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�1M AÆ(��r�!�#s}le�s9�ME 73�Æ.54���E�9�Q219_℄H�5��7�b8��5�!U�9'�Qn19�b8 l��5Ds�+�2v��&+?�m�Y�Qvp�R [2,3]��℄>r�Q9�7�b8�EY�5�-ju \\pq{qz�LD�℄ELDv#_9b81{�i�g	b8�.E=�kS9{r8��)����#�[_9�Q|��i�uKr8E|kkS9{r8��"b8LD��"b8LDuK�9=&�"r��"r&��9�77�'�Q/i[4 (/U�p<[P��)��7�E#ND�un1 (Rx�Q) �^?%9_	V5J� (J��A'�Qvp�/i��iZ& mm[P) b8=d��℄{LD!'D�Æ\ Labeyrie[4] �&wWu �Labeyrie\p��"iD0�^3!;8�y{I�℄9'vL9a�!;E����~�&9'tH:�!;E�2&E~��'&z%&p)℄�'^3!;8�/�I�LD�x Knox� Thompson[5] ' 19741\p� Knox-ThompsonD (�a K-T D)�Fienup' 19781 [6] \p� �^3/��LD��M Lohmann' 19831 [7] \p��"o�D
(Speckle masking)����\��LD3&_9r8�`O�85	VuK�0�la�`O�>{.�LD�DaintyE 19841��9vLv����"r�~i|kLD [8]�mFS����℄ELD�?Z��l��K�>a	V℄Y� [1]�`O�>{.�LD0�^3p!;xq
K+�r8���E�E�^��qp��&LD^C�>Z~~$N^C�UK�'&&p)℄jxuKr8�4.�LD�2xg���-^D [9]�LWH D [10] �M+���-^D [11] ��1E�B'lU�LD�/��'�"r�r8|kv�x��in&t:;���Fk�> FD [12−14]�gW+�> FD [15]�t^�"�R9agW> FD [16] �M��NDYeL/���%t�> FD [17] ��℄ELD�"&i��> FE (Blind

deconvolution)	Vr8|k��> F&�H��'r8v8^VE�!;r8�LD�la�℄HLD�Z"&?E\{�)℄�b8 l�"BO�<�!U��'Ær8|k��> FHLD�{L�+�KD�)�+�KDL�{�L�k��/KD (Expectation-maximization algorithm)pA����"r|kR7Y0� �NR�QR7�\�.�℄���0�jxd�-b���L��Q��"r|kR70�g�b8
P�W+ [18]�0�fQÆ�7��b8u[ [19]�j�L��Q��"r|kR79�Q|�	VuK�0�E3#�Q�.Bs�9Æ!;d�J�t��9N�KDs#J�K� [20−28]�eÆ�� 2Sv�{��℄�"r�=dLD�MUKD�-�� 3Sv���"r�>{.|kLD�S='�^3�N��LD�^3/�N��LD�� 4Sv���"r�4.|kLD�� 5S���> FH�LD�� 6S�������(Ed�"r|kg.�/�u �� 7S��℄1E�"r|kLDd��-b��E�Æ�� 8S� \
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2  $t�?f+�/�"r (Speckle�\ Speckle pattern)&m ��BU)/iTb��#NDW�W4SFr��Mk7;���-\�9�"r)=	V�j��*S�&j�q�A�℄I�P��"rK��
K�
�)Eq�Q���"r�"&mI���ND�uvA%Tb����k>�i����RÆ�7�9_!;v�"�5	V�Q�=d�r8v�0+�E�"|}�℄&�Q.54Jb���Q0��&�{ND�u�0�9�BBU�/�JbND�n1 [4]�
2.1 )2f0E[UÆ��\����"r&BU/)iTb��℄��
��Tb�"r��B\{�./iW���iZ3��"�_!;b8��R/i�Z
b8�&ÆJ��"5�2&0�8	��#�"|}�r8��"rv��A��"|}k�*�7�E4.54�M8U�5���O%�/k�04>h��"rvi[J�r8�#�'Ak4|}�tVb�N� [4]�"<LD3&i�uK�"rE|k_!;�kS9{8�

s 1�>&e�T>e��#s
(a)� ADS16800[11,30]; (b)� ADS11344[11]E℄O��Zph4�O�Q/i[4 (Atmosphere coherence length)��Q/i�

