
! "#$%&%'($%)*!+,%*-%#./0!1),!2)3/0%4*!

!

! 5!

!

Optimization Principles for Codesign applied to Molecular Dynamics: Design 

Space Exploration, Performance Prediction, and Optimization Strategies 
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Compute estimates for 
T= Time ratio (wall clock/sim. time) 

E= Energy used 
C= Amortized HW and SW costs 

U= Use (memory, bandwidth, !); 

Search space: all 
possible HW 

architectures and 
implementations 

 Model of HW/SW Solution Pair (H,S) 

Evaluate objective function 
min OBJ(H,S) = F(T, E, C); 

Accept/Reject (H,S); 
Select next HW/SW pair based 

on optimization method and U; 

Search space: all 
correct algorithms 

and SW implemen-
tations  

Actions: Methods: 

Math. Model 
Discrete Event 

Simulation 
Emulation 

Co-Operative 
Co-Evolution 

Sim. Annealing 
Blackbox Opt. 
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Upper Hourglass Half:  AMD State Logic Modeling 

"C,! %*%$%(.! #.(*! %*-.C3/3! (!&($7/&($%-(.! #/,1),&(*-/! #,/3%-$%)*! -)&#)*/*$! $7($! ?)C.3! #,):%3/! (*(.>$%-(.!

#,/3%-$%)*0!)1! $7/!#/,1),&(*-/!)1!<MR!&/$7)30! 1,)&! 1%,0$!#,%*-%#./0A! !67/! ,($%)*(./!?(0! $)! (..)?! 1),! ,(#%3!

/E#.),($%)*! )1! #(,(&/$/,! 0#(-/0! $7($! ?)C.3! (00%0$! %*! $7/! )#$%&%'($%)*A! 67%0! (##,)(-7! -(*! %*3//3! #,):%3/!

C0/1C.! 4C%3/.%*/0! 8C$! -.)0/3! 1),&! /E#,/00%)*0! -(*! )*.>! 8/! 3/,%:/3! C*3/,! ,($7/,! 0$,%-$! (00C&#$%)*0A! 67/0/!

.%&%$($%)*0!7%47.%47$/3!$7/!*//3!1),!(!1./E%8./!#/,1),&(*-/!#,/3%-$%)*!&/$7)3).)4>!$7($!%0!*)?!(!-),*/,0$)*/!

)1!)C,!(##,)(-7A!!67/!3//#!&($7/&($%-(.!(*(.>0%0!)1!$7/!(.4),%$7&0!3%3!7)?/:/,!>%/.3!*):/.!%*0%47$0!%*$)!$7/!

*($C,/!)1! $7/!&/$7)30!(*3!(..)?/3! 1),! $7/!3/,%:($%)*!)1!:(,%(*$0!?%$7!3%11/,/*$!(.4),%$7&%-!#,)#/,$%/0A! ! V),!

/E(&#./D!?/!07)?/3!7)?!6<R!-)C.3!8/!,/1),&C.($/3!(0!(!M/$,)#).%0!M)*$/!2(,.)H8(0/3!&/$7)3!$7($!-(*!8/!

&),/! /(0%.>! #(,(../.%'/3! $7(*! $7/! ),%4%*(.! :/,0%)*A! ! VC,$7/,! %*:/0$%4($%)*! )1! $7/! #/,1),&(*-/! )1! $7%0! */?!

(.4),%$7&!%0!*)?!C*3/,?(>!?%$7!%*%$%(.!3)-C&/*$($%)*!(:(%.(8./!`UaA!

!

67%0!.(-@!)1!(&/*(8%.%$>!$)!(*(.>$%-!#/,1),&(*-/!&)3/.%*4D!/:/*!($!(!1(%,.>!7%47!./:/.!)1!(80$,(-$%)*D!0)&/?7($!

0/,/*3%#%$)C0.>!#,):%3/3!(*!)##),$C*%$>!$)!OC%-@.>!3/&)*0$,($/!$7/!1/(0%8%.%$>!(*3!#,(-$%-(.!C$%.%$>!)1!$7/!&),/!

4/*/,(.! )#$%&%'($%)*! .))#! (##,)(-7! /(,.>! %*! $7/! #,)9/-$A! !B/! 3/:%0/3! ,/.($%:/.>! 0%&#./! h0)1$?(,/! 0#(-/0[i

/00/*$%(..>!#(,(&/$/,%'/3!&)3/.0!)1!$7/!MR!(.4),%$7&0!(0!0$($/!&(-7%*/0i%*!?7%-7!?/!-)C.3!-(0$!&/(*%*41C.!

