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� ����������

'B *�+B,+*(, *+.* �+*EN<FE ;:. 9:=*EE*.� =+* B+KF G+, =*G c<KFB,-G ;:. �U<.N*. +G &EEe
/*G*+.*. ?N)! M<-G)<KFB,-G +G ZX*N+*EE*. ?*BKFV>,+/*.! [E<BB+BKF* >:(B,E+KF* &.BV,N*
��(:=<. �"WLJ	�[(<G*( �"WDH		 ?*N+*F*. B+KF <-> *+.N*E.* �<(+<?E*. ;:. b.=+;+=-*. ?N)!
M<-G?*B,V.=*. )+* =+* 
�F* :=*( =*. M
A ?N)! =*(*. �*(,*+E-./*. +. *+.*G M*B,<.=!
A+*B* &.BV,N* F<?*. .*?*. <.=*(*. =*. �<KF,*+E�[:.C-((*.N N)+BKF*. b.=+;+=-*. N- ;*(e
.<KFEVBB+/*. -.= >( G*F(BKF+KF,+/* M<-G?*B,V.=*� =+* N-BV,NE+KF ;*(V.=*(,*. TG)*E,e
?*=+./-./*. <-B/*B*,N, B+.=� C*+.* XE<-B+?E*. c*(,* G*F( N- E+*>*(.! c*+,*(*.,)+KC*E,*
9:=*EE* �ZE:?:=< -.= �>(*-.=, �"WDW	��>(*-.=, �"WDD	� �>(*-.=, -.= ZE:?:=< �"WWL	�
�(*,NBKF �"WW 	� �</*E *, <E! � YYY	� #-*(+KC* � YY"		 ;*(B-KF*. ?*( +.=+;+=-*.?<B+*(,*
&.BV,N* ?*BB*(* '(/*?.+BB* +. M*N-/ <-> [:.C-((*.N;*(F<E,*. -.= $*<C,+:. <-> TG)*E,e
;*(V.=*(-./*. N- *(N+*E*.! A<B b.=+;+=--G )+(= =<?*+ B*F( ;*(*+.><KF, <?/*?+E=*,� +.=*G
=+* [(:.* ?*( *+.><KF* /*:G*,(+BKF* [�(X*( )+* N!M! <KF,*KC+/* -.(*/*EGV�+/* �\(<e
G+=*. <?/*?+E=*, )+(=! A+*B* 9:=*EE* B+.= <EE* +. Z:>,)<(*ec*(CN*-/* -G/*B*,N,� =+* +.
X(:N*=-(<E*. :=*( :?�*C,:(+*.,+*(,*. �(:/(<GG+*(BX(<KF*. +GXE*G*.,+*(, B+.=! A+* 9:e
=*EEX<(<G*,*( B+.= =-(KF/*F*.= *GX+(+BKF *(G+,,*E,!

&.=*(*� =*,<+EE+*(,*(* 9:=*EE* �N!M! d+B, *, <E! �"WWH	� =* $*�\* *, <E! �"WW@	� �*(,,-.*.
*, <E! �"WWD	�'BKF*.?<KF � YYY		 ;*(B-KF*.� .VF*( <. [<-B<E+,V,*. F*(<.N-C:GG*.! A+*B*
9:=*EE* ?+E=*. =+* &(KF+,*C,-( =*,<+E/*.<- <? -.= ;*(B-KF*.� ?*( d+KF,e -.= �VF(B,:�e
<EE:C<,+:.BG:=*EE* =<B c<KFB,-G N- ?*BKF(*+?*.! A+*B* &.BV,N* B+.= +. =*( $*/*E B*F(
(*KF*.+.,*.B+;!

A+* <. >:(B,E+KF*. I(</*B,*EE-./*. :(+*.,+*(,*. 9:=*EE<.BV,N* ;:. �>(*-.=, -.= ZE:e
?:=< �"WWL	� �(*,NBKF �"WW 	� �</*E *, <E! � YYY	 -.= #-*(+KC* � YY"	 F<?*. <EE* =*.
�<KF,*+E� B*F( <->)V.=+/* &.>:(=*(-./*. <. =+* A<,*.<->.<FG* N- B,*EE*.! 'B B,*EE,* B+KF
=<F*( =+* I(</*� :? *B G�/E+KF +B,� =-(KF &//(*/<,+:. *+.*B =*( =*,<+EE+*(,*(*. '+.N*Ee
?<-GG:=*EE* <EB #(-.=E</* >( =+* M*B,<.=*BG:=*EE+*(-./ N- ?*.-,N*.! &-> #(-.= =*(
+.,*.B+;*. [::X*(<,+:. G+, =*( I+..+BKF*. I:(B,E+KF*. �*(B-KF<.B,<E, +. �<.,<< ?*+ 
*Ee
B+.C+ +B, =<B 9:=*EE db#�T9 ��*(,,-.*. *, <E!� "WWD	 ?*+ =*( TGB*,N-./ N-( &.)*.=-./
/*C:GG*.! A<?*+ )-(=* N-BV,NE+KF /*N*+/,� =<BB *B G�/E+KF +B,� =*(<(,+/* ;*(*+.><KF,*

"



M*B,<.=*BG:=*EE* G+, d+.=*.G<\*(B\B,*G*. ��(-B+.C+*)+KN -.= d+.=*.G<\*(� "WWY	 N-
+GXE*G*.,+*(*.! A+*B* F<?*. ;+*E*(E*+ �:(,*+E* F+.B+KF,+KF =*( �?*(B+KF,E+KFC*+, -.= �<KFe
;:EEN+*F?<(C*+, ;:. 9:=*EE*.!

A+* �:,)*.=+/C*+,�9:=*EE* N- ;*(+�N+*(*. ?N)! N- ><EB+�N+*(*.� *(��.*,* =+* I(</* .<KF
*+.*G c*(CN*-/ +. I:(G *+.*( Z:>,)<(*� =<B +. =*( d</* +B,� 9:=*EE*(/*?.+BB* N- ;*(<(e
?*+,*. -.= N- <.<E\B+*(*.! A+* -.,*(BKF+*=E+KF*. I:(G*. =*( '(/*?.+BB*� ?*B:.=*(B� )*..
=(*+=+G*.B+:.<E* &(KF+,*C,-(e -.= M*B,<.=*BB,(-C,-(eb.>:(G<,+:.*. +.;:E;+*(, B+.=� B,*Ee
E*. ?*B:.=*(* &.>:(=*(-./*. F+.B+KF,E+KF =*( $*X(VB*.,<,+:. -.= <=V�-<,*. &-B)*(,-./
=*( 9:=*EE*(/*?.+BB*! A+*B* &.>:(=*(-./*. >F(,*. +. -.B*(*G �(:�*C, N- *+.*( TGB*,e
N-./ +. *+. )+BB*.BKF<>,E+KF*B Z:>,)<(*ec*(CN*-/ �#$%AbZ�� #$%/(<e(*E<,*= AbZ�(*,+e
B<,+:. ,::E	 <-> =*( M<B+B =*B :?�*C,:(+*.,+*(,*. �(:/(<GG+*(X<(<=+/G<B!

� ��������	�	
�	�����

bG �(:�*C, B+.= N-( TGB*,N-./ ;:. 9:=*EE*. B:/*.<..,* d+.=*.G<\*(B\B,*G* �deZ\Be
,*G*	 ?*.-,N, ):(=*. �;/E! �(-B+.C+*)+KN -.= d+.=*.G<\*( �"WWY		! deZ\B,*G* B+.=
�Z,(+./e(*)(+,+./eZ\B,*G*! A<B F*+�,� =<BB <-> *+. Z,<(,):(, +,*(<,+; $*/*E. <./*)*.e
=*, )*(=*.� =+* =<B Z,<(,):(, ;*(V.=*(.! b. =*( $*/*E )+(= =<B Z,<(,):(, =<=-(KF X(:
b,*(<,+:.BBKF(+,, EV./*(! A*( =<(<-B (*B-E,+*(*.=* Z,(+./ )+(= =-(KF *+.* ;+(,-*EE* ��-(,e
E* +.,*(X(*,+*(,! A+* �-(,E* /*F, =*. Z,(+./ =-(KF -.= B-KF, .<KF [:GG<.=:B� =+* B+*
<-B>F(*. C<..� B: =*.. )*EKF* BX*N+�N+*(, B+.=! A<B '(/*?.+B =*( b.,*(X(*,<,+:. +B, *+.*
(V-GE+KF* Z,(-C,-(� =+* N!M! *+.*. M<-G <??+E=*. C<..!

