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.&-*&!0&1&-*&*:

;-& 83))& "11&! >&-*!F0& (&! &-#=&1#&# HI!'&!7 3#( J3%*$/+"11G3&11&# &!0-6* $/+1-&Z1-/+ ("$

[&$")*$/+"11&!&-0#-$ "# (&! K&%&!&#=',$-*-,#: ;-& \6&!*!"03#0$'%"(& .&!(&# -# U,!) 5,# \6&!7

*!"03#0$%3#2*-,#&# ("!0&$*&11*:

;-&  SB 6&+"#(&1* "1$, (-& 4#*&!$3/+3#0 5,#  &-1$/+"11G3&11&# 3#( -+!& \6&!*!"03#0$'%"(&

=3 &-#&! ,(&! )&+!&!&# K&%&!&#=',$-*-,#&#: V) %,10&#(&# $-#( (-& -# (-&$&! B!6&-* 5&!.&#(&*&#

@&!%"+!&# 6&$/+!-&6&#:
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 !"#$%&'()$ %)" *+,

 !" #$%&'%()*+,,-./'%0%+1231(42350673'3

 ! "#$$ %&' ()*+,*-./#$$ -./0$1,*2 10,  !"#$%# %03*&#45-20-./, 6*#'-7,*75'420&' 1,' 85-#!!,'9

/#': ;<0-./,' ,0',* #'*,:,'1,' (*#72 F #' ,0',! =0'$,025':-+5'42 i 5'1 1,! ,'2-2,/,'1,'

>./#$$1*5.4 p #' 1,* ?,7,*,';+&-020&'@

HSB,i(f) =
pref (f)

Fi(f)
ABCDE

F,*  '1,G SB -2,/2 1#3,0 7H* -2*5.25*,93&*',C F0, #'*,:,'1, (*#72 <0*1 ;5! I,0-+0,$ !02 ,0',!

 !+5$-/#!!,* #57:,3*#./2C

F,* -J'2/,20-0,*2, K,-#!2-./#$$1*5.4 pSB #' 1,* ?,7,*,';+&-020&'L ;5-#!!,':,-,2;2 #5- 1,'

,0';,$',' 6,0$-./#$$3,02*M:,' pSB,iL $M--2 -0./ $#52 NDO 15*./ P,--5': 1,* I,2*0,3-4*M72, FBetrieb

5'1 =0'-,2;,' 0' 7&$:,'1, "&*!,$ 3,*,./','@

pSB(f) =
∑

i

pSB,i(f) =
∑

i

FBetrieb,i(f) ·HSB,i(f) ABCBE

 ' 1,* Q*#G0- $#--,' -0./ 10, I,2*0,3-4*M72, #' 1,' (&++,$+5'42,' R,1&./ '5* -./<,* 10*,42

!,--,'L 1# (*#72!,--1&-,' ;<0-./,' 1,* #420%,' >,02, A#'*,:,'1,- I#52,0$E 5'1 1,* +#--0%,'

>,02, A>2*5425*E &72 4,0',' Q$#2; S'1,'C T5- 10,-,! K*5'1 <0*1 0' (#+02,$ BCB 1#- %,*<,'1,2,

U,*7#/*,' ;5* I,-20!!5': 1,* I,2*0,3-4*M72, #' 10,-,' (&++,$+5'42,' 3,-./*0,3,'C

I,0 1,' 10*,42 ,*!022,$2,' V3,*2*#:5':-75'420&',' ;<0-./,'  !+5$-/#!!,*-./$#: 5'1 *,9

-5$20,*,'1,! >./#$$1*5.4 !5-- #' R,1,! (&++,$+5'42 0' R,1, ?0./25': ,0';,$' #':,-./$#:,'

<,*1,'L <,-/#$3 10, Q/#-,'0'7&*!#20&' '0./2 3,*H.4-0./20:2 <0*1C F0, %03*&#45-20-./,' 6*#'-7,*9

75'420&',' 4)'',' #3,* #5./ #57 "#&!'"($#)W,:, ,*!022,$2 <,*1,'C T57:*5'1 1,* ?,;0+*&;02M2

<0, 0' NXO 5'1 NYO 3,-./*0,3,'L 4#'' 7&$:,'1, I,;0,/5': #':,-./*0,3,' <,*1,'@

HSB,i(f) =
pref (f)

Fi(f)
=

νi(f)

Qref (f)
ABCXE

[ p
F

]
=

N
m2

N
=

1

m2
=

m
s

m3

s

=

[
ν

Q

]
ABCYE

T'-2#22 1,- >./#$$1*5.4- #' 1,* ?,7,*,';+&-020&' #$- ?,-5$2#2 1,* #'*,:,'1,' (*#72 #! 092,'

=0'$,025':-+5'42L 4#'' 10, 15*./ 10, T'*,:5': ,0',* U&$5!,'Z5--[5,$$, A?,7,*,';+&-020&'E /,*9

%&*:,*57,', >2*5425*-./',$$, #' 10,-,' =0'$,025':-+5'42,' 3,2*#./2,2 <,*1,'C F#;5 <0*1 ,0',

Q5'42-./#$$[5,$$, #' 1,* ?,7,*,';+&-020&' 5'1 I,-./$,5'0:5':--,'-&*,' #' 1,' (*#72,0'$,025':-9

+5'42,' #++$0;0,*2C F0, 3,01,' V3,*2*#:5':-75'420&',' 4)'',' -&!02 #$- !#2/,!#20-./ 01,'20-./

#':,-,/,' <,*1,'C  ! K,:,'-#2; ;5* 10*,42,' P,2/&1, 0-2 '5* '&./ ,0', P,--5': '&2<,'10:L

<&15*./ #5./ 10, Q/#-,'$#:, !02,0'3,;&:,' <0*1C
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 !"#$%&'()$ %)" *+,

