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0 Ú ó

�ÄXe�5�§|� l1�ê¯K:

¦ x ∈ Rn, ¦� Ax = b � ‖x‖1 6 s, (0.1)

Ù¥A´���½�m× n��¢�Ý
, b ∈ Rm, s > 0���½�ê.

¯K(0.1)�JÑkÙA^d�.~X,Cc5,¦)j½�5�§|�DÕ)��
2

��'5ÚïÄ,ù´Ï�ùa¯K3&Ò?nÚÚOÆ�+�kX2��A^. � x̄´

��DÕ�½�CDÕ��©&Ò, A ∈ Rm×n(m � n)´���5�f, b ∈ Rm´��

*	�, ÷v'X b = Ax̄. �©&Ò x̄eUl�5�§|Ax = b¥#�EÑ5, K§

´-<÷¿�. ,, �5�§|´j½�(½¾��), U
�)Ã¡õ�). lØ D
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a�Ä��KÑu, 3¤k�)¥�Ïé�DÕ�@�´Ün��{. Ïd, l0-�ê�K

4�z¯Kò´Ü·�. nØy²[1], 3 b�A÷v�½^��cJe, �±ÏL¦)�

` l0�ê��°(��©&Ò�8�:

min
x
{‖x‖0|Ax = b},

Ù¥, ‖x‖0L«�þx� l0�ê, =x¥�"©þ��ê. �´, éu l0-�ê��`z¯

Kó,§´�|Ü¯K,Ù��´NP¯K,éJ3õ�ª�mS¦),O�å5é5Ã,

$�éu)���5ÑÃ{�Ñy². ���O���.´ò l0�êO�� l1�ê, ,

�¦)¤¢�Basis-Pursuit (BP)¯K[2]:

min
x
{‖x‖1|Ax = b}. (0.2)

Äu(0.2), ©z[3]��öòØ Da¯K=z���aqu(0.1)�¯K.¯K(0.1)Ø��

�du¯K(0.2),§´Ø Da¯K��«ØÓ�=z/ª,�¯K�¦)Jø
��#

�)Kg´.

·���, ÝK�{[4−7]´¦)��5�`z¯K��a��{, §äkXem²

�`:: da�{éN´�1, cÙ´�¯K��å'�{ü�¶�{��Ñþ�, �^

u¦)�5��¯K; �{�±N´/|^¯K�AN�½�å8�?ÛDÕ½�©l

�(�; 3�{�zgS�¥, �±3k�8þ~�½O\�
�å�. ÄuÙ(�Ún

Øþ�Ãõ`:,<�ÅìJÑ
éõÝKa�{. ùa�{¤^��Ä�$�Ò´ÝK

�O�. ·���, O���:�,�8Ü�ÝK��Ò´���`z¯K, �ÝK«�

äk,
AÏ(��, d�`z¯KéN´¦). ,, 3,
�¹e, °(O�:�8

Üþ�ÝK´Ø�U�½ö´I�s¤é��O�þ,�ù
�¹u)�,ÝKa�{�

k�5òÉ�K�. �d, l~��{�O�þ!~�DÚÝK�{�O�JÝÑu, <

�JÑ
tµÝK�{[8-10], Ù��g�´räNÝK�«��
·�C�, ¦�3äN

O��§U
3��ÐO�ÝK�8Üþ½«�þ£X�²¡!��m!àõ¡N�¤�

ÝK, l�O�5J±O��ÝK.

3�©¥,·�òïÄ¦)¯K(0.1)�tµÝK�{. 3ò(0.1)©O=z���©�

�1¯KÚ��à�1¯K�Ä:�þ,©O�OØÓ�tµÝK�{5¦),��ò¤

�O��{^u&Ò?n¯K�¦), �Ñ
ê�¢�(J.

1 ý��£

3�!¥, ·�ES�e3�©¥ò�^���
½ÂÚÄ�(J.

éu���½���4à8Ω ⊆ Rn, lRn�Ωþ���ÝK½Â�:

PΩ(x) = argmin{‖x− y‖| y ∈ Ω}, x ∈ Rn.

§kXe�
¯¤±��5�.

Ún 1.1[11] �Ω´Rn����½���4àf8, é?¿�x, y ∈ RnÚ z ∈ Ω,

(1) 〈PΩ(x)− x, z − PΩ(x)〉 > 0;
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(2) ‖PΩ(x)− PΩ(y)‖2 6 〈PΩ(x)− PΩ(y), x− y〉;
(3) ‖PΩ(x)− z‖2 6 ‖x− z‖2 − ‖PΩ(x)− x‖2.
5º 1.1 lÚn1.1�1(2)Ü©, ·���ÝKPΩ´���*Ü��f, =, é?