A+*B* b.,*(X(*,<,+:. )+(= <-> =*G �:GX-,*( =-(KF *+.* Z:>,)<(* /*E*+B,*,! b. -.B*e
(*( &(?*+,B/(-XX* )+(= =<N- =+* Z:>,)<(* #$%#$& �[-(,F� "WWD	 ;*()*.=*,� =+* +G
I:E/*.=*. C-(N ?*BKF(+*?*. B*+!

��� ������
�-G ?*BB*(*. �*(B,V.=.+B B*+*. F+*( *+.+/* M*B:.=*(F*+,*. -.= =+* +.,*(.* A<,*.F<E,-./
?*BKF(+*?*.!

#$%#$& +B, *+. b.,*(X(*,*( >( *()*+,*(,* deZ\B,*G*! A+* b.,*(X(*,<,+:. *(>:E/, +.
 



N)*+ ZKF(+,,*.! &EB *(B,*B )*.=*, #$%#$& =+* BX*N+�N+*(,*. $*/*E. <-> *+. Z,<(,):(, <.
-.= )+*=*(F:E, =+* $*/*E. B: :>, )+* =*( Z:>,)<(* ?*>:FE*. +B,! A*( =<(<-B (*B-E,+*(*.=*
Z,(+./ )+(= +. *+.*( N)*+,*. Z,->* ;:. =*( �-(,E* +. *+.* /*:G*,(+BKF* Z,(-C,-( -G/*B*,N,!

A+* $*/*EBX*N+�C<,+:. )*+B, *+.+/* M*B:.=*(F*+,*. <->! Z: +B, *B G�/E+KF� +. =+* $*/*E.
�-><EEBC:GX:.*.,*. *+.N-?<-*.! Z: C<.. G<. *,)< =*G &-B,(*+?*. *+.*B &B,*B *+.* .:(e
G<E;*(,*+E,* &-B,(+*?B)<F(BKF*+.E+KFC*+, N-:(=.*.! &?*( <-KF <.=*(* �-><EEB;*(,*+E-./*.
B+.= G�/E+KF!

'+. <.=*(*B B*F( .,NE+KF*B 
+E>BG+,,*E +B, =+* Z*.B+,+;+,V,! A-(KF =+*B* )+(= *+.* N-e
BV,NE+KF* &?FV./+/C*+, +. =+* $*/*E<.)*.=-./ *+./*>/,! �<KF =*( '(N*-/-./ =*B Z,(+./B
)+(= ?*( *+.* N- BX*N+�N+*(*.=* I-.C,+:. =+* BKF:. ;:(F<.=*.* /*:G*,(+BKF* Z,(-C,-(
<-B =*G ;:(F*(+/*. ZKF(+,, <.<E\B+*(,! A<B *(G�/E+KF,� M*=+./-./*. <. =<B c<KFB,-G
*+.*( c<KFB,-GB*+.F*+, N- C.X>*.� =+* N!M! =*. &?B,<.= N- *+.*( �<KF?<(*+.F*+, ?*,(*>e
>*.!

A+* ?*( =+* �-(,E*+.,*(X(*,<,+:. *.,B,<.=*.* /*:G*,(+BKF* Z,(-C,-( )+(= +. *+.* ;*(e
C*,,*,* d+B,* ;:. B:/*.<..,*. ������������	�� /*BKF(+*?*.! 
*=* =+*B*( '+.F*+,*. ;*(C�(e
X*(, *+.*. ZKF(+,, =*( �-(,E*! A+* '+.F*+, B,*EE, /*:G*,(+BKF *+.* Z,(*KC* +G =(*+=+G*.e
B+:.<E*. $<-G =<(! Z+* ?*B+,N, *+.*. &.><./Be -.= *+.*. '.=X-.C,! �-BV,NE+KF )*(=*. +.
=+*B*( '+.F*+, &,,(+?-,* /*BX*+KF*(, � +G c*B*.,E+KF*. =+* dV./*� =*( A-(KFG*BB*( -.=
*+. ME<,,X<(<G*,*(! %?):FE ;:. #$%#$& +.,*(X(*,+*(,* deZ\B,*G* *+. B*F( <EE/*G*+.*B
c*(CN*-/ B+.=�)+(= F+*( =*-,E+KF� =<BB =+*B*B c*(CN*-/ ><B, <-BBKFE+*�E+KF +G M*(*+KF =*(
�U<.N*.G:=*EE+*(-./ *+./*B*,N, )+(=!

#$%#$& +B, +. =*( �(:/(<GG+*(BX(<KF* � -G/*B*,N,!
I( *+.* =*,<+EE+*(,* M*BKF(*+?-./ ;:. #$%#$& -.= deZ\B,*G*. +G &EE/*G*+.*. B*+

<-> [-(,F �"WWD	 -.= [-(,F �"WWH	 ;*()+*B*.! A<B E*,N,*(* +B, =<B $*>*(*.NF<.=?-KF N-
#$%#$& -.= +B, +G b.,*(.*, -.,*( =*( >:E/*.=*. &=(*BB* ;*(>/?<(� F,,X���)))!-.+e
>:(B,!/)=/!=*�∼)C-(,F�/(:/(<!F,GE!

��� ������������

�:(/*B*F*. )<( =+* Z+G-E<,+:. ;:. M<-G?*B,V.=*. -.,*( �-F+E>*.<FG* ;:. deZ\B,*G*.
+. =*( ZX(<KFBX*N+�C<,+:. =*B #$%#$&eb.,*(X(*,*(B �[-(,F� "WWD	! A+*B +B, ?*+BX+*EF<>,

0



<. *+.*G [+*>*(.?*B,<.= ;:EEN:/*.! A+* M<-G?*B,V.=* B:EE,*. <-B *+.*( 9*./* ;:. b.=+e
;+=-*. ?*B,*F*.! A+* '+.N*E?V-G* B:EE,*. +G &->?<- -.= +G [:.C-((*.N;*(F<E,*. ;*(e
*+.><KF, =<(/*B,*EE, B*+.! &EB #(-.=E</* =<>( =+*.,* =<B '+.N*E?<-GG:=*EE ;:. �(*,NBKF
�"WW 	!

A<B 9:=*EE B+*F, *+.*. ;*(*+.><KF,*. [(:.*.<->?<- +. I:(G *+.*( -.(*/*EGV�+/*.
<KF,*KC+/*. �\(<G+=* ;:(! A+* 
<-X,<KFB* +B, *+. �\E+.=*(! A<B [:.C-((*.N;*(F<E,*.
N)+BKF*. b.=+;+=-*. ?*B,+GG, B+KF <-B =*G &?B,<.= *+.*( -.,*(*. 'KC* N-( [(:.*.:?*(e
UVKF* *+.*B �<KF?<(.! A+* $+KF,-./ +B, =<?*+ =-(KF =*. �\(<G+=*.<->?<- ;:(/*/*?*.
�;/E! &??+E=-./  	! '+. �?*(E<XX*. =*( [(:.*.� =<B *+.*G .*/<,+;*. &?B,<.= *.,BX(+KF,�
F<, *+. �-(KC)*+KF*. =*( [(:.* N-( I:E/*! &??+E=-./ " -.= &??+E=-./ "Y N*+/*. =+*
[(:.*.B,(-C,-( +. =*( A(<->e -.= Z*+,*.B+KF,!