(Atmosphere coherence time)����Q�[
{&�'�8[*��48[�ND<[Y�<�Q�E�QvvA��B�/��4�N��4�r8/�NDn1�x�E�p.(�k��3/�EEk4�r�U�L%s�UEw^J�i( (x 1(4)��a℄p.�%���Q/i[4��\a�Qz�/i[4 (Atmosphere transverse coherence

length)��\a FriedM< (Fried’s parameter)��aq
4+�j (Diffraction-limited aper-

ture)�℄Eh43�9�Q�4./iW�x�E�7�i(�k�4�r�/�<U



�1M AÆ(��r�!�#s}le�s9�ME 75��L%s�UEw^J�i( (2x 1(4)��a℄7��[4��Q/i��℄ph4�9�Q��./iW��9Zph43#Ek�/�L"�/��Q[LD�dk�3E�/k [29]�Æv���o&Nv�{�

s 2 >&e�T>e�\K�s9 (ADS11344)[11]

2.2 )2f0H`GRU��UKD0�i��-�L"�b�[�_!;�"r�℄E�-<�0�'S��"r�uKLD�`|6�w|5�qN�E 19921���Q��Q��Q—�7���b8 l�"BO�<E�b_!;�"r�LD [31]���+?�m�Y�Qvp�R��Q9�7�b8��5�D'E�7�z
�GU^	��/hj�ND/�D�wV^�q [32] N�E 20001��?S���b	�hj�ND/�D�LD�?ZQ�℄{LD�b�/�D�-℄_!;�"b8�h�*y�8U�9� 1 m�����7���Q7u�_!;�`/d!;0�.�"�5��B[� 600 nm���Q��Q��r8xr 3Q#�

s 3�r�5,#C��=%P��l.u��l.�l"{�P�~( 0.09�0.18�0.27�0.36�0.45�0.55�0.64



�76 �������e���e���Q������� 28!�Æ�Q/i[4� 0.1 m��&R��"rxr 4Q#�

s 4 'S�R—�� 9!m6K�#C��=%P��l.u��l.�l"{�P�~( 0.09�0.18�0.27�0.36�0.45�0.55�0.64/k�Q.54hj%[�J�d��r8xr 5Q#�

s 5 'S�R—�8�� 9!m\K�#C��=%P��l.u��l.�l"{�P�~( 0.09�0.18�0.27�0.36�0.45�0.55�0.64�0.73�0.82

3  $t��}0~mNF9r8�`O�85�or885p>{.�>{.�N�&0�/SJ��*/��4�Q21��5�E�&�2&/��3:VCI���"�uKLD&S=*y�*/���Ek�LDErgI��8^N��k%Do|��?�>{.�^a[N���%�`O�085��8^pE�r8�%�S=��_9�*/��^3LD�
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3.1 R<z97
3.1.1�	Æ�
N�#q\p��R�7��4��Q.54��5>O���QS9{0�i�9r8	ViS�EZ^�℄{LD0��EjxQ[�E#P�j��& '\{BU/��q�o+��2vA��j�℄�+s℄℄{LD���Y��LabeyriexO℄�9LD�a Labeyrie�LD�
�"iLD��
�"iD��E8^r8>{.^a[���NB0C4&�ÆJ��A'��p&k��r8'�2[J�r8t<�N��o<[Va5J�=d�r885p`O�>{.�dN��DQ�ÆU.54hj%4�n1�b8 l�/��<N��B%�O0=�^3%���℄{C4�&B'�"i��<�^3LD�3K�

Labeyrie��"iLD0���%q
K�<9 [4]�l x �4.$;�f �>{.$;�o(x) �#+k4�_\4SF�i(x) �d�_�b8 lQbr8�\4SF�P( f ) &4�Qn1��7� (b8 l) j�<�s�q
K�0h�4�Qn1��7�"BO�< ps f (x) *j�< p( f ) �`O�85 p(x) i�Ex%� �
ps f (x) = |p(x)|2 (1)s�b8K��&#�

i(x) = o(x) ∗ ps f (x) (2)Nv ∗<# FBK�lI( f )�O( f )S=� i(x)� o(x)�`O�85�#�
I( f ) = O( f ) ·F [|F [P( f )]|2] (3)Nv�F �`O�85X���z�/��<X� A �#�

I( f ) = O( f ) ·A [P( f )] (4)	�G��#�
|I( f )|2 = |O( f )|2 · |A [P( f )]|2 (5)*y9k�p�_ (R/i�Z)<|J��=�<[r8�#�

∑

k

|Ik( f )|2 = |O( f )|2 ·
∑

k

|A [Pk( f )]|2 (6)O�
|O( f )|2 =

∑

k

|Ik( f )|2
/
∑

k

|A [Pk( f )]|2 (7)



