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1 Ú ó

§Ý´9åXÚ�ä�­��ëê, -��Ç
�JpÚÀ/Ôü����, ÑI��¡
)-�
XÚ¥0��§Ý©ÙA5. 3L��Ac¥, Ä
uu�Ë���Äª§Ý|ÿþEâ��
2�
'5ÚïÄ [1−4], TEâ�Ø%´|^3>.þ
�Â��-�0�1ÌË�ÝKrÝ, ÏL¦)Ë
�D4�§­ï-�0��§Ý&E. §���`
:´ÃZ65, Ó�ØI�-1 [5] Ú�(Å [6] �
	Üu�
, ¦�ù«EâAO·Ü3Nõ^�
É�|Üe§Ý�ÿþ, Ó�>^Ë��¯�D
4A5Jø
¢�ÿþ��U5 [7,8]. Li Ú Özisik
� [9−11] �@ïÄ
��Ú��0�¥§Ý­ï
�Ë�D4_¯K, ¦�Äkb½§Ý©Ù÷v�
½�[Ü¼ê/ª, ,�¦^¥�¼ê{5¦)Ë
�D4�§, ¿^�Ý{S��#§Ý[Üëê.

Liu � [12−14], Park � [15] Ú Namjoo � [16] 3dÄ
:þJÑ
|^lÑ�I{)ûË�D4¯K. �
´Äu¼ê[Ü�§Ý¦)�ªI�ýk
)�
��§Ý©Ù, Ó�¦)L§¥I�¦§Ý[Ü¼
ê�ÑÑË�UrÝ��ê, ¦)L§Ñ�. �

{zË�D4�§¦), NõïÄöJÑÏLïá
��Ë��zÝ
ò§Ý½öÛÜË�rÝ�D
aì�Â��Ë�ÝK��éXå5, ÏL¦)�
��`z¯K5��§Ý©Ù&E. Correia � [17]

Ú Wang � [18] |^1åJl�{, ÏL�ÑÑ�
��¬.Ë�rÝ�»�ã��m�Ë��zÝ

, ¿|^�êS�­ïEâ5O�¬.�¡S
���§Ý©Ù. Zhou � [19−22] �Ä
0�Ñ�
�K�, JÑòDaì�Â��Ë�rÝ©¤��
Úm�üÜ©, ¿^�Akâ{5�[¬SË��
»�ã��D4L§, ���§Ý©ÙKÏL�K
z�{5¦). �C Liu � [23,24] JÑ
�«Äu
_��Akâ{�Ë�D4¦)�{, T�{��
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�`:´�±k�/UõDÚ�Akâ{3�[
�Ë�Né�DaìË�L§¥�3�4à$�
5 [25,26].

l± �ïÄ5w, �,�õêÄuË��§
Ý©ÙÿþEâÙïÄ8I´F"U^u¢S-
�L§�3��äïÄ, �´± �ïÄéu­
ïL§�Ñ�5'5��, =¦´æ^_��A
kâ1��l�{, Ù��§Ý©Ù��m�Ñ
EJ±÷v¢S-�L§©ÛÚ�ä�¢�5�
¦, Ïd�Ü©�Ã���§Ý©Ù­ïL§�
�U^ul�©Û. d	, ± �ïÄÏ~�Ñ9
¡�Ë�u�Ú���^, òÙ�Ä����5
e9¡ [17−19], �¢S�¹����. �
Jpn
�-�0�Ú9¡§Ý©Ù���>ÿþ­ï�
Ý, ^u÷v-�L§�¢��äI¦, �©3±
 ïÄ�Ä:þ, JÑ
n�áÂ!u�ÚÑ�5
-�0�±99¡§Ý�éÜ¯�­ï�., T�
.± CCD(Charged Coupled Device)�Daì, Äk
ÏLlÑD4{5£ã0��9¡u�Ë�
¼

ê30�S�D4L§, ,�ÏLlÑ�I{Cq
¦)0�Ñ�Ú9¡���, ��dÛÜË�
¼
ê��0�Ú9¡§Ý©Ù. �
Jp­ï�Ý,
�©|^U?����¦{ LSMR(Least Squares
Minimum Residue) 5¦)¾�­ï�§,©Ù©Û

ÿþØ�Ú0�±99¡Ë�A5é­ï°Ý
�K�, ¿�Ù¦O��{3­ï�Ý�¡?1

'�.