��������� �	 
�� ����������� ����� �� ��� ������� �� �����

A+*B* �:(/*F*.B)*+B* +. =*( 9:=*EE+*(-./ ?*=+./,* =+* �:,)*.=+/C*+, N- �.=*(-./*.
H



+. =*( deZ\B,*GeZX*N+�C<,+:. +. N)*+ �-.C,*.�
&EB *(B,*B +B, *B +.*�*C,+;� *+.* -.(*/*EGV�+/* �\(<G+=* <-BBKFE+*�E+KF =-(KF ZX(:BB*+.e

F*+,*. �d+.+*.	 <?N-?+E=*.! Z+..;:EE*( BKF+*. *B� =+*B* <EB Z\B,*G ;:. A(*+*KC*. =<(N-B,*Ee
E*.! A<N- )-(=* N-( �-(,E*C:GG<.=:BX(<KF* =<B [:GG<.=: T (e1, e2, e3)

F+.N-/*>/,!
A+*B*B [:GG<.=: *(N*-/, *+. A(*+*KC G+, =*. 'KC*. e1

� e2

-.= e3

! A+*B* )*(=*. <EB b.=*�
?*(/*?*.� =*( <-> *+.*. �-.C, ;*()*+B,! A+*B*( b.=*� )+(= ;:(F*( ?*( =<B [:GG<.=:
S(en)

*(N*-/,!
Z,*EE, G<. B+KF =+* �\(<G+=* ;:(� B: F<, B+* +.B/*B<G, .*-. 'KC*.� A*( :?*(B,* �-.C,�

=*( =+* M<-GBX+,N* G<(C+*(,� -.= =+* <KF, 'KC*. =*( M<B+BUVKF*! �:. =+*B*. M<B+B*KC*.
<-B B:EE*. =+* &?B,V.=* N- =*. �<KF?<(. ?*(*KF.*, )*(=*.! A+*B* B+.= <?*( =-(KF =+*
A(*+*KC* <EE*+. BKFE*KF, (*X(VB*.,+*(,� d*,N,*(* B,*EE*. .-( =+* %?*(UVKF* =<(! A+* <KF,
M<B+B*KC*. *.,BX(*KF*. <?*( .+KF, .-( BKFE+KF, *+.*G �-.C,� B:.=*(. <-KF *+.*( $+KFe
,-./! 'B +B, =<F*( B+..;:EE� =+*B* =-(KF *+.* d+.+* ;:G Z,<GG N-( 'KC* <?N-?+E=*.! c+(
.*..*. =+*B* d+.+* M<B+B*+.F*+, =*( �\(<G+=*� B+* )+(= <EB ZX(:BB*+.F*+, /*BX*+KF*(,! &-B
&.><./Be -.= '.=X-.C, EVBB, B+KF =+* $+KF,-./ *+.=*-,+/ ?*B,GG*.! A+* &??+E=-./ <EB
ZX(:BB*+.F*+, *(��.*, N-BV,NE+KF =+* 9�/E+KFC*+,� 
+E>B;<(+<?E*. =+*B*. M<B+B*+.F*+,*. N-e
N-:(=.*.� -G ?*+BX+*EB)*+B* =+*B* '+.F*+, ;:. =*( Z,<GG*+.F*+, +. *+.*G M<-GG:=*EE
N- -.,*(BKF*+=*.!

A+* N)*+,* �.=*(-./ ?*,(+�, B*.B+,+;* I-.C,+:.*.! A+* M*(*KF.-./ =*B &?B,<.=*B N)+e
BKF*. *+.*( M<B+B*+.F*+,� =+* =+* -.,*(* 'KC* *+.*( -.(*/*EGV�+/*. �\(<G+=* =<(B,*EE,� -.=
=*( %?*(UVKF* *+.*B A(*+*KC*B )<( +. =*. ;:(F<.=*.*. I-.C,+:.*. .+KF, ;:(/*B*F*. �;/E!
[-(,F �"WWD	 -.= [-(,F �"WWH		! 'B +B, =<F*( *+.* .*-* I-.C,+:. �G+, =*( [*..e�-GG*(
"H	 N- =*( Z<GGE-./ F+.N-/*>/, ):(=*.! d+B,+./ " N*+/, =+* I-.C,+:.B=*CE<(<,+:.! A+*B*
I-.C,+:. *(FVE, ?*+G A-(KF/*F*. =-(KF =+* d+B,* =*( ZX(:BB*+.F*+,*. =+* <C,-*EE* '+.e
F*+, ?*(/*?*.! Z+* ?*(*KF.*, =<.. >( <EE* A(*+*KC* <-B =*( /E:?<E*. A(*+*KCBE+B,* =*.
G+.+G<E*. &?B,<.= N-( <C,-*EE*. '+.F*+,! �:(F*( +B, ?*B,+GG, ):(=*.� :? *B B+KF ?*+ =*(
ZX(:BB*+.F*+, -G *+.* M<B+B*+.F*+, *+.*( -.(*/*EGV�+/*. �\(<G+=* F<.=*E,!

A< �?*(E<XX-./ G�/E+KF +B,�)-(=*. .*/<,+;* &?B,V.=* N-/*E<BB*.! TG N- ;*(G*+=*.�
=<BB A(*+*KC* ?*(KCB+KF,+/, )*(=*.� =+* )*+, �F+.,*( =*( '+.F*+, E+*/*.� )*(=*. .-(
&?B,V.=* ?*(KCB+KF,+/,� =+* .+KF, CE*+.*( B+.= <EB =+* .*/<,+;* dV./* =*( M<B+B*+.F*+,! 'B

J



)*(=*. <EB:� ?+E=E+KF /*BX(:KF*.� C*+.* �?*(E<XX-./*. N-/*E<BB*.� =+* ?*( =*. Z,<GG
F+.<-B /*F*.!

A+* I-.C,+:. /+?, =*. ;:(N*+KF*.?*F<>,*,*. &?B,<.= N-(KC! 9+, =+*B*G &?B,<.= +B,
*B =<.. G�/E+KF� +..*(F<E? =*B deZ\,*GB N- <(?*+,*.! 'B +B, *,)< G�/E+KF� ?*+ .*/<,+;*.
&?B,V.=*. *+.*. $*=-C,+:.B><C,:( >( =<B [(:.*.)<KFB,-G -GN-B*,N*.!

������� �	 �������������������� ��� �������� �� 	
��������� ��� �������� �������
����� ������������� ��� ��� ��������� ����� 
���������

_ �P�� > -.K, + :. "H � ��� +? � ������ BX ( : B B F- ∗ K- ( ( *., 	

Dreieck
Sproß

Entfernung

YY ZZ

XX

P1

P2

P3

��������� �	 ������� ������� ������������� ��� 
������� ��� ��� ���� ����� 
�������� ���
������������
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� �������

��� ����	
���� ��� ����
�
�+*E =*B �(:�*C,*B +B, -.,*( <.=*(*G =+* '(B,*EE-./ *+.*B c*(CN*-/*B >( =+* &.<E\B*
/*:G*,(+BKF*( Z,(-C,-(*.! A+* /*:G*,(+BKF*. Z,(-C,-(*. B+.= Z+G-E<,+:.B*(/*?.+BB* ;:.
9:=*EE*.� =+* =<B c<KFB,-G ;:. MV-G*. <??+E=*.! A+*B* Z,(-C,-(*. B+.= +. =*( $*/*E
*+.* 9*./* ;:. 'E*G*.,<(*+.F*+,*.� =+* <EB d+.+*. *+.*. M<-G :=*( *+.*. M*B,<.= ;:.
MV-G*. <??+E=*.! 'B B+.= <?*( <-KF *E*G*.,<(* '+.F*+,*. G�/E+KF� =+* .+KF, =*( /*:G*e
,(+BKF*. I+/-( *+.*( d+.+* *.,BX(*KF*.� B:.=*(. N!M! =+* [(:.* ;*(*+.><KF, ?*( A(*+*KC*
<??+E=*.� ;/E! �(*,NBKF �"WW 	� ZE:?:=< -.= �>(*-.=, �"WDW	 -.= �>(*-.=, -.= ZE:?:=<
�"WWL	!

'+.* &.<E\B* /*:G*,(+BKF*( Z,(-C,-(*. C<.. *+.N*E.* �<FE*.)*(,*� d+B,*. ;:. �<Fe
E*.� <?*( <-KF B*E?B, )+*=*( *+.* C:GXE*�*(* Z,(-C,-( E+*>*(.! &EB M*+BX+*E B*+ F+*( =+*
A+BC(*,+B+*(-./ *+.*( c-(N*E +. *+.*G �:�*EBX<K* �C-?+BKF*B #+,,*(	 /*.<.., �%XX*E, *,
<E!�  YYY	! '+. �:�*E ��:E-G*.e�+�*E�c(>*E	 )+*=*(-G +B, *+. /*:G*,(+BKF*B %?�*C,� =<B
B+KF ;:EEC:GG*. ;:. d+.+*. -.= A(*+KC*. -.,*(BKF*+=*,!