 ! "#$%&#'()%*+$#

 !"# $%& '()* +, -+.,"#(+/+0+ 10,2*3+ 45 /(+ 6(07+(*40',8.29*+ (5 :+*.(+) 34 )+,*(55+0; <!,

(0 /(+,+. 1.)+(* -+.=+0/+*+ >+.9!#.+0 =(./ !7,  !"#$%!&'"$()*" )+3+("#0+*? =@)+( +, ,("#

#(+.)+( 45 +(0+ (0/(.+8*+ A.!9*)+,*(5540' #!0/+7*; B(+ (0 $C& )+,"#.(+)+0? =+./+0 /!34 :+D

,"#7+40('40',,+0,@.+0 /(.+8* 0+)+0 /+0 A@EE+7E408*+0 !49 /+. E!,,(-+0 F+(*+ !EE7(3(+.* 40/ (5

G!)@.-+.,4"# /(+ A@EE+7E408*+ 5(* +(0+5 H5E47,#!55+. !0'+.+'*; <(+ 10.+'40' +.9@7'* 0!"#D

+(0!0/+. (0 !77+ /+I0(+.*+0 A@@./(0!*+0.("#*40'+0; J(* /+0 /!)+( !49'+3+("#0+*+0 A.!9*D 40/

:+,"#7+40('40',,('0!7+0 =+./+0 040 /(+ H0+.*!03+0 Im,n 3=(,"#+0 !77+0 10,"#7!'E408*+0 n 40/
F+0,@.E408*+0 m )+,*(55* 40/ +(0+ J!*.(K !77+. H0+.*!03+0 !4, N A.29*+0 40/ M :+,"#7+40(D

'40'+0 +.,*+77*L

Im,n(f) =
am(f)

Fn(f)
M%;CN

I(f) =




I1,1(f) I1,2(f) · · · I1,N (f)

I2,1(f) I2,2(f)
;

;

;

;

;

;

;

;

;

IM,1(f) IM,2(f) IM,N (f)


 M%;ON

 !"# /+. J!*.(K+.,*+7740' =+./+0 /(+ :+*.(+),)+,"#7+40('40'+0 !0 /+0 A@EE+7E408*+0 '+5+,D

,+0 40/ /(+ :+*.(+),8.29*+ 5(**+7, J!*.(K(0-+.,(@0 )+.+"#0+*; <(+, =(./ /4."# P7+("#40' %;Q (0

J!*.(K,"#.+()=+(,+ )+,"#.(+)+0L

FBetrieb(f) = I
−1(f)aBetrieb(f) M%;QN

RS. +(0+ +.#T#*+ F*!)(7(*2* /+. 6.'+)0(,,+ 8!00 7!4* $U& +(0+ V)+./+*+.5(0(+.40' /+, FW,*+5,

+.9@7'+0? =@)+( !0 34,2*37("#+0 X@,(*(@0+0 +)+09!77, 0!#+ /+. A@EE+7E408*+ M(0 /+. G(*+.!*4. =(./

+(0 1),*!0/ -@0 5!K; UY"5 )+,"#.(+)+0N /(+ :+,"#7+40('40' =2#.+0/ /+, 10,"#7!'-+.,4"#+,

40/ /+. :+*.(+),5+,,40' !49'+0@55+0 =(./; <!)+( (,* /!.!49 34 !"#*+0? /!,, 5(* M > N /(+

X,+4/@(0-+.,+ -+.=+0/+* =(./? =+7"#+ 5(**+7, F(0'472.=+.*3+.7+'40' +.,*+77* =(./L

I(f) = U · S ·V∗
M%;ZN

I
−1(f) = V · S−1 ·U∗

M%;[N

\5 34 -+.#(0/+.0? /!,, ,+#. 87+(0+ F(0'472.=+.*+ )+( /+. H0-+.,(@0 '.@]+ R+#7+. -+.4.,!"#+0? (,*

+(0+ ^+'47!.(,(+.40' /+. J!*.(K 0@*=+0/('L

Ĩ
−1(f) = Ṽ · S̃−1 · Ũ∗

M%;UYN

10,@0,*+0 =S./+0 87+(0+ J+,,9+#7+. /+. :+,"#7+40('40' 34 '.@]+0 R+#7+.0 /+. A.29*+ .+,47*(+.+0;

6(0 '.@]+. >@.*+(7 /+. H0+.*!035+*#@/+ (,* /(+ :+.S"8,("#*('40' /+, V)+.,E.+"#+0, 3=(,"#+0

/+0 A@EE+7E408*+0; <+. #@#+ 149=!0/ /+. H0+.*!03)+,*(5540' +.=+(,* ,("# -@. !77+5 )+( +(0+.