2 lÑ­ï�.

Äu0�u�Ë�§Ý­ïEâ�Ø%´Ï
LSC39¡þ�Ë�Daì��p§-�0�
�Ë�ÝK�, ,�ÏLË��¯K©Û, O�Ñ
0��§Ý©Ù [14,19,26]. �©?Ø�ÿþXÚX
ã 1 ¤«, æ^o� CCD ��Ë�Daì, ÙÑÑ
ã�¥z��� �éA0�¥��A½�Ë�
D4��, Ó�ù�����Ý��÷Xù���
�Ë�rÝÈ©ÝK�¤�'.

ã 1 Äu CCD �0��9¡§ÝéÜlÑ­ï�.

2.1 lllÑÑÑ­­­ïïï{{{���nnn

lÑ{�äN¦)L§Xe:

Äk·�ÏLË�lÑD4{5£ãÛÜË
�
¼ê3-�0�¥�DÑL§, T�{Äk
d Lockwood � [27] JÑ, ¿d Coelho � [28] U?
�Åð/ª. duÙ�¯�O��ÝÚ4p�O
�°Ý, 8cT�{®²�ÍÜ�Nõû�ê��
[§S¥^uË�D4¯K�¦) [28]. �âË�

lÑDÑ{, 3 CCD �,�A½ÝK��, Xã 1
¥ ŝ S, Ë�D4L§�±^Xe�lÑúª5L
«:

Iŝ,k+1 = Iŝ,k e−τŝ,k + Sŝ,k(1 − e−τŝ,k), (1)

Iŝ,k Ú Iŝ,k+1 © O�? \ Ú l m 3 � � ŝ þ
�1 k �lÑN��Ë�rÝ�, ùp τŝ,k =
(κk +σsca,k)∆lŝ,k�ü�NS�1ÆþÝ, ∆lŝ,k�
Ë�31 k �lÑN�SB���Ý. κk Ú σsca,k
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�0��áÂÚÑ�Xê. Sŝ,k ´ÛÜË�

¼ê, dÛÜu�Ë�Ú5g±�0��Ñ�
Ë�|¤. XJ·�l9¡å©: (k = 0) m
©� CCD(k = K) ÷ ŝ ���l�^��, ¿
4í|^úª (1) é¤k²L�ü��O� Iŝ,k

Ú Iŝ,k+1(k = 1, 2, · · · ), K�ª CCD �Â��Ë�
rÝ Pŝ �±L«�

Pŝ =Iŝ,K = Iŝ,K−1 e−τŝ,K−1

+ Sŝ,K−1(1 − e−τŝ,K−1)

=Iŝ,K−2 e−τŝ,K−1+τŝ,K−2

+ Sŝ,K−1(1 − e−τŝ,K−1)

+ Sŝ,K−2(1 − e−τŝ,K−2) e−τŝ,K−1

...

=Sŝ,w e
−

K−1∑
k=0

τŝ,k

+
K−1∑
k=0

Sŝ,k(1

− e−τŝ,k) e
−

K−1∑
m=k+1

τŝ,m

, (2)

½ö

Pŝ =
K−1∑
k=0

αŝ,kSŝ,k, (3)

d?

αŝ,k =



(1 − e−τŝ,k) e
−

K−1∑
m=k+1

τŝ,m

,

volume element,

e
−

K−1∑
m=0

τŝ,m

,

wall element,

(4)

αŝ,k ���L«lÑü� k éuË���zÇ. é
uNÈlÑü�Ú9¡lÑü�ª (2) Ú (3) ¥�
Ë�
¼ê, �±L«�

Sŝ,k =



(1 − ωk)Ib,k +
ωk

4π

∫
4π

Ik(ŝ′)Φ(ŝ′, ŝ)dΩ,

volume element,

εIb,w +
ρ

π

∫
n̂·ŝ′<0

Iw(ŝ) |n̂ · ŝ| dΩ,

wall element,
(5)

ρ�9¡��Xê. XJ-�0��Ñ�´��Ó
5��Ò´ Φ(ŝ′, ŝ) = 1, ¿�9¡�û��, @o
Ë�
¼ê Sŝ,k Ò���Ã', K Sŝ,k = Sk, ù�

�§ (3) �±U��±e�Ý
/ª:

P = A · S, A = [AV ,AW ] ∈ RN×M ,

S = [SV ,SW ] ∈ RM , P ∈ RN , (6)