'+. c*(CN*-/ +. I:(G *+.*( Z:>,)<(* G-BB =<F*( +. =*( d</* B*+.� (V-GE+KF* A<,*.
/<.N -.,*(BKF+*=E+KF*( �<,-( N- F<E,*.! �*?*. =*( *+.><KF*. 
<E,-./ G-BB =<B c*(CN*-/
=+*B* (V-GE+KF*. Z,(-C,-(*. G+, (**EE)*(,+/*. A<,*.�)+* =+* dV./* *+.*B ZX(:BB*B� ;*(?+.e
=*.! 'B *(/+?, B+KF *+. ,\X+BKF*B A<,*.?<.CX(:?E*G! 'B +B, =<?*+ =<?*+ N- ?*(KCB+KF,+/*.�
=<BB )+( -.B +G =(*+=+G*.B+:.<E*. $<-G ?*)*/*.� )+( <?*( <-KF �?*+ �*+,(*+F*.	 G+, =*(
;+*(,*. A+G*.B+:. �*+, N- ,-. F<?*. C�..*.!

A< =<B c*(CN*-/ =+* A<,*. <-,:G<,+B+*(, <.<E\B+*(*. B:EE� B+.= %X,+:.*. <.N-?+*e
,*.� =+* *+.* Z,(-C,-( G�/E+KFB, <EE/*G*+. <.<E\B+*(*.! A+*B* %X,+:.*. B:EE,*. G�/E+KFB,
*+.><KF *()*+,*(?<( B*+.!

I( =+* d�B-./ =*( &->/<?* ,*+E, B+KF #$%AbZ� +. ;+*( �*+E?*(*+KF*�

◦
A+* A<,*.B,(-C,-(�

◦
&E/:(+,FG*.�

◦
I-.C,:(*.�

@



◦
M*.-,N*(BKF.+,,B,*EE*!

A+* TGB*,N-./ ;:. #$%AbZ� *(>:E/,* :?�*C,:(+*.,+*(, -.,*( �-F+E>*.<FG* =*( �(:e
/(<GG+*(BX(<KF* ��� -.= =*( +G Z,<.=<(= *.,F<E,*.*. �	������ ������	� ������	

����! I( =+* '(CEV(-./ =*( M*/(+�* &E/:(+,FG*. -.= I-.C,:(*. B*+ <-> =+* *.,BX(*KF*.e
=*. [<X+,*E �B!-!	 ;*()+*B*.! #$%AbZ� +B, ;:G #*B<G,<->?<- <. db#�T9 ��*(,,-.*.
*, <E!� "WWD	 :(+*.,+*(,!

��� ��� �
����������
A+* +.,*(.* A<,*.B,(-C,-( ;:. #$%AbZ� G-BB F<-X,BVKFE+KF /*:G*,(+BKF* Z,(-C,-(*.
<??+E=*. -.= G+, =+BC(*,*. A<,*. ;*(?+.=*.! b. =*( c*E, =*( Z:>,)<(* /+?, *B ?*(*+,B
�(:/(<GG*� =+* B+KF G+, =*( A<(B,*EE-./ ;:. /*:G*,(+BKF*. Z,(-C,-(*. -.= =*( �*(?+.e
=-./ ;:. A<,*.?<.C*. G+, =+*B*. ?*BKFV>,+/*.! Z+* B+.= +G <EE/*G*+.*. <EB �������������
�������	�����	�	��� 
���� ?*C<..,! A+* '.,)+KCE-./ ;:. #$%AbZ� F<, B+KF =<F*( <.
+G #bZeM*(*+KF ?E+KF* A<,*.B,(-C,-(*. <./*E*F.,� +B, B*E?B, <?*( C*+. ;:EEB,V.=+/*B #bZ!
A+* Z:>,)<(* +B, <EE*(=+./B +. =*( d</*� =(*+=+G*.B+:.<E* b.>:(G<,+:. N- ?*.-,N*.! A+*
;+*(,* A+G*.B+:. �*+, +B, *?*.><EEB +. ;*(*+.><KF,*( I:(G BX*+KF*(?<(!

#*:G*,(+BKF* Z,(-C,-(*. )*(=*. +. *+.*G ��� *+.*G <?/*/(*.N,*. /*:/(<XF+BKF*.
$<-G N-/*:(=.*, -.= ,F*G<,+BKF /*,(*..,! A+* ,F*G<,+BKF* �(*..-./ B,*F, +G =+(*C,*.
�-B<GG*.F<./ N-( I:(G =*B ?*,(<KF,*,*. /*:G*,(+BKF*. [�(X*(B! Z: )*(=*. ?*+BX+*EBe
)*+B* IEVKF*. ?*( �:E\/:.* -.= Z,V=,* =-(KF �-.C,* +G $<-G =<(/*B,*EE,!

A+* B: <?/*/(*.N,*. �F*G*.C:GXE*�* )*(=*. ��	�� �N- =*-,BKF ZKF+KF,*.	 /*.<..,!
A+* d<\*( )*(=*. G+, *+.*( A<,*.?<.C ;*(C.X>,� =+* &,,(+?-,* FVE, �N!M! =+* '+.):F.*(e
N<FE ;:. Z,V=,*.	!

#$%AbZ� F<, =*.B*E?*. &->?<-� -G >:E/*.=*. &.BX(KF*. <. =+* A<,*.B,(-C,-(
/*(*KF, N- )*(=*.! A+* A<,*.B,(-C,-( G-BB�

◦ =+* /*:G*,(+BKF* Z,(-C,-( =(*+=+G*.B+:.<E <??+E=*.�

◦ =+* *E*G*.,<(*. '+.F*+,*. B+..;:EE G+,*+.<.=*( ;*(C.X>*.�

D



◦
N-B<GG*./*F�(+/* 9*./*. ;:. *E*G*.,<(*. '+.F*+,*. *+.=*-,+/ ;:.*+.<.=*( <?e
/(*.N*. -.=

◦ =<?*+ =+* �*+,C:GX:.*.,* N-E<BB*.!

c+( F<?*. ?*(*+,B >*B,/*B,*EE,� =<BB #$%AbZ� :?�*C,:(+*.,+*(, +GXE*G*.,+*(, +B,! A*(
A<,*.B,(-C,-( E+*/, B:G+, *+.* [E<BB*.F+*(<(KF+* N-/(-.=*! &??+E=-./ 0 N*+/, =*. [E<Be
B*.<->?<-!

��������� �	 
�� ����������������� �� ���
���

#(-.=E</* >( =*. &->?<- +B, =+* I:C-BB+*(-./ =*( Z:>,)<(* <-> (V-GE+KF* '+.F*+,*.!

W



'+.* (V-GE+KF* '+.F*+, C<.. .<,(E+KF -.,*(BKF+*=E+KF* I:(G*. -.= &-B=*F.-./*. F<?*.!
'B /+?, <?*( '+.F*+,*.� =+* G<. .+KF, G*F( -.,*(,*+E*. C<.. :=*( ): *+.* ,+*>*(* T.,*(,*+e
E-./ .+KF, G*F( B+..;:EE *(BKF*+.,! A+*B* '+.F*+,*. )*(=*. F+*( <EB *E*G*.,<(* '+.F*+,*.
?*N*+KF.*,! A+*B B+.= �-.C,*� d+.+*. -.= �:E\/:.*! 9:=*EE*(/*?.+BB*� =+* ;*(*+.><KF,*
[(:.*.>:(G*. N-G '(/*?.+B F<?*.� G<KF*. *B B+..;:EE� N-BV,NE+KF N- <EE/*G*+.*. �:E\e
/:.*. A(*+KC* <EB *E*G*.,<(* '+.F*+,*. <.N-B*F*.!

A*( �?*(B+KF, -.= =*( ?*BB*(*. &?/(*.N-./ )*/*.� )*(=*. +. =*( F�KFB,*. '?*.*�
=*. ����	���� .-( *+.F*+,E+KF* *E*G*.,<(* '+.F*+,*. N-B<GG*./*><BB,! A<B F*+�,� =<BB +.
=*. ����	��� .-( (V-GE+KF* b.>:(G<,+:. *+.*B ?*B,+GG,*. �\X*B N-B<GG*./*><BB, +B,!
Z: /+?, *B X(: [E<BB*.,\X *+.*( *E*G*.,<(*. '+.F*+, .-( *+.* d<\*(CE<BB*! A+* d<\*(CE<BB*
FVE, +F(* 'E*G*.,* +. *+.*( d+B,*!