'.@]+0 103!#7 -@0 F+0,@.E@,(*(@0+0 !7,  !"#*+(7;
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 !"#$%&'()$ %)" *+,

 !" #$%&'()*++,-./0&0*1$21'%$23&452/2

 !" #$"%&'()&*+),!-, .$" /!0+(&*122301.$ 4)". 5$) .$"  !"#$%#& '#%() # .)$ 65$"+"1,!-,(7

0!-'+)8- 94)(&*$- ,$:$(($-$: ;&*122."!&' .$" )7+$- <!$2238()+)8- (84)$ .$" =$0$"$-938()+)8->

4)$ )- ?@A 5$(&*")$5$-> 5$(+)::+B C19! 4)". .)$ +1+(D&*2)&*$ <!$22$ .!"&* $)-$- '2$)-$- E$((7

21!+(3"$&*$" $"($+9+ !-. .)$ ;&*122."%&'$ ): /158"F$"(!&* 1!0,$-8::$-B

HAB,i(f) =
pref (f)

pi(f)
GHB@@I

C15$) 5$.$!+$+ .$" J-.$K AB G1)"58"-$I> .1(( $( ()&* !: /!0+(&*12215(+"1*2!-, *1-.$2+B C$"

L$(1:+(&*122."!&' 1- .$" =$0$"$-938()+)8- 5$"$&*-$+ ()&* 1!( .$" ;!::$ .$" M$)2(&*1225$)+"D,$

N$.$" /!0+(&*122O!$22$ iP

pAB(f) =
∑

i

pAB,i(f) =
∑

i

pBetrieb,i(f) ·HAB,i(f) GHB@HI

C1( E$(($- .$" /!0+(&*1227M"1-(0$"0!-'+)8- '1-- 1!&* :)++$2( "#*!+")$#" '#%() # -1&*

?QA D*-2)&* 4)$ )- R13)+$2 HB@ $"082,$-B C15$) 4)". 4)$.$" :)+ $)-$" S!-'+(&*122O!$22$ 1- .$"

=$0$"$-938()+)8- 1-,$"$,+ G9B#B 4$)T$( =1!(&*$-I !-. ,2$)&*9$)+), .)$ ;&*122."%&'$ 1- .$- !"7

(3"%-,2)&*$- S8()+)8-$- pi G($'!-.D"($)+),I !-. 1- .$" S!-'+(&*122O!$22$ pref 1!0,$-8::$-B

C1.!"&* $",)5+ ()&* .)$ 65$"+"1,!-,(0!-'+)8- 9!P

HAB,i(f) =
pi(f)

pref (f)
GHB@QI

C!"&* U)-($+9$- )- L2$)&*!-, HB@H '1-- (&*2!(($-.2)&* .$" /!0+(&*1225$)+"1, 5$"$&*-$+ 4$".$-B

V: (&*2)$T2)&* .)$ M*$8")$ ,!+ )- .)$ S"1K)( !:($+9$- 9! 'W--$- !-. X-4$-.!-,(0$*2$" 9!

F$":$).$-> 4)". )- .$- -D&*(+$- ;&*")++$- F8"$"(+ $)-$ :$&*1-)(&*$ !-. 1!.)+)F$ V-+$"(!&*!-,

.$( 5$+"1&*+$+$- ;Y(+$:( .!"&*,$0%*"+B
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 !"#$%&'(#$" )&%*+(" ,"( -'(#$(+(."/(

3
 !"#$%&'"#! (%$)*'! +!' ,&'"#'*'-!.'

 !" #$%# &#' (#)!#'*+#!!#% &#' ,- .$'& $//#' .$#&#' &0" 12#'"#)#% 34% ,'0%"5#'650&#% 0%7#8

7#2#%9 :/ "4!;)# (#)!#' <+ 3#'/#$&#%= .+'&# &0" ,$";)">"?#/ $% "#$%# @$%<#!?#$!# <#'!#7? +%&

0+5 AB'6#'";)0!!C466#!"?#!!#%= "4.$# ?0?"D;)!$;)# E+5?";)0!!*+#!!#% +%?#'"+;)?9

F0" <+ +%?#'"+;)#%&# ,$";)">"?#/ 2#"?#)? 7'+%&"D?<!$;) 0+" 3$#' 3#'";)$#&#%#% G0+7'+66#%H

#$%#'  !"#$%&'(()= <.#$  !"#$"*+&), /$? &#% 2#$&#% -,(.!)/), +%& <.#$  !"#$012),9 F$# .$;)?$7"8

?#% G0+7'+66#% 2#"?#)#% &02#$ 0+" &#' <.#$"?+I7#%  !"#$"*+&) /$?  +5%0)/# &#" -,(.!)/" +%&

 %2$%&+%7 0% &$# '#"?!$;)#% @!#/#%?#= .$# $%  22$!&+%7 J9K +%& J9L #'"$;)?!$;)9  22$!&+%7 J9KM2N

<#$7? &#%  %?'$#2= 2#?'0;)?#? 0!" 0C?$3# O#$?# /$? P4?4'= Q#?'$#2#=  !+'4)' +%& O6$%&#! 0!" "#$%#

@$%<#!?#$!#9

F#'  %?'$#2 $"? 42#% R2#' <.#$ ";).0'<# O;)'0+2#% /$? &#'  +5%#)/#'6!0??# 3#'2+%&#%=

.D)'#%& &$# S#'2$%&+%7 <.$";)#% -!0??# +%& 42#'#/ OD+!#%#!#/#%? R2#' 3$#' O;)'0+2#% 2#8

.#'C"?#!!$7? .$'& M"$#)#  22$!&+%7 J9LM0NN9

T% &#' P$??# .$'& &#'  %?'$#2 R2#' #$%#% P$??#%0&06?#' "?02$!$"$#'? +%& $"? R2#' &$#"#%  &06?#'

