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If the stopping criterion is met stop otherwise continue

Stop

Quantize the hologram phase distribution

(set the calculated hologram intensity distribution to the required intesity distribution)

Restrain the wavefront at the hologram

Back-project the image wavefront to the hologram

(set the actual intensity distribution to the desired intensity distribution)

Restraint the wavefront at the image

Project the wavefront to the image plane

Start, arbitary initial soloution to hologram phase distribution
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Stop

If the stopping criterion is met stop otherwise continue

("Extinct" or delete the worst solutions in the current population)

Apply a "survival of the fittest" rule

(reconstruct the image for each solution and assess how good the image is)

Determine how fit each solution is

(introduce random changes)

Mutate the population

Breed new solutions from the existing population
(swap parts of one solution with another)

Start with a "population" of many arbitary solutions
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50 microns

Interferogram of hologram

50 microns

White light fringes
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Model

Choosing Function

Starting Function

Stopping Function

Cost Function

Start with arbitrary phase

Calculate initial solution and cost

Select a trial

If cost is improved keep solution otherwise reject

If stopping criteria is met stop otherwise continue

Stop

Calculate new solution and cost
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Plots of image sample points for alpha, box and circle
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f�abd>U-.�, 9 $ A�; �� Z0W>^-^-acI-dN^tG<.0G<]�,lZ�,/.�U-V0,/J GsZ�J-a���,/.0,/IqZ@IqU-]wv�,D.�V�W<Y�^[+tG<V0,H`b,lr>,/`bV $
Z�+[,�*\G���Z�+-,@IqU-]wv�,D.oW<Y�TE+tG<I-d>,/V\GsTDTD,/^[Z�,/J�G<I-J_.0, ��,DTlZ�,DJ�abVo]_W>I-acZ0W>.0,/J�abI�Z�+[,G<`cd>W>.�acZ�+[] $
� I-TD,�Z0+-,_G<`bd>W<.0acZ0+-] +tG<V�.0U-I YkW>.gV�W>]�,�Z0ab]_,w]�W<V�Z�^-a ¹[,/`bVHG<.�,_U[I-`bac¿<,D`��KZ0W�TE+-G<I-d>,�G<I-JYkU-.�Z�+-,/.0]_W>.0,�Z�+-W<V0,PZ0+tGsZXG<.0,P`bab¿s,D`��wZ�WwTE+-G<I-d>,G<.0,P`bab¿s,D`���Z�W�TE+-G<I-d>,Z0WwG�j�I-,Dacd>+qv�W>U[.0abI[dokrsG<`bU[, " a $ , $ 	±W>I[,_`c,/r<,D`�U-^ W>.�J-W *�I Yk.0W>] Z�+-,/ab.�T/U-.0.�,DI)Z2rsG<`cU-, (º$ ® VHG�TDW<I-V0,/pOU[,DI-T/,�acZ�abV.0,DG<V0W<ItG<v-`c,@Z0W�G<V�V0U-]_,PZ0+tGsZjZ�+-,@.�G�Z�,@TE+tG<I-d>,/V�G<.�,G<T/TD,/^[Z�,/J abVjabI)r>,/.0V�,D`c�_^-.�W>^�W>.�Z0abW>ItGs`[Z�WZ�+[,gIOU[]wv�,/.�W<Y�^[+tG<V0,�`c,/r>,/`bV@G<I-J�Z�+-GsZ�Z�+-,HG<`cd>W>.�acZ�+[]�*�W>U-`cJ�Z�,D.�]�acItGsZ0,�^-.0,/]�G�Z�U-.�,D`c� GsZ+-acd>+ IqU-]wv�,D.�VgW<Yo^-+tG<V�,�`b,lr>,D`cV�U-I-`c,DV�VZ�+-,�V�Z�W>^[^-abI-d�^tG<.�Gs]�,lZ�,D.P*XG<V�rsG<.�ab,/J $ ® I acI-acZ0a�G<`rsG<`bU[,\YkW>.�Z�+[,�V�Z�W<^-^-abI[dH^-G<.�G<]_,/Z0,D.�*\G<VoV0,lZ�GsZ # �7YkW<.�Z�+-,�v-acItG<.��w^-+tGsV0,�J-,DV�abd>I_G<I[JNZ0+-,DIrsG<.0ac,DJ�abI)r<,D.0V�,D`���^-.0W>^�W>.�Z�abW<I Z�WNZ�+-,�IqU-]wv�,D.�W<Y�^-+tG<V�,2`c,/r>,/`bV " GsV@V�+-W *�IKacI�²-d>U-.0, 9 $ A�; (º$f�acd>U-.0, 9 $ A � V0+-W *�V�Z0+-,_abI)Z�,/I-V0a�Z³� G<I-J I[W>abV�,_rOV $ Z0+-,�IqU-]�v�,/.�W<Y\^-+tG<V�,�`b,lr>,/`bV $ f�abd>U-.�,
9 $ A � V0+[W�*�V�Z0+-,�V0abd<ItG<`�¶�Z�Ws¶·I-W>acV0,@.�GsZ0abW�rOV $ Z0+-,gIqU-]wv�,D.�W<Y�^-+tG<V�,�`b,/r<,D`cV $ h�+-,�V0`cabd>+)Z�J[.0W>^abI_Z�+-,PV0acd>ItG<` ¶·Z�W�¶³I-W>acV0,�.0GsZ�acW2*�acZ0+�+-acd>+-,/.\IqU-]wv�,D.�V\W<Y¯^-+-G<V0,�`c,/r<,D`bV�abVoZ�+-W<U-d>+)Z\Z0Wwv�,PJ-U-,



2 4 6 8 10 12 14 16
0.2

0.4

0.6

0.8

1

1.2

1.4

Number of phase levels

In
te

ns
ity

 (
ar

bi
ta

ry
 u

ni
ts

)

Noise

Intensity

f�abd>U[.0,+9 $ A �
� � I)Z�,/I-V0a�Z³��G<I-J�I-W>acV0,�YkW>.�J-a���,/.0,/IqZ@IqU-]wv�,D.�V�W<Y�^[+tG<V0,H`b,lr>,/`bV $

2 4 6 8 10 12 14 16
0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

Number of phase levels

S
ig

na
l t

o 
no

is
e 

ra
tio

 (
in

te
ns

ity
:n

oi
se

)

Signal to noise ratio

Noise

Intensity

f�abd>U-.�,+9 $ A � �� acd>ItG<` ¶·Z�W�¶³I-W>acV0,@.�GsZ0abWwYkW>.�J[ac��,D.0,/I)ZPIqU-]�v�,/.0V�W<Y�^-+tG<V�,2`c,/r>,/`bV $
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f�abd<U-.0,+9 $ A # � ��¾_TDac,DI-Tl��YkW>.�J-a���,/.0,DI)Z@IqU-]wv�,D.�V@WsY�^-+-G<V0,H`b,lr>,D`cV $
f�abd<U-.0, 9 $ A # V0+-W *�VgZ�+-,�,l¾_TDab,/I-T/�Kr%V $ Z0+-,�IqU-]wv�,D.gW<Yj^-+tGsV0,N`b,lr>,D`cV $ h�+-,�,/¾_T/ab,DI[T/�abV�T/W>I-V�abV�Z0,DI)Z�*�acZ0+�Z0+-,gr<Gs`bU-,/V�.0,D^�W>.�Z�,DJ�abI�Z0+-,�`bacZ0,D.0GsZ�U-.�,�	[G<I-J�*�acZ�+�Z0+-,DW>.���� � ¼
	 � A�� $
� +-,DINJ-,lZ�,/.0]_abI-acI-dZ�+[,�J-ac��.�G<TlZ�acW>I�,l¾�T/ab,/I-T/��U[V0abI[d�Z�+-,X]_,/Z0+-WOJ�J-abV�TDU-V�V0,DJ_abI �\+-G<^%¶Z�,/. # Z0+-,�,/¾_TDac,DI-Tl�5WsY�J-,/V0abd<I-VN]�G<J[,�*�a�Z�+¦`�G<.�d>,�IqU-]wv�,D.�V�W<YP^-+tGsV0,K`c,/r<,D`bV " )P» ( G<^%¶^-.�W)G<TE+-,/V\Z�+-,P,/¾_TDac,DI-Tl��Z0+tGsZj*\W<U-`bJ v�,PYkW<U-I-J�YkW<.\G�J[ac��.�G<TlZ�abW<I�`cab]_acZ�,/J�ab]�G<d>acI-d�V��OV�Z0,D]" `cab]_acZ0,DJwv)��Z�+[,PV0G<]�,PG<^�,D.�Z�U-.�,PGsVjZ0+-,P+[W>`bW>d<.�G<]�	>V0,/,  ,/T/Z0abW>I #%$��-$ A (l$ h�+[abVjab]_^-`bac,DV�Z0+tGsZI-WwV�abd>I[ac²tTDG<I)Z�,/¾_TDac,DI-Tl� d)GsabI-V�T�G<I�v�,�]�G<J-,v)��abI-T/.0,�GsV0abI[d�Z�+-,IOU[]wv�,/.�W<Y¯^-+tGsV0,g`b,lr>,/`bVW>I-T/,gZ�+-,�IqU-]wv�,D.�W<Y�`b,lr>,D`cV�.0abV�,DV�G<v�W r>,H,Dacd>+)Z $f�abd<U-.0,�9 $ A 9PV�+-W *�V�Z�+[,���� �¦Z0ab]_,j.�,DpqU-ac.0,DJ�vq�HZ�+[,�J-ac.0,/T/Z�¶·V0,DG<.0TE+�Gs`bd>W>.�acZ0+-]xYkW>.¯Z�+-,/V0,J-,/V0abd<I-V\rOV $ Z�+[,gIOU[]wv�,/.XW<Y�^-+tGsV0,g`b,lr>,/`bV $ h�+[,�Z�ab]_,acVX.0W<U-d>+-`���`cabI-,DG<.j*�a�Z�+ Z0+-,�IqU-]wv�,D.W<Y�^-+tGsV0,g`b,lr>,/`bV $ h�+[abV�abV\,l¹%^�,/T/Z0,DJ´G<V\Z�+[,gIOU[]wv�,/.�W<Y�^�W<V0V0acv-`b,TE+tG<I-d>,/V�YkW>.\,DG<TE+´^[a�¹%,D`�abV^-.�W>^�W<.�Z�acW>ItG<`�Z�W�Z�+[,HIqU-]�v�,/.@WsY�^-+-G<V0,�`b,lr>,/`bV�]�acIqU-V�W>I-, $
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f�abd<U-.0, 9 $ A 9 � ��� �	Z�ac]�,PYkW>.�J-ac��,D.�,DI)Z@IqU-]wv�,D.0V�W<Y�^-+tGsV0,H`b,/r<,D`cV $
NPORQSQUT1QJV:W�X@Y[cdW ^ �'W ZghR`���ZHW O��ofgZ `@O W�� X �����R^ ��	
��OiX@f Xb` � ^3\ e�Z��uQDf]ch�+-,�J[ab.0,/T/Z�¶³V0,DG<.0TE+�Gs`bd>W>.�acZ0+-] T�G<I�v�,V�ZEG<.�Z�,/J *�acZ�+�,/acZ0+-,D.\G<`b`tZ�+[,�+-W>`cW>d>.�Gs] ^-a�¹%,D`cVyj�W<� kW>.Kj�W>Iak $ � +-,DING�+[W>`bW>d<.�G<]	^-a ¹%,D`[acV j�W<� k�a�Z�acV�TDW>I[V0abJ[,D.0,/J�I-W<Z�Z0Wg,D]_acZ�G<I)��`cabd>+)Z $ ® V�Y°G<.G<V�Z0+-,N]�GsZ0+-,D]�GsZ0abT�Gs`�]_W%J[,D`�acV�TDW>I[TD,D.�I-,DJµJtG<.�¿ ^-a�¹%,/`bV�G<.�,�V0ab]_^-`��K,º¹[T/`bU-J[,DJ Yk.0W>] Z�+-,V0U[]�]�GsZ�acW>I_d>acr<,DI acI ,DpqUtGsZ0abW>I �-$��[$ h�+-,gG<`cd>W>.�acZ�+[] abI-a�Z�a�Gs`b`c�HZ�,/V�Z0V\Z�WwV�,D,�a�Y±Z�+-,PV0W>`cU[Z�acW>IabVab]_^-.0W r>,/J©*�+-,DI G�J-G<.0¿´^-a�¹%,D`�acV�Z�U-.�I-,DJ j�W>Imk Z�W�,D]_acZg`cabd>+)Z�*�a�Z�+ Z0+-,NTE+-W>V0,/I ^-+-G<V0,rsG<`bU[, $ � YoZ�+-,wV�W>`bU%Z�abW<I abV�ac]�^[.0W r>,/J Z�+-,/I Z0+-,w^-a ¹%,D`�acV�¿<,/^[Z j�W>Iak�WsZ�+-,/.�*�abV�,�acZ.0,D]�G<acI-V
j�W<� k $h�+-abV2]�,DG<I-VHZ�+tGsZ2Z�+-,�+-W>`cW>d>.�Gs] abV2abI-a�Z�a�Gs`b`c�´GK^[+tG<V0, G<I-J�G<]_^-`cacZ�U[J-,NJ-abV�Z�.0acv-U[Z0abW>I $® Y{Z0,D.�G�TD,/.�Z�G<abI Z0ab]_,�Z�+-,_G<`cd>W>.�acZ�+[] ]wU-V�ZHv�,wYkW>.0T/,DJ©Z�W�]�G<¿<,NGs`b`�^[a�¹%,D`cV j�W>Iak�V0W�Z0+tGsZZ�+[,�²-ItG<` V�W>`bU[Z0abW>I�acV@GN^[+tG<V0,�W>I[`c� +[W>`bW>d<.�G<] $

