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Recent Developments in Automotive Exhaust Gas Sensing 
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Novel exhaust gas aftertreatment systems 
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Exhaust gas sensors for lean NOx traps 
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Exhaust gas sensors for ammonia SCR  
!
V-()!#<<5+-#!]1.!(&0)+5F5,$2!TOD!0#+!L&!/&F&0(-4&F$!%&J'0&J!-+!F&#+!&D)#'/(/G!YJ"F'&

(<
2!#!'%&#EM#(&%!

/5F'(-5+2! -/! -+[&0(&J!-+(5!()&!&D)#'/(!M)&%&!-(!J&05<N5/&/!(5!T_`!#+J!1O@G!TOD!%&#0(/!M-()!()&!65%<&J!
T_`!-+!()&!]1.!0#(#F$/(!(5!T@!#+J!_@OG!]-+0&!TOD!05+4&%/-5+!J&N&+J/!5+!N#%#<&(&%/!F-P&!(&<N&%#('%&2!
5D$,&+!05+(&+(2!TO!#+J!TO@!05+0&+(%#(-5+2!/N#0&!4&F50-($2!#+J!#F/5!5+!()&!#<5'+(!56!N%&4-5'/F$!/(5%&J!
T_`2! #+J! /-+0&! -+! 05+(%#/(! (5! N5M&%! NF#+(! #NNF-0#(-5+/! (%#+/-&+(! 5N&%#(-5+/! N%&4#-F! -+! #'(5<5(-4&!
#NNF-0#(-5+/2! #! 0F5/&JEF55N! 05+(%5FF&J! /$/(&<! M5'FJ! L&! L&+&6-0-#F2! 5+! ()&! 5+&! )#+J! (5! -+0%&#/&! TOD!
05+4&%/-5+! WA`X! #+J! 5+! ()&! 5()&%! )#+J! (5! &66&0(-4&F$! #+J! %&F-#LF$!<5+-(5%! ()&! 0#(#F$/(! /(#(&! S5+EL5#%J!
J-#,+5/-/2!O"QUG!
!
R)&!/&%-#F!J&4&F5N<&+(!-/!)&#J-+,!-+!(M5!J-%&0(-5+/G!]&F&0(-4&!&D)#'/(!,#/!/&+/5%/!F-P&!#+!TOD!/&+/5%!5%!
#+!T_`!/&+/5%!#%&!#F%&#J$! -+!/&%-#F!'/&!5%!#%&!#++5'+0&J! (5!&+(&%! ()&!<#%P&(!/55+G!YFF! ()&/&!/&+/5%/!
L#/&! 5+! ()&! NF#(65%<! 56! NF#+#%! F#<LJ#! /&+/5%/! #+J! (#P&! #J4#+(#,&! 56! ()&! )-,)! J&,%&&! 56!<#('%-($! 56!
NF#+#%!^-%05+-#!/&+/5%/!#+J!()&!F5+,!&DN&%-&+0&!-+!<#+'6#0('%-+,!#+J!5N&%#(-+,!()&/&!J&4-0&/G!!
!
Y!)-,)F$!J&4&F5N&J!T_`!/&+/5%!M#/!N%&/&+(&J!%&0&+(F$!L$!DelphiG!R)&!/&+/5%!'/&/!()&!<-D&J!N5(&+(-#F!
N%-+0-NF&2! -G&G2! L&(M&&+! (M5! J-66&%&+(! &F&0(%5J&/2! M)-0)! #%&! /&N#%#(&J! L$! ()&! /5F-J! &F&0(%5F$(&! c]d2! #+!
&F&0(%5<5(-4&!65%0&!65%</G!_&#(&%!#+J!-+/'F#(-+,!F#$&%/!#%&!-J&+(-0#F!M-()!Delphi’s!NF#+#%!F#<LJ#!/&+/5%G!!
!
K+!05+(%#/(!(5!()&!F#<LJ#EN%5L&2!()&!-++&%!%&6&%&+0&!&F&0(%5J&!-/!-+!05+(#0(!M-()!()&!&D)#'/(!,#/!WA9XG!R)&!
/&+/5%! -/!L#/&J!5+!#!+5+E&\'-F-L%-'<!&F&0(%50)&<-0#F!N%-+0-NF&!S<-D&J!N5(&+(-#F!/&+/5%UG!R)&!<&#/'%-+,!
&F&0(%5J&! 05+(#-+/!]1.!#0(-4&!<#(&%-#F/! WA8X2! -G&G! 4#+#J-'<!5D-J&2!<5F$LJ&+'<!5D-J&!#+Je5%! ('+,/(&+!
5D-J&!()#(!#%&!J5N&J!M-()!<#(&%-#F/! F-P&!"-!#+J!M-()!/(#L-F-^&%/! (5! -<N%54&!()&! F5+,E(&%<!/(#L-F-($G!Y(! ()&!
&F&0(%5J&/2!5D-J#(-5+!#+J!%&J'0(-5+!%&#0(-5+/!05<N&(&!M-()!&#0)!5()&%!WAaX>!

