&4),(*+3,42)F&28,32:(&&+/O

/(//:(),F&32:;+*+,4E(&68)3,42)/&,2&-(34;7(*&:8O

/43+9&+)-&E4/8+9&28,;8,&+)-&5()(*+,4E(&3+;+P494O

,4(/&+992L4)5&,7(&+5(),&,2&;*2-83(&&)(L&&:8/43+9&

+)-&E4/8+9&28,;8,&+/&)((-(-H&&.7(&+5(),/&7+E(&

,7(&6+3494,4(/&,2&4:;9(:(),&+99&26&,7(&P(7+E428*+9&

/,*+,(54(/&4)&,7(&/B/,(:F&P8,&+*(&;*(/(,&,2&+&;+*O

,4389+*&/,*+,(5B&;*42*&,2&,7(&64*/,&*28)-&26&4),(*+3O

,42)/H&&.74/&7+/&P(()&+&-(94P(*+,(&94:4,+,42)&26&,7(&

/B/,(:&,2&+992L&62*&39+*4,B&4)&,7(&+5(),/&4),(*+3O

,42)/H&&&

.7(&:8/43+9&+)-&E4/8+9&3+;+P494,4(/&26&,7(&

+5(),/&7+E(&P(()&*(64)(-&,7*2857&+&)8:P(*&26&

E(*/42)/&L7437&7+E(&P(()&&8/(-&4)&,7(&32)/,*83O

,42)&26&-466(*(),&32:;2/4,42)/H&&V749(&,7(&+5(),/&

+*(&2)9B&+P9(&,2&;*2-83(&&+&/4)59(&/28)-&4)&(+37&

*28)-&26&4),(*+3,42)/F&,7(&9(E(9&26&32),*29&,7(B&

7+E(&2E(*&,74/&/28)-&7+/&37+)5(-&32)/4-(*+P9B&

L4,7&/8P/(Y8(),&&E(*/42)/H&&&



!"#"$%&'()(*+,(&+)-&.(/,0&1*23((-4)5/&26&,7(&!8/,*+9+/4+)&"2:;8,(*&#8/43&"2)6(*()3(&<$$%&

&

1+5(&_U&

N)&4)4,4+9&([;(*4:(),/&+5(),/&/4:;9B&;43G(-&+&

/28)-&6*2:&+&;+9(,,(&26&U<&/+:;9(-&922;/&+)-&

,7(/(&L(*(&;9+B(-&62*&,7(&(),4*(&9()5,7&26&(+37&

*28)-H&&&d4/8+9&28,;8,&L+/&7+)-9(-&4)&+&/4:49+*&

6+/742)&L4,7&+5(),/&3722/4)5&6*2:&+&;+9(,,(&26&

4:+5(/F&,7(&37243(/&26&,7(&(457,&+5(),/&L(*(&/8PO

/(Y8(),9B&32:P4)(-&&4),2&+&32:;2/4,(&4:+5(H&&&

"8**(),&&:4-4&E(*/42)/&26&,7(&/B/,(:&+992L&

,7(&+5(),/&,2&+//(//&,7(&9()5,7&26&(+37&*28)-&+)-&

32),*29&,7(&(),*B&;24),&+)-&-8*+,42)&26&,7(4*&

/28)-F&+/&L(99&+/&;4,37&+)-&E(9234,BH&&!,&,74/&

;24),F&(+37&+5(),&4/&+9923+,(-&+&:4-4&37+))(9F&/2&

,7+,&,7(4*&4)-4E4-8+9&:8/43+9&37243(/&+*(&(+/49B&

+//(//(-F&P8,&68,8*(&E(*/42)/&L499&+9/2&+992L&62*&

+5(),&32),*29&2E(*&,4:P*(H&&@B),7(/4/&P+/(-&E(*O

/42)/&26&,7(&/B/,(:&L499&+9/2&+992L&+5(),&32),*29&

26&+,,+3GF&+)-&()E(92;(H&

.7(&:(:2*B&26&(+37&+5(),F&L749(&P(4)5&*(O&

/,*43,(-&,2&,7(&;*(E428/&*28)-&26&4),(*+3,42)/F&

/,2*(/&+&/8P/,+),4+9&+:28),&26&4)62*:+,42)&+P28,&

4,/&([;(*4()3(&4)&,7(&;*(E428/&*28)-&+)-&(Y8+99B&

,7+,&26&4,/&2;;2)(),/H&&&.7(&:(:2*B&*(3(4E(/&4)O

62*:+,42)&6*2:&,7(&P(7+E428*+9&()54)(F&+/&L(99&+/&

,7(&+5(),!/&"(B(/!&+)-&"(+*/!H&&?66(3,4E(9BF&,7(&"(B(/&
+)-&"(+*/!&54E(&,7(&+5(),&6((-P+3G&2)&,7(&:8/43+9&
+)-&E4/8+9&28,;8,&26&,7(&(),4*(&/B/,(:&2338**4)5&