/$? &#/ /$??!#'#% OD+!#%#!#/#%? &+';) 3$#' A+%"?"?4U"?$5?# 3#'2+%&#%= .0" $%  22$!&+%7 J9LM&N

#'"$;)?!$;) $"?9 F$# 3$#' O?$5?# M#$%#' 6'4 O#$?#N "$%& 0">//#?'$";) 0%7#4'&%#? +%& "?'#%7 $% &#%

P$??#%0&06?#' #$%7#60""?9

T% &#' VD)# &#" ,$";)5+W#" 2#"?#)? #$%# &$'#C?# S#'2$%&+%7 /$? &#/ +%?#'#% OD+!#%#!#/#%?

&+';) #$%# O;)'0+2# M"$#)#  22$!&+%7 J9LM#NN9 F$# &'#$ #$%<#!%#% OD+!#%#!#/#%?# "$%& %+' &+';)

Q!#$?#' 0+" A+%"?"?4U /$?#$%0%&#' 3#'2+%&#% M"$#)#  22$!&+%7 J9LM&NN9 X# O#$?#%YD;)# "$%& 3$#'

Q!#$?#' 0/ 42#'#% +%& /$??!#'#% OD+!#%#!#/#%? 0%7#2'0;)?9

,$";)6!0??# +%& ,$";)5+W "$%& %$;)? &$'#C? /$? &#/  %?'$#2 3#'2+%&#%9 F$# -!0??# $"? R2#'

Z$%C#! /$? &#/ 42#'#% OD+!#%#!#/#%? M"$#)#  22$!&+%7 J9LM;NN +%& &#' (+W /$? &#/ +%?#'#%

OD+!#%#!#/#%? 3#'";)'0+2? M"$#)#  22$!&+%7 J9LM5NN9 F$# [U%+%7 $/ (+W &$#%? %+' <+' G#5#"?$8

7+%7 #$%#" O#%"4'" 2#$ &#' F+';)5R)'+%7 &#' ,- 9

 22$!&+%7 J9KM2N <#$7? &0" (+%C?$4%"6'$%<$6 &#"  %?'$#2"9 ZD)'#%& &#'  +5.D'?"2#.#7+%7

?'#$2? &#' P4?4' &$#  %?'$#2".#!!# R2#' &0" Q#?'$#2# 0%9 F$#  %?'$#2".#!!# $"? /$? &#/  !+'4)'

R2#' #$%# (R)'+%7 3#'2+%&#%9 F0&+';) &'#)? "$;) &0"  !+'4)' R2#' &$# O6$%&#!/+??#' +/ &$#

O6$%&#! +%& 7!#$;)<#$?$7 R2#' &$# Q#.$%&#2+;)"# +/ &$# \4)!"6$%&#!9 F$# O6$%&#! 2#.#7? "$;)

.#&#' ?'0%"!0?4'$";) %4;) '4?0?4'$";)9 F$# \4)!"6$%&#! $"? "?0'' /$? &#/ P4?4' +%& &#/ Q#?'$#2#

3#'2+%&#% +%& 2#.#7? "$;) %+' ?'0%"!0?4'$";)9

F+';) &$# +%?#'";)$#&!$;)#% Q#.$%&#"?#$7+%7#% &#' O6$%&#! +%& &#' \4)!"6$%&#!= 2#"$?<? &#'

P4?4'8Q#?'$#2#8G!4;C M/$? \4)!"6$%&#!N &#% &466#!?#% S4'";)+2 v2 $/ S#'7!#$;) <+/  !+'4)'8

G!4;C v1 M/$? O6$%&#!/+??#' +%& Q#.$%&#2+;)"#N9 F$#" .$'& 0+;) &+';) &$# 2#'#$?" #'.D)%8
?# (R)'+%7 $/  !+'4)' 2#.#'C"?#!!$7?= .4&+';) &$#  %?'$#2".#!!# &0"  !+'4)' <.0' /$?&'#)?=

?'0%"!0?4'$";) 2#.#7#% "$;) &$# 2#$&#% ,#$!# ]#&4;) /$? +%?#'";)$#&!$;)#% Q#";).$%&$7C#$?#%9  +"

&$#"#/ Q'+%& .$'& &#'  %?'$#2 0!" <.#$"?+I7 2#?'0;)?#?9

F$#"#" O>"?#/ 7$!? #" 2#<R7!$;) &#' 3#'";)$#&#%#% ,'0%"5#'650&# <+ +%?#'"+;)#%9

0$1'(.23$ 4%5/6%1.&"1  K^  
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 !"#$#%& '()!*$&)+!,-!*.