f!O@!?!@&
E
!?!gO

!!!!!!OO! ! ! ! ! ! SAU!

#!T_`!?!OO!!!!_@O!?!$!T@!?!@&
E
!?!gO

!!!! ! ! ! S@U!
Y/!#!%&/'F(2!#+!#<<5+-#!J&N&+J&+(!45F(#,&!J-66&%&+0&!U!L&(M&&+!L5()!&F&0(%5J&/!500'%/>!

"
#

$
%
&

'
(() OHONH ppp

e

kT
U

@@`
F+F+

@

A
F+

`

@

@
!! ! ! ! S`U!

Y005%J-+,!(5!*\G!`2! ()&!/&+/5%!/&&</!0%5//!/&+/-(-4&!(5!5D$,&+!#+J!M#(&%G!_5M&4&%2!/-+0&!L5()!,#/&/!
#%&!05%%&F#(&J!L$!()&!#-%E(5E6'&F!%#(-52!-G&G2!#+!-+0%&#/-+,!#-%!&D0&//!F&#J/!(5!#!%&J'0&J!M#(&%!05+0&+(%#(-5+!
-+!()&!&D)#'/(2!L5()!0%5//!/&+/-(-4-(-&/!)#4&!#+!5NN5/-(&!&66&0(!#+J!N#%(F$!0#+0&F!5'(!&#0)!5()&%!-+!#!M-J&!
#-%E(5E6'&F! %#+,&G! R)&! /&+/5%! M#/! %&N5%(&J! (5! N&%65%<! M&FF! M)&+! (&/(&J! -+! #! Q-&/&F! &+,-+&! &D)#'/(!
&+4-%5+<&+(!#+J!/&&</! (5! )#4&!+5! 0%5//! -+(&%6&%&+0&/!M-()!1O2!_12!TO2! #+J!T@OG!Y! %&4&%/-LF&!]O@!
N5-/5+-+,! &66&0(! M#/! 5L/&%4&JG! TO@! )#J! #! /(%5+,! -+6F'&+0&! L'(! 05'FJ! )#4&! L&&+! 05%%&0(&J! L$! #+!
#JJ-(-5+#F!TO@!&F&0(%50)&<-0#F!0&FF2!M)-0)!-/!L'-F(! -+(5!()&!&D-/(-+,!T_`!/&+/5%!J&4-0&G!R)&!TO@!/&+/-+,!
0&FF! -/! #F/5! L#/&J! 5+! ()&! +5+E&\'-F-L%-'<! &F&0(%50)&<-0#F! N%-+0-NF&G! K(! /)#%&/! #! 05<<5+! %&6&%&+0&!
&F&0(%5J&!M-()!()&!T_`!/&+/-+,!0&FF!WAaXG!C'%()&%!J&(#-F/!0#+!L&!65'+J!-+!WABXG!
!
Y! F&//! 05<NF-0#(&J!<-D&J!N5(&+(-#F! #<<5+-#! /&+/5%!M#/!N%&/&+(&J! %&0&+(F$! WAbX2! WA7XG! K(! 05+/-/(/!56! #!
()-0PE6-F<!)&#(&%!054&%&J!M-()!-+/'F#(-+,!F#$&%/!#+J!#!c]d!/5F-J!&F&0(%5F$(&G!"5()!N5%5'/!&F&0(%5J&/!#%&!-+!
05+(#0(! M-()! ()&! &D)#'/(G! K+! 05+(%#/(! (5! ()&! #L54&EJ&/0%-L&J! /&('N2! -(! 05+/-/(/! 56! (M5! N5%5'/! ,5FJ!