4)&,7(&;(*62*:+)3(&/;+3(F&L749(&,7(&&

P(7+E428*+9&()54)(&:2)4,2*/&+)-&+//(//(/&,7(&

4),(*+3,42)/&P(,L(()&+5(),/H&&!,&,7(&()-&26&(+37&

*28)-F&,7(&+5(),!/&:(:2*B&4/&;8*5(-F&+)-&8;O
-+,(-&L4,7&,7(&6((-P+3G&6*2:&,7(&38**(),&*28)-&

,2&4)62*:&,7(&+5(),!/&P(7+E428*&4)&,7(&)([,&
*28)-H&

=8->8-?*<'2"*@-8,."2*
&

.7(&28,;8,&:2-89(&26&,7(&/B/,(:&7+)-9(/&P2,7&

;(*62*:+)3(&-8,4(/&4)&*(+9O,4:(&+)-&/32*(&5()(*+O

,42)&4)&)2)O*(+9&,4:(H&&@(E(*+9&:2-89(/&7+E(&P(()&

-(E(92;(-&,2&7+)-9(&28,;8,&4)&2*-(*&,2&:((,&,7(&

*(Y84*(:(),/&62*&-466(*(),&32:;2/4,42)/H&&&

LZ/E+#<-F&+&:89,4O:(-4+&*(+9O,4:(&L2*GF&62*&
([+:;9(F&8,494/(/&+)&28,;8,&&:2-89(&,7+,&+992L/&

,7(&+5(),/&,2&/(9(3,&6*2:&+&*+)5(&26&]8/,9B&,8)(-&

/4)(&L+E(/&+)-&E4/8+9/H&&.74/&;+*,4389+*&L2*G&

8,494/(/&(457,&/;(+G(*/&4)&+&38P(&&+**+)5(:(),F&,2&

/;+,4+94/(&,7(&+5(),!/&/28)-/&4)&,7(&;(*62*:+)3(&
/;+3(H&&@4:89,+)(28/9BF&,7(&E4/8+9&/(9(3,42)/&26&

,7(&+5(),/&+*(&32:P4)(-&4),2&+&32:;2/4,(&4:+5(&

,7+,&4/&+9/2&;*2](3,(-&62*&,7(&+8-4()3(H&

@(E(*+9&2,7(*&([;(*4:(),/&7+E(&P(()&32)O

-83,(-&L4,7&+&)2)O*(+9&,4:(&28,;8,&:2-89(&,7+,&

5()(*+,(/&:8/43+9&/32*(/H&&.74/&:4-4&:2-89(&4/&

P+/(-&+*28)-&,7(&#+[&"-(,2)+,(!&2P](3,&+992L4)5&
,7(&5()(*+,42)&26&:4-4&649(/&,7+,&4)&,8*)&+*(&-4O

*(3,9B&32)E(*,(-&4),2&:8/43+9&/32*(/&,2&P(&;(*O

62*:(-&PB&94E(&;(*62*:(*/S&/((&6458*(&UH&&V749(&

,7(&:+4)&52+9/&26&?Z@?#WM?&*(E29E(&+*28)-&

*(+9O,4:(&5()(*+,42)&26&:+,(*4+9F&+)-&4)&,7(&68O

,8*(F&4),(*+3,42)F&,7(&5()(*+,42)&26&:8/43+9&/32*(/&

7+/&+992L(-&/)+;/72,/&26&,7(&:8/43+9&P(7+E428*/&

;*2-83(-&PB&?Z@?#WM?&,2&P(&([;92*(-F&;4))4)5&

-2L)&,7(&26,()&,*+)/4,2*B&)+,8*(&26&,7(&/B/,(:&

62*&392/(*&+)+9B/4/H&

&

&

&

"#$%&'!*)%%['F%,;-&;-%E),5%-"(%./0.123.%$<,)(%8(7()'H
-,)D%%!"#$%,;-&;-%9(<'5(%-"(%$(<,7:%5,C(5(7-%,E%!0;)H
),;7:#78$"%&)(5#()(:%,7%P?-"%A&)#+6%\SSRD%