)#$%&%'($%)*! #,)8./&0A! ! 67/0/! 1),&C.($%)*0! &%&%-! $7/! <MR! (.4),%$7&0! ?%$7! $7/! 1),-/! -(..0! ,/#.(-/3! 8>!

F0%&C.($/3G!$%&/!3/.(>0A!!67/!)#$%&%'($%)*0!$7/>!/*(8./!(,/!)1!-)*0%3/,(8./!#,(-$%-(.!%*$/,/0$!$)!$7/!&)./-C.(,!

3>*(&%-%0$0! (*3! 3)! *)$! 7(:/! 0).C$%)*0! $7($! -(*! 8/! %*$C%$%:/.>! 4C/00/3! /:/*! 8>! 0/(0)*/3! #,(-$%$%)*/,0A! ! <0!

#,/:%)C0.>!3/0-,%8/3D!(*3!3/#%-$/3! %*!V%4!JD! $7/!&(9),!-7(../*4/0! %*!MR!(,/! %*!(-7%/:%*4!4,/($/,!0>0$/&H0%'/!

0-(./0!(*3!4,/($/,!0%&C.($%)*H$%&/!0-(./0A! !67/! 1),&/,D! $7/!?/(@H0-(.%*4!#,)8./&D!-(*! %*!#,%*-%#./!8/!0).:/3!

?%$7! &),/! 7(,3?(,/! -(#(-%$>i&),/!&/&),>! (*3! #,)-/00),0A! ! 67/! .($$/,D! $7/! 0$,)*4H0-(.%*4! #,)8./&D! 7(0!

8//*D!(*3!-)*$%*C/0!$)!8/D!$7/!0C89/-$!)1!-)*0%3/,(8./!,/0/(,-7A!!B%$7!-C,,/*$!7(,3?(,/!$/-7*).)4>D!1),!(!-.(00!

)1!MR!0>0$/&0!)1!%*$/,/0$D!-)*:/*$%)*(.!MR!-(*!(-7%/:/!(8)C$!5!&%-,)0/-)*3!0%&C.($%)*!$%&/!1),!,/(0)*(8./!

?(..H-.)-@!(##.%-($%)*!,C*!$%&/D!8C$!$7/!,/./:(*$!$%&/!0-(./!1),!/E#.),%*4!&/(*%*41C.!0>0$/&!3>*(&%-0!%0!)1$/*!

&C-7! .)*4/,i&%..%0/-)*30D! 0/-)*30D! ),! .)*4/,A! ! V),! 0C-7! *'Y@#aF#'"( #9#'"( =K="#N=( ;<=;! ,/0/(,-7/,0! 7(:/!

3/:/.)#/3( &XX#5#@&"#+( N85#XF5&@( +K'&N*X=! F<MRG! &/$7)30! $7($! -(*! ,/(-7! &C-7! .)*4/,! $%&/! 0-(./0! $7(*!

-)*:/*$%)*(.!&/$7)30A! 6?)! 0C-7! (##,)(-7/0! (,/! $7/! "#N$#@&"F@#(&XX#5#@&"#+(+K'&N*X=(F6<RG!&/$7)30! (*3!

$7/!$&@&55#5(@#$5*X&(F+(,S/#G!&/$7)30A! ! P%4*%1%-(*$.>D! $7/0/!(##,)(-7/0!(,/!),$7)4)*(.! %*! $7/!0/*0/! $7($! $7/>!

&(>!8/!0>*/,4%0$%-(..>!-)&8%*/3!%*$)!7>8,%3!&/$7)30A!

!



! "#$%&%'($%)*!+,%*-%#./0!1),!2)3/0%4*!

!

! d!

!

67/! %3/(! 8/7%*3! $/&#/,($C,/H(--/./,($/3! 3>*(&%-0! %0! $)! 4,/($.>! (--/./,($/! $7/! ,($/! )1! 0%4*%1%-(*$! /:/*$0! 8>!

0%&C.($%*4!$7/!0>0$/&!($!7%47!$/&#/,($C,/A! !N:/,>!($$/&#$/3!/:/*$! %0! %*$/,-/#$/3D! %$0!$%&/!%0!/E$,(#).($/3!$)!

.)?!$/&#/,($C,/D!(*3!(--/#$/3!)*.>!%1!%$!?)C.3!7(:/!)--C,,/3!1%,0$!($!.)?!$/&#/,($C,/A!!6<R!>%/.30!.)*4!$%&/!