� Y\Z0+-,�Gs`bd>W>.�acZ0+-] acVgV�Z�G<.�Z0,DJµ*�a�Z�+µG<`b`�Z�+-,_^-a�¹%,/`bV j�W>Imk�Z0+-,�V�U-]_]�GsZ0abW>I©acI ,DpqUtGsZ0abW>I
�-$�� ]wU[V�Zwv�,�TDG<.0.�ab,/JiW>U[Z2*�acZ�+iG<`b`�Z0+-, ^-a ¹[,/`bV2GsZ�Z0+-,Dac.�acI-acZ0a�G<`�^[+tG<V0,�r<Gs`bU-,_v�,lYkW>.0,�G<I)�TE+tG<I[d>,DV@T�G<I�v�,�]�G<J[, $e�U-.0acI-d�W>^[Z0ab]_abV0GsZ�acW>I�Z�+[,�rsG<V�Z@]�G ��W<.0acZ³��W<Y�Z�+-, ��� �7Z0ab]_,�abV�V�^�,/I)ZTDG<`bT/U-`�GsZ0abI-d2Z�+-,TE+tG<I[d>,�abIwZ0+-,�ab]�G<d>,\T/W>]_^-`b,º¹�G<]_^-`cacZ�U[J-,\J-U[,�Z0W�Z�+-,�TE+-G<I-d>,�abIwZ0+-,�^-+tGsV0,�W>.oG<]_^-`ba�Z�U-J[,W<Y�Z�+-,�+-W<`bW>d>.0G<] ^-a�¹%,D`�U-I-J-,/.P,º¹-Gs]�acItGsZ�acW>I $ �XG<`bT/U-`�GsZ0abI-d2Z�+-,�TE+tG<I[d>,gZ�WNZ�+-,gac]�G<d<,�J-U-,Z�W�Z�U[.0I-acI-d�G�+-W<`bW>d>.0G<] ^[a�¹%,D` j�W<Iak´acV�]�G<.�d>abI-G<`b`���Y°GsV�Z�,/.gZ�+tG<I T�Gs`bTDU[`�GsZ0abI-d Z0+-,�TE+-G<I-d>,Z�WNZ�+[,�ab]�G<d>,gJ[U-,2Z0W�G_+-W>`bW<d>.�G<] ^-a�¹%,D`¯^-+-G<V0,2TE+tG<I-d>, $ f¸W<.PGN+-W>`cW>d>.0G<] *�acZ0+ M ^-a�¹%,/`bVacZ�Z�G<¿<,/VgG<v�W>U[Z�Z�+-,2V�G<]_,2Z0ab]_,gZ�W�Z0U-.0I j�W>Iak�G<`b` Z0+-,�^[a�¹%,D`cVP^-.�abW>.�Z0W�W>^[Z0ab]_abV0GsZ�acW>I�G<Va�ZJ-WO,DV�Z�WNTDG<.0.���W>U[Z@M W>^[Z0ab]_abV0GsZ�acW>I�Tl�%T/`b,/V $

 ZEGs.�Z�acI-diZ�+[, W<^[Z�ac]�acV�GsZ0abW>I¦*�acZ�+FZ0+-, +-W>`bW<d>.�G<] abIQG�j�JtG<.�¿ k¦V�ZEGsZ0, " *�acZ0+BG<`b`@Z�+-,+-W>`cW>d>.0G<] ^-a�¹%,/`bV�j�W<� k ( T�GsI�v�,�Z0+-W>U-d<+qZwW<Y@G<V�G<`c`bW *�abI[d�Z0+-, W>^[Z0ab]_abV0GsZ�acW>I Z0W ^-.�W%T/,D,DJJ-U-.�abI-d�Z�+-,�v-U-ac`bJ U[^�W<YXZ�+[, abI-a�Z�abG<`�V0W<`bU[Z0abW>I $  Z�G<.�Z0abI-d�Z�+-,�W>^[Z0ab]_abV�G�Z�abW<I acIiG>j�`babd<+qZ8kV�Z�GsZ�, " *�acZ0+�G<`b`¸Z�+[,g^-a�¹%,D`cVXabI�Z�+-, j�W<IakwV�Z�GsZ�, ( .0,/pOU[ab.0,/VXZ�+tG�ZXZ�+-,gacI-acZ0a�G<`tV�W>`bU%Z�abW<I abV�v-U-ab`�ZU-^�v�,lYkW>.0,�Z0+-,�W>^[Z0ab]_abV�G�Z�abW<I�T�GsI´v�,Dd>acI $
� ZXacV\^�W>V0V�abv-`c,PZ�+-GsZXv)��G<`b`cW�*�acI-d�Z�+-,�W<^[Z�ac]�acV�GsZ0abW>I�Z�W�TE+-W%W<V0,Z0+-,�abI[acZ�abG<`-^-+-G<V0,gW<Y�Z�+-,+-W>`cW>d>.0G<]�^[a�¹%,D`cV " a $ , $ 	qV�ZEGs.�Z�acI-dgZ�+-,@W>^[Z0ab]_abV0GsZ�acW>I�*�+-,/I G<`c`-Z�+-,�+-W>`cW>d>.0G<] ^-a ¹%,D`bVjG<.�,�W<� (]�G ��abI-T/.0,DG<V0,�Z�+-,HpqUtG<`cacZ³� WsY�Z�+[,�²-ItG<`±V0W<`bU[Z0abW>I�v�,DT�GsU-V0,�Z�+-,HI-W>acV0,HG<V�V0WOTDa�G�Z�,DJ�*�acZ0+�Z�+-,