228 SENSOR+TEST Conference 2009 - SENSOR 2009 Proceedings I



&F&0(%5J&/G!Y/!#!+54&F($2!5+&!56!()&!&F&0(%5J&/!-/!054&%&J!M-()!#!N5%5'/!0#(#F$(-0#FF$!#0(-4&!F#$&%G!K(!-/!()&!
L#/-0!-J&#!(5!/&N#%#(&!()&!6'+0(-5+/!56!#!0F#//-0#F!#0(-4&!&F&0(%5J&!65%!<-D&J!N5(&+(-#F!/&+/5%/2!M)-0)!#%&>!
AGU! (5! L&! &F&0(%-0#FF$! 05+J'0(-4&2! @GU! (5! &+/'%&! #! )-,)! /&F&0(-4-($! #+J! `GU! (5! L&! F5+,E(&%<! /(#LF&G!
15<<&%0-#FF$!#4#-F#LF&!]1.!0#(#F$/(!<#(&%-#F/!M&%&!'/&J2!/-+0&!()&$!#%&!P+5M+!65%!()&-%!,55J!/&F&0(-4-($!
05<L-+&J! M-()! #! N%54&+! F5+,E(&%<! /(#L-F-($! -+! %&#F! &D)#'/(/G! ;55J! %&/'F(/! M&%&! 5L(#-+&J! M-()! (-(#+-#E
L#/&J!4#+#J-#E('+,/(&+!5D-J&!65%<'F#(-5+/G!R)&!TOD!0%5//E/&+/-(-4-($!-/!<#%,-+#FG!K6!&+5',)!5D$,&+!-/!-+!
()&!&D)#'/(2!()&!/&+/5%!/-,+#F!-/!-+J&N&+J&+(!5+!()&!5D$,&+!05+0&+(%#(-5+!W@:XG!R&/(/!J5M+/(%&#<!56!#+!
]1.!0#(#F$/(!/)5M! ()#(!4&%$!/<#FF!#<<5+-#!/F-N/!0#+!L&!J&(&%<-+&J! W@AXG! K+-(-#F!&+,-+&! (&/(/!#%&!4&%$!
N%5<-/-+,!W@:XG!
!
Y!05<L-+#(-5+!56!T-OeY'!/&+/-+,!&F&0(%5J&/!-+!05<L-+#(-5+!M-()!NF#(-+'<!%&6&%&+0&!&F&0(%5J&/!M&%&!#F/5!
65'+J!5'(! (5! L&! /&F&0(-4&! W@@XG! K+! 05+(%#/(! (5! ()&!#L54&EJ&/0%-L&J!<-D&J!N5(&+(-#F! /&+/5%/2! ()-/! /&+/5%!
L&)#4&/! F-+&#%!L'(!M-()!#!<'0)! F5M&%!/&+/-(-4-($G! K(! -/!5N&%#(&J!#(!b::!h1G!R)&!/&+/5%! /-,+#F! -/!#F<5/(!
'+#66&0(&J!L$!_@O2!TO2!#+J!1O!#+J!-/!5+F$!/F-,)(F$!#66&0(&J!L$!)$J%50#%L5+/G!TO@!)#/!#+!5NN5/-(&!L'(!
/<#FF&%!&66&0(G!K(!/&&</!()#(!()&!/&+/5%!)#/!(5!L&!5N&%#(&J!'+J&%!05+/(#+(!5D$,&+!&D0&//!W@@XG!!
!
15+(%5F!#+J!<5+-(5%-+,!56!()&!]1.!/$/(&<!4-#!()&!#<<5+-#!0%5//!/&+/-(-4-($!56!()&!^-%05+-#EL#/&J!TOD!