3>*(&%-0!$7($!%0!(--C,($/!($!$7/!./:/.!)1!7(,&)*%-!$,(*0%$%)*!0$($/!$7/),>A!67/!)#$%&(.!7%47!$/&#/,($C,/!1),!(!

0>0$/&!,/0C.$0!%*!$7/!07),$/0$!?(..!-.)-@!$%&/!1),!/E/-C$%)*A!

!

B7%./! %$! %0! /&#%,%-(..>! @*)?*! $7($! 1),! (! *C&8/,! )1! 0>0$/&0! (*3! ,(*4/0! )1! $/&#/,($C,/0! )1! %*$/,/0$! ?%$7!

%*-,/(0%*4!$/&#/,($C,/!$7/!4(%*!)C$?/%470!$7/!):/,7/(3!C#!$)!(!#)%*$D!8/>)*3!?7%-7!$7/!):/,7/(3!3)&%*($/0D!

$7/! /E(-$! 07(#/! )1! $7%0! -C,:/! %0! *)$! 4/*/,(..>! ,/(3%.>! /E#,/00/3! (*(.>$%-(..>A! ! W)?/:/,D! 1),! $7/! #C,#)0/! )1!

1%*3%*4! $7/! )#$%&(.! $/&#/,($C,/! /./:($%)*D! %$! %0! *)$! */-/00(,>! $)! #/,1),&! $7/! (-$C(.! MR! 0%&C.($%)*I! %$! %0!!

0C11%-%/*$!$)!0%&C.($/!)*.>!$7/!7%47/,H./:/.!&/-7(*%-0!)1!(*!MR!0%&C.($%)*!?7%./!-)*0C&%*4!(!0&(..!1,(-$%)*!)1!

$7/!-)&#C$/!,/0)C,-/0A!!Q*!$7%0!0-/*(,%)!?/!(,/!)#$%&%'%*4!(!0%*4./!OC(*$%$>i$7/!@#&5(,88="i?%$7!,/0#/-$!$)!

(##,)E%&($/.>!(!3)'/*!:(,%(8./0!3/0-,%8%*4!$7/!0>0$/&A!!!

!

67/!+(,S/#!&/$7)3D!%*!-)*$,(0$!$)!6<RD!(-7%/:/0!(--/./,($%)*!8>!0%&C.($%*4!&C.$%#./!%*0$(*-/0D!),!,/#.%-(0D!)1!

$7/!0>0$/&!%*!#(,(../.A! !\%:/*!$7($!$,C/!%*1,/OC/*$!/:/*$0!7(:/!(*!/E#)*/*$%(.!1%,0$H#(00(4/!$%&/!3%0$,%8C$%)*D!

?/! -(*! /E#.)%$! $7%0! $)! #(,(../.%'/! $%&/D! 8>! 7(:%*4! &C.$%#./! ,/#.%-(0! 0//@! $7/! 1%,0$! /0-(#/! /:/*$A! ! P$($%0$%-(.!

%*3/#/*3/*-/! )1! $7/! ,/#.%-(0! %0! (-7%/:/3! 8>! (##,)#,%($/.>! ,(*3)&%'%*4! ),! +#$%&=*'7( $7/%,! %*%$%(.! 0$($/0A!

<,8%$,(,%.>!(--C,($/!3>*(&%-0!(,/!#)00%8./!?7/*!%&#./&/*$/3!-(,/1C..>A!

!

f/-(C0/! )1! $7/! -)*0$(*$! F#/,! ,/#.%-(G! ):/,7/(3! )1!+#$%&=*'7D! #(,(../.! /11%-%/*->! 3/-,/(0/0! (0! $7/! *C&8/,! )1!

,/#.%-(0!%*-,/(0/0!1),!(!4%:/*!0>0$/&D!8C$!$7/!-)&#C$($%)*(.!8))0$!0$%..!%*-,/(0/0A!!<.4),%$7&%-!-7)%-/0D!#7>0%-(.!

0>0$/&!-7(,(-$/,%0$%-0D!(*3!7(,3?(,/!-7(,(-$/,%0$%-0!-(*!8/!:(,%/3A!!MC.$%#./!$,%(.0!1),!(!4%:/*!0>0$/&!(*3!0/$!

)1! #(,(&/$/,! -7)%-/0! ,C*! %*! (! 0&(..! 1,(-$%)*! )1! $%&/! (*3! -)&#C$/! ,/0)C,-/0! ,/OC%,/3! 1),! (-$C(.! +(,S/#!