abI[acZ�abG<`�V0W>`cU[Z�acW>I�abV�¿<,/^[ZPU-I-J-,/.@T/W>I)Z�.�W>` $ h�+-,2G<`bd<W>.0a�Z�+-] J-WO,DV�I-W<Z@abI[+-,D.�acZ�I-W>acV0,�Yk.�W>] G<IG<.�v-acZ0.�G<.���acI-acZ0a�G<`�V0W>`cU[Z�acW>I *�+-acTE+´]�G���v�,/TDW>]_, j�`cW%TE¿s,DJak_abI)Z�W�Z0+-,g²tItG<` V�W>`bU%Z�abW<I $
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f�acd>U-.0,.9 $ A 4 � 7 ,DG<I�YkW>.0,/d>.0W<U-I-J�abI)Z0,DI-V�acZ³� WsY�GsI-J�I-W>acV0,�J-U[.0abI[dwZ³*\WNW>^[Z0ab]_abV0GsZ�acW>I-V $ h�+-,.0,/J .0,/V0U-`�ZXV�ZEG<.�Z�V�*�a�Z�+�Gs`b`-Z�+[,�+-W>`cW>d>.�Gs] ^-a�¹%,/`bV\acI�Z0+-,W<��V�ZEGsZ0,�	%Z0+-,�d>.�,D,/I .0,/V0U-`�ZX+tG<VjZ�WT�Gs`bTDU[`�GsZ0,Z�+-,�acI-acZ0a�G<`c`c��.0G<I-J-W>] V0W>`cU[Z�acW>I ²t.0V�Z $
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� Z�abV2abI)Z�,/.0,/V�Z�acI-dKZ0W©TDW>]_^tG<.�,�Z�+[, +-W>`cW>d>.�Gs] V�G<]_^-`bacI-dK,º¹%^�,/.0ab]_,DI)Z "  ,DTlZ�acW>I 9 $ A $ A 	^tG<d<,.9); ( *�acZ0+ G<I[J�*�acZ0+-W>U[Z�^-a�¹%,/`�^-.�,DV�,D`b,/T/Z0abW>I $ h�+[,�,l¹%^�,D.0ac]�,/I)ZX^�,D.�YkW<.0]_,DJ�acI  ,/T/Z0abW>I9 $ A $ A�*\G<V�.�,D^�,�GsZ0,DJ5U-V0acI-d ^-a ¹%,D`�^-.0,/V0,/`b,DTlZ�acW>I $ f�acd>U-.�, 9 $ � ;©V0+[W�*�V_Z�+-,´abI)Z�,/I-V0a�Z³�¦G<I-J
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f�abd>U[.0, 9 $�� ; � � I)Z0,DI-V�acZ³��G<I-J�I-W>acV0,�rOV $ Z�WsZEG<` IqU-]�v�,/.@WsY�+-W<`bW>d>.0G<] ^-a�¹%,D`cV $
I-W>acV0,�r%V $ +-W>`cW>d>.�Gs] V�G<]_^-`bacI-d .�GsZ0,´YkW>.�J-,DV�abd>I-V�^�,/.�YkW>.�]�,/J�*�acZ0+FG<I-J:*�a�Z�+-W>U%Z ^-a ¹[,/`^-.�,DV0,/`b,/T/Z�acW>I $ � Z�TDG<I�v�,V0,D,/I�Z0+tGsZXZ0+-,gU-V�,gW<Y�^-a�¹%,D`�^-.0,/V0,D`c,DTlZ�abW<I�+tG<V�`ba�Z0Z0`b,@,/��,DT/Z�W<I Z�+-,²tItGs`�.�,DV�U-`cZ0V $ f�acd>U-.0,�9 $�� � V�+-W *�V\Z�+[, ��� �BZ0ab]_,@.�,DpqU-ac.0,DJ�YkW>.jZ0+-,DV�,�J-,/V0abd<I-VXG<d>G<abI-V�ZoZ�+-,Z�WsZEG<`-IqU-]�v�,/.jWsY�+-W<`bW>d>.0G<] ^-a�¹%,D`cV�.0,/pOU[ab.0,/J�G�Z�,DG<TE+_V�G<]_^-`bacI-dg.�G�Z�, " Z0+-,�Z�W<Z�G<`-IqU-]wv�,D.oW<Y
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f�acd>U-.0,+9 $ � � � ��� �7Z0ab]_,rOV $ Z�W<Z�G<`±IqU-]wv�,D.�W<Y�+-W>`cW>d>.�Gs]�^-a ¹%,D`bV $
V�Gs]�^-`c,DV�abV�^-.0W>^�W>.�Z�abW<ItG<`)Z�WZ0+-,XV0G<]�^[`babI[dP.0GsZ�,�V0pqUtG<.�,DJ ( *�a�Z�+wGsI-Jw*�acZ0+-W>U[Z�^-.0,/V0,D`c,DTlZ�abW<I $
� ZXTDG<I v�,V�,D,DI�Z0+tGsZ\Z0+-, ��� �uZ0ab]_,PacV�V�abd>I[ac²tTDG<I)Z�`c�N.�,DJ-U[TD,DJ�*�+-,/I�^-.0,/V0,/`b,DTlZ�acW>I abV�U-V0,/J $
� OiX X cLZghR`�W ORQSe�Z �"QJf e�OR^3cLQ
�oG<TE+�Z�ab]_,gG�+-W>`cW>d>.0G<]�^[a�¹%,D`±acV�,l¹[G<]_abI-,/J�Z0+-,�I-,/*}^-+tG<V�,H`c,/r<,D` *�+-acTE+´acVXZ�WNv�,HG<^[^-`bac,DJZ�WKacZ2]wU-V�Zwv�, TE+[W>V0,/I $ h�+-abVwI[,/*�^-+tG<V�, `b,lr>,D`�]wU-V�Z�W>v)rOabW>U-V�`c� v�, J-ac��,D.�,DI)ZwYk.�W>] Z�+-,,l¹%acV�Z�acI-d�`b,lr>,D`�G<I[J�]wU-V�Zjv�,PG�rsG<`cU-,XZ�+-GsZjv�,/`bW>I-d<VoZ0WHZ0+-,@V0,/Z�W<Y�pOU-G<I)Z�abV�,DJ�`b,/r<,D`cV\G<`c`bW *�,DJabI Z0+-,�J-,DV�abd>I $

� I�Z0+-abVjV0,/T/Z�acW>I�²[r>,�J-a���,/.0,/IqZj*\G �OVXWsY±TE+-WOW>V0acI-dHZ0+-,I[,/*Q^-+tGsV0,`c,/r<,D`�G<.0,@TDW>I[V0abJ[,D.0,/J $h�+-,/V0,�²-r<,w]_,/Z�+[W%J-VPT�G<IKv�,2V0U-v©J-a�rOabJ-,/JKabI)Z0W�Z³*�W�d>.0W>U[^-V � *�+-,/.0,�Gs`b`±Z�+-,2^-+tG<V�,w`b,lr>,/`bVG<`c`bW *\,/J�v)��Z�+[,gV0,/Z@W<Y�pqUtG<I)Z0abV0,/J´`c,/r<,D`bV�Gs.0,gG�rsG<ab`bG<v-`c,PZ�WwZ0+-,�G<`cd>W>.0a�Z�+-] Z0+-.0W>U[d>+-W>U[Z\Z�+-,W>^[Z0ab]_abV0GsZ�acW>I " U-I-.�,DV�Z�.0acT/Z0,DJNG<T/TD,DV�V ( �[G<I[Jw*�+-,D.�,\Z�+-,XG rsG<ac`�G<v[ab`ba�Z³��W<YtZ0+-,X`c,/r>,/`bV�acV�TE+tGsI-d>,DJJ-U-.�abI-d�Z0+-,�W>^[Z�ac]�acV�GsZ0abW>I " .�,DV�Z0.0acT/Z�,/JKGsTDTD,/V0V (l$ftW>.gG<`c`�Z�+[,DV0,N]_,/Z0+-W%J[VgTDW>I-V�abJ-,/.�G�V0,/Z�WsY ����,/r<,DI-`��©V0^tGsTD,DJ pqUtG<I)Z�acV0,/Jµ^-+-G<V0,N`b,lr>,/`bV*�+-,/.0, ������; L *�+-,D.�,�s�� A©G<I[J>s���^�W>V0a�Z�acr<,±.0,DG<` abI)Z�,/d>,D.�V $ h�+-, ^-+tGsV0, V�,D`b,/T/Z0abW>I]_,/Z�+[W%J-V�V�Z�U-J-ac,DJu+-,D.�,µT/W>U-`bJBv�,µU-V�,DJx*�a�Z�+BIqU-]wv�,D.0V�W<Y�^-+tG<V�, `b,lr>,/`bV�Z�+tG�ZKGs.0, I-W<Z^�W�*�,D.�V�W<Y\Z³*\W´v-U[Z�Z0+-,_V0,D`c,DTlZ�abW<I ^-.�W%T/,DJ-U-.�,DV2v�,/TDW>]_,�V�`bacd>+)Z�`c�K]�W<.0,_TDW>]_^-`b,º¹ $ � +-,DI
sB4 A Z0+-,D.�,�G<.0, W<I-`c� Z³*\W ^-+-G<V0,�`c,/r>,/`bVNG<I[J�TDW>I-V�,DpqU-,/IqZ0`c��Z0+-,D.�,�abV�I[W TE+[W>abT/,�G<v�W>U[Z*�+-acTE+´^-+-G<V0,�`b,lr>,/` Z�W_TE+tG<I-d>,gZ0W $� fgf X ��Z]hi` ^3f]f e�OR^3cLQ�f Q�� QJf]c ^3f]f W ORQ W Z]\_Q � ��h � QJcdW �5ZgV:W Q ��^3VUVoQJc c �
	h�+-abV2V0,/T/Z�acW>I�J-,DG<`bVH*�acZ�+ Z³*\W©]_,/Z0+-WOJ-V�acI *�+-abTE+iG<`b`�Z�+[,�G<`b`cW *\,/J ^-+tGsV0,�`b,lr>,/`bVwGs.0,G�rsG<ab`bG<v-`b,NZ�W©Z0+-,�W>^[Z0ab]_abV�G�Z�abW<I ^-.�W%T/,DV0V�Z0+-.0W>U[d>+-W>U[Z�Z0+-,�W>^[Z0ab]_abV0GsZ�acW>I $ h�+-,�Z³*\W ^-.�Ws¶TD,/J-U-.�,DV�acI)r>,DV�Z�acd)GsZ�,/J Gs.0,�j�V0,/pqU-,DI)Z�abG<`6k�V0,/`b,/T/Z�acW>IµG<I-J j�.�G<I[J-W>] V�,D`b,/T/Z0abW>Iak�W<YjZ�+-,_I-,l*^-+tGsV0,�`b,lr>,D` $

� acZ0+�V0,/pqU-,DI)Z�abG<`@V0,D`c,DTlZ�abW<I5Z�+[, G<`cd>W>.0a�Z�+-] Z�,/V�Z�V�G<`b`XZ0+-,K^[a�¹%,D`cVL� ��GsZ�Gµ,DG<TE+:^-+-G<V0,`b,lr>,/` " v)�%^-G<V0V�abI-dKZ0+-W>V�,�^-a ¹[,/`bV2G<`b.�,�G<J%� V0,/Z2Z�W�Z�+tGsZ2^-+tGsV0,�`c,/r<,D` ( G<I[J Z�+-,/I acI-TD.�,D]_,DI)Z�VZ�+[,2^-+-G<V0,2`b,/r<,D`±Z�W_Z�+-,HI-,º¹%Z�G�r<Gsab`�Gsv-`b,�`c,/r<,D` $ � +-,DI©Gs`b` Z�+[,2^-a ¹%,D`bV�+tG�r<,wv�,/,DI�Z�,DV�Z�,/J©GsZ
� � � J KS?&H*O�T\C�H(F�VMUYTLJ&EGF\b ^BANgGH�P@C�H>PNH[O�KYANF\J T$V KSH>U�bcFRC K
FLVMKS?BH*^BANgIH>P_C
?&T-xLH(]!H>H�J xIADC�ANKSH[E C�H>H��IH[O�KSA_FLJ