#$%AbZ� +B, F<-X,BVKFE+KF <EB &.)*.=-./ +. =*( M<-Ge ?N)! M*B,<.=*BG:=*EE+*e
(-./ /*=<KF,! A+*B G<KF, *B B+..;:EE� N)*+ [E<BB*. *+.N->/*.� =+* +. =*( 
+*(<(KF+* /*.<-
N)+BKF*. =*. d<\*(. -.= =*. 'E*G*.,<(*+.F*+,*. E+*/*.! Z+* )*(=*. =<F*( <-KF <EB ���
��	����	� ?*N*+KF.*,! '+. M<-G N!M! +B, N)<( *+.* 9*./* ;:. d+.+*.! 'B G<KF, <?*(
<-KF Z+..� *+.* 9*./* ;:. MV-G*. <EB '+.F*+, <.N-B*F*.� '+. M*B,<.= )V(* *+.* B:EKF*
'+.F*+,! A+* [E<BB* ������ +B, <EB: *+.* d+B,* ;:. d+.+*.� /E*+KFN*+,+/ +B, *+. M<-G <?*(
<-KF �*+E *+.*B d<\*(B ���������	��	! &-B #(.=*. =*( $*KF*./*BKF)+.=+/C*+, -.= <EB
&.<E:/+* N- #$%#$& B+.= *+.+/* )+KF,+/* &,,(+?-,* =+(*C, =*. d+.+*.*+.F*+,*. <./*>/,!
TG =+* [E<BB*.F+*(<(KF+* .+KF, ?*(N-B,(<X<N+*(*.� +B, F+*( G+, =*( [E<BB* ���������	 *+e
.* BX*N+*EE* M<-G*+.F*+, *.,B,<.=*.! b. +F( B+.= <.<E:/ N-( #$%#$&eZX(:BB*+.F*+, -!<!
=+* dV./*� =*( A-(KFG*BB*( -.= *+. ME<,,X<(<G*,*( /*BX*+KF*(,!

�+*E* &.<E\B*:X,+:.*. F<?*. *+.*. M<-G?*B,<.=*B?*N-/! A+*B* *(>:(=*(. *+.*. ?*e
B:.=*(*. I:C-B <-> M*B,V.=* <-KF +. =*( A<,*.B,(-C,-(! 'B +B, =<F*( *+. A<,*.,\X *.,e
B,<.=*.� =*( =*. M*B,<.= (*X(VB*.,+*(,! A+* [E<BB* ���	��� +B, *+.* d+B,* ;:. MV-G*.!
#*GV� =*B <EE/*G*+.*. &->?<-B *�+B,+*(, *+. d<\*( �����	�����	��	� =*( *+.* d+B,* =*B
A<,*.,\XB ���	��� FVE,!

'B *�+B,+*(*. +G &->?<- N)*+ [E<BB*.� =+* =*G bGX:(, ;:. db#�T9e[E<BB*. =+*.*.!
A<B B+.= ��������� -.= ������	���! Z+* B+.= G+, =*. <.=*(*. ?*+=*. 9*,<*+.F*+,*. X(+.e
N+X+*EE +=*.,+BKF! � B,*F, F+*( >( db#�T9 -.= ?*=*-,*, .+KF,B <.=*(*B� <EB =<BB =+*B*(

"Y



M<-G ;:. =*( �*(*(?-./ F*( *+. db#�T9eM<-G +B, �;/E! &??+E=-./ H	! A*( db#�T9e
M*B,<.= ><BB, =+*B* MV-G* N-B<GG*.! A+*B* [E<BB*. =+*.*. =*( A<,*.BKF.+,,B,*EE* N)+e
BKF*. #$%AbZ� -.= db#�T9! '+. #$%AbZ�eM<-G C<.. +. *+.*. db#�T9eM<-G
?*(>F(, )*(=*.! �-BV,NE+KF C<.. =*( db#�T9eM<-G =-(KF B*+.*. &->?<- *()*+,*(,*
&.<E\B*G�/E+KFC*+,*. *(��.*.! &-KF =+*B* [E<BB*. B+.= +. *+.*G d<\*( �����	�����	��	
N-B<GG*./*><BB,!

���� [E<BB* *(?, ;:. ����	��������	���	! 
*=* [E<BB* +B, B:G+, *+. [:GX<(,+G*.,
*+.*( ZKF+KF,� +.CE-B+;* =*( ZKF+KF, B*E?B,! 
*=*B [:GX<(,+G*., ?*C:GG, =<=-(KF N-BV,Ne
E+KF* I-.C,+:.<E+,V,!A+* )+KF,+/B,* +B,� =<BB �<KF?<(BKF<>,B?*N+*F-./*. +G [:GX<(,+G*.,
<EB &,,(+?-,* ;:(E+*/*.! A+* [E<BB* ����	��������	���	 *.,FVE, =(*+ d+B,*.� =+* �<KFe
?<(. <EB 'E*G*.,* *.,F<E,*.! A+*B B+.= =+* [E<BB*.*E*G*.,* ������������ ���	���� -.=
������	���! b. ����������� C<.. G<. <EE* [:GX<(,+G*.,* <?E*/*.� =+* G<. <EB �<KFe
?<(. <.B+*F, � <?*( .-( =<..� )*.. =+* �<KF?<(BKF<>,B?*N+*F-./ B\GG*,(+BKF +B,! b.
(*<E*. MV-G*. =</*/*. +B, =+* �<KF?<(BKF<>,B?*N+*F-./ N)+BKF*. =*. &-B,(+*?B*+.F*+,*.
/*(+KF,*,! b. =+*B*G I<EE G<KF, *B Z+..� N)+BKF*. �<KF?<(. ;:( =*( '+.F*+, -.= .<KF =*(
'+.F*+, N- -.,*(BKF*+=*.! Z: F<, *+.* c<KFB,-GB*+.F*+, *+.* 9-,,*( -.= *+.* ?*B,+GG,*
&.N<FE ;:. ��KF,*(.! A+* 9-,,*( )V(* *+.N+/*B 9+,/E+*= =*( d+B,* ���	����� =+* ��KF,*(
'E*G*.,* ;:. ������	���!

�-G ZKFE-BB B*+ .:KF *+. ,*KF.+BKF*( 
+.)*+B /*/*?*.! 'B G<KF, C*+.*. Z+..� =+* ;+*E*.
d+B,*. <EB d+B,*. =*( +.B,<.N++*(,*. %?�*C,* B*E?B, N- F<E,*.! Z+* )(=*. B*F( /(:� -.=
-.F<.=E+KF! A<B ,(+�, +.B?*B:.=*(* <-> =+* �<KFBKF<>,BE+B,*. =*B ����	��������	���	

N-! A+* [E<BB* �����	� =+* =+* 
<E,-./ ?*(.+GG,� +B, =<F*( *+.* �������	� ;:. �*+/*(.
<-> =+* %?�*C,*!

��� �����������

�+*E =*( '(B,*EE-./ *+.*B c*(CN*-/*B +B, =+* '.,)+KCE-./ ;:. &.<E\B*<E/:(+,FG*. >( =+*
/*:G*,(+BKF* Z(-C,-(! A+*B* B:EE*. G�/E+KFB, ?*(B+KF,E+KF� *E*/<., -.= *+.><KF *()*+,*(?<(
B*+.!

A+* A<,*.B,(-C,-( ;:. #$%AbZ� +B, E+B,*.:(+*.,+*(,! TG &.<E\B*. =*( Z,(-C,-(
=-(KF>F(*. N- C�..*.� G-BB G<. �*=*B d+B,*.*E*G*., <-> *+.* B+..;:EE* &(, -.= c*+B*

""



<.B,*-*(. -.= <-> =<B 'E*G*., *+.* �:(BKF(+>, <.)*.=*. C�..*.! A+* TGB*,N-./ =*(
&E/:(+,FG*. +B, +. =+*B* N)*+ �*+E?*(*+KF* <->/*,*+E,� A<B *+/*.,E+KF* �&.B,*-*(. =*B 'E*e
G*.,*B -.= =+* &-B>F(-./ *+.*( �:(BKF(+>, <. =+*B*G 'E*G*.,! A<B �&.><F(*. ;:.
d+B,*.*E*G*.,*. )+(= F+*( ?*( I-.C,+:.*. /*B,*-*(,! A+*B* ?*(-F*. <-> =*G A*B+/. =*(
���� =+* ��� ?+*,*, B:EKF* I-.C,+:.*. <.! &EB M*+X+*E >( *+.* =*(<(,+/* I-.C,+:. B*+ F+*(
=+* ��������eI-.C,+:. /*.<..,! &??+E=-./  N*+/, =*. &->?<-! A*( I-.C,+:. )*(=*. N)*+
b,*(<,:(*. ?*(/*?*.� =+* =*. &.><./ -.= =<B '.=* =*( d+B,* (*X(VB*.,+*(*.! �-BV,NE+KF
)+(= =*( I-.C,+:. *+.* �:(BKF(+>, +. I:(G *+.*B �*+/*(B <-> *+.* I-.C,+:. ?*(/*?*.!
�������� )*.=*, =+*B* �:(BKF(+>, =<.. <-> =<B d+B,*.*E*G*., <.! A+* [:G?+.<,+:. <-B
A-(KFE<->*. =*( d+B,* -.= &.)*.=-./ *+.*( �:(BKF(+>, *(/+?, =*. &E/:(+,FG-B!