 !" #$!%$&$& #!'(%!)$& *$!+ "$,$" -$& .$'(/"!0'($" 1"/+20$ !0% /3'( -!$ /3-!%!4$ 5"%$&03'(3")

-$0 *!0'(020%$.06 3. $!"$" $&0%$"  !"-&3'7 -$& 8$%&!$,0)$&930'($ :3 ,$7;..$"<

=$& >;%;& 3"- -/0 ?$%&!$,$ -$0 1"%&!$,0 7@""$" :30/..$" /+0 A/3B%0'(/++C3$++$ !-$"%!DE

:!$&% #$&-$"< =/ -!$0$ ,$!-$" 8/3%$!+$ 0$(& "/($ ,$!$!"/"-$& +!$)$"6 $&F;+)% 7$!"$ *&$""3") -!$E

0$& ,$!-$" G3$++$"< 13'( -/0 1+3&;(& $&:$3)% -3&'( -!$ -&$($"-$ 8$#$)3") $!" H$!,)$&930'(6

-/00 I$-;'( FJ& )$&!")$& /+0 -/0 >;%;&E 3"- ?$%&!$,$)$&930'( ,$#$&%$% #!&-< =$& -3&'( -$" 1"E

%&!$, ($&4;&)$&3F$"$ K3F%0'(/++ %&!%% -3&'( L/,$+@M"3")$" /. ;,$&$" L;BB$+B3"7% -$0 1"%&!$,06

-3&'( -!$ N&$!&93.$ :#!0'($" -$" O93+$"$+$.$"%$"6 0;#!$ -3&'( PM"3")$" /. L;BB$+B3"7% -$0

*!0'(F3Q$0 R0!$($ 1,,!+-3") S<TU< =!$ L@&B$&0'(/++/,0%&/(+3") -3&'( *!0'(B+/%%$6 O93+$"$+$.$"E

%$ 3"- *!0'(FJQ$ #!&- 03,I$7%!4 /+0 )$&!")$& $!")$0'(9%:%< 1+0 ./&7/"%$0 %$.B;&9&$0 ?$&930'( !0%

$!" L+!'7$" -$0 O'(/+%&$+/!0 -$& L;"%&;++,;V ,$!. 1"F/(&$" :3 ,$.$&7$"< 13F)$F/++$" !0% /3'(6

-/00 ,$! ./"'($" L;"%&;++,;V$" $!" +$!0$0 (;'(F&$C3$"%$0 ?$&930'( #9(&$"- -$. 8$%&!$, :3

(@&$" !0%< W. X$&)+$!'( :3. A!"3"%$&F/(&$" ,$0!%:% -/0 A;'(F/(&$" -$0 *!0'($0 $!"$" 0%9&7$&$"

(;'(F&$C3$"%$" 1"%$!+<

5. -!$0$  !"-&J'7$ 4$&!D:!$&$" :3 7@""$"6 #3&-$" O'(/++-&3'7B$)$+ !. Y/(F$+- 3"- 8$0'(+$3E

"!)3")$" )$.$00$"< =!$ >$003")$" #3&-$" !. 8$%&!$, #9(&$"- $!"$& A;'(F/(&% .!% -$& =/3$&

4;" TZ O$73"-$" 3"- $!"$. X;&0'(3, 4;" 38mm
s
=̂5700 U

min
-3&'()$FJ(&%< =!$ O'(/++-&3'7B$)$+

#$&-$" 1E,$#$&%$% !. #!'(%!)$" N&$C3$":,$&$!'( 4;" T[[A: ,!0 \[[[A: -/&)$0%$++%< =!$ =N*E
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 !" #$! %&#'(( )&((!"*+#,- #'.+,'/" 0+# $((' 1'+!&/'+ $+-'!23(&!!'+4 56++'+ #,' 7+!23($-8

)'/!023' 90/ :/$;"<'!",==0+- #0/23-';>3/" ?'/#'+@ A,' 1&;"?$/' ;>3/" !'3/ -'+$0 #0/23 #'+

7<($0; #'/ %'!!0+-'+@ A,' 5&//'5"' B$='+!-'<0+- 90/ ;'3('/;/','+ C'/'23+0+- #'/ :/*;"' ,!"

$0!!23($--'<'+#@ D$((! #&23 ',+ B$=' ;$(!23 $+-'-'<'+ ?,/# &#'/ #'/ #$90-'36/,-' 1'+!&/ ;'3("4

=$23" #,' 1&;"?$/' #$/$0; $0;='/5!$=@

B$23 A0/23;>3/0+- E'#'! 7+!23($-)'/!023'! F!,'3' 7<<,(#0+- G@HI4 5$++ #,'!'/ #0/23 :(,25'+

$0; #'+ C0""&+ Analysieren 5&+"/&((,'/" ?'/#'+F!,'3' 7<<,(#0+- G@JI@ K/& :/$;"',+(',"0+-!L0+5"

0+# M,23"0+- ?0/#'+ ;>+; 7+!23(*-' #0/23-';>3/"@ B'<'+ #'= %$N,=$(L'-'( 90/ O)$(0,'/0+-

#'/ :$+$(><'/!"'0'/0+- 5$++ '"?$ #,' :&3*/'+9 $+$(P!,'/" ?'/#'+@ A,' :&3*/'+9 (*!!" !,23 #$<',

($0" #'/ 1&;"?$/'<'!23/',<0+- $0! #'+ 70"&8 0+# :/'09!L'5"/'+ 9?','/ 1,-+$(' <'/'23+'+Q

γ2(f) =
|Sab(f)|
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Saa(f) · Sbb(f)
FG@RI