'B` )G` # 
���I`



G<`c`�Z0+-,�G�r<Gsab`�Gsv-`b,�`b,lr>,/`bVXZ�+[,g^-.0WOTD,/V0V�abV\.0,D^�,�G�Z�,DJ�U-I)Z0ab`�Z0+-,gW>^[Z0ab]_abV0GsZ�acW>I�acVXV�Z0W>^-^�,DJ " V�,D,
 ,/T/Z�acW>I 9 $ ; $ ; 	-^tG<d>, 4��>(l$
� GsI-J-W>] V0,D`c,DTlZ�abW<I�]�,DG<I-VwZ�+-GsZNG©.�G<I[J-W>] ^-+tG<V�,�`c,/r<,D` 	oW>U%Z�W<Y@Z�+-,�G<`c`bW *�,DJ�`b,lr>,/`bV" v[U[Z�,l¹%TD`cU-J-acI-d_Z0+-,�,l¹%abV�Z�acI-dN`b,/r<,D` ( 	-acV�TE+-W>V0,/I´YkW>.�,DG<TE+KTE+-G<I-d>, $� QJcdW �5Z]V:W ZghR` ^3VUVoQJc cxW'X_^3f]f X � Q �!e�OR^3cLQ f Q�� QJf]c 	h�+-abV�V0,/T/Z�acW>I J-,DG<`¸*�acZ�+_Z�+-.�,D,�]_,/Z0+-WOJ-V\W<Y V0,D`c,DTlZ�abI[d2Z�+[,I-,l*u^[a�¹%,D`�^-+tG<V�,Z�+-GsZXGs`b`bW *Z�+[,�W>^[Z�ac]�acV�GsZ0abW>I2G<`cd>W>.0a�Z�+-]	Z0W�G<`cZ0,D.�Z0+-,�IqU-]wv�,D.�W<Y�^�,D.0]_acZ�Z�,/J�^-+tG<V�,�`b,/r<,D`cVoGsZoJ-ac��,D.�,DI)ZV�Z�G<d>,/V@J[U-.0acI-d�Z�+-,�W>^[Z0ab]_abV0GsZ�acW>I $
� Z�abV�W>v)rOabW>U[V0`c� G�J-abV0G<J[rsG<I)ZEG<d<,�YkW>.XZ�+-,�J-ac.0,/T/Z�¶·V0,DG<.0TE+�]�,lZ�+-WOJ�Z�W�²tI-acV0+�Z�+-,�W>^%Z�ab]_a�¶V�G�Z�abW<I´*�acZ0+KYk,/*�,D.g^�,D.�]�a�Z0Z0,DJK`c,/r<,D`bVPZ�+tG<I©a�ZV�ZEG<.�Z�,/J *�acZ�+ $ h�+-abVP*XG<VI-W<ZZ0,DV�Z�,DJ $ h�+[abVTDW<IqZ0.�G<V�Z�V�*�acZ0+N]�,lZ�+-WOJ-V�`bac¿<, =@9 2�� C����]? 2�� 2��	�M2��mF��g9 ;:?
���HF " V0,/,  ,DT/Z0abW>I�; $��[$ A ( *�+-,/.0,�Z�+-,/.0,G<.�,�J-acV�Z0abI-TlZwG<J%r<GsIqZ�G<d>,/V�abIµV�Z�G<.�Z0abI-d�*�acZ�+ G´T/W>I)Z�abIqU-W<U-V�^-+-G<V0, J[abV�Z0.0acv-U[Z�acW>IµG<I-JµZ0+-,DI^-.�W>d>.0,/V0V�acr>,/`c�©.�,DJ-U[TDabI[d�Z0+-,�IqU-]�v�,/.HWsY\^�,D.�]�a�Z0Z�,/J pOU-G<I)Z�abV0GsZ�acW>I `b,lr>,D`cVgZ�W�Z�+-,NIqU-]wv�,D.W<Y�`b,lr>,D`cV�G<`b`cW *\,/J�acI�Z�+-,g²tItGs`±J-,DV�abd>I $
� Z�abV\I-W<Z�,/J�Yk.0W>]  ,DTlZ�acW>I�9 $ A $ ;2Z0+tGsZXZ0+-,�ac]�G<d<,pqUtG<`cacZ³��G<I-J�,/¾_T/ab,DI[T/� .�abV�,�*�acZ�+�Z�+-,IqU-]wv�,D.�W<Y�G<`b`cW�*�,DJ�^-+-G<V0,H`b,lr>,D`cV $ �PI[YkW>.�Z�U-I-GsZ�,/`c� Z0+-,�.0,DpqU-ac.0,/JKW>^[Z0ab]_abV0GsZ�acW>I�Z�ac]�,g.�abV�,DV" .�W>U-d>+[`c� `cabI-,DG<.0`�� ( *�acZ0+�Z�+-,�IqU-]wv�,D.�W<Y�^-+tG<V�,2`c,/r<,D`bV " V0,/,H²td<U-.0, 9 $ A 9 (º$
� Z�*�W>U-`cJ�v�,@J-,DV�ab.�Gsv-`b,�Z�WHTDW<]wv-abI[,�Z0+-,@ab]�G<d>,�^-.�W>^�,/.�Z0ab,DVoW<Y GH+[abd>+_IqU-]wv�,D.jW<Y ^-+-G<V0,`b,lr>,/`bV�*�acZ�+ Z�+[,�.0G<^-abJ TDW<Iqr<,D.�d>,DI-T/,�W<Y�G�`bW *�,D.HIOU[]wv�,/.2WsY�^-+tG<V�,�`c,/r<,D`bV $ h�+-.0,/,�^-+-G<V0,V0,/`b,/T/Z�acW>I�]_,/Z0+-WOJ-V�*�+-acTE+�V�Z�G<.�Z�*�acZ�+ G<I abI[acZ�abG<`b`���`cW *QIOU[]wv�,/.XW<Y±^[+tG<V0,g`c,/r<,D`bV\G<I-J�Z0+-,DIG<`c`bW *5Z0+-,IqU-]�v�,/.\W<Y±^[+tG<V0,P`b,lr>,D`cV�Z0W�v�,abI[TD.0,DG<V0,/J `�G�Z�,D.oacI�Z�+[,W>^[Z0ab]_abV0GsZ�acW>I�	>U-^_Z�WHZ�+-,IqU-]wv�,D.�W<Y�G<`b`cW *\,/J�^-+tGsV0,�`c,/r>,/`bV�	[v�,/YkW>.�,PZ�+[,W>^[Z0ab]_abV0GsZ�acW>IN,DI-J-V�*\,/.0,g,l¹[G<]_abI[,DJ $ h�+[,DV0,,l¹%^�,D.�ab]_,DI)Z�V�V�+-W *\,/J5Z�+-GsZN.0,/V�Z�.�abTlZ�abI[dKZ�+-,�IqU-]wv�,D.�WsYP^[+tG<V0,�`c,/r>,/`bV�,DG<.0`�� W>I¦G<TlZ�UtGs`b`c�.0,/J-U-T/,DV�Z�+-,�^�,D.�YkW<.0]�G<I-TD,B� � WsY�Z0+-,�J-ab.�,DT/Z�¶³V�,�G<.�TE+´]_,/Z0+-W%J�.0GsZ�+-,/.�Z�+tG<I�ab]_^-.�W�rOacI-dwacZ $h�+-,�IqU-]wv�,D.�W<YP^-+tG<V�,�`b,lr>,D`cVwZ�+tG�Z�Z�+-,�J-ac.0,/T/Z�¶·V0,DG<.0TE+¦]�,lZ�+-WOJ�T�GsI5U-V�,�GsZNG©d>acr<,DI]_W>]�,/I)Z�J-U-.0acI-d Z�+-, W>^[Z0ab]_abV0GsZ�acW>I�*�ab`c`�v�,µ.�,/Yk,D.�.0,/JuZ�W5G<V�Z�+-,�=3CE9 <x?
��� C�����J<��ECE9 W<Y^-+tGsV0,�`b,lr>,/`bVNG<VwW<^-^�W<V0,DJ�Z0W Z�+-, ;:4H462�� C�����D<��ECE9HW<Y@^-+tGsV0,�`b,lr>,/`bV�J-,lZ�,D.�]�acI-,DJ�v)�µZ�+-,J-,/V0abd<I $ h�+-,H^�,/.0]_acZ0Z0,DJ�IqU-]wv�,D.�V�ZEG<.�Z�V�abI-a�Z�abG<`b`��NGsZ�Z³*�W�G<I[J�Z0+-,DI�abI-T/.0,DG<V0,/VPJ-U[.0abI[dwZ�+-,W>^[Z0ab]_abV0GsZ�acW>I�U-I)Z0ab` a�Z�.0,�GsTE+-,DV�Z�+-,HG<`c`bW *�,DJ�IqU-]wv�,D. $h�+-,XvtGsV0abT�]�,/TE+tG<I-acV0]	YkW>.�J-,/Z0,D.0]_abI[abI-d@*�+-,DIwZ0+-,\IqU-]wv�,D.�W<Y¸^�,/.0]_acZ�Z�,DJ2^-+tG<V�,X`b,lr>,/`bVabVNacI-TD.�,�G<V�,DJ�acVNV0ab]_ab`bG<.�Z0W Z0+-,´]_,DTE+-G<I-abV�] U-V0,/J�Z�W V�Z0W>^5Z0+-,´G<`bd>W<.0acZ0+-] " V0,/,  ,/T/Z0abW>I9 $ ; $ ; (l$ h�+-,P^[.0W>vtGsv-ab`cacZ³�HW<Y±GsTDTD,/^[Z�acI-dHGHTE+-G<I-d>,�	 �	� abV�]_W>I-acZ0W>.0,/JNG<I-J_acY�acZ�Y°G<`c`bV�v�,D`cW *:G^-.�,DV0,lZrsG<`cU-,�	tZ�+[, =30m;5F'C ?
���E9 CE< C����i=@9 2��M;��L?H4 ?
��� � � � � 	¸Z�+-,/IK^�,D.0]_acZ�Z�,/JKIqU-]wv�,D.@W<Y�^-+-G<V0,`b,lr>,/`bV�abV�acI-TD.�,�G<V�,DJ $ h�+-,µ^[+tG<V0, acI-TD.�,D]_,DI)Z�^-.0W<vtG<v-ac`bacZ³��	 � � � � 	P]wU-V�Z�v�,©+-acd>+-,D. Z0+tG<IZ�+[,gV�Z�W<^-^-abI[d�^-.0W>v-G<v-ab`cacZ³��	 �	
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f�acd>U-.0,+9 $ # ¼ ��� W>acV0,�rOV $ V0,/^tG<.�G�Z�abW<I�WsY�.�,DTDW<I-V�Z0.0U-TlZ�abW<I´^-`bG<I-,/V $
f�abd<U-.0, 9 $ # ¼ V0+-W *�VgZ�+-,�ac]�Gsd>,�I-W<abV0,wYkW<.PZ�+[,�TD.0W<V0VHG<I-J©Z�+[,wTDac.0TD`c,w.0,/TDW>I[V�Z�.�U-T/Z0,DJµabIZ�+[,Dab.jG<^[^-.0W>^[.0a�G�Z�,�^-`bG<I-,DVoYkW>.ov�W<Z�+NZ�+-,�Z³*�Ws¶�GsI-J�Z0+-.0,/,l¶³J[ab]_,DI-V�abW>ItGs`-J-,DV�abd>I[V $ h�+-,@I-W>acV0,`b,lr>,/`bVYkW>.@Z�+-,�T/.0W>V�V�G<I-J©T/ab.0T/`b,2.0,DT/W>I-V�Z�.0U[T/Z�,/J Yk.�W>] Z�+-,wZ0+-.0,/,l¶³J[ab]_,DI-V�abW>ItGs`�J-,/V0acd>I-V�.�,l¶]�G<abI�Y°Gsab.0`���TDW>I[V�ZEGsIqZ�G<V�Z0+-,�.0,/TDW>I[V�Z�.�U-T/Z0abW>IN^-`bG<I-,/V�G<.0,�V�,D^tGs.�GsZ0,DJ $ h�+[,@I[W>abV�,X`b,lr>,D`t.�abV�,DV.�Gs^-abJ-`�� YkW>.gZ�+[,�TD.�W>V0V2.0,/TDW>I-V�Z�.�U-T/Z0,DJ�Yk.0W>] Z0+-,NZ³*\Ws¶·J-ab]_,DI[V0abW<ItG<`�J-,/V0abd<I�G<V�Z�+-,�^-`�G<I[,DVV0,/^tG<.0GsZ�, $ h�+[,wI-W>acV0,H`b,/r<,D`¯YkW>.�Z�+-,2TDab.�TD`c,H.�,DT/W>I-V�Z0.0U-TlZ�,/J Yk.�W>]RZ�+[,2Z³*�Ws¶³J-ac]�,/I-V0acW>ItG<`±J[,l¶V0acd>INJ-ab]_abI[abV0+[,DV�V0`cW *�`c�NG<VoZ�+[,@.�,DT/W>I-V�Z0.0U-TlZ�acW>I�^-`bG<I-,/VjV�,D^tGs.�GsZ0,�	qZ�+-acVj+[W�*�,/r<,D.XacVjGH.�,DV0U[`cZW<Y�Z�+-,�.�Gs^-abJ�J-,DT/.0,DG<V0,2abI�Z�+-,H]�,DG<I�abI)Z�,/I-V0a�Z³��W<Y�Z0+-,HTDab.�TD`c,2GsV�Z0+-,HTDab.�TD`c,H]_W r>,/VPW>U%Z�V0acJ-,W<Y�Z�+-,�J-,/V0acd>I�.0,Dd<abW>I " V�,D,�²td>U-.�, 9 $��>& GsI-J 9 $ # A (l$f�abd<U-.0, 9 $ # A�V0+-W *�V�Z0+-,�V0abd<ItG<`�¶�Z�Ws¶·I-W>acV0,�.0GsZ�acW YkW<.NZ0+-,�TD.0W<V0V�G<I-J5Z0+-,�TDab.�TD`c,�.�,DT/W>I%¶V�Z0.0U-TlZ�,/J�abI Z�+[,Dab.NGs^-^-.0W<^-.0abGsZ�,�^-`bG<I-,/V_YkW>.�v�W<Z0+¦Z0+-,�Z³*�Ws¶·J-ab]_,DI-V�abW>I-G<`�G<I-J Z�+[,�Z0+-.0,/,l¶J-ac]�,/I-V0acW>ItG<`oJ-,/V0abd<I-V $ h�+-,�V�abd>I-G<`�¶�Z�Ws¶·I-W>abV�,N.�GsZ0abW´YkW<.2Z�+[, Z³*\Ws¶·J-ab]_,DI[V0abW<ItG<`oJ-,DV�abd>I�J[,l¶TD.�,�G<V�,DVP.�G<^-acJ-`c��G<V@Z0+-,H^-`�G<I[,DVPG<.0,�V0,/^tG<.0GsZ�,/J $ h�+-,�V�abd>I-G<`�¶�Z�Ws¶·I-W>abV�,�.�G�Z�abW�YkW>.�Z0+-,2Z0+-.0,/,l¶J-ac]�,/I-V0acW>ItG<`�J-,DV�abd>I-V�.�,D]�G<abI-V�Y°G<ab.�`c��TDW>I-V�ZEG<I)ZG<VXZ�+[,H^[`�G<I-,/V@G<.0,�V0,/^tG<.0GsZ�,/J $f�abd<U-.0, 9 $ # ;µV0+-W *�V Z0+-, ,/¾_T/ab,DI[T/��YkW<.�Z�+[,©TD.0W<V0V�G<I[J:Z�+-, T/ab.�TD`b,´.0,/TDW>I-V�Z�.�U-T/Z0,DJBabIZ�+[,Dab.¯Gs^-^-.0W<^-.0abGsZ�,�^[`�G<I-,/V±YkW>.±v�WsZ�+gZ�+-,�Z³*�Ws¶³J[ab]_,DI-V�abW>ItGs`>G<I-J�Z�+[.0,D,º¶³J-ac]�,/I-V0acW>ItG<`sJ-,DV�abd>I[V $h�+-acV�d>.�G<^[+�G<`cV0W�V0+[W�*�VoZ�+[,@T/W>]wv-acI-,DJ_,/¾_T/ab,DI[T/��YkW>.�Z0+-,�Z�+-.�,D,l¶·J-ab]_,DI[V0abW<ItG<`-J-,/V0acd>I-VjG<I-J
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f�abd>U-.�, 9 $ # A �� acd>ItG<` ¶·Z0Ws¶³I-W<abV0,@.�G�Z�abWwrOV $ V�,D^tG<.0GsZ�acW>I�W<Y�.0,DT/W>I-V�Z�.0U[T/Z�acW>I�^-`�G<I[,DV $
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f�abd<U-.0, 9 $ # ; � ��¾_T/ab,DI[T/��rOV $ V0,/^tG<.�G�Z�abW<I�WsY�.�,DTDW<I-V�Z0.0U-TlZ�abW<I´^-`bG<I-,/V $