������� �	 
�� �������� ����������� ��� ���

�������� �� ���� b, � � ���� I-.�
�P�� >:(�*<KF � b , > + ( B , � b , E < B , � I-. >-. 	�
	Q��� � > + ( B , 
� E < B , 	 >-. �∗ > + ( B , ��	�
&.=*(* &E/:(+,FG*. =*( ��� E+*>*(. N-BV,NE+KF *+.*. c*(, N-(KC! Z: C<.. G<. N!M!

c*(,* *+.*( d+B,* <-><==+*(*.! A*( =<N- ?*.�,+/,* &E/:(+,FG-B F*+�, ��������	�! ��*(e
/E*+KF* F+*(N- Z,(:-B,(-X �"WWD	!	

#$%AbZ� B*E?B, ?+*,*, *?*.><EEB &E/:(+,FG*. =+*B*( &(, <.! Z+* B+.= N)<( <. =+* Z�de
&E/:(+,FG*. <./*E*F., ?N)! ?*.-,N*. B+* B:/<(� B+.= <?*( .<,-(/*GV� C:GXE+N+*(,*(! A<B
E+*/, <. =*( M<-GB,(-C,-(� =+* X<(<EE*E* d+B,*. *.,FVE,� =+* G<. .+KF, *+.><KF B*�-*.N+*EE
=-(KFE<->*. C<..! A*. &E/:(+,FG*. +. #$%AbZ� )*(=*. N-BV,NE+KF <.=*(* �<(<G*,*(
?*(/*?*.! b. =*( ��� )*(=*. =*( *(B,* -.= =*( E*,N,* b,*(<,:( =*( d+B,* ?*(/*?*.! 
+*(
)+(= /E*+KF =+* $*>*(*.N N-G -.,*(B-KF*.=*. %?�*C, =*G &E/:(+,FG-B X(VB*.,+*(,! &EB
N-BV,NE+KF*. �<(<G*,*( C<.. G<. <./*?*.� :? G<. '?*.*. :=*( %?�*C,CE<BB*. =*�.+*(*.
)+EE� =+* G<. <-BE<BB*. G�KF,*! b. #$%AbZ� *�+B,+*(*. >:E/*.=* &E/:(+,FG*.�

◦
I:('<KF�

◦
&KK-G-E<,*�

" 



◦ �:GX<(*�

◦
I+.=�

◦
I+.=b>�

◦
I:-.=!

�?*(/<?*X<(<G*,*( +G '+.N*E.*. B+.=�

◦ *+. �*+/*( <-> ����	��������	���	�

◦ *+. �<(<G*,*( N-( M*B,+GG-./ =*( <-BN-E<BB*.=*. 'E*G*.,CE<BB*.!

�-BV,NE+KF G-BB =*G &E/:(+,FG-B ��������	� <EB N)*+,*( �?*(/<?*X<(<G*,*( =*(�*.+e
/* c*(, ?*(/*?*. )*(=*.� =*( ;*(V.=*(, )*(=*. B:EE! &KK-G-E<,* =+*., <EB &?>(</*>-.Ce
,+:.! A+* ?*(/*?*.* I-.C,+:. (*/*E,� )*EKF* c*(,* <?/*>(</, )*(=*. B:EE*. -.= )*EKF*
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��� ������

bG I:E/*.=*. B:EE*. =+* 9*BB*(/*?.+BB* =<(/*B,*EE, )*(=*.! A+* &?B,V.=* N- =*. .VKFB,*.
�<KF?<(. B+.= .<KF,(V/E+KF ;:. #$%AbZ� ?*(*KF.*, ):(=*.!

O��� ���������� �����������

A+* �<?*EE*.  � 0 -.= H /*?*. *+.* �?*(B+KF, ?*( =+* 9*BB*(/*?.+BB*! A+* c*(,* >( =+*
&?E:,-./*. -.= =+* A+B,<.N*. N- =*. .VKFB,*. �<KF?<(. B+.= F+*( =*( �?*(B+KF, F<E?*(
<//(*/+*(, <EB 9+,,*E)*(, ?*( =+* <KF, 
+GG*EB(+KF,-./*. =<(/*B,*EE,!
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[& "J" " !0 "!J Y!Y "J!Y
[$9'&� "J" "!J Y!L Y!Y  !W
A9'&� DY "!@ 0! eH!H "0!J

������� �	 ��������������������� ����� �� � ������������� ������ � ��������� �������
������ ��� 
���� 
���� � ��������� ������������������� ������� ��� ��������
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A+* c*(,* ?*=(>*. =*( [:GG*.,+*(-./! &EB *(B,*B B*+ F+*( =+* 9*BB-./ =*( 
�F*.
/*.<..,! A+* �-)VKFB* B+.= +G 9+,,*E N)<( X:B+,+;� *B *�+B,+*(*. <?*( ;*(*+.N*E, .*/<,+;*
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�-)VKFB*! A<F*( =*( c*(, ;:. e !J <EB 9+.+G-G <. 
�F*.N-)<KFB! $*KF*(KF*. F<?*.
=*. #(-.= .+KF, ;�EE+/ CEV(*. C�..*.! 'B BKF*+., B: N- B*+.� =<BB *+.+/* MV-G* =-(KF
IVEE-./B<(?*+,*. +. =*( [(:.* /*BKFV=+/, )<(*.� )<B .<,(E+KF *+.* $*=-C,+:. =*( 
�F*
N- I:E/* F<?*. C<..! M*+ <.=*(*. MV-G*. BKF*+., <?*( *+. 9*BB>*FE*( ;:(N-E+*/*.! A<>(
/+?, *B N)*+ '(CEV(-./B<.BV,N*�

A+* b.=+;+=-*. <-> =*( IEVKF* B+.= "WWL N-( b=*.,+�C<,+:. G+, �<XX.-GG*(. <G
Z,<GG ;*(B*F*. ):(=*.! A+*B* )<(*.  YY" C:GXE*,, �
	 ;*(BKF)-.=*.! A+* �:B+,+:.*.
=*( '+.N*E?V-G* G-BB,*. =<F*( +..*(F<E? =*B M*B,<.=*B (*C:.B,(-+*(, )*(=*.! c+( B+.=
-.B B*F( B+KF*(� =<BB )+( =+* MV-G* )+*=*(/*>-.=*. F<?*.! d*,N,E+KF* Z+KF*(F*+, ?*B,*F,
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<?*( .<,(E+KF .+KF,!
'+.* )*+,*(* I*FE*(�-*EE* +B, =+* 
<.=F<?-./ =*B ME-G*ed*+Be
�F*.G*BB*(B! A+* MV-e

G* B+.= ;:. N)*+ ;*(BKF+*=*.*. �*(B:.*. ;*(G*BB*. ):(=*.� =+* N-BV,NE+KF =<B b.=+;+=--G
G+, F:F*( c<F(BKF*+.E+KFC*+, ;:. ;*(BKF+*=*.*. $+KF,-./*. <./*X*+E, F<?*.! A<B C<..
-.,*(BKF+*=E+KF* '+.BKFV,N-./*. =*( d</* =*B Z,<GG>-�*B -.= =*B :?*(B,*. �-.C,*B =*(
Z,<GGC(:.* N- I:E/* F<?*.! Z,*EE, G<. B+KF *+.*. M<-G +..*(F<E? *+.*B =+KF,*. M*B,<.e
=*B ;:(� B: )+(= CE<(� =<BB =+* M<-GC(:.* .+KF, <-B <EE*. $+KF,-./*. /E*+KFGV�+/ B+KF,?<(
+B,! M*+ =*( &.X*+E-./ =*( :?*(B,*. ZX+,N* C<.. *B =-(KF<-B B*+.� =<BB G<. ;:. *+.*( Z*+,*
<-B *+.*. &B, ?*(B+*F, :=*( >VEBKFE+KF*()*+B* *+.*G <.=*(*. M<-G N-:(=.*,� )VF(*.=
G<. <-B *+.*( <.=*(*. $+KF,-./ =+*B* =-(KF<-B (+KF,+/ *+./*BKFV,N, FV,,*! �F.E+KF*B /+E,
>( =*. Z,<GG>-�! '( C<.. <-B ;*(BKF+*=*.*. $+KF,-./*. =-(KF<-B -.,*(BKF+*=E+KF +G
M:=*.?*)-KFB ;*(BKF)+.=*.� )<B *?*.><EEB 9*BB>*FE*( ?*=+./*. C<..! A< =*( M*B,<.=
(*E<,+; =+KF, -.= =*( M:=*.?*)-KFB B*F( B,<(C )<(� C<.. G<. =<;:. <-B/*F*.� =<BB
=*(<(,+/* 9*BB>*FE*( *.,B,<.=*. B+.=!