1,' ,!" $(!& ',+ %$S ;>/ #,' (,+'$/' 7<3*+-,-5'," )&+ 9?', 1,-+$('+ ,= D/'T0'+9<'/',23@ A'/

U'/"'<'/',23 <'.+#'" !,23 9?,!23'+ V 0+# R F<9?@ V 0+# RVV%I@ O,+ 3&3'/ U'/" <'#'0"'" ',+'

3&3' 7<3*+-,-5'," 9?,!23'+ #'= O,+8 0+# 70!-$+-!!,-+$( 0+# !"'3" ;>/ ',+' W-0"'W %'!!0+-@

1"6/0+-'+ ?,' '"?$ B,23"(,+'$/,"*"'+ #'! X<'/"/$-0+-!L;$#'! &#'/ M$0!23'+ )'//,+-'/+ #,' :&8
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 !!"#$%&' ()*+ ,-./01##%&' $1/ 21.31&$101& 41///5/016/)

 !"#$%&'$(#$)*'$

+!$!,-./ +!$!,$!"# 012%3 4*$1#*) ,!5) 6'7)8!9#

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

1 2303*45)0*6)7) %689& :( 26/ 2303* %689&

; 2303*45)0*6)7) *)/'0& :( 26/ 2303* *)/'0&

< =)>)*)8? 26/ :(  ---.=)/)6@)*

A =)>)*)8? ν B C38D) "4& EBC38D)

F G80*6)7 37)8 %689& HI "4&

 

<-->-HI

J G80*6)7 37)8 %689& KI "4&

 

<-->-KI

L G80*6)7 37)8 %689& ?I "4&

 

<-->-?I

 - 2600)8(D(#0)* %689& HI "4&

 

<- >-HI

  2600)8(D(#0)* %689& KI "4&

 

<- >-KI

 1 G80*6)7 $80)8 %689& HI "4&

 

<-1>-HI

 ; G80*6)7 $80)8 %689& KI "4&

 

<-1>-KI

 < G80*6)7 $80)8 %689& ?I "4&

 

<-1>-?I

 , G80*6)7 37)8 *)/'0& HI "4&

 

<-;>-HI

 A G80*6)7 37)8 *)/'0& KI "4&

 

<-;>-KI

 F G80*6)7 37)8 *)/'0& ?I "4&

 

<-;>-?I

 J 2600)8(D(#0)* *)/'0& HI "4&

 

<-<>-HI

 L 2600)8(D(#0)* *)/'0& KI "4&

 

<-<>-KI

1- G80*6)7 $80)8 *)/'0& HI "4&

 

<-,>-HI

1 G80*6)7 $80)8 *)/'0& KI "4&

 

<-,>-KI

11 G80*6)7 $80)8 *)/'0& ?I "4&

 

<-,>-?I

7-!1##1 ()8+ 9!1.!#":; $1. <-&-#!1#1'%&' "&;#) =-61&/;>&21&0">& #-%0 ?>@03-.1)
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 !" #$%&'(()*+ ,$- ./'0-12345)%&'%67$* 80$-&-4+)*+%9)*5&'1*$*

 !" !# $%&!'"( )*+ ,#- )*. /"0123!"/"#4 5!3- 6!' 7!(8" -"3 9/"3'3%:,#:08,#;'!<# =5!012"# >,"(("

,#- ?"8"3"#=&<0!'!<# -"3 @"!(012%((/"!'3%: /"0'!66'*

AB3 -"#  !"#$%&'((')#*+( 5,3-" 5!" !# $%&!'"( )*. /"0123!"/"#4 "!#" 3"=!&3<;" C"'2<-" %#D

:"5"#-"'* E%/"! 5!3- 6!' 7!(8" "!#"3 F,#;'012%((G,"((" %# -"3 ?"8"3"#=&<0!'!<# %#:"3":' H5"!I"0

?%,012"#J ,#- -!" K12%((-3B1;" %# -"3 >,"((&<0!'!<# i ,#- -"3 ?"8"3"#=&<0!'!<# :"6"00"#4 5<D
3%,0 -!" 9/"3'3%:,#:08,#;'!<# /"3"12#"' 5"3-"# ;%##L

HAB,i(f) =
pi(f)

pref (f)
HM*)J

C!' -"3 K<8'5%3" HEAD ArtemiS SUITE ;%## -!"0" 9/"3'3%:,#:08,#;'!<# /"0'!66' 5"3D
-"#* E%8B3 5!3- -%0 N#%(O0""("6"#' Übertragungsfunktion P"35"#-"' H0!"2" N//!(-,#: M*QJ*
R6 -%0 :"5B#012'" S3:"/#!0 =, "32%('"#4 ;T##"# !6 S!:"#012%8'"#DA"#0'"3 P"3012!"-"#" S!#D

0'"((,#:"# P<3:"#<66"# 5"3-"#*

 !!"#$%&' ()*+ ,-&%./-01!-02345- %&$ 6"'-&74589.-&:;-&7.-0 /%< 607.-##-& =1& >!-0.08'%&'79%&?."1&-& "&

@6 A  0.-<"B BCDE6)