�78 �������e���e���Q������� 28!�Nv�∑k |Ik( f )|2 0���Q|�v=��i��{LD�� ∑k |A [Pk( f )]|2 i%�O0UKp |O( f )|�O�_\4SF`O�85����"��0�i�M*PE=d∑k |A [(Pk( f )]|2�ÆOj�<�/��<� �B%�M*P�"�E0S9"5 ('�qJ"5)�
3.2 pi<z97/�^39Ær8|k�M�1�v�8UCe3#|{���
3.2.1����	������


Rondeau[33] �q\p℄�{��[j9q��"r^3/��#DKD�dKDQ�i���/O��M�1*H�&tB,4E1\�HKAk�M/�g?�^�dKD#�p�i"�(1)}J℄C�< fML(G, φ)(Nv G &��φ&
//�)�(2)�z&t�U�< fprior(G, φ)�(3)�U℄i���/O��<� (�Q<��\^3�hv<�) 0SJ��R*I�ZHS�
g = m + n (8)Nv g&<��m &�R�n &I��C�<�/��<� (�Q<��\^3�hv<�) *�Ri�U��

fML =
1
2

(d − m)TC−1
n (d − m)Nv Cn = 〈n · nT 〉&I�FLU��&t�U�<��

fprior =
1
2
φT C−1

φ φ (10)�Z��/�9���
f = fML + µ fprior (11)Nv µ > 0&*-�B>av&t�U#��℄M<�dKD��℄Z/O�0��)i���/�2&bK)Æ�&k f min

ML �k%DbKND�o!k	V�.��/�x�C�<"<�hA�&k�%L[a	V��/�XL|JbKND�o!k�|J&!�.��/��.��/0�i�7;D�LDE�)�
3.2.3 �������


Fienup[6] Zg℄��'(�(��b8� Gerchberg-SaxtonKD�rpi��_`O�85��E^3/�N��KD�℄{KD�o��UhA (Error-reduction)LD	V��/�%E�℄=�^J0X�\=�t���/D��Fienup2&A℄6z6p (Input-output)LDE	V��/�



�1M AÆ(��r�!�#s}le�s9�ME 79�E���9#�{LDE�)��/�3{�%LUEC��/�D��l o(x)��_\4SF (R/iZ�)�i(x)&|k%r8�\4SF�L/�%LUx%�
E2

i =

∫

|i(x) − o(x)|2 dx
∫

|o(x)|2dx
(12) �^3/��LD #+|+��h�)�+�phx%�

1.96z��_\4SF�U g	V`O�85��� G = F [g]�
2.oGSJ��*/��O G = |G|eiφ�
3.o |G|b5��h��_^�\4`O�85�� |O|��� G

′

= |O|eiφ�
4.9G

′ 	V`O�85��� g
′

= F−1[G
′

]�
5.9 g

′ �^:;hj� �%�|+��6z g���+��hv�^:;hj�G�O�9�_�&tt�9+��hv��U	V:;��g��:;O��_\4SF�d&Ra�<�l��g
′ 	�:;hj��8[L��

γ��U%p (Error-reduction)LD�^:;hj�<<���
gk+1(x) =















g
′

k(x) x ∈ γ

0 x < γ�"vm; k <#+�|<�g
′ E	�U9:;hj��8[udk��< (;[)���"vg

′ * g′ i��6z6pLD�MNR�/LD*�U%pLD�=iu�E'_9kz�:;hj��Ek�LD�b%�G+��6z���Ek�+�LD�%LU%p�J4�M�z0X�^?Ek�
3.2.3�	��


Lohmann&A��"o�D (Speckle masking)[34] Y0�E4.|k�"r�&0� �'>{.�E>{.���"o�D�/2'���"iD�#� `��%�Nvi��&E��"o�D	Vr8|k��hv�r8`O�>{�/�N�E:0���>�q�0���"o�DE^3/���"o�DkSE|I (Bispectra)*�/� (Triple Correlation)�Bs��%�2&��|I*�/��h4�
3pW4SF ik(x)�im(x)� in(x)��/�/�x%�

i(3)
kmn(x, x

′

) =
∫

ik(x
′′

)im(x
′′

+ x)in(x
′′

+ x
′

)dx
′′

(13)o�/��`O�85/��|I�O�
I(3)

kmn( f, f
′

) =
∫ ∫

i(3)
kmn(x, x

′

) e−2πi(x· f+x
′
· f
′
)dxdx

′

(14)



�80 �������e���e���Q������� 28!�lIk( f )�Im( f )�In( f )S=� ik(x)�im(x)� in(x)�`O�85�#�
I(3)

kmn( f , f
′

) = Ik( f ) · Im( f
′

) · In(− f − f
′

) (15)���z℄�/��M|I�/��%�&!�_���"o�LD�<<��
in(x) = o(x) ∗ ps fn(x)m; n<#Ek��"r�9�"	V`O�85�����

In( f ) = O( f ) · OTFn( f )s� FK��	�G���
I(3)

n ( f , f
′

) = O(3)( f , f
′

) · OTF(3)
n ( f , f

′

)�ZuK�hv�uK�9=&�"r� �B%�
〈I(3)

n ( f , f
′

)〉 = O(3)( f , f
′

) · 〈OTF(3)
n ( f , f

′

)〉 (16)/�" (16)v� 〈OTF(3)
n 〉�
��"o�v!�< (Generalized speckle-masking trans-

fer function)�j�A)�
��"o�v!�<&�k�<�ZE�7�z8>{ (Cut-off

frequency)�%�' 0�℄z�0�w8p�
phase[〈I(3)

n ( f , f
′

)〉] = phase[O(3)( f , f
′

)]%�Y����_�\4SF`O�>{/�^3��zJ�/T" Op = O(p · ∆ f ) (p�d<)�
O(3)

p,q = Op · Oq · O−p−ql�
Op = |Op|e

iφp

O(3)
p,q = |O

(3)
p,q|e

iβp,q

〈I(3)
n,p,q〉 = |〈I

(3)
n,p,q〉|e

iβp,qD�z8[ r = p + q�#�
eiφr = ei(φq+φr−q−βr−q,q) (17)



�1M AÆ(��r�!�#s}le�s9�ME 81��"v p � q �dk3&d<�&��|I�#9aW�o\{*y (p, q) QEB��
1/8�O {(p, q)|p ≥ 0, p ≥ q, p ∈ Z, q ∈ Z}� 'Op &=�����

φ0 = 0 (18)E*y|kr8�$9�r��l�
φ1 = 0 (19)℄z���!w|"�

eiφr =



























































2
r − 1

·
∑

0<q≤r/2

ei(φq+φr−q−βr−q,q), r ∈ {2k + 1|k ∈ Z}

r = 2, 3, · · · ,N (20)
2
r
·
∑

0<q≤r/2

ei(φq+φr−q−βr−q,q), r ∈ {2k|k ∈ Z}��&���_\4SF`O�>{/�N��^3LD�dLD0�BO��Zu vt��"���^T��ÆE�|I (���_) UKQ\(��D	���0���%�b�L��s� in(x)wp��n� tn(x, αi)(αi &� 0� π�n�t)�k%uK tn(x, αi)����_^�\4SFEqpn�t%�n���%wp�_^�\4SF�jy�nx�q [35] t���℄>r �Q.54X���Q�U��M XQ l�z���I��^I��NRR-W�IX��^C�U���Ld℄q{RZ#D�17�&�z���!;IvukE05���E��)�U�Q�nx�qE�Zu v��℄ Hofmann�q\p�R-W�A�gD�
Hofmann� Weigelt [36] 9N��'
(ig.�}n-� (Gridfit) LD	Vw
���_|I�MNR`O�>{.<�v|kq
4+S9{r8�℄{LD/a�F D

(building blocks method)�&�{+���A�gKD�*yR/i�5b8�^?�s��_�W4SF ok(x)30��^<dk�eZ|i/k�"BO�< ps f (x)i�E�9�
ok(x) =

k
∑

m=1

ps f (x − xm) (21)�"v xm <#� m p"BO�<��r�k &"BO�<��<�℄z�r8 ok(x) �xk ^<|i/k�F ("BO�<) �k��z���F D��_�kS9{r8 �[F �G+��k>b�



�82 �������e���e���Q������� 28!�� 1G+�o{Es��rQr�;F O0|b���|Iv?E'��_��rN� (OB�E8W)�� k + 1G+�i�E� k G+��6pr8 ok(x)��r x = x
′ uM^�;F ps f (x)|b�	>6pr8 ok+1(x)�O�

ok+1(x; x
′

) = ok(x) + ps f (x − x
′

) (22)$;x
′ �bd&i��A/� k+1G+�vx%/��^h�J�<�)��

dk+1(x
′

) =
∫

|w(u, v)[O(3)
k+1(u, v; x

′

) − I(3)(u, v)]|2dudv (23)Nv�x�x
′ &4.��<[�u�v &`O�>{.��<[�I(3)(u, v) &�Q��E�|I�<�O(3)
k+1(u, v; x

′

) & ok+1(x; x
′

) �|I�<�w(u, v) &h�<�x��� Wienerh|~BP �zu�h�<�Lh�<0�9��
w(u, v) =

|O(3)
k+1(u, v) − I(3)(u, v)|2

|O(3)
k+1(u, v) − I(3)(u, v)|2 + var[I(3)(u, v)]