¿�x, y ∈ Rn, k

‖PΩ(x)− PΩ(y)‖ 6 ‖x− y‖.

dÝK�½Â�,¦�:�,�4à8þ�ÝK��´���`z¯K.�4à8ä

k,
AÏ(��,ÝK´Ð¦�,X,¦��²¡Ú��mþ�ÝK,Ò�±wªL«Ñ

5, �e¡�Ún.

Ún 1.2[12] (1) :x0��²¡H = {x|aTx = b}�ÝKdeª�Ñ

PH(x0) = x0 +
b− aTx0

‖a‖2
a.

(2) :x0���mC = {x|aTx 6 b}þ�ÝKdeª�Ñ

PC(x0) =

 x0 +
b− aTx0

‖a‖2
a, XJ aTx0 > b;

x0, XJ aTx0 6 b.

= x0 − max{0, aTx0 − b}
‖a‖2

a.

Ïd,����4à8þ�ÝKØÐ¦��ÿ,<�  ´ÏL�E�¹d4à8�

���²¡½ö´��m, ÏL��²¡½��mþ�ÝK5Åì%C�d4à8þ�

ÝK. ùÙ¥^�����óä´gFÝ.

½Â 1.1[13] � f : Rn → R���à¼ê. ·�`���þ d ∈ Rn�¼ê f3

:x ∈ Rn?���gFÝ, XJ

f(z) > f(x) + 〈d, z − x〉, ∀z ∈ Rn.

à¼ê f3:x ∈ Rn?�¤kgFÝ�¤�8Ü¡� f3x?�g�©, P� ∂f(x).

lgFÝ�½Â, ·��éN´/¦�à¼ê ‖x‖13:x ∈ Rn?�gFÝ.

Ún 1.3 ¼ê f(x) = ‖x‖13:x ∈ Rn?�gFÝ t = (t1, t2, · · · , tn)T�L«�

ti =


α ∈ [−1, 1], XJ xi = 0;

1, XJ xi > 0;

−1, XJ xi < 0.

XeÚnJø
'ug�©��5�.

Ún 1.4[14] b�h : Rn → R´��à¼ê, K§´??g���, �Ùg�©

3Rn�?¿k.8þ´��k.�.

Ún 1.5[13] � f : Rn → R´��à¼ê. XJS�{xk} Âñ����þx ∈ Rn,

�é¤k� k, k dk ∈ ∂f(xk), KS� {dk}´k.��§�z��à:Ñ´ f3x���

gFÝ.
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2 ¯K�=z/ª9�{

3�!¥,·�ò0�¯K�ü«=z/ª,=©��1¯K9à�1¯K�=z/

ª, ,�|^��mtµÝKEâJÑ
A«tµÝK�{. Äk, ·�0��e'uà

�1¯K9©��1¯K��'�£.

à�1¯K´�a~�q��êÆ¯K, Ùî��êÆ½ÂXe[15]: �X´�

�îª�m, C1, C2, · · · , CN´X��
4àf8�§���8��,=, C = C1

⋂
C2

⋂
· · ·⋂

CN 6= ∅, à�1¯KÒ´¦:x ∈ C. §�¹Nõ¯K, X©��1¯K(�¹�5©

��1¯K!õ8©��1¯K�)!�5�§|¯K!à�1�¯K�, Ù¥©��

1¯KdCensorÚElfvingJÑ[16]: �CÚQ©O´RNÚRM¥���4à8, A´�

�M × N��¢Ý
, ¦x ∈ C,Ax ∈ Q. �CÚQ©O´RNÚRM¥��
��4

à8��8�, d¯K=�õ8©��1¯K[17,18]. à�1¯KkX4r�A^�µ, 3

y�Ôn!�Æ!&Ò?n!ã�ï!Æ�Ø¥ÑkX2��A^. ��¥�CT!B�!

gÄÃâ�, �¯þ��UU�!°���¿�!>fý´, ±98c×�uÐ�¯�

ã�?nEâ!p�ßÝêi>ÀEâ!�Ñ?nXÚ�Eâ�?n¥,Ñ�3Xà�1

¯K.

2.1 ©��1¯K/ª�=z9�{

*	�e¯K(0.1), e-C = {x ∈ Rn|‖x‖1 − s 6 0}, Q = {y ∈ Rm|y = b}, K¯
K(0.1)�±=z�Xe¯K:

¦ x∗ ∈ C, ¦� Ax∗ ∈ Q. (2.1)

=, ¯K(0.1)�±=z���AÏ�©��1¯K(2.1).

- f(x) = ‖x‖1 − s. KdÚn 1.3, d¼ê3xk ∈ Rn?�gFÝ tk ∈ RnéN´¦Ñ.

|^gFÝ, �±�EXe��m

Ck = {x ∈ Rn|f(xk) + 〈tk, x− xk〉 6 0}.

5º 2.1 |^gFÝ�½Â, ´y�C ⊆ Ck, =Ck´�¹8ÜC�����m.