Z�+[,@Z³*�Ws¶³J[ab]_,DI-V�abW>ItGs`tJ-,DV�abd>I $ h�+-,DV�,*\,/.0,�TDG<`bT/U-`�G�Z�,DJ_v)��G<J-J-acI-dHZ0+-,,l¾_TDab,/I-TDac,DVjYkW>.�Z�+-,.0,/TDW>I[V�Z�.�U-T/Z0abW>I[V@WsY�v�W<Z�+�Z�+[,HT/.0W>V�V@G<I-J�Z�+-,�TDac.0T/`b, $h�+-,\,l¾_TDab,/I-TDac,DV�YkW>.�Z0+-,jTD.0W<V0V�G<I[J2Z�+[,�T/ab.0T/`b,jJ-ac��,D.¯acI2Z�+[, �/,D.0WV0,D^-G<.�GsZ0abW>I2J-,DV�abd>I�G<I-JabI_Z�+-,PZ�+-.�,D,l¶·J-ab]_,DI[V0abW<ItG<`�J-,DV�abd>I v�,DTDG<U-V�,�Z�+-,�J[,DV0acd>I�G<`cd>W>.0a�Z�+-]�*XG<V\abI)Z�,/I-J-,DJ�Z0Ww]�Gs¿<,Z�+[,2acIqZ0,DI-V�acZ0ab,DV@W<Y�Z�+-,2TD.0W<V0V�GsI-J´Z0+-,2T/ab.�TD`b,�,/pOU-G<` $ ® VPZ�+[,HYkW>.�,Dd>.�W>U-I-JKG<.0,DG�T/W�r<,D.�,DJ©v)�Z�+[,jT/ab.�TD`b,�*\G<V�d>.0,DGsZ�,/.±Z�+tG<I�Z�+-GsZ�W<Y[Z0+-,oTD.0W<V0V¯Z�+-,o^-.�W>^�W<.�Z�acW>I�W<YOZ�+-,j,DI-,/.0d<��J[acr>,/.�Z0,DJ�acI)Z�WZ�+[,�TDac.0TD`c,acV\d>.�,�GsZ0,D. $ � ZXabVXGs`bV0W�I-W<Z�,/J Z�+tG�Z�G<V\Z0+-,�.0,/TDW>I[V�Z�.�U-T/Z0abW>I�^[`�G<I-,/V�G<.�,�V0,/^tG<.�G�Z�,DJZ�+[,�+-W>`cW>d>.0G<] M � v�,DTDW<]�,/V�d>.0,DGsZ�,/.PYkW>.�Z�+[,�TD.�W>V0V�G<Va�ZacVTD`cW>V0,/.@Z0W�Z�+[,�+-W>`cW>d>.0G<] G<I-JZ�+[,wv�,/TDW>]_,DVgV�]�Gs`b`b,/.@YkW<.Z�+-,�T/ab.�TD`b, $ h�+-abV�]_,�GsI-V�Z�+-,�,º¹%^�,/T/Z�,/Jµ`cabI-,H*�abJ[Z0+ G<I-J©+-,/I-TD,Z�+[,�G<.0,DG TDW r>,/.0,DJ5v)� Z�+[,�ab]�G<d>,�Y°Gs`b`bVHYkW>.�Z0+-,�TD.�W>V0V_G<I-J .�abV0,/VwYkW>.�Z0+-,�TDac.0TD`c, $ h�+-abV�abVV0+[W�*�IiG<V�G�V0`cabd>+)ZH.0acV0,_abI Z�+-,_,/¾_T/ab,DI[T/� YkW>.gZ�+-,�TDac.0TD`c,_G<I-JiG�V0`cabd>+)Z�Y°G<`c`�YkW>.�Z�+-,_TD.�W>V0V.0,/TDW>I[V�Z�.�U-T/Z0,DJiYk.�W>] Z�+[,�Z�+[.0,D,º¶³J-ac]�,/I-V0acW>ItG<`�J-,DV�abd>I-V�G<V�Z�+-,_.0,/TDW>I-V�Z�.�U-T/Z0abW>Ii^[`�G<I-,/V�Gs.0,V0,/^tG<.0GsZ�,/J $h�+-,�TDW<]wv-abI[,DJN,/¾_TDac,DI-T/ab,/V " J-W<Z�Z�,/J_`cabI-,/V ( G<.0,�+-acd>+-,/.�Z�+tGsI_V�,D,/INYkW<.�^-.0,lrOabW>U-V�J[,DV0acd>I-Vv�,DT�GsU-V0,gZ�+[, j�W r>,D.�`�G<^mk_WsY�Z0+-,�TDac.0TD`c,gG<I-J�T/.0W>V�V@ac]�Gsd>,J-,/V0acd>I�.0,Dd<abW>I-V�.�,DV�U-`cZ0V�abV�G�V0]�G<`c`G<]_W>U-I)Z�W<Y-Z�+[,\,DI[,D.0ds��v�,DacI-d�TDW<U-I)Z�,DJwZ³*�acTD, " W>I-T/,�YkW>.�Z�+-,�TD.�W>V0V�GsI-JwW>I-T/,�YkW>.¯Z�+[,XTDac.0TD`c, (º$h�+-,�W r>,/.�G<`c`�T/W>]wv-acI-,DJ©,l¾�T/ab,/I-T/�´YkW>.Z�+[,wZ�+-.�,D,l¶·J-ab]_,DI[V0abW<ItG<`¯J-,DV�abd>I[Vg.0,D]�G<acI-V+-acd>+ $ � ZJ-.�W>^-V�*�acZ0+�acI-TD.�,�G<V�abI-dNV�,D^tG<.0GsZ�acW>I�W<Y�Z�+-,�^-`bG<I-,DVXYkW<.XZ�+-,gZ³*�Ws¶³J-ac]�,/I-V0acW>ItG<`�J-,DV�abd>I $
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f�acd>U-.0,+9 $ #�� � � ^%Z�ab]_abV0GsZ�acW>I�Z0ab]_,rOV $ V0,/^tG<.�G�Z�abW<I�WsY�.�,DTDW<I-V�Z0.0U-TlZ�abW<I´^-`bG<I-,/V $
f�abd<U-.0, 9 $ #�� V0+-W *�VjZ�+-, ��� �QZ0ab]_,�.0,DpqU-ac.0,/J�Z�WH^�,D.�YkW<.0] Z0+-,DV�,W>^[Z0ab]_abV0GsZ�acW>I-V�rOV $ Z�+-,J-,/V0abd<I�^-`bG<I-,�V0,/^tG<.�G�Z�abW<I $ h�+-,Kd<.�G<^-+5J-WO,DV�I[W<Z�V�+-W * G<I)�¦V0abd<I-ac²tTDG<I)ZNZ�.0,/I-J:W>U%Z�V0acJ-,W<Y�Z0+-,�rsG<.0abGsZ�acW>I�,l¹%^�,/T/Z0,DJ abIKZ0+-,wW>^%Z�ab]_abV0GsZ�acW>I�Z�ac]�,/V " V�,D,  ,/T/Z0abW>I 9 $ ; $ A (º$ h�+-abVV0`bacd>+)ZrsG<.0abGsZ�acW>I�acV�Z�W�v�, ,º¹[^�,DTlZ�,/JxG<V�G�Z�,�G<TE+QV�,D^tG<.0GsZ�acW>I:Z�+[, G<`bd>W<.0acZ0+-] abV�V0,/Z�GiV�`bacd>+)Z�`c�J-a���,/.0,DI)Z�^-.�W>v-`c,D] $