.7(&/32*(&5()(*+,2*&7+/&/833(//6899B&P(()&

8/(-&,2&5()(*+,(&,7(&:8/43+9&L2*G/&0;)),;7:#78$&
62*&14+)2&.*42F&L7437&L+/&;*(:4(*(-&L4,7&94,,9(&

*(E4/42)F&+)-&,7(&L2*G&])(7("$%14-"&L7(*(&
?Z@?#WM?&,22G&2)&+)&"+952*4,7:43&32:;2/(*!/&
+//4/,+),!&,B;(&26&*29(H&&&A2*&,74/&L2*G&
?Z@?#WM?&28,;8,&L+/&2*5+)4/(-&4),2&/9457,9B&

:2*(&,*+-4,42)+9&74(*+*3743+9&62*:/H&&&.7(/(&

L2*G/&7+E(&74579457,(-&,7(&;2,(),4+9&26&

?Z@?#WM?&4)&2*5+)4/4)5&/28)-&4),2&;9(+/4)5&

,(:;2*+9&/,*83,8*(/&,7+,&+*(&+8,2)2:28/9B&52EO

(*)(-&PB&,7(&+5(),/&4),(*+3,42)/&L4,74)&,7(&/B/O

,(:H&

&

Conclusions/ Future Work 
&

?E+98+,42)&26&5()(*+,4E(&3*(+,4E(&/B/,(:/&94G(&

?Z@?#WM?&4/&5()(*+99B&-4664389,F&;+*,4389+*9B&

L7()&+4:4)5&62*&4))2E+,42)H&&!&-4/38//42)&26&,74/&

-49(::+&+)-&(Y8+99B&L7+,&:+G(/&"522-!&:8/43&
3+)&P(&628)-&4)&.2--&+)-&V(*)(*F&JKKKH&&?Y8+99B&

+&)2,+P9(&2:4//42)&6*2:&,74/&;+;(*&7+/&P(()&+&

-4/38//42)&26&+(/,7(,43/H&&.7(&2)9B&32::(),&,2&P(&

:+-(&2)&,74/&4//8(&4/&,7+,&+,&,74/&,4:(&,7(&:+4)&

+(/,7(,43&32)/4-(*+,42)&7+/&P(()&,2&P(&+/&,*+)/O

;+*(),&,2&,7(&;*23(//&+/&;2//4P9(F&+)-&+,,(:;,&,2&

9(,&,7(&:2-(9&"/;(+G&62*&4,/(96!H&
!/&4,&/,+)-/F&+/&+)&+8,2)2:28/&&:8/43&5()O

(*+,2*F&?Z@?#WM?&7+/&/72L)&,7+,&+&P2,,2:&8;&

/()/(&26&:8/43+9&62*:&3+)&P(&;*2-83(-&,7*2857&

,7(&4),(*+3,42)/&26&,7(&+5(),/&L4,74)&,7(&/B/,(:H&&

.7*2857&-(6(3,42)F&,7(&+5(),/&+*(&+P9(&,2&4),*2O

-83(&)2E(9,B&,2&,7(&:8/43+9&/8*6+3(F&L749(&32O

2;(*+,42)&+992L/&62*&,7(&32)/294-+,42)&+)-&;(*/4/O

,()3(&26&;*(E428/9B&5()(*+,(-&:8/43+9&:+,(*4+9H&&

.74/&3+)&L2*G&+,&,7(&:43*2F&:(ff2&+)-&:+3*2&

9(E(9/&26&:8/43F&+)-&3*(+,(/&+&/()/(&26&:8/43+9&

:2E(:(),&L4,728,&,7(&)((-&62*&+)B&G4)-&26&,*+O

-4,42)+9&74(*+*3743+9&:8/43+9&62*:H&&&



!"#"$%&'()(*+,(&+)-&.(/,0&1*23((-4)5/&26&,7(&!8/,*+9+/4+)&"2:;8,(*&#8/43&"2)6(*()3(&<$$%&