Ù¥ P �d CCD ã�¥���Ë�rÝÝK��
þ, S ´I�¦)�Ë�
¼ê�þ. eI V Ú W

©O�LNÈÚ9¡ü�, A ´Ë��zXêÝ

, Ù��Xe:

αi,j =



0, when beam i missed element j,

(1 − e−πi,j ) e
−

ki∑
m=j+1

τi,m

,

when i passed volume element j,

e
−

ki∑
m=j+1

τi,m

,

when i hit wall element j,

(7)

Ù¥, i = 0, · · · , N −1���SÒ, j = 0, · · · ,M −
1�NÈÚ9¡lÑü�SÒ. Ki ´d�� i ¤²
L�ü�ê.

XJ0��Ë�A5´®��, @oz�ü
��éBL§����Ë��zÇÒ�±�â�
���Ú��Ù�, d1��l�{O���, ù
� A Ò´®��, P �±l CCD ÑÑ�ã�¥�
�, ù�Ë�
¼ê S �±ÏL¦)±e�`z�
§��

f(S) = min {‖A · S − P ‖2} , (8)

duz�^���UB�¤kNÈü��¥��
�Ü©, ¿��UÚ��9¡ü���, ÏdÝ

 A ´��DÕÝ
, Ó�du CCD À|�Ý�
��, éõ���m��Ý�Éé�, Ý
 A �^
�ê  é�, Ïd (8) ª¤£ã��`z¯K´
��¾�¯K.

XJ9¡´ß²�, Ó��ÑÑ��^, @o
3��
ÛÜË�
¼ê S ��, Ò�±Uì (5)
ª��d Planck úª½ö'Ú{O�ÛÜ0�§
Ý, X©z [29,30] ¥égd*Ñ»��?nÚ©
z [18] ¥é�.-u¬.�Cq. �´XJØU�
Ñ0�Ñ�Ú9¡�^, @oÒI�?�Ú|^l
Ñ�I{5�Ä0�Ñ�Ú9¡���^, lÛÜ
Ë�
¼ê��§Ý.

XJ·�|^lÑ�I{ [31] ÏLê�È©{
5Cq�O�§ (5) ¥�È©�, KNÈü�Ú9
¡ü��1Ìu�rÝ Ib,k Ú Ib,w �±L�¤X

134702-3



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 13 (2012) 134702

e/ª,

(1 − ωk)Ib,k = Sk − ωk

4π

L∑
l=1

wlIk,ŝl
, (9a)

εIb,w = Sŝ,w − ρ

π

L∑
l=1,

n̂·ŝl<0

wlIw,ŝl
|n̂ · ŝl| , (9b)

Ù¥, wl ´��� ŝl �'�È©�­. Xã 1 ¥m
¡ �«�¤£ã�, �1�ÚO���ÛÜË�

¼ê S ��,·��±2gUìlÑD4{, l
�clÑü�� k m©, ÀJ��lÑ�� ŝl ¿�
l�^���D4L§, �����9¡��, Ó
�P¹÷§B��NÈü�9�����9¡ü
�éü�� k 3�� ŝl þ�Ñ�Ë��z, ±þL
§�±^±eúª5£ã:

Ik,ŝl
=

K′l∑
k′=0

S′
k[1 + (δ(k′) − 1) e−τŝl,k′ ]

× e
−

K′l−1∑
m=k′+1

τŝl,m

, (10)

òª (10) �\ (9) ª, éuNÈü��±��

(1 − ωk)Ib,k

=Sŝ,k − ωk

4π

L∑
l=1

wl

[ K′l∑
k′=0

Sŝl,k′

[
1 + (δ(k′) − 1)

× e−τŝl,k′
]
e
−

K′l−1∑
m=k′+1

τŝl,m
]
, (11a)

éu9¡ü��±��

εIb,w =Sŝ,w − ρ

π

L∑
l=1,n̂·ŝl<0

wl

×
[ K′l−1∑

k′=0

Sŝl,k′

[
1 + (δ(k′) − 1) e−τŝl,k′

]

× e
−

K′l−1∑
m=k′+1

τŝl,m
]
, (11b)

Ù¥, k′ 6= 0, δ(k′) = 0 �, K ′l ���3 ŝl ��þ
B��ü�ê.