- ������� 	�� �� "%
��1� �@� )+$&��� ���$&�'��1. ) � ��$&3'��h�.0U-,XZ0+-.0,/,l¶³J[ab]_,DI-V�abW>ItGs`%ac]�G<d<,\abI)Z0,DI-V�acZ³�2J-abV�Z�.0acv-U[Z0abW>I-V�.0,/pOU[ab.0,XZ0+-,X*�W>.0¿qabI[dgJ-abV�ZEG<I-T/,XZ�Wv�,2V�^�,/TDac²-,DJKYkW>.�,DG<TE+ ab]�G<d>,gV0G<]_^-`b, $ � I´Z0+-,2YkW>`c`bW *�abI[d�,l¹[G<]_^-`b,�Z�+-,2G<`c^-+tGNV0+tG<^�,�U[V0,DJ^-.�,/rOabW>U[V0`c� *\G<V�J-,/V0abd<I-,DJiZ0W©v�,�YkWOTDU[V0,DJ�W r<,D.NG TDU[.�r>,/J V0U-.�Y°G<TD, $ h�+[,�TE+-W>V0,/I V0U-.�Y°G<TD,



*\G<V�GK^tGs.�G<v�W>`bW<abJ W<Y�.0,lr>W>`cU[Z�acW>I $ h�+-,�*�W>.0¿qabI[d J-abV�ZEG<I[TD,�YkW>.H,�GsTE+¦ac]�Gsd>,NV�G<]_^-`b,�	�.Rp 	*\G<V�T�G<`cTDU-`bGsZ�,/J´GsV .ip�4B¼[CcA�?5; # ¼>¼ + � � ]�,lZ�.�,DV " 9 $ A 9 (*�+-,/.0, � acVwZ�+-,�.0G<J-abG<`\J-acV�Z�G<I-TD, Yk.�W>] Z0+-,�G�¹%abVwZ0W Z�+-,�ab]�G<d>,�V�G<]_^-`c, $ h�+[,�.�,DpqU-ac.0,DJJ-,/^[Z�+ WsY±Z�+-,Pab]�G<d>,�W>.\J[ac��,D.0,/I-TD,Pv�,lZ³*\,/,DI�Z�+[,P*�W>.0¿qabI[dwJ-abV�ZEG<I[TD,DV\W<Y Z�+[,�ab]�G<d>,�V�Gs]�^-`c,I-,DG<.0,/V�Z�Z�W�Z�+[, +[W>`bW>d<.�G<] G<I-JQZ�+-,©ac]�Gsd>, V�Gs]�^-`c, YkU-.�Z0+-,DV�Z�Yk.0W>] Z�+-, +-W>`cW>d>.0G<] *\G<V¼ $ ¼[A>A # ] $ h�+-,w+[W>`bW>d<.�G<]_V�J-,DV�abd>I-,/J©abI�Z�+-acVV0,/T/Z0abW>I +-G<J ; # 91+ ; # 9KA�¼�� ] ^-a ¹[,/`bV $ h�+-,+-W>`cW>d>.0G<] Gs^�,/.�Z�U[.0,�U-V0,/J5*\G<V_Z³*�acTD,�Z�+[,´V�a��D,�W<YPZ�+-,�G<^�,D.�Z�U-.�,DV_U-V0,/J:abI�Z0+-,�^-.0,lr%acW>U-V,l¹[G<]_^-`c,DV@G<I-J�*XG<VPTE+-W>V�,DIKZ0W�acI-TD.�,�G<V�,HZ0+-,�+-W<`bW>d>.0G<]_V�M���G<I-J�Z�+-,/.0,lYkW>.0,HJ-,DT/.0,DG<V0,HZ�+-,+-W>`cW>d>.0G<] J-,/^[Z�+�W<Y YkWOTDU-V $ � acZ0+�Z�+[abVo+-W>`cW>d>.�Gs] M��QZ�+[,PJ-,/^[Z�+�W<Y Z�+[,Pac]�G<d<,X*XG<V\G<v�W>U[Z»wZ�ac]�,/VXZ�+-,�J-,/^[Z�+�W<Y�YkW%T/U-V $
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f�acd>U-.0, 9 $ #��
� e�a�G<d>.0G<] V0+-W *�abI[d´Z�+[,_ac]�Gsd>,wV�Gs]�^-`c,DV " .�,DJ ( 	�Z0+-,N.0,/TDW>I-V�Z�.�U-T/Z0abW>Iµ^-`�G<I[,DV" d<.0,D,/I ( G<I-J " V�W>]_, ( .0,/TDW>I-V�Z�.�U-T/Z0abW>I�.�G<J[aba " v-`bU[, (l$
h�+-,_W>^[Z�ac]�acV�GsZ0abW>I´*XG<VH.0,/^�,DGsZ�,/J U-V�abI-d�Z³*�Ws¶³J-ac]�,/I-V0acW>ItG<`�ab]�G<d>,wV0G<]�^[`b,�JtGsZ�G�*�a�Z�+GK*�W>.0¿qabI[d J[abV�Z�G<I-T/,�	
. 4 ¼[C�A�] Z�W©^-.�W�rOacJ-,�TDW>]_^tG<.�abV�W>Ii*�acZ0+iZ�+-, Z0+-.0,/,l¶³J[ab]_,DI-V�abW>ItGs`J-,/V0abd<I $f�abd<U-.0, 9 $ #�� V�+-W *�V�Z�+-,2ab]�G<d>,�r<W>`bU-]_, $ h�+-,�ab]�G<d>,gV�Gs]�^-`c,DVG<.0,HV0+-W *�I©acIK.0,/J�	¸Z�+-,^�W>V0a�Z�abW<I´W<Y�Z0+-,wTE+-W<V0,DI .�,DTDW<I-V�Z0.0U-TlZ�abW<I©^-`�G<I[,DVV�+-W *�I abIKV�W>`bacJ G<I[J©J-W<Z0Z0,DJ d<.0,D,/I $ h�+-,.0,/TDW>I[V�Z�.�U-T/Z0abW>I�W r>,D.jZ�+-,P^tG<.0G<v�W<`bW>acJw*XG<VXG<V0V�,D]wv-`c,DJ�U-V0acI-d�JtG�ZEGHYk.�W>] Z�+[,DV0,P.0,/TDW>I-V�Z�.�U-Tl¶Z�acW>Iw^-`bG<I-,/V $ h�+-,�.0G<J-abU[V�W<Y¸Z�+-,�^tGs.�G<v�W>`bW<abJ�V�^�,/TDa�²t,DJ_abI�,/pOU-GsZ�acW>I 9 $ A 9�abV�V�+-W *�I�acI�v-`bU-, $h�+-,HJ-,D^%Z�+ W<Y�YkW%T/U-VPacV�V0+-W *�I©G<VPG�v[`bU-,H]�Gs.0¿<,/.GsI-J´acVPT/W>I-V�abJ-,/.�G<v-`���V0]�G<`b`c,D.XZ0+tG<I�Z�+-,J-,/^[Z�+�W<Y�Z�+-,�ab]�G<d>, $h�+-, .�,DV0U[`cZ�acI-dK+[W>`bW>d<.�G<] J-,/V0acd>I-V2*�,D.�, Z�+-,/I�.0,/TDW>I-V�Z�.�U-T/Z0,DJ W r>,D.2Z�+-,�,DI)Z�ac.0, ac]�G<d<,



J-,/V0abd<I�r<W>`bU-]_, ��� $ h�+-,2V�G<]_^-`b,�V�^tG<TDacI-d�G<`bW>I[dNZ0+-,HW>^[Z�acT�G<`¯G�¹[acV@*\G<V # ¼>¼<]_abT/.0W>I[V $ h�+[abVV�Gs]�^-`c,�V0^tG<T/abI-d�*XG<VPV0acd>I-ac²-T�G<I)Z�`���`b,/V0V@Z�+tG<I´Z�+-,2J-,D^[Z0+ W<Y�YkWOTDU[VPYkW>.�Z�+-,2+-W>`cW>d>.�Gs] G<I-J*\G<V�.�,DpqU-ab.�,DJwd<acr>,\GPT/W>I)Z�abIqU-W<U-V�.0,/TDW>I[V�Z�.�U-T/Z0abW>I�W<Y-Z�+[,\ab]�G<d>,oW r>,/.�Z0+-,X^tG<.0G<v�W>`bacT�V0U-.�Y°G<TD,v�,DT�GsU-V0,HW<Y�Z�+-,�.�GsJ-a�G<`�]�W r<,D]_,DI)Z@W<Y�Z0+-,�ab]�G<d>,�.0GsZ�+[,D.�Z�+tGsI�J[,/YkWOTDU-V $
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3-d alpha focus reconstructed over parabolic

f�acd>U-.�, 9 $ #># � ® � J�J-,DV�abd>I�.0,/TDW>I[V�Z�.�U-T/Z0,DJ´W�r<,D.@acZ0V�J-,DV�abd>I�V0U-.�Y°G<TD, $
h�+-,�.0,/TDW>I-V�Z�.�U-T/Z0abW>I�W<Y¯Z�+-,gZ0+-.0,/,l¶³J[ab]_,DI-V�abW>ItGs`�J-,/V0abd<I�W r<,D.�Z�+-,g^tGs.�G<v�W>`bacTV�U-.�Y°G<T/,�abVV0+[W�*�I´abI�²td>U[.0, 9 $ #>#%$ ftW>.�TD`bG<.0a�Z³��G�^-.0W ��,DT/Z0abW>I�W<Y�Z�+-,�.�,DTDW<I-V�Z0.0U-TlZ�abW<IKW r>,/.@Z0+-,�V0U-.�Y°G<TD,abV�V�+-W *�IKW>I�G :¸GsZ@^-`bG<I-,gU-I[J-,D.�Z�+[,H^-G<.�G<v�W>`cW>abJ $ftW>.NTDW>]_^tG<.�abV0W<I5G .0,/TDW>I[V�Z�.�U-T/Z0abW>I5W<YgG :¸GsZ_J-,/V0acd>I5W r<,D.�Z0+-,�V0U-.�Y°G<TD,�abVNV0+[W�*�I�abI²td>U[.0,9 $ # 9 $ � Z�abVjTD`c,�G<.jYk.0W>] ²td<U-.0,.9 $ #<# Z�+tG�Z\Z�+[,�ab]�G<d>,�.0,/TDW>I[V�Z�.�U-T/Z0,DJ�Yk.0W<]�Z0+-,Z0+-.0,/,l¶J-ac]�,/I-V0acW>ItG<`%J-,DV�abd>INV�Z�G��%VjabI�YkWOTDU-V�W r<,D.oZ�+-,�^tG<.0G<v�W>`bW>acJwJ-,/V0^-a�Z�,�Z�+-,�J[,D^[Z0+�W<Y�Z�+-,�ac]�G<d<,,l¹%T/,D,DJ[abI-d©Z�+[,�J-,D^[Z0+ W<Y�YkW%T/U-V $ f�abd<U-.0, 9 $ # 9´V0+-W *�V�Z�+tG�Z�Z�+-,�Z³*�Ws¶·J-ab]_,DI-V�abW>I-G<`\ac]�G<d<,J-,/V0abd<I-,DJ YkW>._G YkWOT�Gs`X`b,/I-d<Z�+¦W<Y¼[C�A�] abVNacI YkWOTDU[V�GsZ�Z0+-,�TD,DI)Z0.0,�W<YZ0+-,�^tG<.�Gsv�W>`bG©v-U[ZpqU-abTE¿q`��µd<W%,/VwW>U[Z�W<YXYkWOTDU-V�G�*\G�� Yk.0W<] Z0+-,�T/,DI)Z�.�,�G<V2Z0+-, .�,DTDW<I-V�Z0.0U-TlZ�abW<IiYkW%TDG<`o`b,DI[d<Z�+abI[TD.0,DG<V0,/V $h�+-abV�,l¹[G<]_^-`b,�T/`b,�Gs.0`c� J[,D]_W>I-V�Z0.�GsZ0,DV_Z�+-,KG<v-ab`cacZ³� W<Y�Z�+[,KJ-ac.0,DTlZ�¶·V0,�Gs.0TE+:]_,/Z0+-W%J¦Z�WJ-,/V0abd<I�+[W>`bW>d<.�G<]_V\YkW>.XZ0+-,�^-.0WOJ-U-TlZ�abW<I�WsY�Z0+-.0,/,l¶³J[ab]_,DI-V�abW>ItGs`�ab]�G<d>,J-abV�Z�.0acv-U[Z0abW>I-V $