0%&C.($%)*A!!+(,(&/$/,0!-(*!8/!-7)0/*!$)!)#$%&%'/!$7/!-)&#C$($%)*(.!8))0$A!!W>8,%3%'%*4!+(,S/#!?%$7!6<R!?%..!

#,):%3/!(*)$7/,!3%&/*0%)*!):/,!?7%-7!$)!)#$%&%'/i(!$/&#/,($C,/L#(,(../.%0&!$,(3/)11A!

!

67/0/!&)3/.0! 7(:/!8//*! %&#./&/*$/3! (0!#(,(../.! 3%0-,/$/! /:/*$! 0%&C.($%)*0! )1!MR! 0%&C.($%)*0A! ! 67%0! 0C%$/D!

3C88/3! <MRP%&D! C0/0! $7/! P%&2),/! #(,(../.! 3%0-,/$/! /:/*$! 0%&C.($%)*! 1,(&/?),@! `eaA! ! 6)! 3($/! $7/! 6<R!

0%&C.($),D! 6<RP%&D! 7(0! 8//*! :/,%1%/3! (4(%*0$! /E#/,%&/*$D! (*3! $7/! +(,S/#P%&! 0%&C.($),! 7(0! 8//*!

3/&)*0$,($/3!?%$7!C#!$)!)*/!&%..%)*!,/#.%-(0A! !Q*!3C/!-)C,0/!$7/0/!?%..!8/!-)&8%*/3!$)!#,):%3/!#/,1),&(*-/!

#,/3%-$%)*!1),!$7/!7>8,%3!<MR!&/$7)30A!

!

67C0! 1(,! $7/! 7(,3?(,/! -7(,(-$/,%0$%-0! (,/! %&#.%-%$D! -7(,(-$/,%'/3! 8>! #/,1),&(*-/!&/$,%-0! F/A4A! -)&#C$($%)*!

$%&/! 1),! (! 0%*4./! 1),-/! -(..G!#,):%3/3!(0! %*#C$0! $)! $7/! 0%&C.($%)*0A! !67%0!3/0%4*!3)/0D!7)?/:/,D! ./*3! %$0/.1! $)!

3%,/-$!(C4&/*$($%)*!?%$7!%*-,/(0%*4.>!3/$(%./3!0#(-/0!)1!7(,3?(,/!&)3/.0!C0%*4!$7/!:(,%)C0!$/-7*%OC/0!$7($!

0#(*!)C,!%*$/*3/3!0#/-$,C&!)1!$%&/!:0A!(--C,(->!$,(3/)110A!

Lower Hourglass Half: Force Call Modeling 

B/!&(@/!C0/! )1! 0/:/,(.! */?! $/-7*%OC/0! %*! #/,1),&(*-/!#,/3%-$%)*! 1),!WBLPB!-)H3/0%4*! ($! $7/!8/7(:%),(.!

./:/.D!$%&/3!$,(*0(-$%)*!./:/.D!3)?*!$)!->-./H(--C,($/!(*3!4($/!./:/.0A!!67/!#,%&(,>!)89/-$%:/!1),!(!:%,$C(.H?(,/!

8(0/3!#/,1),&(*-/!#,/3%-$%)*! %0! $)!)8$(%*!7%47! 1%3/.%$>D! $%&/3!$,(*0(-$%)*! ./:/.!&)3/.!F6;MG!,/0)C,-/!C0(4/!

/0$%&($/0A! ! 6%&/3! 6;M! %0! #,/1/,,/3! (0! %$! -(*! -(#$C,/! (3/OC($/! 3/$(%.! )1! $7/! 0)1$?(,/! (*3! 7(,3?(,/!

-)&#)*/*$0D!?7%./!*)$!8/%*4!$))!3/$(%./3A!

An iterative optimization based hardware/software co-design flow 

P-%/*$%1%-!(##.%-($%)*0!0C-7!(0!#7>0%-0!-)3/0!(,/!)1$/*!7%47.>!,/#/$%$%:/!(*3!#(,(../.%'(8./D!0C-7!$7($!0#//3C#0!

)1! 0/:/,(.! ),3/,0! )1! &(4*%$C3/!&(>! 8/! #)00%8./! ?%$7! )#$%&%'/3D! -C0$)&! 7(,3?(,/L0)1$?(,/! 0).C$%)*0A! V),!