N(0 "30'"0 6,00 -"3 U"=,:0;%#%( 6!''"(0 $%#%(#,66"3 %,0:"5V2(' 5"3-"#4 /"P<3 -!" S!#0'"(D

(,#:"# 8B3 -!" A<,3!"3D@3%#08<36%'!<# %#:"&%00' 5"3-"#*

 !12'!: !0' %,12 -!"  %2( -"3 U"3"12#,#:0%3' -"3 9/"3'3%:,#:08,#;'!<#4 6!' -"# CT:(!12D

;"!'"# H1 ,#- H2* E!" 9/"3'3%:,#:08,#;'!<# /"0123"!/' -!" N/2V#:!:;"!' -"0 N,0:%#:00!:#%(0
"!#"0 (!#"%3"#4 ="!'!#P%3!%#'"# KO0'"60 P<6 S!#:%#:00!:#%(* S0 5!3- %(0< "!# W,0%66"#2%#:

=5!012"# =5"! $%#V("# "30'"(('4 5</"! "!# K!:#%( U %,0 "!#"6 K!:#%( N ,#'"3 S!#X,00 -"3 9/"3D

'3%:,#:00'3"1;" 2"3P<3:"2'* E!" /"!-"# A,#;'!<#"# 5"3-"# 5!" 8<(:' -"Y#!"3'L

H1(f) =
Sab(f)

Saa(f)
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H2(f) =
Sbb(f)

Sba(f)
 !"#$

%&' ()* +,'-./)0'1)* Saa(f) ,*( Sbb(f) ,*( ()* 21),3./)0'1)* Sab(f) ,*( Sba(f) ()1 24*56)

+  7)8)1)*304*46$ ,*( 9"

:* ()1 ;14<&. =5*>' (&) +,.?4=6 ()1 @)&()* A)'=-()* B-% %&'>)%)..)*)* 74,.C=)* 4@" D.

.-66') E)*) A)'=-() >)?5=6' ?)1()*F @)& ()1 (4. +,'-0-11)64'&-*../)0'1,% ?)*&>)1 B)114,.C='

&.'  3"9" H1(f) @)& 14,.C=51%)1)* D&*>4*>.04*46 +$" G&) '4'.5C=6&C=) H@)1'14>,*>.8,*0'&-*

6&)>' 3?&.C=)* ()* I,*0'&-*)* H1(f) ,*( H2(f)" +@@&6(,*> !"J 3)&>' ()* K)1>6)&C= ()1 @)&()*

I,*0'&-*)* 8L1 (&) H@)1'14>,*>..'1)C0) 3?&.C=)* 7)8)1)*3/-.&'&-* ,*( ()1 A&01-8-*/-.&'&-* &*

()1 M5=) (). A-'-1.NO)'1&)@). &**)1=46@ ()1 P&.C=.5,6)  A)..4,8@4, .&)=) +@@&6(,*> !"QR$"

A4* .&)='F (4.. (&) @)&()* I,*0'&-*)* 5=*6&C= .&*(" S)'3')*(6&C= T)6 (&) U4=6 3,1 9)1)C=*,*>

()1 H@)1'14>,*>..'1)C0)* 4,8 (&) I,*0'&-* H1(f)"

 !!"#$%&' ()*+ ,-.'#-"/0 $-. !-"$-& 1-203$-& 4%. 5-62"77%&' $-. 8!-.2.9'%&'6:%&;2"3&+H1(f) %&$ H2(f))
1-669%:!9% 6"-0-  !!"#$%&' ()<=)

V,.5'36&C= &.' &* +@@&6(,*> !"QQ ()1 K)1>6)&C= ()1 H@)1'14>,*>.8,*0'&-*)* 3,% A-'-1NO)W

'1&)@) ()1 6&*0)* ,*( 1)C=')* P&.C=.5,6) .&C='@41" G&) +@?)&C=,*>)* .&*( =&)1 46. >)1&*> 3,

@)'14C=')*"
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?"5 @%&:5/670##A%.##. %&$ -":3;1;&>;/"5";& 0& -;5;3BC.53".!. "&&.370#! $.3 DE%#.)

 !!"#$%&' ()**, F.3'#."67 $.3 9!.3530'%&'/1%&:5";&.& 2<"/67.& =.1.3.&2>;/"5";& %&$ -;5;3BC.53".!. $.3
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 !" #$% !"#$"%&'())(*+$,) $"&'()*$ +,-.*+(/01 +," #/"$2*$% 3$*1'#$ $/%$ "$+/4"'2$ 5%"$),%)

6/* 7$/8$6 9:,-01$%; <:- 9:,-01$% 7/"# 7/$#$" 6/* =/(&$ $/%$" >,%2*-01:((?,$(($ $"+$,)* ,%#

)($/01+$/*/) #$" @'(,6$%A,-- #/$-$" B,$(($ ,%# #/$ #:":,- "$-,(*/$"$%#$ C*",2*,"-01%$(($ :% #$%

D":&*$/%($/*,%)-4,%2*$% )$6$--$% E+7; E$"$01%$*; <$" 3'%'4'((:,*-4"$01$"F -'7/$ :,01 #/$ pνG
C'%#$ +," 3$--,%) #$" C01:((-01%$(($F -*:66$% H'% #$"  /"6: MicroflownI

 !!"#$%&' ()*+, -./0"11%&' $./ 23#%1.&4%//./ ."&.5 6%&70/89:##;%.##. $%589 <.//.& $.5 =89:##/89&.##.