3c¡O���ÛÜË�
¼ê��, ª (11)
�mýÑ¤�®��
, ù�Ò�±��O��
� Ib,k Ú Ib,w. �©¥,·�ÀJü�ØÓ�Å�,
Uì'Úúª5O�0�Ú9¡§Ý. Ù¥Å�À
J3��1��S, Ó�b½0��Eò�Ç�Å
�Ã', Uì Chang JÑ�[Üúª, ù�b�Ú
å���Ø��u 5%[32].

ª (11) ¥lÑ��Ú�­Xê�ÀJ, �©æ
^©z [33] ¥JÑ� SN=8 ëê��.

2.2 ­­­ïïï���ÝÝÝ���`̀̀zzz

§Ý©Ù­ï�{¤�Ñ��m, éu¢S
-�L§��ä´�~­��, Ø3�´, XêÝ

 A �¾�5¦�¯KÃ{^~5���{¦
) [34], 
7L/ÏuS��`z�{. �©JÑÏ
L±eü«�{5JpO��Ý, ~�­ïÑ�.

Äk, 3�{þ·�ÀJ�#����¦{þ
{ (LSMR)[35] 5¦) (8) ª, l
¼�ÛÜË�

¼ê. T�{� Liu � [23,25,26] ¦^� LSQR(Least
Squares QR Decomposition)[36] �{��, Ù��Ñ
´�«S��ÝFÝ{, ü«�{�ØÓ�?3u,
éu LSQR {, z�gS�L§¥(J�þ xk �
�#�å^�÷v ‖rk‖ = ‖b − Axk‖ ��z, 

éu LSMR {,

∥∥AT rk

∥∥ �^�Âñ5�â, §3Ø
ü$°Ý��¹e�±�¯�(åS�L§, Ù½
ÂXe:

min
yk

∥∥∥AT rk

∥∥∥
2

=min
yk

∥∥∥∥β̄1υ1 − Vk+1

(
BT

k Bk

αk+1βk+1 eT
k

)
yk

∥∥∥∥
2

=min
yk

∥∥∥∥Vk+1

(
β̄1 e1 −

(
BT

k Bk

β̄k+1 eT
k

)
yk

) ∥∥∥∥
2

=min
yk

∥∥∥∥(
β̄1 e1 −

(
BT

k Bk

β̄k+1 eT
k

)
yk

)∥∥∥∥
2

, (12)

�§ (12) ¥¤¦^�Cþ�äN¹Â�±ë�©
z [35] Ú [36].

Ù g, 3 � © ¥ · � é ~ 5 LSMR �
{ ¥ Ý 
 : È $ � ? 1 
 U ?, ò � �
Ý 
 A ¥ � " � � � Ü í Ø, ò Ù = �
� [NA(0), NA(1), · · · , NA(N − 1)] ù���
��þ, 3ùp NA(i) ´1 i 1��"��ê. ù
�éuz�1, �þ:È�±U�Xe/ª:

sum(i) =



NA(i)∑
J=NA(i−1)

(A)[R(J)] · (x)[R(J)]

for A · x,

NA(i)∑
J=NA(i−1)

(AT )[R(J)]T · (y)[R(J)]T

for AT · y,

(13)
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Ù¥, R(J) ´1 J ��"������, éu�©
¥�lÑ­ï{, Ý
 A ��õê���", ù�
�±���~�Ý
¢Ú�mÚ2:ê¦ÈÑ�.

3 (J�?Ø

�
é�©JÑ�§Ý©Ù­ï�{�k
�5?1�y, ¿�©Û0�Ë�A5±9ÿþ
Ø�é­ï°Ý�K�, ·�én�Ý/«�¤
��0��§Ý©Ù?1
­ï�[ïÄ. �[
­ïL§¥, ·�Äkb½0��Ë�A5Ú§
Ý©Ù�®�, Ùg�[O���SC39¡þ
�o� CCD ¤�Â�Ë�ÝKã�, ,�éË
�ÝKã�V\DÑ^u�[¢S�ÿþL§,
� � Ï L l Ñ ­ ï { � â Ë � Ý K ã �, O �
Ñ0�Ú9¡�§Ý, ¿�b½�?1'�. 3
�©¥, ­ï«���� 11(m) × 11(m) × 11(m)
n�nN, ¿�©¤� 11 × 11 × 11 �NÈü�
Ú 6 × 11 × 11 �9¡ü�. o� CCD é¡©Ù
3 Z ¶���¥%�¡ �, z� CCD �À|�
Ý� 95 Ý, éAlÑ��ê� 3200 (�Ò´­ï�
§ê� N = 4 × 3200 = 12800).