(,,%:%*4! ($! (*! )#$%&(.! 7(,3?(,/L0)1$?(,/! #(%,D! ?/! 7(:/! 3/:%0/3! (! 4,//3>! $@8Y*5#>$&@&55#5*-#>$@#+*X"( F+++G!

%$/,($%:/!7(,3?(,/L0)1$?(,/!-)H3/0%4*!(*3!)#$%&%'($%)*!1.)?D!(0!1)..)?0A!

5A 67/!C0/,!(##.%-($%)*!%0!1%,0$!-)*:/,$/3!%*$)!(!,/#,/0/*$($%:/!H*'*?$$!%*!(!7%47H./:/.!.(*4C(4/!0C-7!(0!2A!

67/!&%*%&(.!(##!%0!#,)1%./3!($!,C*H$%&/!)*!$>#%-(.!3($(!$)!%3/*$%1>!7)$0#)$0!1),!)#$%&%'($%)*A!

JA Q3/*$%1>!%*7/,/*$!#(,(../.%0&D!#,%),%$%'%*4!7)$0#)$0A!

(A M%*%<##!8(0/3!0$($%-!(*(.>0%0!%0!C0/3!$)!)8$(%*!+,)4,(&!R/#/*3/*-/!\,(#70!F+R\G!)1!7)$0#)$0A!



! "#$%&%'($%)*!+,%*-%#./0!1),!2)3/0%4*!

!

! b!

!

8A V),&!(!#(,$%(.!),3/,!3%,/-$/3!(->-.%-!4,(#7! 1,)&! $7/!+R\!8>!-)*3/*0%*4! %$0! 0$,)*4.>! -)**/-$/3!

-)&#)*/*$0D! -(#$C,%*4! 8)$7! -)*$,).! 1.)?! (*3! 3($(! 3/#/*3/*->! %*! (! 0%*4./! 4,(#7A! "#$%)*(..>!

:(,%(8./! (00%4*&/*$0! )*! $7/! +R\! (,/! ,/#,/0/*$/3! %*! (! !*'75#( !"&"*X( ?==*7'N#'"! FPP<G! 1),&D! $)!

0%&#.%1>! 7(,3?(,/! &/&),>! 8.)-@! (..)-($%)*0! 8>! ,/&):%*4! 4.)8(.! 3($(! 3/#/*3/*-%/0! %*! $7/!

#,)$)$>#/!7(,3?(,/!(,-7%$/-$C,/A!

-A 2)*0$,C-$! (! #,)$)$>#/! (,-7%$/-$C,/! %*-.C3%*4! &/&),>! (*3! #,)-/00%*4! /./&/*$0! 8(0/3! )*! $7/!

#(,$%(.!),3/,!4,(#7A!

3A P#/-%1>!(,-7%$/-$C,/!%*!.)?H./:/.!(00/&8.>!.(*4C(4/!3%,/-$%:/0!$7($!<PN6!C*3/,0$(*30A!

KA +/,1),&!3($(!&)$%)*!(*(.>0%0!$)!%3/*$%1>!8)$$./*/-@0!%*!S<ML2(-7/LS"M!(--/00!C0%*4A!

(A 2)&#%./! $7/! 7%47H./:/.! 2! -)3/! $)! (! 0%&#.%1%/3! %*$/,&/3%($/! .(*4C(4/! (*3! $7/*! $)! $7/! #,)$)$>#/!

(,-7%$/-$C,/!3%,/-$%:/0A!

8A P%&C.($/! $7/! #,)$)$>#/! (,-7%$/-$C,/! (00/&8.>! C0%*4! $7/! <PN6! #,)$)$>#/! (,-7%$/-$C,/! /&C.($),!

?%$7!,/(.!3($(D!(*3!,/(.%0$%-!&/&),>!&)3/.0!%*-),#),($%*4!S"MD!S<MD!-(-7/H0$(4/0!(*3!,/4%0$/,0A!

-A Q3/*$%1>!$>#%-(.!3($(H&)$%)*!-)0$0!(*3!8)$$./*/-@0!1,)&!#,)$)$>#/!/&C.($%)*A!

_A Q$/,($%:/.>! &)3%1>! $7/! (.4),%$7&! (*3! $7/! #,)$)$>#/! (,-7%$/-$C,/! 8(0/3! )*! #(,$%(.H),3/,! 4,(#7!

#(,(../.%0&!(*3!/&C.($/3!3($(!&)$%)*!(*(.>0%0A!]0%*4!$7/!<PN6!#/,1),&(*-/!#,/3%-$),D!$7/!7(,3?(,/!