/&+/5%!S/&&!#L54&U!-/!#F/5!N5//-LF&!W@`XG!R)&!0%5//!/&+/-(-4-($!(5!#<<5+-#!0#+!L&!&#/-F$!'+J&%/(55JG!K(!-/!
#+!#JJ-(-5+#F!&66&0(G!Y(!()&!)-,)!/&+/5%!(&<N&%#('%&/2!#!N#%(!56!()&!#<<5+-#!,&(/!5D-J-^&J!#005%J-+,!(5!!
@!T_`!?!8e@!O@!!!!@!TO!?!`!_@OG!! ! ! ! ! S9U!
R)&! %&/'F(-+,! TO! F&#J/! (5! ()&! #JJ-(-5+#F! 05+(%-L'(-5+! (5! ()&! /&+/5%! /-,+#FG! C5%! N%#0(-0#F! '/&2! #! 0%5//!
/&+/-(-4-($! 6#0(5%! )#/! (5! L&! -+(%5J'0&J! W@9XG! K(! -/! #! <#[5%! #J4#+(#,&! 56! ()-/! /&+/5%! ()#(! -(! -/! #F%&#J$!
05<<&%0-#FF$!#4#-F#LF&!65%!TOD!/&+/-+,!N'%N5/&/!-+!()&!&D)#'/(G!!
!
R)&! -J&#! 56! #! J-%&0(! ]1.! 0#(#F$/(! F5#J-+,! ,#',&! M#/! #F/5! -+4&/(-,#(&J! W@8XG! "$! F50#FF$! )&#(-+,! #+J!
J&/5%L-+,!()&!#<<5+-#!/(5%&J!5+!#!]1.E0#(#F$/(!M)-F&!/-<'F(#+&5'/F$!<5+-(5%-+,! -(/! -5+-0!05+J'0(-4-($2!
()&! \'#+(-($! 56! /(5%&J! #<<5+-#! 0#+! L&! &/(-<#(&JG! R)&! ]1.! 0#(#F$/(! <#(&%-#F! M#/! J&N5/-(&J! 5+! #+!
#F'<-+#! /'L/(%#(&2! M)-0)! M#/! &\'-NN&J! M-()! &F&0(%5J&/! 65%! #0! 05+J'0(-4-($! <&#/'%&<&+(/! #+J! #+!
&<L&JJ&J!)&#(&%G!Q'%-+,!()&!F5#J-+,!<5J&2!()&!J&4-0&!(&<N&%#('%&!M#/!P&N(!05+/(#+(!SJ-66&%&+(!F5#J-+,!
(&<N&%#('%&/U2!#<<5+-#!M#/!&DN5/&J! (5! ()&!/&+/5%2!#+J! ()&!<#(&%-#F!,5(!#<<5+-#EF5#J&JG!Q'%-+,! ()&!
/'L/&\'&+(!<&#/'%&<&+(!<5J&2!()&!(&<N&%#('%&!M#/!-+0%&#/&J!(5!J&/5%L!5%!5D-J-^&!#FF!#<<5+-#!/(5%&J!
J'%-+,!()&!N%&4-5'/!F5#J-+,!N)#/&!W@8XG!]-+0&!()&!#0!05+J'0(-4-($!-/!05%%&F#(&J!M-()!()&!#<5'+(!56!/(5%&J!
#<<5+-#! #+J!M-()! (&<N&%#('%&2! #+! -+(&,%#F! 54&%! ()&! J&/5%N(-5+! 0'%%&+(! F&#J/! (5! ()&! #<<5+-#! /(5%#,&!
0#N#0-($!W@aXG!OL4-5'/F$2!()-/!($N&!56!/&+/5%!05<L-+&J!M-()!()&!(&<N&%#('%&!#F(&%#(-5+!<&()5J!0#+!J&(&0(!
()&!F5#J-+,!J&,%&&!56!#!^&5F-(&!]1.!0#(#F$/(G!!
!
!