±¯K (2.1)�Ä:, ò·�3©z[19]�Ñ�¦)©��1¯K��{A^u¯K

�¦), JÑXe�{µ

�{ 1 �x0´?��. é k = 0, 1, · · · , O�

xk+1 := PCk
(xk + ωkγkA

T(b−Axk)),

Ù¥, γk =
‖b−Axk‖2

‖AT (b−Axk)‖2
, 0 < ω 6 ωk 6 ω < 2.

5º 2.2 ¢Sþ, �{ 1´��55y¥FÝÝK�{��«í2. ù´Ï�, ¯

K(0.1)�±=z�Xe��55y¯K

min
x∈C

g(x) =
1

2
‖Ax− b‖2
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5¦). |^FÝÝK�{5¦)þã¯K�Ä�úª´:

xk+1 := PC(xk − αk∇g(xk)) = PC(xk + αkA
T(b−Axk)),

Ù¥, αk > 0´Ú�. ·�3ùp��{, ò²;FÝÝK�{¥�4à8Cþ�ÝK^

��¹C�����mCkþ�ÝK5�O, Ú�αk�ÀJ´�â�cS�:�&E�

��Ñ�. dÚn 1.2�, ùp¤^�ÝK4´¦�, Ú�����Ñ, ;�
^�5|

¢�ÏéÚ��æ�. Ïd, tµÝK�{ 1´4´���1�.

|^�©z[19]¥�q�y²g´, ·��á=��'u�{ 1�XeÂñ5(J:

½n 2.1 � {xk}´d�{ 1�)�S�:�, K {xk}Âñ�¯K(0.1)���)þ.

2.2 à�1¯K/ª�=z9�{

e¡, ·�|^©z[3]�Ä�g�, �Äò¯K(0.1)=z������à�1¯K,

¿�OtµÝKa�{5¦).

-

Qj = {x ∈ Rn|〈aj , x〉 = bj}, j = 1, 2, · · · ,m,

Ù¥, aj´Ý
AT�1 j�, bj´�þ b�1 j�©þ. w,Qj(j = 1, 2, · · · ,m)´�²

¡, �÷v:

{x ∈ Rn|Ax = b} = Q1

⋂
Q2

⋂
· · ·
⋂
Qm ,

m⋂
j=1

Qj .

ù�, ¯K(0.1)�±=z�Xe¯K:

¦ x∗ ∈
( m⋂

j=1

Qj

)⋂
C. (2.2)

ùp�8ÜCX2.1�!¥¤½Â. ¯K(2.2)´��à�1¯K.

é¯K(2.2), ·��ÑXe�{:

�{ 2 �x0´?��, 0 < ω 6 ωk 6 ω < 2. ék = 0, 1, · · · , O�

xk+1 := PCk
(xk + ωkγkdk),

Ù¥, d̄kj = PQj
(xk) − xk(j = 1, 2, . . . ,m), dk =

m∑
j=1

d̄kj , γk =

‖
m∑
j=1

d̄kj ‖2

‖dk‖2
. 8ÜCkX

2.1�!¥¤½Â���m.

5º 2.3 �{ 2´·�ò©z[20]¥��{���tµ,ò�4à8Cþ�ÝK^�

�¹C�����mCkþ�ÝK5�O, �´�«tµÝK�{. Ó�, Ú�αk�ÀJ

´�â�cS�:�&E���Ñ�. �{¥^��,	�
ÝKPQj
(j = 1, · · · ,m),

ÏQj(j = 1, 2, · · · ,m)´�²¡, dÚn 1.2�, ù
ÝK4´¦�. Ïd, tµÝK�

{ 2´4´���1�.

|^ÝK�f��'nØ9c¡�Ún, ·����Xe'u�{ 2�Âñ5½n.

3d, ·���
äN�y²L§, k,��Öö�ëw�'tµÝK�{�©z[8-10].
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½n 2.2 � {xk}´d�{ 2�)�S�:�, K {xk}Âñ�¯K(0.1)���)þ.

e¡, ·��Ñ¯K(2.2)���S�tµÝK�{:

�{ 3 �x0´?��, 0 < ω 6 ωk 6 ω < 2. é k = 0, 1, · · · ,O�

xk+1 := PQm
PQm−1

· · ·PQ1
(xk + ωkdk),

Ù¥, dk = PCk
(xk)− xk.

Ó�, ·��ïá�{ 3��ÛÂñ½n.

½n 2.3 � {xk}´d�{ 3�)�S�:�, K{xk}Âñ�¯K(0.1)���)þ.

3�{ 3¥, �ωk = 1, K��{ 3���A~, =Xe�{:

�{ 4 �x0´?¿�½�. é k = 0, 1, · · · ,O�

xk+1 := PQmPQm−1 · · ·PQ1PCk
(xk).