1"0 !./0"110.&  !/0:&$ >%1 ?%.##1"00.#@%&70) A%/B0>#"89 "/0 $:/ C.D.5.&>1"753D3& E#"&7/F

>% .57.&&.&)

J/$ /% D:4/*$( K;L #$M%/$"*F 2:%% %,% #/$ NE$"*":),%)-&,%2*/'% E$"$01%$* 7$"#$%I

HSB,i(f) =
νi(f)

Qref (f)
OP;PQ

</$ R"6/**(,%) #$- @'(,6$%A,--$- $"&'()* #,"01 S%*$)":*/'% #$" C01:((-01%$(($ ν !E$" #/$

TE$"A.01$ SI

Q =

∫
ν · dS OP;UQ

 !" $/%$ 3'%'4'(?,$(($F :,01 D,)$(-*":1($" V; T"#%,%)F 2:%% #/$ W($/01,%) +,

Q0 = ν0 · 4πR
2

OP;XQ

6/* #$" ":#/:($% C01:((-01%$(($ ν0 :% #$" TE$"A.01$ #$" D,)$( 6/* #$6 9:#/,- R H$"$/%&:01*

7$"#$%; <$" 5E-*:%# #$" C'%#$ +,6 3/**$(4,%2* #$" D,)$( E$*",) #:E$/ 5, 5cmF 7:- $/%$"
TE$"A.01$ H'% 0, 038m2

$%*-4"/01*;
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 !" #"$%&'!"#"()" *+"#'#,-%(-$.%(/'!0( 12!$34"( )"# ,(#"-"()"( 5%"&&" ,6 7"."#"(18%(/'

%() )"6 9"$34&"%(!-%(-$$"($0# ,6 &!(/"( :!''"(,),8'"# !( ;<7!34'%(- !$' !( =++!&)%(- >?@A

1% $"4"(?  !" 1%-"4B#!-" C"($0#80$!'!0( /,(( !( =++!&)%(- >?DE3F +"'#,34'"' 2"#)"(? G"!'"#$

!$' )"# H"#-&"!34 12!$34"( )!#"/'"# %() #"1!8#0/"# :"'40)" ,(-".I4#'? J6 J)",&.,&& $0&&'"( )!"

*+"#'#,-%(-$.%(/'!0("( )"# +"!)"( :"'40)"( !)"('!$34 $"!(? K$ .L&&' M")034 $0.0#' )"# N"-"&%(<

'"#$34!") 12!$34"( )"( ,(-"2"()"'"( H"#.,4#"( ,%.? O%6 9"!$8!"& /B(('" +"! )"# 9"#"34(%(- )"$
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#"1!8#0/" *+"#'#,-%(-$.%(/'!0( !( )"( N"-"&+"#"!34 )"# )!#"/'"( /066'T 6I$$'" )!"$" "'2, 6!'

)"6 U,/'0# @VV EW XV)9F 6%&'!8&!1!"#' 2"#)"(T 2,$ "!("# H"#/&"!("#%(- )"# U&L34" +"! )"# C34,&&<

P%$$+"$'!66%(- %6 )"( $"&+"( U,/'0# +")"%'"( 2I#)"?  , $!34 )!" #"1!8#0/" *+"#'#,-%(-$.%(/<

'!0( $"&+$' +"! =(4"+%(- )"$ N"-"&$ $',#/ Q0( M"("# )"# )!#"/'"( :"'40)" %('"#$34"!)"'T !$' )"#

U"4&"# Q"#6%'&!34 "!("6 =(2"()%(-$."4&"# +"! )"# N0$!'!0(!"#%(- )"# 9"$34&"%(!-%(-$$"($0#"(

1%1%$34#"!+"(?  !"$ 2!#) !6 (L34$'"( S,8!'"& EC;('4"$"F -"(,%"# %('"#$%34'?
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E.@./.&785;"3"5&)

9"! )"# 9"'#,34'%(- )"# #"1!8#0/"( *+"#'#,-%(-$.%(/'!0( /B(("( "+"(.,&&$ )!" +"!)"( U%(/<

'!0("( H1(f) %() H2(f) 6!'"!(,()"# Q"#-&!34"( 2"#)"(? 9"! H1(f) 2!#) )!" =%'0/0##"&,'!0(
)"$ 7"."#"(1/,(,&$T !( )!"$"6 U,&& )"# H0&%6"(P%$$ )"# 5%"&&"T Q"#2"()"'T 2L4#"() +"! H2(f)
)!" =%'0/0##"&,'!0( )"# C'#%/'%#$34("&&" ,6 S#,.'"!(&"!'%(-$8%(/' +"#"34("' 2!#)? J( =++!&<

)%(- >?@X $!"4' 6,( )"( H"#-&"!34 )"# +"!)"( U%(/'!0("( %() )!" 1%-"4B#!-"( =%'0/0##"&,'!<
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)/"E+*%34 '/2 )/%'/& G%$34$8#*/& #&' G%$349EC/ &%341 !*$ /H!71 $=>>/12%$34 )/12!341/1 D/2'/&6

D;'#234 $%34 '%/ 0&1/2$34%/'/ %& '/& 5/12%/)$)/$34*/#&%+#&+/& /27*82/& *!$$/&-  %/ F/%)#&+
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hLuft,2 = 21cm − 30cm
f1 = 816Hz − 572Hz
f2 = 1634Hz − 1144Hz

◦ 13cm
f1 = 1319Hz
f2 = 2638Hz

◦ 37cm
f1 = 463Hz
f2 = 927Hz
f3 = 1390Hz
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