Novel exhaust gas sensing methods 
!
K+!()&!N%&4-5'/!/&0(-5+!-(!)#/!L&&+!/)5M+!()#(!()&!&F&0(%-0#F!N%5N&%(-&/!56!()&!0#(#F$/(!05#(-+,!#%&!#!,55J!
-+J-0#(5%! 56! ()&! /(#(&! 56! ()&! 0#(#F$/(G! O+&! 0#+! 5L/&%4&!directly! #+J! in-situ! ()&! /(#(&! 56! ZTR! #+J! ]1.!
0#(#F$/(/G!_5M&4&%2!()&!N%&/&+(&J!<&()5J/!%&\'-%&!#!05#(-+,!()#(!-/!#NNF-&J!5+!(5N!56!NF#+#%!&F&0(%5J&/2!
M)-0)!)#4&!(5!L&!05+(#0(&J!L$!M-%&/G!K+!5%J&%!(5!#45-J!N%5LF&</!56!<5'+(-+,!()&!NF#+#%!/'L/(%#(&/!-+(5!
()&!0#(#F$/(2!#!M-%&F&//!<&()5J!M5'FJ!L&!)&FN6'FG!.&0&+(!#((&<N(/!M&%&!05+J'0(&J!(5!,#',&!J-%&0(F$!()&!
/(#(&!56!0#(#F$/(/!J-%&0(F$!L$!5L/&%4-+,!()&!N&+&(%#(-5+!56!()&!<#(&%-#F!L$!%#J-5!6%&\'&+0$!M#4&/!W@BX2!W@bX2!
W@7X2! W`:XG! R)-/!<&()5J! -/! N5//-LF&! 65%! #FF! 0#(#F$/(/!M-()! #! 05#(-+,! ()#(! 0)#+,&/! -(/! &F&0(%-0#F! N%5N&%(-&/!
M)&+!/(5%-+,!,#/&/!F-P&!5D$,&+!-+!()&!0#/&!56!()&!RV12!TOD!-+!()&!0#/&!56!ZTR2!5%!T_`!-+!()&!0#/&!56!
]1.!0#(#F$/(/G!!
!
]-+0&!()&!/(#-+F&//!/(&&F!0#++-+,!56!()&!)5+&$05<L!-/!#!,55J!&F&0(%-0#F!05+J'0(5%2!6%5<!#+!&F&0(%-0#F!N5-+(!
56! 4-&M2! ()-/!/$/(&<!0#+!L&! %&,#%J&J!#/!#!0-%0'F#%!0#4-($! %&/5+#(5%G!RM5!05#D-#F!#+(&++#/! SM#4&,'-J&!
6&&J/U!M&%&!<5'+(&J!-+!()&!0#++-+,G!*#0)!56!()&!M#4&,'-J&!6&&J/!M#/!05++&0(&J!(5!#!05#D-#F!F-+&G!R)&!
0#4-($! %&/5+#(5%! 0#+! L&! %&,#%J&J! #/! #+! &F&0(%-0! (M5N5%(! L&(M&&+! (M5! 05#D-#F! F-+&/G! K(/! 6%&\'&+0$!
0)#%#0(&%-/(-0/!M#/!J&(&%<-+&J!L$!#+!#'(5<#(-0!+&(M5%P!#+#F$^&%G!K+!&//&+0&2!5+&!F&(/!&F&0(%5<#,+&(-0!
M#4&/!56!#<NF-('J&/!aA!#+J!a@!-<N-+,&!5+(5!N5%(/!5+&!#+J!(M52!%&/N&0(-4&F$2!#+J!%&05%J/!()&!#<NF-('J&/!
bA!#+J!b@!56!()&!(M5!L#0P/0#((&%&J!M#4&/G!R)&!M#4&!#<NF-('J&/!#%&!%&F#(&J!L$!
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SAA!J&+5(&/!()&!-+N'(!%&6F&0(-5+!05&66-0-&+(!65%!<#(0)&J!5'(N'(2!S@@!J&+5(&/!()&!5'(N'(!%&6F&0(-5+!05&66-0-&+(!
65%!<#(0)&J! -+N'(2!#+J!()&!(%#+/6&%! 6'+0(-5+!SA@!i!S@A! -/!#!<&#/'%&!65%! ()&!(%#+/<-//-5+!56!&+&%,$!6%5<!
5+&!N5%(!(5!()&!5()&%!()%5',)!()&!-+(&%-5%!56!()&!0#4-($!%&/5+#(5%!W@bXG!!
!
K(!M#/!/)5M+!()#(! ()&!.CE/-,+#F!56!L5()!S@A!#+J!SAA!#(! ()&!%&/5+#+0&!6%&\'&+0-&/!/)5M/!#!,%#J-&+(!#/!
F5+,!#/!()&!0#(#F$/(!-/!/(5%-+,!5%!%&F&#/-+,!5D$,&+!#+J!-(!/)5M/!05+/(#+(!4#F'&/!#/!F5+,!#/!()&!0#(#F$/(!-/!
-+! #! 05+/(#+(! S5D-J-^&J!5%! %&J'0&JU! /(#(&G! R)&/&! %&/'F(/! /',,&/(! ()#(! -(! -/! N5//-LF&! (5! -+6&%! 6%5<!#!.CE
/-,+#F!(5!()&!-+/(#+(#+&5'/!5D-J#(-5+!/(#(&!56!()&!0#(#F$/(G!K+!#!N%&F-<-+#%$!&DNF#+#(-5+2!-(!-/!#//'<&J!()#(!
()&! (%#+/<-//-5+! -+0%&#/&/! M-()! ()&! 5D$,&+! /(5%&J! -+! ()&! 0#(#F$/(! 05#(-+,! /-+0&! ()&! 0&%-#2! M)-0)! -/!
%&/N5+/-LF&! 65%! ()&! 5D$,&+! /(5%#,&! N%5N&%(-&/! 56! ()&! RV1! 05#(-+,2! ,&(/! 5D-J-^&J! #+J! -(/! &F&0(%-0#F!
05+J'0(-4-($! J&0%&#/&/G! _&+0&2! ()&! %&/5+#(5%! ]EN#%#<&(&%/!<-%%5%! ()&! 5D-J#(-5+e%&J'0(-5+! /(#(&! 56! ()&!
RV1!0#(#F$/(G!
!
R)&!.C! (&0)+-\'&!N%54-J&/!#+! -+(&,%#F!<&#/'%&<&+(!56! ()&!J&4-0&2! /5! ()#(! #! 05+(%5F! 56! ()&! 0#(#F$/(! -/!