(24)�℄\kUKJ4���%��LD1^h�J�< dk+1(x
′

)�
dk+1(x

′

) ≈ dk +
6
k

∫

|w(u, v)|2[O(3)
k (−u, −v)−

I(3)(−u, −v)]Ok(u)Ok(v)e2πi(u+v)·x′dudv (25)Nv dk &� k |+�|��|I O(3)
k (u, v)*�Q��|Ii�^h�J�<��A/ dk+1(x

′

) ��� x
′ �LDE&�����j��LD&9dkJ�(��8[��HP���j/℄�� dk+1(x
′

)d�Ak��8[ x
′

min��0�Ez�rg^� k+1;F �6pJ�r8 ok+1(x)��℄d�kS9{�r8�\{+�<|�+�<[d#'�_�^C4�Zg^h�J�<�/��0���_9'Ek�^�F D�x�"iLD�Knox-

ThompsonLD��
3.2.4 Knox-Thompson�


Knox� Thompson[5] \pE9r8N�	VB%�uK�hv�i�Q[r8`O�85��/�lU[��/�U�T")m/�N����7��Dq�� f�7L�_�J�7� z�\4SF� o(α)�"BO�<� ps f (α)�5�J�r8\4SF��
i(x) =

∫

o(α)ps f
(

x +
f
z
α
)

dα (26)/���̀ O�85%#�
I(u) = O∗

( f u
z

)

OTF(u) (27)
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〈I(u1)I∗

(

u2

)

〉 = O∗
( f u1

z

)

O
( f u2

z

)

〈OTF(u1)OTF∗(u2)〉 (28)Æ u1 = u2 ��r8`O�85v�/�N�EuK�hv0��Æ u1 , u2 ��/�N���)m��byQ[/�N���v!�<��/�lU[ 〈OTF(u1)OTF∗(u2)〉�k4℄(���'I�?B�$����v!�<Es��9" u1�u2�dk��/�lU[3(��'I����v!�<E u1�u2 ��dkiU/2' 〈OTF(u)〉E�&A[���
O
( f u

z

)

=

∣

∣

∣

∣

O
( f u

z

)

∣

∣

∣

∣

eiθ( f u
z ) (29)L#�

〈I(u1)I∗(u2)〉
|〈I(u1)I∗(u2)〉|

|〈OTF(u1)OTF∗(u2)〉|
〈OTF(u1)OTF∗(u2)〉

= ei[θ(
f u2

z )−θ(
f u1

z )] (30)�℄{LD�0�j/dp`O�85.�s�Zp/d"�/�U�s�"�/��0�i�9�d"�3"�Q#/�Ub�Ej/�
4  $t�6e0~mNF
4.1 LWH97

Lynds�q [10] \p �"r|k�_^�r8� LWH LD���TA)��"rvEk�"i��#U��&T��_/F�'&*y� f (x)<#��/�"\4SF� �B%�gi(x)<#� ip�"\4SF�<* �B%�U��ai�� ip�"|L�$;�ci �d�"W4h|�*y	S���5�� ip(x)E<#4�Qn1b��"8\4SF�δ(x)<#���l�< (��D1�<�ÆO Dirac Delta Function)�L#�
ip(x) =

∑

i

{ciδ(x − ai) ∗ [ f (x) + gi(x)]} (31)l�
∆(x) =

∑

i

ciδ(x − ai) (32)gI�"����
ip(x) = ∆(x − ai) ∗ f (x) + h(x) (33)
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8/[�<#�{,�I��l i(x) �t��"�#+k4BO54�Qn1b8�\4SF�o(x) �5�_0��\4SF�L#�
i(x) = ∆(x) ∗ f

′

(x) + h
′

(x) (34)Nv f
′

(x) = f (x) ∗ o(x)�h
′

(x)* h(x)Wu/F�
LWH LD�&�" (33)�" (34) �pA"	Vr8|k��2&\{9��V�"r	V2uK���G�grE4{��>bS�℄z℄EN��E:p)Ex%E�`O�85v�gr�LD&���kB�<-��"r�i%o-��|��3�"rv:r���G�gr66D��E��k>bS�LD&Wsl66.�<��e��%�E`O�.��/��>~BPuK��[�"r�zu~BP� �&�A/Ek�5<�I��E��5��>0��/9g��KD/��p�"�|L�O`` {ai}�k%j/��p�"�W4h|��/h|e2'�"�W4�&W4A'��[�"rv��W4 10%��zrh|�e�℄z�j/℄`` {ci}�pz���℄ ∆(x)�*y%"�

∆(x) ∗ ∆(x) = Aδ(0, 0)+C (35)Nv A�Z<�C �sR/g6��"�sR/g6�JvL� δ�<�~7��zE:9|�JbV���5�℄z�0��gDBKE> F�LD&� ∆(x) S=9" (33)�" (34)� F���
f (x) � f

′

(x) �F�Nv�9 f (x) �F�U*y�9b8 l"BO�<��U�>9
f
′

(x)��UL0.�9�_^�\4SF�|k�9��[�"r3	V�9uK�o��� ` f (x)* f
′

(x)�F�U�o℄E�U|�dB%�0�\kNI2�	> ��z|���z|�v2&:'� f (x) (�D�"BO�<) �E��'D��&x�95��QSÆ�Z50�k4�~���[B%%�|kr82&0� �95�#D�U�
4.2 4/ix5Inx�q [11] t��g���-^D (Simple shift-and-add)�^h��-^D (Weighted

shift-and-add)�4.�LD3�E�iW��^��#Y�ej���-^<�"��g���-^D�R���-^�<�"&�"rvW4��kQE�"�oQ#��"r3MZNq�W4��kQE"�$;	VB��k%oB���r-^�-^Ek�Q�|��&�℄MWNI2�9Ek��"r3	VB��&��Ek�Q|�v!;8��rEk���i�B�E>rEk�"ri!;8�r�U����"r�W4��k
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SX�|��nx�qB'�pg��$�&A℄+���-^D (Iterative shift-and-add�ga ISALD)�O�#+k4�!;��/���k�r*!;0��#�/�jY�Q�� �x�o!;�/���kQE�" �B�N �M*"��+~)fB��"r�o�"r39'!;8��k�p"�i��[�tA)�0�i�%��G�E�)+���-^D�
(1)9!;|}	Vo�U��� o0(x)�#"<LD0��)℄�"�xg���-^D��"iD��
(2)o��[�"r ik(x)�|* o0(x)UK/����UK|� ck,0(x)�
(3)�|hY ck,0(x)v��k��r xm,k�
(4)B� ck,0(x)�����k%�'vv�
(5)oB���/�UK|��ÆO ck,0(x − xm,k)-^OE� �9!;|}�J��U

o1(x)�
(6)o� 5G�6p �� 2G�6z�I9� 2G�℄z0�+�=d9!;|}� `��U oi(x)�Æ ‖ oi+1(x) − oi(x) ‖A'r/�&k�zn+��6p oi+1(x) �9!;|}��z�U��9G�v98+�&Xzn�9�&
/d+�|�i�J&XA'r/&k�[11]�>℄O�
�J�?�#rp�j�/��EPozu��JK�����{J< (���

‖ · · · ‖/����bJ<BK)�0��x%����Eg��\���9�9G� (`/��UÆ��� LWH LD=d9!;|}�o�U)�
op(x) = LWH[ik(x)]

repeat

ck(x) = correlation[ik (x),Op(x)]

xm,k = f ind max[ck(x)]

oq(x) = sum[ck(x − xm,k), k]

d = max[op(x) − oq(x)]

untild ≤ dm�%�����G�9"5	VuK���+���-^D�"BO�<��0��'!;�U|��> F�
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5 �"HI�t:~mNF�"E�!;r8 o(x)�"BO�<ps f (x)�M�Q|� (x�"r) i(x) i�Ex%� F� (U\&b8 l�#-WB�E8W)�

i(x) = ps f (x) ∗ o(x)U9��"b8R7<<&i�2&=d9 FBKv�"BO�<ps f (x)��U�k%�> F (Deconvolution)�LDH�p!;r8 o(x)��℄pCupA�LD\{9"BO�<�U��~�j�XL�D��9!;r8�ej|k�
Lane� Bates[37] s#℄EEh�"BO�<�^?%i�> FLDH�p!;r8�K���0VW�℄{EEh�M* FBK�Z6vs��6�^?%�H�pZ6�LD/a��> F (Blind deconvolution)��R��KD0�by���-<�vH�p"BO�<*!;r8�&����^���Q<��> F�h��D1\�U�E��^�

s 6�>&e�T � ISAME}l ADS16800s9
(a)�!%u�(b)��n�� [11,30]