3 A^(ê�¢�)

ù�!,·�ÏLA�~f5�y�{��15Úk�5. ±e�¢�þ´3Matlab

2010b�¸¥�¤�.

~ 3.1 �Ä��;.�Ø Da|µ: lm�*ÿ&Ò¥¡E��n��&Ò, d

u>M��;��, ·�ÿÁ¥-n = 211,m = n
4 , ¿��©&Ò¥�¹ k = n

8 ��Å�

�"��. Ý
A´��pd�Å
, 3¢SA^¥, *ÿ�þ b��´¹D�, �Ò´:

b = Ax̄+ ω.

ùpω´��pdDÑN(0, σ2I),·�ÀJσ2 = 10−3,·�´�l¹D�*ÿ&Òb¥

¡EÑ�©&Òx̄. ©O^�{ 1!�{ 2!�{ 3?1ö�¢y, ëêÀ��: ωk = 1, ξ =

10−2, Ð©:^ ones(n,1). ·�^�éØ� (RE)5�ä¡E�þ, �Ò´:

RE =
‖x− x̄‖
‖x̄‖

× 100%.

lã 1�±wÑ3mý�é'ã�¥���±r�^�ºà�4,`² 3��{�¡

E�JÑéÐ, �
�Ð/ò 3��{�'�, ·�l�m!S�Ú!�éØ�n��¡

2�é' (L 1)

l¡E§ÝREw, �{ 1Ú�{ 2�¡EO(Ý�p, �{ 3�S�Ú��, nÜ

'��{ 1´)ûda¯K��k���{.

~ 3.2 3ù�¢�p, ·�ÿÁ��Shepp-Logan Phantomã�, A´éïÑ�

ã�?1Fá�C�,2Uæ�;�?1jæ�,^§�±'^pd�ÅÝ
?n��5

��êâ, ëê�À�Ó~ 3.1��. du�{ 2Ú�{ 3ØU?nùa.�Ý
A, ¤±

ù�¢�=¦^�{ 1ö�. ·�^�éØ� (RE)Ú&D' (SNR)ü��Ié¡E�J

?1µ�, Ù¥:

SNR = 20× log10

( ‖x̄‖
‖x− x̄‖

)
.
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ã1�©&Ò!*ÿ&Ò!¡E&Ò!�©&Ò�¡E&Òé'

L 1 3��{�¡E(J

�m S�Ú �éØ�

�{1 4.39 435 0.92

�{2 29.27 435 0.92

�{3 18.33 310 1.67

ã2 shepp-Logan phantom �ã, *ÿã, ¡Eã

lã 2�±wÑ�{ 1�¡E�JØ�, �{�äN(J�3
L 2¥.
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~ 3.3 ù�´��ã�¡E�¢�,·�ÿÁ
LenaÚCameramanã�,ùpA´

DFTC�, *ÿ�z©'�60%, -ξ = 162.5, Ù{ëê�À�Ó~ 3.1��. Ó�=¦^

�{ 1ö�. le¡�ã 3�±wÑ�{ 1�±éØÓ�ã�?1¡E.

ã3 Lena, Cameraman �ã, �
ã, ¡Eã

?�Úl�m!S�Ú!�éØ�(RE)Ú&D'(SNR)o��¡�'�:

L 2 �{ 1�ã�¡E(J

�m S�Ú SNR RE

Phantom 15.99 388 25.24 5.47

Lena 5.82 220 17.42 13.46

Cameraman 10.68 481 16.36 15.21

lL 2�±wÑ�{ 1éShepp-Logan phantomã��¡E�J�Ð, éLenaÚ

Cameramanã�¡E��Ø�, ù
(JL²
�{ 13DÕ&Ò¡Eþ�p�½.

|^�©¤�O�tµÝK�{5)û&Ò?n¥�3��~^�~f, 5`²·�

¤�O�{��15Úk�5,�Xc¡¤rN�,·�3�©¥¤�O��{��âÑ

�`:, Ò´�{O��{ü5, ¦��{éN´���1.

4 ( Ø

�©·�é3&Ò?n�+�¥kX�A^��a¯K: �5�§|� l1�ê¯

K?1
ê��{�ïÄ, 3òÙ�d/=z���©��1¯KÚà�1¯K�Ä:

þ, ©O�OA«tµÝK�{5¦)§��qÏLê�¢�5�y
¤�O�{��

15Úk�5. ·�¤�O�tµÝK�{�²;�
ÝK�{�', Ù`�5éw,:

1!§^��mþ�ÝK5�O�4à8þ�ÝK, ��{z
ÝK�O�þ; 2!3O�
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�'Ú��§���|^S�:��'&E, kwªúªL«Ñ5, Ø2I�O�Ý


�_½A��!�5|¢�E|5¼�.
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