N5//-LF&G!15<N#%&J!(5!*EN%5L&/2!()-/!05'FJ!L&!#J4#+(#,&5'/!M-()!%&,#%J!(5!6'('%&!5+EL5#%JEJ-#,+5/(-0/!
SO"QU! 65%! L&((&%! <5+-(5%-+,! &D)#'/(! #6(&%(%&#(<&+(! 05<N5+&+(/G! R)&! &66&0(! 56! 0)#+,-+,! (%#+/<-//-5+!
05&66-0-&+(/! 05'FJ! L&! %&N%5J'0&J! -+! /$+()&(-0! &D)#'/(/! #/! M&FF! #/! -+! &+,-+&! (&/(! L&+0)&/! W@BXG! K(! -/! #!
%&F-#LF&!-+J-0#(-5+!56!()&!5D$,&+!/(5%#,&!/(#(&!56!()&!RV1G!
!
K+-(-#F! (&/(! 5+! ZTR! M-()! ()&! .C!<&()5J! M&%&! 4&%$!N%5<-/-+,G! R)&! /-,+#F/! #%&! -+! #005%J#+0&! M-()! ()&!
#L54&EJ&/0%-L&J!05+(#0(F&//!<&()5J!W@7XG!
!!
!

Conclusion 
!
C5%! F&#+EL'%+!&+,-+&/! S,#/5F-+&!J-%&0(! -+[&0(-5+2!Q-&/&FU2!M)-0)!L&05<&!<5%&!#+J!<5%&!N5N'F#%2! +54&F!
&D)#'/(! ,#/! #6(&%(%&#(<&+(! 05+0&N(/! #%&! %&\'-%&JG! R)-/! N'/)&J! ()&! J&4&F5N<&+(! 56! +54&F! ($N&/! 56!
/&+/5%/!(5!L&!-+/(#FF&J!-+!()&!&D)#'/(G!TOD!/&+/5%/2!T_`!/&+/5%/2!#+J!/&+/5%/!(5!J-%&0(F$!J&(&0(!()&!/(#(&!
0#(#F$/(/!#%&!'+J&%!J&4&F5N<&+(!5%! -+! ()&!%&/&#%0)!/(#(&G!YJJ-(-5+#FF$2!05+(#0(F&//!.C!(&0)+-\'&/!M&%&!
-+(%5J'0&J!(5!<&#/'%&!()&!0#(#F$/(!/(#(&G!
!
K(! /)5'FJ! L&! &<N)#/-^&J! ()#(! J&4&F5N<&+(! 56! &D)#'/(! ,#/! /&+/5%/! )#/! #FM#$/! (5! L&! 05+/-J&%&J! -+!
-+(&%#0(-5+!M-()! &D)#'/(! ,#/!#6(&%(%&#(<&+(! /$/(&</G!R)&%&65%&2! +54&F! P-+J/!56! /&+/5%/!)#4&!,#-+&J! -+!
-<N5%(#+0&!['/(!%&0&+(F$2!M)&+!/(%-0(&%!&<-//-5+!%&,'F#(-5+/!M&%&!#++5'+0&J2!<&#+-+,!()#(!(-<&!-/!%-N&!65%!
+54&F!&D)#'/(!,#/!#6(&%(%&#(<&+(!05+0&N(/G!!
!
_5M&4&%2! -(! -/! 0F&#%! ()#(! #FF! +54&F! /&+/5%/! J5!+5(! 5+F$! )#4&! (5!<&&(! ()&! (&0)+-0#F! %&\'-%&<&+(/! 56! ()&!
#'(5<5(-4&!-+J'/(%$!L'(!#F/5!)#4&!(5!L&!4&%$!-+&DN&+/-4&2!%&F-#LF&2!#+J!05/(E&66&0(-4&G!!
!
!
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