Ayers� Dainty\p [38] 0�uK�#I��<���ZKD�R���℄�#�K���:;hj�!;r8*"BO�<� FRa�&R��LD�DuK�#v<I���Q|��℄�+��h:8�E�/�
Davey9 Ayers* Dainty�LD�p℄g	 [39]�RE+��hv��℄�$~BP�?Z�'�t<N��g`:;b�℄Ra:;�℄z�Davey�LD�0��EuK^���Q|��
Holmes�ZDGlU����FkLD��℄�> F [12]�E Holmes�KDv���G+�3#Z|HF Lucy-Richardson> F��hVap)�℄z�0�in�^Ra:;�Holmeskz�j�℄NR:; (x9aW:;�"BO�<�=:;�) �D��
Schulz_9��un1u[%p��Q|�g	℄ Holmes�LD [13]�E Schulz�LDv���℄t<�:;�x/��U�jy�Schulz2��℄"BO�<Ek�<[�Q|�
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Lane&\p℄i��A/C�<E	V�> F�LD [40]�R�C�<E�9�Q|� i(x) *> F|� o(x)�ps f (x) i F�<U�k�2�C�<E�9> F|�9Ra:;�M0+�g`:;�E0�℄zb8�h� F� �M�#�K���:;hj�30�i��A/C�<E�G1�℄{Cu/N%�"<LDn��AO�
ThiébautE��FkLD�Bs�&^z℄&t�U:;�k�&L�℄ Lane\p℄�A/C�<��/�h�	�Gg	℄�> FLD [14]�℄{LDY# Holmes�LD�i�Z"�&�. Lane�LD�f<W���℄{LD9�"r	V|k�A^�Q|�v'�t<�I��zy�9℄{LD^�Zg��0�Q�Q��"BO�<N�E&�=�t��r8|k|��℄z�℄{LD�0��E�#t��"�> F�^�>R���#�> F�^�

s 7�>&e�T � ISAME}l ADS11344s9
(a)�!%u�(b)�n�� [11]

Xu \p��%t�U��> FLD [17]�s�-�B/K��EZ{0+��U ——��Fk�U���%t�U�Holmes�LDB'��Fk�U�Xu �LDL&B'��%t�U���%t�U0�) &9��Fk�U�eL/�Xu ��℄RkB — �?0YNDY	V℄eL/�>&��℄YC— �?0YNDY�R (Huber-Markov random-field

model)�Xu �LD�L�0�#D�p�|k|��I�?B�j�L��0�#Dh�|kq�X��|}�
6 �*Gfi0�1�w"
6.1 {Tjb

19831=%ÆS�k℄ÆJR7�t, [41]�� 19841&!ÆkS9{b8j�u �
1984—19871=%ÆSj��"iD�kS℄)���t,�js℄�'�LDuK�`O�p��	V℄�I������5�qJ!;��-�Q��"iLDu



�88 �������e���e���Q������� 28!�K�t���℄!;�y{I��/��2js℄�(��S�"iZ/D [42]��)℄S=�r=� CCDx4Æ!;��"r�_�	V℄�"iLD��LD*UKDLDuK����;>P�kS9{N� [43]�
19881�=%ÆS&!	V�"o�D�j��	V℄�[qJ!;�"o�D8^3UKD�-�t��ZÆ!;�8^3�t�X�℄3K�7s℄UKDuK{j�i%&jsbR℄JR�"8XQ l���)kS9{8^3\z℄<�)f�9�'v��\4!;���U<�"�!;��"rf)�J����$j�a�
��I���k��E�i|�J��XQP^I�$j�zy�2#t^C�NRI��=%ÆS�-ju \j�℄�{I�;C�^?�?\p℄�#�K���eW:;LD�E#DgrI� [44]��℄{LDuK℄�;>P��P�Q|��=�℄RZ��^3|��℄E�Z�2&2|���"o�D^3!;8`O�>{�/���0+�E 2π�Ej/4�℄�)=a�/�Wo�=%ÆS�u \L�/�^�[�T"E9!;�`O�>{/�	V!w��>5�℄/�Wo�E��F D>rq{�U��\{�UK[RZ����℄{LD&H^+���h�=%ÆS�u \9℄{LD	V℄�/�i�S�!;8QE��r�J� [35]���UKoE�p)Æ��.(	V���UK[��h��zy�=%ÆS2	V℄�"i�7L��j� [31,43,45]�nx�q [11] \p�+���-^D&4._!;8^3��"ruKLD��#NI2k�1WJ�=�Z"�

6.2 YaOvG?COv>��v�-9�(R7j�Q�wV^�q [32] s��Qvp�lUZW�z�97��
1.5 m�7��ND/�D�X��M�7�b8ZW	V℄�-�9/�D�LU��>ZW	V℄#D8s�g����Q�|}�<��Q�7����v!�<Z{LD9ND/�D��ZW	V℄C��℄Eu #�'K��Qvp�5����7�b8�Ds�N%��b��Æ [18] &\p℄E#8U�� lv����"b8>r8U�5�LD�i�E� l��uv�zND/�D�LL!;�5J�r8���"b8uK��8^!;r8�y{I�/�I��z��!;�q
K+r8�
7 Æ3F�� $t~mNFf��.fd�1E�Q��"r|kR7E3#�Q�.�Bs�9�EÆ!;d�℄J�t��℄Eb�M�Æ�_�K�Vy�K�<pg.����"r|kLD��#�L���%�(1) 0����[�����7���Q|��(2) 0�p�9�Q�.�{