↩

↩

↩ ↩   










X/m

Z↩/m

Y
/
m

ã 2 NÈü�Ú9¡ü��b�§Ý©Ù

�
�[¢S-�0�,·�b�§Ý©ÙX
ã 2 ¤«. �mÚc�9¡�§Ýb�� 1200 K,
.ÜÚºÜ9¡§Ý©O�� 1100 K Ú 1300 K,
ã 2 ¥î�Il 0 � 1330 �lÑNÈü�SÒ,
l 1331 � 2056�lÑ9¡ü�SÒ. 0�Ë�A
5ëêb½� κ = σsca = 0.20 (m−1), 8�9¡�
u�Ç��� ε = 0.8, 3�¡�?Ø¥,·��ò
©ÛË�A5Czé­ï°Ý�K�. ­ïL§¥
Ë�Å� λ1 Ú λ2 ÀJ� 0.57 µm Ú 0.68 µm, ù
� CCD ÉÚÚùÚÏ��¥%Å����.

3.1 ­­­ïïï���{{{������yyy

ã 3(a) �Ñ
3vkDÑZ6��¹eN
ÈÚ9¡¤klÑü�­ï���é­ïØ�
�¹. lã¥�±wÑ, éuNÈü�, ���­
ïØ�� 0.18%; éu9¡ü�, ���­ïØ�
� 0.015%. ã 3(b) �Ñ
÷ Z ¶��¡SNÈü
�±9�9¡ü��²þ�éØ�. éuNÈü�,
��²þ�éØ� u Z = −5.0(m) �.Üî�
¡, Ù©ÙXã 4(a) ¤«; éu9¡ü�, Ù��²
þ�éØ� u.Ü9¡, Xã 4(b) ¤«. ã 4 ¥
Ø��©Ù�ì�Å�é¡Ù����, ��Ø�
Ñ u�áü�, ù´Ï�ù
ü��§Ý�é�
$, ²L÷§�P~, ÙuÑ�Ë�U� CCD �Â
��°��éuÙ¦ü����õ.� � � �� � � ��� � � � �� � � � �� � � � �� � � �	 � � �
 � �� � ��
 � ��	

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

ã 3 lÑü��éØ�9÷ Z ¶��¡²þ�éØ�Ú�9
¡²þ�éØ�
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 � � 
 
 �


 
 �
� � � 
 	 �

��� �� � � � � � � � � ��� � � � 	

 � �

ã 4 �éØ�©Ù (a) .Üî�¡ Z = −5.0(m); (b) .
Ü9¡

3.2 ÿÿÿþþþDDDÑÑÑééé­­­ïïï°°°(((ÝÝÝ���KKK���©©©ÛÛÛ

Äu-�0�u�Ë��§Ý­ïEâdu
Ù­ï�§�¾�5, ­ï°(Ý�~´ÉÿþØ
(½5�K� [17−26,29,30], 
ù«ÿþ�Ø(½5
�U´5
uõ��¡, �)¤ì�Ä!>f�ì
��9D(!1ÆßºÉÀ/�. �
©ÛÿþØ
��K�,·�òpd�ÅD(V\��[O��
�� CCD Ë�ÝKã�¥ Iŝ,noise = (1 + ψξ)Iŝ,
Ù¥ ψ ´DÑ�rÝ, ÿþ&D' SNR(Signal to
Noise Ratio) ½Â� SNR=−20 log(ψ), ξ ´÷vp
d©Ù��Å�þ, Ù3 (−2.576, 2.576) �m�©
ÙVÇ� 99%.

ã 5 �Ñ
ØÓÿþ&D' SNR �¹e­ï
�²þØ��¹. lã¥·��±wÑ�XDÑr
Ý�O\, ­ï°Ý¥�5eü, Ù¥NÈü��

­ï°Ý�`u9¡ü�, XJ SNR �u 50 dB,
9¡ÚN��²þ­ïØ�ÑU�±3 3%±e.
8cû^ó� CCD Daì�&D'��´ 62 dB.
ã 6 �Ñ
 SNR �u 60 dB ��­ïØ���ã
©Ù, lã¥�±wÑ, �kØ� 1%�NÈü�Ú
9¡ü�, Ù­ï�éØ�pu 5%.