A*B c*+,*(*. +B, =+* Z,<.=<(=<?)*+KF-./ =*( &?B,V.=* N-G .VKFB,*. �<KF?<(. B*F(
F:KF� +.B?*B:.=*(* ?*+ =*. �-)VKFB*.! #(-.=E</* >( =+* M*B,+GG-./ =*( &?B,V.=* B+.=
=+* [(:.*.<?E:,-./*.! A+*B* <EB B:EKF* B+.= X(:?E*G<,+BKF +. M*N-/ <-> =+* �(VN+B+:. =*(
9*BB-./! A+* F:F*. 9<�+G<E)*(,* *(CEV(*. B+KF <-B $<.=*�*C,*.! '+. M<-G� =*( <G
$<.= =*B �*+EC:EE*C,+;B B,*F,� F<, +. ?*B,+GG,* $+KF,-./*. *.,)*=*( C*+.*. �<KF?<(.
:=*( *B C<.. B*+.� =<BB *+. �<KF?<( .<KF =*( A*�.+,+:. <-KF <G $<.=� <?*( B*F( )*+,
)*/ B,*F,!

�)+BKF*. "WWL -.=  YY" F<, *+.* A-(KF>:(B,-./ B,<,,/*>-.=*.� ?*+ =*( J@ MV-G*
/**(.,*, )-(=*.! A<B *.,BX(+KF, *,)< *+.*G A(+,,*E!
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I( =+* TGB*,N-./ *+.*B c<KFB,-GBG:=*EE*B )-(=*. =+* M*B,<.=*BX<(<G*,*( -.,*(*+.e
<.=*( +. M*N+*F-./ /*B*,N,! 'B /<E, =+* 
\X:,F*B* N- ?*B,V,+/*. :=*( N- )+=*(E*/*.�
=<BB =<B c<KFB,-G <EE*( /*G*BB*.*. b.=+;+=-<EX<(<G*,*( +. M*N+*F-./ N-G A-(KFG*Be
B*( =*B '+.N*E?<-G*B B,*F,! %=*(� <.=*(B /*B</,� )+( F<?*. *+.* [:((*E<,+:. N)+BKF*.
=*. A-(KFG*BB*(. =*( MV-G* -.= =*. 
�F*.� [(:.*.<.BV,N*. -.= =-(KFBKF.+,,E+KF*G

  



[(:.*.=-(KFG*BB*( *()<(,*, � -.= N)<( B:):FE >( "WWL -.=  YY" <EB <-KF >( =+*
�-)VKFB*!

'B B:EE*. +. =+*B*G M*(+KF, =+* '(/*?.+BB* =+*B*( &.<E\B*. ?*+BX+*EF<>, <G �-B<Ge
G*.F<./ N)+BKF*. A-(KFG*BB*( -.= =-(KFBKF.+,,E+KF*G [(:.*.=-(KFG*BB*( =<(/*B,*EE,
)*(=*.! I( =+* <.=*(*. [:((*E<,+:.*. *(/<?*. B+KF VF.E+KF* '(/*?.+BB*!

A+* &??+E=-./*. L -.= @ N*+/*. =+* #,* =*( &.X<BB-./ >( =+* 
<F(* "WWL -.=
 YY"! 9<. *(C*.., *+.*. =*-,E+KF*. �-B<GG*.F<./ G+, *+.*( b((,-GBBKF*+.E+KFC*+, ;:.
p < 0.0001

! &.=*(B ?*+ =*. �-)VKFB*. �&??+E=-./ D	! A+* &??+E=-./ B</, *+/*.,E+KF
BKF:. <EE*B! 
+*( +B, C*+. C:((*E<,+;*( �-B<GG*.F<./ *(C*..?<( �R2 = 0.00

!
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R2
= 0.49, p < 0.0001
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O���1 ������� ��� a�P����R������
A<B 9:=*EE� =<B <-> $*<E=<,*. ?*(-F,� F<, *+.* [:.C-((*.NC:GX:.*.,*� 'B )-(=* *+.*
&?B,<.=BB*.B+,+;+,V, *+./*?<-,! ZKF:. �(*,NBKF �"WW 	 F<,,* *+.* =*(<(,+/* Z*.B+,+;+,V,

 0
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R2
= 0.44, p < 0.0001
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X:B,-E+*(,! A+* 9*,F:=* ;:. �(*,NBKF C:..,* F+*( <?*( .+KF, ;�EE+/ -G/*B*,N, )*(=*.�
=< B+KF .+KF, *+.=*-,+/ /*N*+/, F<,� :? *+. �-(KC)*+KF*. *+.*( [(:.* )+(CE+KF +. *+.*G
C:((*E<,+;*. �-B<GG*.F<./ N-G &?B,<.= N-G �<KF?<(. B,*F,! A+*B E+*� B+KF F+*( .+KF,
.<KF)*+B*.! c+( C:..,*. <?*( N*+/*.� )+* &??+E=-./ W ;*(=*-,E+KF,� =<BB N-G+.=*B, *+.
9+.+G<E<?B,<.= ?*B,*F,! A<B [(:.*.)<KFB,-G BKF*+., <EB: +. =+*B*G M*B,<.= <? *+.*G
?*B,+GG*. &?B,<.= <?N-?(*KF*.!
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A<B '+.N*E?<-GG:=*EE ?*(-F, <-> =*G A*B+/. ;:. �(*,NBKF �"WW 	 >( =+* 9:=*EE+*(-./
;:. I+KF,*. ������ �����	 +G M*B,<.=! �(*,NBKF �"WW 	 F<, =*. M<-G +. *+.*( B*F( ;*(e
*+.><KF,*. &(, -.= c*+B* <?/*?+E=*,� A*( Z,<GG +B, BKFE+KF, *+. �\E+.=*(� -.= =+* [(:.*
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R2
= 0.00, p = 0.9968
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)+(= <EB *+.* -.(*/*EGV�+/* �\(<G+=* G+, <KF, 'KC*. (*X(VB*.,+*(,! A+* 'KC*. B+.= +.
=+* 
+GG*EB(+KF,-./*. <-B/*(+KF,*,! 'B /+?, *+.* 'KC*� =+* /*.<- .<KF �:(=*. N*+/,� =+*
<.=*(*. (+KF,*. B+KF �*)*+EB +G HJ

◦ c+.C*E <-B �;/E! &??+E=-./ " -.= &??+E=-./ "Y	!
A*( M*B,<.= B:EE ?*( =+* �*+, G:=*EE+*(, )*(=*.! A<B c<KFB,-G +B, <?FV./+/ ;:. =*(

b.,*(<C,+:. N)+BKF*. b.=+;+=-*.! A+* A<(B,*EE-./ =*B 9:=*EEB +. M*N-/ <-> =<B c<KFB,-G
B:EE =<F*( .<KF =*( M*BKF(*+?-./ =*( b.,*(<C,+:. *(>:E/*.!

��� �����
�����
'B B:EE +. =+*B*G 9:=*EE *+. C:GXE*,,*( M*B,<.= <?/*?+E=*, )*(=*.! b. *+.*G M*B,<.=
�.=*, [:.C-((*.N B,<,,� A<B ?*=*-,*,� *B /+?, b.,*(<C,+:.*. N)+BKF*. =*. M<-G+.=+;+e
=-*.! A+*B* b.,*(<C,+:.*. B+.= *?*.><EEB *+.><KF <?/*?+E=*,!�(*,NBKF �"WW 	 X:B,-E+*(, *+.*
&?FV./+/C*+, N)+BKF*. =*( &-B=*F.-./B(<,* =*( [(:.*. -.= =*G N- *+.*G �*+,X-.C, *�+e
B,+*(*.=*. &?B,<.= N- *+.*( �<KF?<(C(:.* � .*/<,+;*( &?B,<.= ?*=*-,*, �?*(E<XX-./!
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A*( &?B,<.= )+(= <EB =*( CE*+.B,* &?B,<.= N- *+.*G �<KF?<( +. =+* $+KF,-./ =*( �*)*+E+e
/*. 'KC*. =*( -.(*/*EGV�+/*. �\(<G+=* ?*(*KF.*,! A+* [(:.*.<-B=*F-./B(<,*. )*(=*.
<EB: X(: 'KC* ?*(*KF.*,! �(+,, *+.* �?*(E<XX-./ <->� B: (*</+*(, =+* [(:.* G+, *+.*G
$KC/<./ =*( [(:.*.<-B=*F-./! A+*B*B �*(F<E,*. +B, <.F<.= ;:. $*<E=<,*. B,<,+B,+BKF
<./*X<BB, ):(=*.!