0#(-/! -(*! 8/! 7/C,%0$%-(..>! 0/(,-7/3! C0%*4! 1),! %*0$(*-/! (! 0%&C.($/3! (**/(.%*4! (##,)(-7! 1),! (! .)-(..>!

)#$%&(.! -)*1%4C,($%)*! %*! $/,&0! )1! 0#//3D! *C&8/,! )1! 4($/0D! #)?/,H-)*0C&#$%)*D! /$-A! ! 67/! 0)1$?(,/!

0#(-/!%0!(.0)!0%&C.$(*/)C0.>!0/(,-7/3!C0%*4!)$7/,!(##.%-($%)*H0#/-%1%-!$/-7*%OC/0!$)!%3/*$%1>!)#$%&(.!

-)*1%4C,($%)*0!)1!#(,(&/$/,0A!

gA Q&#./&/*$!$7/!%3/*$%1%/3!)#$%&(.!7(,3?(,/!3/0%4*!8(0/3!)*!$7/!#,)$)$>#/!%*!(!W(,3?(,/!R/0-,%#$%)*!

;(*4C(4/!FWR;GD!(*3!0>*$7/0%0!%$!%*$)!(!4($/!./:/.!*/$H.%0$A!

(A "#$%&%'/!-)0$.>!7(,3?(,/!&)3C./0!C0%*4!4($/H./:/.!)#$%&%'($%)*!$7,)C47!(!P<6!1),&C.($%)*A!

dA S/(.%'/!$7/!1%*(.%'/3!)#$%&(.!(,-7%$/-$C,/!%*!V+\<!),!<PQ2A!

Tools for hardware performance prediction 

<PN6! (..)?0! C0! $)! ,(#%3.>! #,)$)$>#/! 7(,3?(,/! $7,)C47! ->-./! (--C,($/! /&C.($%)*! $)! #,/3%-$! ,C*H$%&/! 3($(H

&)$%)*!-)0$0A!!<PN6!C*3/,0$(*30!(!0/$!)1!0$(*3(,3%'/3!7(,3?(,/!&)3C./0A!!"$7/,!0#/-%(.%'/3!&)3C./0!-(*!8/!

%&#./&/*$/3!(0!*//3/3A!!<!#,)$)$>#/!(,-7%$/-$C,/!?%..!8/!-)&#)0/3!)1!0)&/!),!0/:/,(.!)1!$7/0/!0$(*3(,3%'/3!

&)3C./0A! ! <*! (.4),%$7&! ,C**%*4! )*! $7%0! #,)$)$>#/! (,-7%$/-$C,/! %0! 3/0-,%8/3! (0! (! 0/OC/*-/! )1! .)?H./:/.!

3%,/-$%:/0!$7($!(,/!%*$/,#,/$/3!(*3!/&C.($/3!8>!$7/!<PN6!0%&C.($%)*!/*4%*/A!

!

<PN6! ./$0! C0! OC%-@.>! (00/&8./! (! #,)$)$>#/! 7(,3?(,/! (,-7%$/-$C,/!?%$7! -C0$)&! $%&%*40! 1),! /(-7! #,)-/00%*4!

3%,/-$%:/D!3($(H(--/00!3%,/-$%:/D!(*3!-)&&C*%-($%)*!3%,/-$%:/A!Q$!-(*!/&C.($/!0/:/,(.!SQP2!#,)-/00),!*)3/0!%*!(!

3%0$,%8C$/3!&/&),>!(,-7%$/-$C,/A!N(-7!#,)-/00),!7(0!(!4/*/,%-D!:/-$),%'/3!SQP2!(00/&8.>!%*0$,C-$%)*!0/$D!(*3!

C*3/,0$(*30!-(-7/!7%/,(,-7%/0D!S<M0D!0$(-@0D!(*3!,/4%0$/,0A!

!

67/!<PN6!#,)$)$>#/!(,-7%$/-$C,/!3%,/-$%:/0!(,/!0%&%.(,!$)!-)*:/*$%)*(.!(00/&8.>!%*0$,C-$%)*0D!(*3!(,/!0C%$(8./!

1),!8/%*4!$(,4/$/3!8>!(!0#/-%(.%'/3!;;jM!8(-@H/*3A! !<PN6!-(*!/&C.($/!(!*/$?),@/3!$)#).)4>D!?%$7!&/00(4/H

#(00%*4!-)&&C*%-($%)*!(&)*4!#,)-/00),!*)3/0A!
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