%��º� � «g£�¢��_¤©¢�¤
� �w¡o¡�� ��£ �N¥}�µ��¢D¤�ª�£
� +-,/IiZ�+-,�J-ac.0,/T/Z�¶·V0,DG<.0TE+ ]_,/Z�+[W%JiacV�U-V�,DJ Z�W J[,DV0acd>I G<.�.�G��OV�W<Y�^�W<abI)Z�V�GsI-JiZ�+-,�^�W>acI)Z�VG<.�,´*�,D`b`@V0,/^tG<.0GsZ�,/J�	�Z�+-,´^-+tG<V�, W<YgZ�+[,´²t,/`bJFGsZ G d>a�r>,DI�ab]�G<d>,�V�G<]_^-`c,´^�W>abI)Z�T�G<IFv�,
� �>s/OXQB]�FLADE�OXF\J\K8T�A_JBA_JBf#TLPNP�KS?BH�A_b T�fLH�CYT�bc^BP_H>CdA_J*KY?BH�KS?&USH>H � EGANbcH>J&C�A_FLJ!T�P�EGH[C�A_fLJ�`
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  2-d alpha focus reconstructed over parabolic

f�acd>U-.0, 9 $ # 9 � ® ;�¶³J J[,DV0acd>I .�,DTDW<I-V�Z0.0U-TlZ�,DJ W r>,/.Z�+[,w^tG<.0G<v�W<`babT�V�U-.�Y°G<T/,wV0+[W�*�I©acI´²td<U-.0,
9 $ #>#%$



TDW<I-V0acJ-,D.�,DJ©abI[J-,D^�,DI-J[,DI)ZgYk.0W>] Z�+[,w^-+tG<V�,�W<YjG<`c`�Z0+-,wW<Z0+-,D.�ac]�Gsd>,2V0G<]_^-`b,2^�W>acI)Z�V $ h�+[abV.0,/V0U-`�Z�VHabI Z�+-,_^-+tGsV0,�GsZ�,DG<TE+ ac]�Gsd>,�^�W<abI)ZHv�,/abI-d´G�J[,Dd>.�,D,�WsY\Yk.0,/,DJ-W<] YkW<.�Z0+-,_J-,DV�abd>IG<I-J�G<I�j�,DG<V0ac,D.8kNJ-,/V0acd>I�^-.0W>v[`b,D] $h�+-.0,/,�Gs.0.�G���V�a��/,DV�*\,/.0,�T/W>I-V�abJ-,/.0,DJ�*�acZ0+K; + ; 	 � + � G<I-J´»1+©»Nab]�G<d>,^�W>acI)Z�V�`�G<acJW>U[Z@W>I´GN.0,Dd<U-`�G<.�d<.0abJ $ h�+-,�*�W>.0¿qabI[d�J-acV�ZEGsI-TD,gYkW>.@G<`c`�Z�+-,/V0,2J-,DV�abd>I-V�*\G<V¼ $ A�]RG<I-J�Z�+-,IqU-]wv�,D.�W<Y¸+-W>`cW>d>.�Gs]	^-a�¹%,D`cV�*\G<VXA�;s»
+2A�;<» $ h�+-,X+-W<`bW>d>.0G<]	J-,/V0abd<I-V�G<I-J�.0,DT/W>I-V�Z�.0U[T/Z�acW>I-VG<.�,\V0+[W�*�INacI�²td>U-.�,DV 9 $ #<& 	 9 $ 9<¼�G<I-J 9 $ 9[A $ h�+-,�V�a��D,\W<YtZ�+-,\^�W>acI)Z�V�acI�Z�+-,\.0,DT/W>I-V�Z�.0U[T/Z�acW>I-VabV2J-,/Z0,D.�]�acI-,DJ�v)� Z0+-,�M �RW<Y�Z�+[, ,DI)Z�ac.0, +[W>`bW>d<.�G<] " V�,D,  ,/T/Z0abW>I 9 $ A $ A (l$ h�+[abVw]�G��%v�,TDW<IqZ0.�G<V�Z�,/J�*�acZ0+�Gs.0.�G��OV\WsY `b,/I-V0`c,/Z0VoZ0+tGsZj]�G �_Gs`bV0W�v�,PU[V0,DJ�Z�WH^-.0WOJ-U-T/,G<.�.�G��OV�WsY ^�W>abI)Z�V $® I Gs.0.�G�� W<Y@`b,DI[V0`b,lZ�VwJ[acrOabJ-,/VwZ�+-, *�+[W>`b,�Gs^�,/.�Z�U[.0,�abI)Z0W Z�+-,�.�,DpqU-ab.�,DJ IqU-]wv�,D.�W<Y@V�U-v%¶G<^�,D.�Z�U-.�,DV�,DG<TE+iW<Y�*�+-abTE+ TDW>I)ZEGsabI-V2G´V�]�G<`c`�`b,/I-V " G´`c,DI-V�`b,/Z ( U[V0,DJµZ�WK^[.0WOJ-U-TD,�G´V�abI-d>`c,^�W>abI)Z $ h�+qU-V�YkW>.�G<I¦G<.0.0G�� W<Y@`c,DI-V�`b,/Z0V�Z�+[, ]�W<.0, ^�W>abI)Z0V�Z�+tG�ZNG<.0,�.0,DpqU-ac.0,/JiZ�+-,�`bG<.0d>,/.

Computer generated hologramArray of lenseletsf�acd>U-.0,.9 $ # 4 � e�ac��,D.�,DI)Z�G<^�,D.�Z�U-.�,DV�W>^�,D.0GsZ�acI-d�YkW>.�G�T/W>]�^[U[Z�,/.�d>,DI-,/.�GsZ0,DJ�+-W>`cW>d>.0G<]�U[V0,DJZ�W�^-.0WOJ-U-T/,�G<I-J G<.�.�G��´W<Yo^�W<abI)Z�VG<I-J G<I©Gs.0.�G��´W<Yo`b,/I-V0`c,/Z0V�U-V0,/J Z�W�^-.�W%J[U-TD,�GsI-J G<.0.0G��W<Y�^�W<abI)Z�V $
Z�+[,�ab]�G<d>,@^�W<abI)ZXV�^-.0,DG<J�YkU-I-T/Z0abW>I�d<,/Z�V " YkW>.\Z0+-,�V0G<]�,PZ�W<Z�G<`�Gs^�,/.�Z�U[.0, (º$ h�+OU[VXZ�+-,gac]�G<d<,,DI[,D.0ds��abV�V�^-.0,DG<JKW r>,/.@G_d>.�,�GsZ0,D.�G<.�,�G_G<I-J�Z�+[,Hac]�Gsd>,�abI)Z0,DI-V�acZ³��acV�.0,DJ[U-TD,/J $ftW>.�G_T/W>]_^-U[Z�,/.�d>,DI-,/.�GsZ0,DJ´+-W>`bW<d>.�G<]�^-.0WOJ-U-T/abI-d�G�.0,/d>U-`�Gs.PGs.0.�G���WsY�M +©M ^�W>acI)Z�VZ�+[, ^�,DG<¿ abI)Z�,/I-V0a�Z³�iW<Y�Z0+-, ^�W>abI)Z�V�]�G��µv�, ,º¹%^�,/T/Z�,/J�Z�W rsG<.�� G<V A 9DM � $ ftW>.�G<I G<.0.0G��W<Y�`b,/I-V0`c,/Z�V�*�a�Z�+�Z�+-,�V�Gs]�,gZ�WsZEG<`¯G<^�,D.�Z�U-.�,�V0a��/,HZ0+-,�^�,DG<¿�abI)Z0,DI-V�acZ³��]�G���v�,�,º¹[^�,DTlZ�,/JKZ�WrsG<.�� G<V�A�9DM '