�1W AÆ(��r�!�#s}le�s9�ME 89�b�(3)0�=dkS9{r8� '>P l!;�|}g��Q��"r|kR79>P l��Q�Mj�Qd��b���(��B'4XQP�_Q/�QO���"b8E>P lj�g.[a)j<U�℄&���Q�4XQP�Q�|�0�t���_����4M<=dN�KM< (xu[��4)�j�L��0��4XQPEA)	h�>P l�	>�����Q�.i��"b8R7E^�S�
Horch�q� 19961&! [23] Q��"b8R7	V>P l�j��i�℄Ej�u M��'>P l�Q��.*LD [25,46−48]��Q|� [49−52] �M|��uK [20,53]�!U�i�a�EBZW�\ÆS (Kitt Peak National Observatory)� WIYN 3.5m�7�:� RYTSI (Rochester-Yale Tip-tilt Speckle Imager��YBZ –~t[G�"b8P��{JR�"Z/D)=d!;��"r����"b8R7�+~�℄�q
K+�S9{S>P l�
Calloi���"r|kLD���ARÆ��7�9�E`>P l	V�Q�?i�Hi�}�	8o=d�Q|������RUKD9�Q|�	VuK��%�Kp>P l�M< [54]�
Zakharovi��"b8R7 [28] |k℄�� 1 m|&Vy�7��Q���Vy!�<����Var8��``���℄Er8�0�j/Vy!���%�v'��#B1MNJ4�yW|}�j�|�w#℄Vy!����%�v'v�EWa�?BL<yY�9p �℄E9p /v''��tW�xjL<�yYSo&�
Kuwamura�q [55] ����-^LD9i�����7�=d��"r	V|k���℄ Io( P�Pi�)�r8�N%&o�9r8*i�4XQP=d�r8	V2v�2v�|�(#���"r|kLD=d℄S9{v�� Io<�|}ZW�

8�B��~UÆ��℄_!;�"r�=d*�℄^3_!;��"ruKLD�`O�>{.�LDp)vH�&�)�hv�^C��>p)℄4.�LD�/roE4.uK�"r<��g/�"r�uKLD��"o�D&`O�>{.2vby�LD��℄{LD+��kS9{^38�>Z�#v�|.�K�gj�e&��℄z��"o�D�Bs
(|IS�)�/��'t�
K�g.�>E��&_!;�8^3g.�&/9'NRLD��"o�D '&�{kylULD�M��UK�2v^C��N&�R-W�A�gDE>rI��t&xz� \t��Æ���/g.��E�[��/LD#0+��'�9UK�h�E\k8^3UK�D{�
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Methods of Astronomical Image Reconstruction from Speckle Image

HUO Zhuo-xi1,2,3, ZHOU Jian-feng1,2,3

(1. Tsinghua Center for Astrophysics, Department of Engineering Physics, Tsinghua University, Beijing 100084,

China; 2. Key Laboratory of Particle and Radiation Imaging of Ministry of Education, Tsinghua University, Beijing

100084, China; 3. Key Laboratory of High Energy Radiation Imaging Fundamental Science for National Defense,

Beijing 100084, China)

Abstract: This article is mainly intended to give a review of how astronomical images are

reconstructed from speckle images. The speckle image formation mechanism and acquisition

method are introduced and the computer simulated speckle images are demonstrated first. Then

the methods of speckle image reconstruction is described, including methods in both frequency
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domain and spatial domain. In the frequency part of the article, speckle interferometry for re-

trieving modulus information is introduced. Knox-Thompson, speckle masking and phase re-

construction from modulus for retrieving phase information are also introduced in the frequency

part. LWH method and iterative shift-and-add method are introduced in the spatial part. Some

methods that are based on blind deconvolution and have emerged recently are also introduced

in this article. And then the research work at this field did researchers in Mainland China has

been highlighted. Not only the methods of astronomical image reconstruction themselves but

their applications are also introduced in the article. Somescientific achievements on astronomy,

astrophysics and solar physics have been included. Research on binary star system that makes

use of speckle image reconstruction takes a significant partdue to the simplicity of the object.

For the same reason speckle image reconstruction has been shown great power to help binary star

system related research. The relevant methods are summarized at the end of the article.

Key words: speckle imaging; frequency domain reconstruction; spatial domain reconstruction;

Blind deconvolution
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