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

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

� � � � � � � �  � � � ! � � �" ��  � � � � # $ % �
ã 5 ÿþDÑé­ï°Ý�K� (a) ÷ Z ¶��¡²þ�
éØ�9�9¡²þ�éØ�; (b) NÈÚ9¡��Ø�

,��I�'5�´��­ïØ�, Xã 5(b)
¤«, 3ÿþ&D'� 70 dB ��¹e, ÷X Z ¶
��¡9¤k9¡�²þ�éØ�Ñ3 0.01%�
m, �´Ù���éØ�E,�L 5%, ù
��Ø
�Ñ u Z = −5 (m) �.ÜNÈ�¡Ú.Ü9¡
�ÛÜ�áü�S, ù`²ù
ÛÜü�éuDÑ
6Ä�~¯a, Ù�Ï�´ù
ü��§Ý�$,
Ó�� CCD Daì�ål��, Ùu�Ë�rÝ
É÷§0�P~�K��r; ,��­���Ï´
5g�áü��Ë�ØU�¤k� CCD DaìÓ
¼. 3¢S�ÿþL§¥, duù
ü�Ñ u.
Ü�á �, �±ÏL9>ó��>ªDaì5?
�.
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3.3 000���ÚÚÚ999¡¡¡ËËË���AAA555ééé­­­ïïï°°°(((ÝÝÝ���
KKK���

�
©Û0�Ú9¡Ë�A5é­ï°Ý�
K�,·��½ÿþ&D' SNR= 60 dB. lã 7(a)
¥�±wÑ, �0�Ñ�Xê σsca Ú9¡u�X
ê ε�~ê�, NÈü�Ú9¡ü��Ø�þ�X
0�áÂXê κ �O\
O\, �´9¡ü�Ø�
'NÈü�Ø�O\��¯; � κ Ú ε ´~ê�,
­ïØ�Ó��� σsca �O\
O\. ÏdloN
þw, ²þØ���1Xê (κ + σsca) ¤�'. ØÓ
0�Ë�A5e���­ïØ�Xã 7(b) ¥¤«,

éuNÈü�, Ù��­ïØ��X κ + σsca ¤�
5O\, 3�Ó��1Xêe, Ñ�'~��KØ
���, Ù�Ï3uÑ���0�u�Ë��Da
ì�°�~�, �§ (8) ¥XêÝ
�^�êO\,
K¯K�¾�5�z. ã 8(a) Ú 8(b) �Ñ
9¡á
ÂXêé­ï°(Ý�K�, l(Jw, �9¡á
ÂXê ε �u 1 ��ÿ, Ø
9¡ü��²þØ�
Ú��Ø�� ε k¤O\	, NÈü��­ï°Ý
É��Ï�K���. �� ε = 1, 9¡C�XáÂ
�, ­ï��Ø�²wO\, ù´du9¡NCN
Èü��u�Ë��9¡¤áÂ, �ké��Ü©
U��Daì¤�.� � �� � �� � � �� �� �	 �� � � 
 � � � 
 � �
 � � �� � ��

� � � �� �� �	 �� �
 � �
 � �
 � �� ��� � � �
ã 6 CCD &D'� 60 dB �NÈü��9¡ü�­ï�éØ��ÎGã�������� � 	 
� � 	 
� 
 �� � 	�� � 	�� ��� � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � �� � � � � � � � � � � � � � �� � � � � � � � � � � � � � �� � � � � � � � � � � � � � �

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

, - .
ã 7 � SNR= 60 dB �, 0�Ë�A5é­ï°(Ý�K� (a) ²þ�éØ�; (b) ���éØ�

134702-7



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 13 (2012) 134702������ � � �	 � � �
 � �� � ��
 � ��	 
�
� � � � � � � � � � � � � � � � � � �
� � � � � � � � � �

� � � � � � � � � � � � � �  � � � � � � � � � � � � � � !� � � � � � � � � � � � " � �
# � � � $ # � � � % # � � � & # � ' � �

( )*+,-)
. / 0

ã 8 �ÿþ&D' SNR = 60 dB �, 9¡u�Çé­ï°(Ý�K� (a) ²þ�éØ�; (b) ���éØ�

3.4 §§§ÝÝÝ©©©ÙÙÙ­­­ïïïÑÑÑ���

�
Jpn�§Ý©Ù�­ï�Ý, �©æ
^
ü«å»5ü$O�Ñ�. �
éÙ�J?
1©Û, ·�'�
æ^Ù¦�{�O�Ñ��
¹, �)~5 LSQR(Least Squares QR Decomposi-
tion) �{ [36−38]!Tikhonov �Kz�{ [39,40]. Ù
¥ Tikhonov �Kz�{?��S�., =òþ�g
O�(J��e�gO��Ð©�. ¤k�{�O
�Âñ{þ� 1 × 10−8. ã 9 w«
3ØÓDÑ
Y²e�O�(J. lã¥�±wÑ, duúª (8)
¥ A ��.DÕÝ
, �©ÏLæ^U? LSMR
�{, ­ï�m�~5 LSQR ÚS� Tikhonov �'
ü$
��êþ?±þ. �ÿþXÚ�&D'ü$
��ÿ, ¤k�{�O��mÑ¬×�O\, ù´
Ï�I��õgS�5¼�­½�(J. �´XJ
·�U
¦^p&D' CCD, ½öé CCD ÑÑ�� � � � � � � �� 	 
 	 � 	 � 	


 � � �
 � �
 � 
� � 
� � � 
� � � � 

ã 9 3ØÓÿþ&D'e�­ï�m'�

Ë�ÝKã�?1üDý?nl
¦�ª�&D
'�� 70 dB, @oéu©�¤�Ä�­ï¯K, Ù
O��mU
��3 0.5 s ±S, ù���ÝÄ�U

÷v-�L§��Ú�ä��¦.

4 ( Ø

p§-��Ñ0�¥Ú9¡§Ý©Ù���
>ÿþïÄäk­��ïÄ¿ÂÚ2��A^�
µ. ±Ë��¯K©Û�Ä:���>§Ý©Ù­
ïEâ´8cIS	ïÄ�9:. �©�é± §
Ý­ïL§�Ý�ú, vk�Ä9¡Ë��Øv,
JÑ
�«ÄuË��¯K©Û�0��9¡§
Ý�éÜ¯�­ï�.. T�.|^lÑË�D4
{5£ã0�SË��D4L§, ¿ÏLlÑ�I
{é0�Ñ�Ú9¡��?1È©Cq. �
Jp
§Ý­ï��Ý, �©é LSMR �{?1
U?^
u¦)¾��`z¯K, ê��[©Û�(JL²:

(1) =¦3kDÑ��¹e, �©¥JÑ��
{�U
Ó�­ïÑn�0�±99¡�§Ý©
Ù, Ù¥NÈü��­ï°Ý�`u9¡ü�.

(2) lË�A5é­ï°Ý�K�©Û5w,
�©�{Q�±^uÑ�50���±^uáÂ
50�, Ó�O�°ÝÉ9¡u�Xê�K���.

(3) �©|^�.DÕÝ
�A:, é LSMR
�{?1
U?. �Ù¦¦)�{�', O��Ý
��
���Jp. XJ¦^p�þ CCD ½öé
Ë�ÝKã�?1üDý?n, òÿþ&D'Jp
� 70 dB, @o�©JÑ�­ï�{k"^u¢S
-�L§�3�§Ý­ï©Û.
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[3] Özisik M N, Orlande H R B 2000 Inverse heat transfer: fundamen-
tals and applications (New York: Taylor & Francis) pp253–288

[4] Modest M F 2003 Radiative Heat Transfer (2nd ed) (New York:
Academic) pp729–739
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[10] Li H Y, Özisik M N 1992 JQSRT. 48 237

[11] Li H Y 2001 JQSRT. 69 403

[12] Liu L H, Tan H P, Yu Q Z 1999 Int. Commun. Heat Mass Transfer
26 239

[13] Liu L H, Tan H P, Yu Q Z 2001 Int. J. Heat Mass Transfer 44 63

[14] Liu L H, Tan H P 2001 JQSRT. 68 559

[15] Park H M, Yoo D H 2001 Int. J. Heat Mass Transfer 44 2949

[16] Namjoo A, HosseiniSarvari S M, Behzadmehr A, Mansouri S H
2009 JQSRT. 110 491

[17] Correia D P, Ferrao P, Caldeira-Pires A 2000 Proc. Combust. Inst.
28 431

[18] Wang F, Yan J H, Cen K F, Huang Q X, Liu D, Chi Y, Ni M J 2010
Fuel 89 202

[19] Zhou H C, Han S D, Sheng F, Zheng C G 2002 JQSRT. 72 361

[20] Zhou H C, Lou C, Cheng Q, Jian Z W 2005 Proc. Combust. Inst.
30 1699

[21] Lou C, Li W H, Zhou H C, Salinas C T 2011 Int. J. Heat Mass
Transfer 54 1

[22] Huang Z F, Cheng Q, Zhou H C 2009 JQSRT. 110 1072

[23] Liu D, Wang F, Yan J H, Huang Q X, Chi Y, Cen K F 2008 Int. J.