�\W>]_^-U[Z�,/.�d>,DI[,D.�G�Z�,DJ¦+-W>`cW>d>.0G<]�VwG<.0,�I-WsZNV0U-a�ZEG<v-`c, YkW>.wV�W>]�,�G<^[^-`bacT�GsZ0abW>I-V�	�YkW>.�acI%¶V�Z�G<I-T/,wG<V�*XG�r<,/Yk.0W<IqZV0,/I-V0W>.�V �X: 	�G<VP,DG<TE+ ac]�G<d<,g^�W>acI)ZPT/W>I)ZEG<acI-V@abI[YkW>.�]�G�Z�abW<I�.0,D`bGsZ�acI-d�Z�WZ�+[,�,/IqZ0ab.�,�Gs^�,/.�Z�U[.0,N*�+-,D.�, G<V�Z�+-,_ab]�G<d>,�^�W>acIqZ0V�d>,DI-,/.�GsZ0,DJ Yk.0W>] G<IµG<.�.�G�� W<YX`c,DI-V�`b,lZ�VW>I-`��iT/W>I)ZEG<acI¦acI[YkW>.�]�GsZ0abW>Iµ.0,/`�GsZ0abI-d Z0W Z0+-,Dac.�W *�I5V�U-v:G<^�,D.�Z�U-.�, $ ® ^-^-`bacT�GsZ0abW>I[V�*�+-abTE+*�W>U-`bJKv�,/I-,/²-ZYk.0W>] Z�+[,wU-V0,�W<YoTDW>]_^-U[Z0,D.Pd>,DI-,/.�GsZ0,DJ©+-W<`bW>d>.0G<]_V@Z0W d>,DI[,D.�G�Z�,wGs.0.�G��OV�W<Y^�W>abI)Z�V�.0GsZ�+-,/.�Z�+tG<IKG<.0.0G��%V@W<Y�`b,DI[V0`b,lZ�V�abI[TD`bU[J-,�W>^[Z�acT�G<`±acI)Z�,D.�TDW>I[I-,DTlZ�V�GsI-J´W<^[Z�acT�G<`±T/`bWOTE¿J-acV�Z�.�abv-U%Z�W>.�V $h�+-,H+-W>`bW<d>.�G<]�J-,DV�abd>I[V@acI�Z0+-abV�V�,DT/Z0abW>I´G<.�,HV�,D`�Y�¶·YkWOTDU-V�abI-d_G<I-J�.0,/pqU-ab.�,2I-W�G<J-J[acZ�acW>ItG<`W>^[Z0abT/V $ h�+[,/�w]�G��wGs`bV0Wgv�,\Z�G<ab`cW>.0,/J2Z�W�Z0+-,�V0^�,DT/ac²tT\abI-^-U%Z�ab`c`bU-]_abItG�Z�abW<I�G<I-JwZ�+qU-Vo^-.�W r%acJ-,G<I�,/r<,DI´abI)Z�,/I-V0a�Z³��G<.0.0G���W<Y�^�W>acI)Z�VXYk.0W<] U-I-,lr>,/I ab`c`bU-]_abItG�Z�abW<I $f�abd<U-.0,�9 $ # »HV�+-W *�V�G2V�T�GsZ�Z�,D.�^-`bWsZ\W<Y�Z�+-,PabI)Z�,/I-V0a�Z�ab,/V\G�Z�Z0+-,�ab]�G<d>,�V0G<]_^-`b,@^�W<abI)Z�VoYkW>.Z�+[,�Z�+-.�,D,�Gs.0.�G��´J-,DV�abd>I[V $ � Z�TDG<I©v�,wV0,/,DI©Z�+tG�ZZ�+[,wabI)Z�,/I-V0a�Z�ac,DV�Gs.0,w+-acd>+-`���U-I-acYkW<.0] G<I-JZ�+-GsZ2Z0+-,�acI)Z�,DI[V0acZ³� acV2acIqr<,D.�V0,D`�� ^-.0W>^�W>.�Z�abW<ItG<`�Z�W�Z�+-,�IqU-]wv�,D.�WsY�ab]�G<d>,NV�Gs]�^-`c,N^�W>acI)Z�VG<V�,l¹%^�,DTlZ�,DJ $ h�+[,2V�ZEG<I-J-G<.0J´J-,/rOa�G�Z�abW<I´W<Y�Z�+-,HabI)Z0,DI-V�acZ³��GsZ@Z�+[,2ac]�G<d<,�V�G<]_^-`c,H^�W>acIqZ0V�abV`b,/V0V\Z0+tG<I�W>I[,�^�,/.0T/,DI)Z�W<Y±Z�+[,�]�,DG<I�ab]�G<d>,@V�Gs]�^-`c,acIqZ0,DI-V�acZ³�_YkW>.\,DG<TE+�J-,DV�abd>I $ � Z�T�G<I�v�,V0,/,DI�Yk.0W<] ²td<U-.0,/V 9 $ #s& 	%9 $ 9>¼�G<I[J�9 $ 9%A�Z�+tGsZ\Z�+-,�V�a��/,gW<Y±Z�+-,gac]�Gsd>,^�W>abI)Z0V\abV � 2���.0,/`�GsZ0,DJZ�W�Z0+-,�IOU[]wv�,/.�W<Y�^�W>acIqZ0V $
� ��� ` f �I?&TLO �����eTLU�KYbcTLJBJ @T-xLH�V USF\JRKdCSH�J&CSFLU[`



® VXZ0+-,g^-+tG<V�,�GsZXZ0+-,gab]�G<d>,PV�G<]_^-`b,^�W>acI)Z�VXTDG<I�v�,gT/W>I-V�abJ-,/.0,DJ�acI-J-,D^�,DI[J-,DI)Z@W<Y�,�G<TE+W<Z0+-,D.�Z�+[, ^-+tGsV0,µGsZK,DG<TE+x^�W>acIqZ�]_abd>+)Z�v�,µ,º¹%^�,/T/Z�,/J}Z�W¦v�, .�GsI-J-W>] $ h�+-,µJ-a�Gsd>.�G<]V0+[W�*�I acIK²td>U-.�, 9 $ 9);�V0+[W�*�VgZ0+-,�V0ac]wU-`�G�Z�,DJ´.0,/TDW>I-V�Z�.�U-T/Z0abW>I W<YoZ�+[,�» + » G<.0.0G�� J-,/V0abd<I�	V0U[^�,/.0ab]_^�W>V0,/J�W r>,/.\,DG<TE+�V0G<]�^[`b,�^�W<abI)ZoabV�G<I�G<.0.�W�* $ h�+-,`c,DI-d<Z0+�WsY�Z�+[,G<.�.0W *:acI-J-acT�GsZ0,DVZ�+[,�abI)Z0,DI-V�acZ³�KGsZZ0+-,�ac]�G<d<,2V0G<]�^[`b,H^�W>acI)ZP*�+-ac`bV�Z�acZ0VPJ[ab.0,/T/Z0abW>I´abI-J-acT�GsZ0,DV@Z�+-,w^[+tG<V0, $ � ZT�GsI�v�,gV0,/,DI�Z�+tG�ZXZ�+-,gJ[ab.0,/T/Z0abW>I�W<Y¯Z0+-,�G<.0.�W *�V@J[W%,/V�G<^-^�,�G<.�.0G<I-J-W>]�	%*�+[ab`b,PZ�+-,g`c,DI-d<Z0+-VW<Y�Z�+-,HG<.�.0W *�V@G<.0,�r<,D.��´I[,�G<.�`c��Z0+-,�V�G<]_,�G<V�,�GsTE+KW<Z0+-,D. $
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f�abd<U-.0, 9 $ # » � � ]�G<d<,gV�G<]_^-`b,gacI)Z�,DI[V0acZ³��YkW>.@G<.0.0G�� J-,/V0abd<I-V $
%��M% (¦�w¢�¨/��¡o¢�¤
� ª�� « ¬ «g£�¢��_¤ ª�� ª�� « ¢�¤©�©§Kª�¢D¨�¨�§©� ¢�¤ �Hª�¢D�_¤
® Vj]_,DI)Z�acW>I-,DJ�abI_^-.0,lrOabW>U-V�TE+tG<^[Z0,D.�V�Z�+[,J-ac.0,DTlZ�¶·V0,�Gs.0TE+�]_,/Z0+-WOJ G<`c`bW *�V�ZEG<ac`bW>.�abI-d�WsY±,�G<TE++-W>`cW>d>.0G<] J-,/V0abd<I�Z�W2Z�+-,PabI-T/abJ-,/IqZ�ab`c`bU-]_abI-GsZ�acW>I $ h�WwJ-,/]�W>I[V�Z�.0GsZ�,@Z�+-acVjZ0+-,J[ab.0,/T/Z�¶³V0,DG<.0TE+]_,/Z�+[W%Ji*\G<VNU-V0,/J�Z�W J-,DV�abd>I�²-r<,�+-W>`bW<d>.�G<]_V�U[V0abI[d©J-ac��,D.�,DI)Z_G<^�,D.�Z0U-.0,/V_G<I-J J-ac��,D.�,DI)Zab`c`bU-]_abI-GsZ�acW>I�^[.0W<²t`c,DV $ ® ^tGs.�Z�Yk.0W>]RZ0+-,HJ-ac��,D.�,DI-T/,DVacI�ab`b`cU-]_abItGsZ0abW>I 	qZ0+-,HJ-,DV�abd>I´V0^�,DTDa�²[¶T�G�Z�abW<I *XG<V@abJ[,DI)Z�acT�G<`�YkW<.�,�G<TE+�J-,DV�abd>I $
- � - ��� 	 � $ .&�
� $&�3�"%
� ) � ��$&3'��"%� "%
� 
� ./�'3
�1� � �o� ����"%���1�h�+-,�G<^�,/.�Z0U-.0,2W�r<,D.@*�+-abTE+KZ0+-,�W<^[Z�ac]�acV�GsZ0abW>I *\G<V�^�,D.�YkW>.0]_,DJ�*�ab`b`±v�,H.0,/Yk,/.0.�,DJ Z�W�G<V�Z�+-,
j�J-,/V0acd>I�G<^�,/.�Z0U-.0,dk $
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Design: plane, illumination: plane Design: plane, illumination: Gaussian

Design: Gaussian, illumination: plane Design: Gaussian, illumination: Gaussian

f�acd>U-.0, 9 $ 9 # � �\W<]�^tGs.0abV�W>IiW<Y@.�,DV0U[`cZ�VwYkW<.wU-I-a�YkW>.0] G<I-J ��G<U-V�V0a�GsI�ab`b`cU-]_abItGsZ0abW>I©.�,DT/W>I%¶V�Z0.0U-TlZ�,/JKU-V�abI-dNU-I-a�YkW>.0] G<I-J ��G<U-V0V�a�G<I�ac`b`bU[]�acItGsZ�acW>I $
`bacI-,�W<Y�Z�+[,H.�,DT/W>I-V�Z0.0U-TlZ�,/J G<`c^-+tG�ab]�G<d>,/VXV0+-W *�I´abI�²td>U-.�, 9 $ 9 #%$



� ZKTDG<Ixv�, V0,D,/IxYk.0W<] ²td>U-.�,DV 9 $ 9 # G<I-J 9 $ 9 9 Z0+tGsZ�Z�+[, abI)Z0,DI-V�acZ³�FrsG<.0abGsZ�acW>IQG<`cW>I-dZ�+[,�ab]�G<d>,w`cabI-,/VgabVg]wU-TE+ d>.�,�GsZ0,D.�YkW>.�Z0+-,N+-W>`bW<d>.�G<]_V�.�,DTDW<I-V�Z0.0U-TlZ�,DJ *�acZ0+ ac`b`cU-]�acItGsZ0abW>IJ-a���,/.0,DI)Z�Yk.0W>]�Z�+-,J-,DV�abd>I ac`b`cU-]�acItGsZ0abW>I $ � I�^-G<.�Z0abTDU[`�G<.jV0^-ac¿<,/V�G<I-J J-ac^-VXacI�Z�+-,abI)Z�,/I-V0a�Z³�G<.�,�,lr%acJ-,DI)ZwG<.0W>U[I-JiV�Gs]�^-`c,DV_A ¼>¼�G<I-J � ¼>¼ $ h�+-,/V0, WOTDT/U-.�G�Z2Z0+-,�T/,DI)Z�.�, W<YXZ0+-,�ac]�G<d<,*�+-,/.0,�Z�+-,�`bacI-, W<YPZ�+-,�G<`c^-+tG T/.0W>V�V0,DV�W r>,D._acZ0V0,/`cYPG<I-J¦T�G<I¦v�,�V�,D,/I�abI�²td<U-.0, 9 $ 9 #%$ � Z

0 100 200 300 400
0

0.5

1

1.5

2

Image sample (along line)

In
te

ns
ity

 (
ar

bi
tr

ar
y 

un
its

)
Design: plane, illumination: plane
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Design: plane, illumination: Gaussian
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Design: plane, illumination: Gaussian
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Design: Gaussian, illumination: Gaussian
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sinc^2(x)sinc^2(y) Pixellated hologram
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