&

1+5(&_\&

?[;(*4:(),/&L4,7&?Z@?#WM?&7+E(&/72L)&

,7+,&,7(&N,(*+,(-&1*4/2)(*!/&X49(::+&+;;(+*/&,2&
P(&+&E4+P9(&:2-(9&62*&,7(&/4:89+,42)&26&,7(&,B;(/&

26&"(:(*5(),!&()/(:P9(&-B)+:43/&+;;+*(),&4)&
4)-(,(*:4)+,(&;(*62*:+)3(&/4,8+,42)/H&&N,&4/&

72;(-&,7+,&,7*2857&,7(&4:;9(:(),+,42)&26&*(+9O

,4:(&4),(*+3,42)&P(,L(()&?Z@?#WM?&+)-&94E(&

;(*62*:(*/&,7+,&,*89B&3299+P2*+,4E(&:8/43&:+G4)5&

L499&*(/89,F&L4,7&,7(&/B/,(:&+P9(&,2&P(&P2,7&*(O

/;2)/4E(&,2&,7(&;(*62*:(*/&4);8,F&+)-&/855(/,4E(&

+/&4,&7+/&,7(&+P494,B&,2&P2,7&32O2;(*+,(&L4,7&+)-&

-(6(3,&+5+4)/,&,7(&;(*62*:(*/&:8/43+9&4)4,4+,4E(/H&&

N,&4/&+9/2&72;(-&,7+,&,7*2857&68*,7(*&([;92*+,42)&

26&,74/&/4:89+O&

,42)&,7+,&+&-((;(*F&:2*(&68)-+:(),+9&8)-(*O

/,+)-4)5&26&,7(&*89(/&L7437&52E(*)&;(*62*:(*/&4)&

:2*(&2;()&&"6*((O4:;*2E4/+,42)!&;(*62*:+)3(&
/4,8+,42)/&:+B&P(&*(E(+9(-&4)&2*-(*&,2&4:;*2E(&

,7(&4:;9(:(),+,42)&26&4),(*+3,4E(&:8/43&()E4O

*2):(),/&4)&,7(&68,8*(H&

A8,8*(&L2*G&L499&+9/2&*(E29E(&+*28)-&68*,7(*&&

*(64)(:(),&26&,7(&1*4/2)(*!/&X49(::+&:2-(9&8/(-&
4)&,7(&/B/,(:F&;+*,4389+*9B&:2E4)5&P(B2)-&,7(&

-(,(*:4)4/,43&)+,8*(&26&,7(&38**(),&&:2-(9F&,2O

L+*-/&/B/,(:/&L7(*(&+5(),/&+*(&+P9(&,2&37+)5(&

/,*+,(54(/&,2&,*B&,2&4:;*2E(&,7(4*&;(*62*:+)3(F&

+)-&(Y8+99BF&(E29E(&)(L&/,*+,(54(/H&

References 
![(9*2-F&`H&JK>\H&!"(%.C,+;-#,7%,E%L,H,&()'-#,7D&

W+/43&W22G/F&Z(L&^2*GH&

![(9*2-F&`H&JKK_H&!"(%L,5&+(*#-4%,E%L,H,&()'-#,7V%
A8(7-H2'$(:%1,:(+$%,E%L,5&(-#-#,7%'7:%L,++'9,H
)'-#,7D&1*4)3(,2)&D)4E(*/4,B&1*(//F&Z(L&T(*O
/(BH&

W9+3GL(99F&.H#H&c&W(),9(BF&1HTH&<$$<H&&#N:;*2O
E4/(-&:8/43&L4,7&@L+*:/$F&=),<((:#78$%,E%-"(%
L,78)($$%,7%.C,+;-#,7')4%L,5&;-'-#,7H&14/O
3+,+L+BF&ZT0&J\=<OJ\=>H&

W492,,+F&?H&c&1+),+)2F&1H&<$$JH&#!*,46434+9&M46(&
#8/43&.(99/&26&"2:;9([4,B$F&=),<((:#78$%,E%-"(%
F,)G$",&%,7%')-#E#<#'+%+#E(%5,:(+$%E,)%5;$#<'+%'&H
&+#<'-#,7$%JA311A%\SSPOH&&?-4,2*4+9&W42/F&
"2/()f+F&N,+9B0&J_O<>H&

"+5(F&TH&JK=JH&0#+(7<(V%3(<-;)($%'7:%N)#-#78$%94%K,"7%
L'8(H&V(/9(B+)&D)4E(*/4,B&1*(//F&#4--9(O
,2L)F&"2))(,438,H&

"+:;P(99F&`H&c&@2L-()F&MH&JK>%H&=')':,*($%,E%['H
-#,7'+#-4%'7:%L,,&()'-#,7H&.7(&D)4E(*/4,B&26&
W*4,4/7&"298:P4+&1*(//F&d+)328E(*H&QJK>%RH&

"2*P(,,F&TH&JKK\H&.*-(7:(:%=+'4V%0,;7:#78%,EE%E),5%
K,"7%L'8(%-,%>)D%M;7G(7$-(#7H&X8G(&D)4E(*/4,B&
1*(//F&M2)-2)0&J>JOJKJH&