Heat Mass Transfer 51 3434

[24] Liu D, Wang F, Huang Q X, Yan J H, Chi Y, Cen K F 2008 Acta
Phys. Sin. 57 4812(in Chinese) [4Á,��, �+(, îïu, ³
Z, ®�{ 2008 ÔnÆ� 57 4812]

[25] Liu D, Wang F, Cen K F, Yan J H, Huang Q X, Chi Y 2008 Opt.
Lett. 33 422

[26] Liu D, Yan J H, Cen K F 2011 Int. J. Heat Mass Transfer 54 1684

[27] Lockwood F C, Shah N G 1981 Symposium (International) on
Combustion 18 1405

[28] Coelho P J, Carvalho M G 1997 ASME J. Heat Transfer 119 118

[29] Ayranci I, Vaillon R, Selcuk N 2007 JQSRT. 104 266

[30] Snelling D R, Thomson K A , Smallwood G J, Gulder O L, Weck-
man E J, Fraser R A 2002 AIAA Journal 40 1789

[31] Fiveland W A 1987 ASME J. Heat Transfer 109 809

[32] Chang H, Charalampopoulos T T 1990 P. Roy. Soc. A-Math. Phy.
430 577

[33] Lathrop K D, Carlson B G 1965 Discrete-Ordinates Angular
Quadrature of the Neutron Transport Equation (Los Alamos Sci-
entific Laboratory of the University of California: California)

[34] Hansen P C 2007 Numer. Algorithms 46 189

[35] Fong D C L, Saunders M A 2011 arXiv: 1006.0758v2 [cs.MS]

[36] Paige C C, Saunders M A 1982 AMC Trans. Math. Softw. 8 195

[37] Huang Q X, Liu D, Wang F, Yan J H, Chi Y, Cen K F 2008 Acta
Phys. Sin. 57 7928(in Chinese) [�+(, 4Á,��, îïu, ³
Z, ®�{ 2008 ÔnÆ� 57 7928]

[38] Liu D, Wang F, Huang Q X, Yan J H, Chi Y, Cen K F 2008 Chin.
Phys. B 17 1312

[39] Groetsch C W 1984 The Theory of Tikhonov Regularization for
Fredholm Equations of the First Kind (Botson: Pitman)

[40] Huang Q X, Liu D, Wang F, Yan J H, Chi Y, Cen K F 2007 Acta
Phys. Sin. 56 6742(in Chinese) [�+(, 4Á,��, îïu, ³
Z, ®�{ 2007 ÔnÆ� 56 6742]

134702-9



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 13 (2012) 134702

Research on simultaneous reconstruction of the
temperature distribution of a 3D participating

medium and its boundary∗
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Abstract

In-situ and nonintrusive 3D temperature measurement is very important for combustion diagnosis and controlling of pollutants.

The temperature reconstruction technique based on radiation inverse analysis has received intensive attention. In order to reduce the

computation cost and take boundary temperature into consideration, a discrete method is presented for 3D temperature distribution

determination for an absorbing, emitting and scattering combustion medium and its boundary by using the emission image measured

by four CCD cameras. First the radiative source term is retrieved through the discrete transfer method. Then, the temperature is inferred

from the blackbody intensity obtained by subtracting the media scattering and boundary reflecting contribution from the source term

by the discrete ordinate approximation. The least squares minimum residual algorithm is improved to solve the ill-posed reconstruction

equations. The performance of the proposed method is examined by numerical test. The effects of measurement noise and radiative

properties on the reconstruction accuracy are investigated. The results show that the method proposed in this paper is capable of

reproducing the temperature of the medium and its boundary accurately, even with noise. The reconstruction time cost is reduced

significantly compared with those of other methods.

Keywords: discrete transfer method, discrete ordinate method, inverse radiation analysis, least squares minimum
residual method
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