A*( �*(B-KF� =+*B*B 9:=*EE ;:EEC:GG*. <-> -.B*(* [+*>*(.=<,*. <.N-X<BB*.� +B, /*e
BKF*+,*(,! A+* [+*>*( N*+/,* C*+.*(E*+ �*(F<E,*.� +. =<B B+KF *+. �-(KCN+*F*. =*( [(:.* ?*+
�?*(E<XX-./ F+.*+.=*-,*. E+*�*! A+* &??+E=-./ W F<, <?*( /*N*+/,� =<BB ,(:,N=*G *+.*
/*)+BB* M*(F(-./BB*.B+,+;+,V, ?*B,*F,! A+*B ?*B,V,+/, M*:?<KF,-./*. <-B =*G M*B,<.=
B*E?B,� ?*+ =*.*. G<. =*. =*-,E+KF*. '+.=(-KC F<,,*� =<BB [+*>*(. C*+.*. �
<./ N-(
�?*(E<XX-./ F<?*.! bG 9:=*EE +B, =<B =<=-(KF <?/*?+E=*,� =<BB =+* [+*>*( <? *+.*G
?*B,+GG,*. �?*(E<XX-./B/(<= C*+.* [(:.*.<-B=*F-./ G*F( N*+/,!
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A+* =<B c<KFB,-G ?*,(*�*.=* 
\X:,F*B* )<(� =<BB G<. &?FV./+/C*+,*. N)+BKF*. =*(
&-B=*F.-./ =*( [(:.* �/*G+,,*E, ?*( =+* <KF, $+KF,-./*.	 -.= =*G M
A �.=*. C�..,*!
A+* ?(+/*. �<(<G*,*( �
�F* -.= [(:.*.<.B<,N	 B:EE,*. +G C:((*E<,+;*. �-B<GG*.F<./
N-G M
A B,*F*.!

A+* '(/*?.+BB* =+*B*( [:((*E<,+:.B<.<E\B*. B+.= +. =*. '(/*?.+BB*. N-( '(F*?-./ =*(
$*<E=<,*. /*N*+/,! 'B F<?*. B+KF N)<( =*(<(,+/* �-B<GG*.FV./* +. =*. 
<F(*. "WWL
-.=  YY" *(/*?*.� ?*+ =*. �-)VKFB*. F+./*/*. E+*� B+KF C*+. �-B<GG*.F<./ *(C*..*.!
'B F<,,* <EB: C*+.*. Z+..� <-B =+*B*. A<,*. +(/*.=*,)<B F*(<-BE*B*. N- ):EE*.! '+.*
9�/E+KFC*+,� *,)<B <-B =+*B*. A<,*. N- G<KF*.� )<(� =+* Z+G-E<,+:. <-> =*( M<B+B *+.*(
&-B/<./BB+,-<,+:. >:(,N-BKF(*+?*.! A+* &-/<./BB+,-<,+:. +B, F+*( =*( �-B,<.= ;:. "WWL!

 @



A*( �-B,<.= N-G �*+,X-.C, t
+B, <-> =*( M<B+B =*B �-B<GG*.F<./*B N)+BKF*. =*G

&-B/<./BB,<=+-G �
t0
	 -.= =*G �VF(E+KF*. =-(KFBKF.+,,E+KF*G �-)<KFB �

ti
	 ?*(*KF.*,!

A+* Z,(*--./ -G =+*B* $*/(*BB+:.B/*(<=* +B, B*F( /(:�! Z+* +B, =<F*( +G 9:=*EE G+,B+G-e
E+*(, ):(=*.� A+* $*B+=-*. B+.= >( <EE* �-B<GG*.FV./* .:(G<E;*(,*+E,! A+* *(N*-/,*.
�VF(E+KF*. �-)VKFB* B,(*-*. +. =*( Z+G-E<,+:. -G =+* Z,<.=<(=<?)*+KF-./! A+*B B*+ F+*(
<G M*+BX+*E =*( A-(KFG*BB*(N-)VKFB* *(CEV(,! #E*+KF-./ " -.= #E*+KF-./  /*?*. =+*
#E*+KF-./*. )+*=*(� G+, =*.*. =*( A-(KFG*BB*( N-G �*+,X-.C, t

?*(*KF.*, )-(=*! A*(
=-(KFBKF.+,,E+KF* �VF(E+KF* �-)<KFB �di

	 ?*(*KF.*, B+KF <-B =*G &-B/<./B=-(KFG*BB*( d0

�

=*( >( =<B 
<F( "WWL B,*F,� -.= *+.*G [:((*C,-(B-GG<.=*.� =*( =+* Z,(*--./ -G =+*
#*(<=* B+G-E+*(, �#E*+KF-./ "	! A-(KF &==+,+:. =*B te><KF*. �VF(E+KF*. �-)<KFB*B <->
=*. &-B/<./B=-(KFG*BB*( *(/+?, B+KF =*( A-(KFG*BBB*( N-G �*+,X-.C, t

�#E*+KF-./  	!

di = 0.021 ∗ d0 + 0.041 + dr

�"	

dt = d0 + t ∗ di

� 	
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A<B deZ\B,*G C:GXE*,, =<(N-B,*EE*. -.= +G A*,<+E N- *(EV-,*(.� )V(* <. =+*B*( Z,*EE*
?*(,(+*?*.� :?/E*+KF *B .-( .*-. $*/*E. *.,FVE,! 'B )+(= <-B>F(E+KF +G &?BKFE-BB?*(+KF,
=<(/*B,*EE, )*(=*.! 
+*( B*+*. .-( =+* )+KF,+/B,*. [:GX:.*.,*. *(CEV(,!

#(-.=E</* >( =+* '(B,*EE-./ =*B deZ\B,*GB +B, =+* N-BV,NE+KF* I-.C,+:.<E+,V, ;:.
#$%#$& F+.B+KF,E+KF A<,*.BKF.+,,B,*EE*.� Z*.B+,+;+,V, -.= B,:KFB,+BKF*( 9:=*EE+*(-./
�[-(,F -.= ZE:?:=< �"WW@� "WWW<�?		! &EB *(B,*B GBB*. )+( >( =+* '(B,*EE-./ =*( &-Be
/<./BB+,-<,+:. $:F=<,*. <-B *+.*( A<,*+ *+.E*B*.! A+*B /*BKF+*F, +. =*( #$%#$&eZX*N+�C<,+:.
?*( *+.* &((<\;<(+<?E*! d+B,+./ 0 N*+/, =+* A*CE<(<,+:. =*( �<(+<?E*.! A+* M*=*-,-./ +B,�
'B B:EE *+.* �<(+<?E* ��	� *�+B,+*(*.� =+* *+. &((<\ +B,! A+* A<,*. B,*F*. +. =*( A<,*+
�	�	��!<Y! A*( &((<\ +B, N)*+=+G*.B+:.<E -.= F<, =(*+N*F. ZX<E,*. -.= "J" �*+E*.! A+*
&.N<FE =*( ZX<E,*. -.= �*+E*. *.,BX(*KF*. /*.<- =*( A<,*+/(��*!
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�;<( =<,< <((<\ "  "0 "J " �
I( =+* M*(*KF.-./ =*B &?B,<.=*B N- �<KF?<(C(:.*. ?*.�,+/*. )+( =<B 9+,,*E =*(

Z*.B+,+;+,V,! d+B,+./ H N*+/, =+* �*(*+.?<(-./ =*( I-.C,+:. "H +G deZ\B,*G� =+* =+*B*B
E*+B,*,! A+*B* �:=*N*+E* +B, =+* ZKF.+,,B,*EE* N)+BKF*. (*/*E?<B+*(,*G -.= X(:N*=-(<E*G
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