"2E()(BF&1H&c&C45764(9-F&`H&JKK%H&M),7-#()$%,E%
L,5&+(*#-4V%!"(%0(')<"%E,)%Z):()%#7%'%L"',-#<%
N,)+:H&A+L3(,,&"298:P4)(F&Z(L&^2*GH&

"B394)5&_\H&JKK$O<$$\H&1'*10=H&/26,L+*(H&/((&
LLLH3B394)5_\H32:F&9+/,&E4(L(-&<Ke%e<$$%H&

C+**+9-F&MH!H&<$$UH&#!*,46434+9&M46(0&+&:2-(9&62*&
:8/43+9&4))2E+,42)g$F&=),<((:#78$%,E%-"(%A;$H
-)'+#'7%L,7E()(7<(%,7%A)-#E#<#'+%3#E(%JALA3%
\SSWOD&DZ@VF&"+)P(**+0&J<>OJ\JH&

T+32PF&WHMH&JKK%&#"2:;2/4)5&L4,7&'()(,43&!952O
*4,7:/$F&=),<((:#78$%,E%-"(%PQQR%]7-()7'-#,7'+%
L,5&;-()%1;$#<%L,7E()(7<(H&N"#!F&@+)&A*+)O
34/320&\%<O\%%H&

T27)/2)F&"H'H&<$$UH&#.2L+*-/&+&;*(74/,2*B&26&
(E298,42)+*B&+)-&+-+;,4E(&32:;8,+,42)&4)&

:8/43$F&3(<-;)(%/,-($%#7%L,5&;-()%0<#(7<(H&d29H&
<=JJH&@;*4)5(*Od(*9+5F&W(*94)0&%<<O%$KH&

#4*+)-+F&#H`H&<$$JH&L,5&,$#78%1;$#<%%F#-"%L,5H
&;-()$H&A23+9&1*(//F&b[62*-H&

#4*+)-+F&#H`H&<$$<H&#?:(*5(),&@28)-&`(;(*O
,24*(/&4)&d4*,8+9&@234(,4(/$F&4)&L,5&;-()%1;$#<%
K,;)7'+F&<=0&<F&@8::(*&<$$<H&#N.&1*(//0&__O
K$H&&

#2*5+)F&`H1H&JKKJH&!F(7-#(-"HL(7-;)4%1;$#<V%'%
"#$-,)4%,E%5;$#<'+%$-4+(%#7%5,:()7%.;),&(%'7:%
A5()#<'H&Z2*,2)&c&"2:;+)BF&Z(L&^2*GH&

Z2L+GF&#H!H&#+BF&`H#H&c&@45:8)-F&hH&JKK%H&&

#.7(&!*4,7:(,43/&26&#8,8+9&C(9;$F&0<#(7-#E#<%
A5()#<'7D&<_<0%$O%%H&

`(B)29-/F&"HVH&JK>_H&#A923G/F&C(*-/F&+)-&
@37229/0&!&X4/,*4P8,(-&W(7+E428*+9&#2-(9$F&
=),<((:#78$%,E%0]^^[A=_%"Y?H&N)&0&"2:;8,(*&
'*+;743/F&<J&Q\R0&<%OU\H&

.2--F&1H#H&c&V(*)(*F&'H#H&JKKKH&#A*+)G()O
/,(4)4+)&#(,72-/&62*&#8/43&"2:;2/4,42)$F&
N)0&'*4664,7F&ZHF&+)-&.2--F&1H#H&Q(-/HR0&1;$#H
<'+%/(-F,)G$H&#N.e&W*+-62*-&W22G/F&"+:O
P*4-5(0&UJUOUUKH&

V+/37G+&NNF&`H&<$$JH&#.7(2*4(/&26&?E298,42)+*B&
!952*4,7:/&+)-&+&"Z(L&@4:;9434,B!&b;(*+0&
#+G4)5&@+;;72!/&W*(+,7$F&=),<((:#78$%,E%-"(%
F,)G$",&%,7%')-#E#<#'+%+#E(%5,:(+$%E,)%5;$#<'+%'&H
&+#<'-#,7$%JA311A%\SSPOH&&?-4,2*4+9&W42/F&
"2/()f+F&N,+9B0&_KO>=H&

V2966F&"H&JK_JH&2;):,<G$%E,)%,7(%,)%5,)(%,)<"($-)'$H&
#8/43+9&@32*(H&?-4,42)&1(,(*/F&Z(L&^2*GH&

a2*)F&TH&<$$<H&LZ2[AV%K,"7%`,)7"$%^'5(%=#(<($%
JPQY@O%a,+;5(%\H&"2:;+3,&X4/3H&.f+-4G&&F&
Z(L&^2*GH&


