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Abstract：Two gradient—based optimization schemes were investigated for continuous wave near infrared optical tomography． 

The reason of slow convergence rate and lOW spatial resolution for conventional optimization schemes Was analyzed．A spatial 

location weighted gradient—based optimization scheme was adopted to reduce the computation burden and increase the recon- 

struction precision．The reconstruction results confirm that the spatial location wel‘ghted optimization method offers a more 

efficient approach to the continuous wave optical imaging problem than conventional methods． 
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基于梯度优化法的连续波近红外光断层成像研究 
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(清华大学生物医学工程系，北京 100084) 

摘要：研究了两种基于梯度的优化算法用于连续波近红外光断层成像的情况．分析了现有优化算法存在的收敛速 

度慢，空间分辨率低等缺点的产生原因．为减少计算量并提高重构精度，采用了一种空间位置加权的基于梯度的优 

化算法．仿真结果显示空间位置加权的优化算法可有效地用于连续波近红外光断层成像． 
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lntroduction 

In recent years there has been an increasing inter— 

est in using near infrared diffuse optical tomography 

(OT)for imaging the human breast and brain · ． 

Three kinds of techniques are employed to obtain the 

information which is used to reconstruct the image： 

time resolved method ]
． frequency domain meth— 

od ，and continuous intensity method(CW case)． 

The continuous intensity system has the advantage of 

low cost and high dynamic range，as well as a relative 

high signal to noise ratio(SNR)．The drawbacks in— 

clude low spatial resolution and inability to probe ob— 
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jects deep in the medium 

Recent reconstruction algorithms for OT are mostly 

gradient—based methods[卜 
． which have been SUC— 

cessfully applied for the time resolved scheme[ ， ]and 

frequency domain scheme[ 
．  

In this report，we apply the gradient—based opti— 

mization scheme for Continuous Wave near infrared 0p— 

tical tomography，ie．，CW case optical tomography． 

We analyze the gradient calculation using adjoint 

source method and discuss the problems encountered in 

CW image reconstruction．And then we describe a spa— 

tial location weighted， gradient—based optimization 

scheme for CW image reconstruction．Th e reconstruc一 
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Abstract: Two gradient-based optimization schemes were investigated for continuous wave near infrared optical tomo伊叩hy.

The reason of slow convergence rate and low spatial resolution for conventional optimization schemes was analyzed. A spatial 
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摘要:研究了两种基于梯度的优化算法用于连续波近红外光断层成像的情况.分析了现有优化算法存在的收敛速

度慢，空间分辨率低等缺点的产生原因.为减少计算最并提高t:构精度，采用了一种空间位置加权的基于梯度的优
化算法.仿真结果显示空问位置加权的优化算法可有效地用于连续波近红外光断层成像.

关键词:光断层成像;红外光成像:光子迁移

Introduction 

In recent years there has been an increasing inter附

est in using near infrared diffuse optical tomography 

( OT) for imaging the human breast and brain [1 ,2,3 J • 

Three kinds of techniques are employed to obtain the 

information which is used to reconstruct the image: 

time resolved method [1 ,3l , frequency domain meth翩

。d[2 l ， and continuous intensity method (CW case). 

The continuous intensity system has the advantage of 

low cost and high dynamic range , as well as a relative 

high signal to noise ratio (SNR). The drawbacks in­

clude low spatial resolution and inability to probe ob-
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jects deep in the medium l41 . 

Recent reconstruction algorithms for OT are mostly 

gradient阳based methods[I-3 l , which have been suc­

cessfully applied for the time resolved scheme[I ,3J and 

frequency domain scheme[2l . 

In this report , we apply the gradient-based opti­

mization scheme for Continuous Wave near infrared op­

tical tomography , ie. , CW case optical tomography. 

We analyze the gradient calculation using adjoint 

source method and discuss the problems encountered in 

CW image reconstruction. And then we describe a spa­

tial location weighted , gradient翩based optimization 

scheme for CW image reconstruction. The reconstruc-
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tions results clearly demonstrate that our new method 

can characterize spatial variations of absorption proper- 

ties of highly scattering media． 

1 Forward& inverse model 

Light propagation in a tissue medium can be de- 

scribed by a well—known diffusion equation．For a do— 

main Q having a boundary aQ．it is represented by the 

following expression： 

V·[D(r)V (r)]一／．t (r) (r)=一6(r一 ) 

r∈ 力 (1) 

The boundary measurement厂( )at ∈a力is related 

to (r)by： 

厂( )=一D( ) ·V ( )， (2) 

where is the 0uter n01-131a1 0f an at ． 

For the inverse problem，an experimental setting 

is considered that includes S point light source located 

at ，E aJ2(j=l，⋯，s)，and measurement positions 

专， ∈a力(i=l，⋯， )for each source ．We use ， 
to represent the photon intensity measurement at posi— 

tion i with the incident light source located at position 

J，and define an objective function which has the fol— 

lowing form： 

E：÷ 
i=1 

(( 
， 

) 一( 
， 

) ) ， 

where = l，⋯ ，S denotes the different distribution of 

source and i=l，⋯ ， denotes the measurement posi— 

tions for source J．The subscript c denotes the values 

calculated by the forward simulator problem and the 

subscript"ze denotes the experimental(or in this case 

synthetically generated)values．The optical inverse 

problem can be solved by mi‘ni mi‘zi‘ng the objective 

funct on． 

2 Gradient·based optimization schemes 

To solve the optimization problem，the gradient of 

the objective function is required for a conjugate gradi· 

ent method．The Conjugate Gradient(CG)method ,3j 

can be adopted for the optimization of the objective 

function．In the following paragraphs，we apply the CG 

method to reconstruct image in CW case and using the 

adjoint source scheme．We analyze the mathematical 

background and actual implementation of the gradient— 

based image reconstruction scheme．Then we describe 

our spatial location weighted optimization scheme． 

2．1 The CG method 

To solve the optimization problem，we consider 

the gradient of the objective function with respect to 

absorption coefficients 。： 

． 

s Mi 

V E =专∑∑(( ， ) 一( ， ) ) 
=1 J=1 

． (一 ) (4) 

Arridge et al ]have developed an adjoint source 

scheme to derive the gradient．They represent the gra— 

dient vector VE as the following form ： 

NS 

=  E =一∑J T--D =一J (5) 
= 1 

The essential calculation of Jacobian J is based on the 

establishment of PMDF(Photon Measurement Density 

Function，as defined in[4])．In[4]，It has also 

shown that PMDF has maxima close to the source and 

detector positions and falls off toward the interior of the 

object for a homogeneous background，especially for 

CW case．Since the residual error b in Eq．5 is inde- 

pendent on the points being reconstructed，the gradient 

V E，which is used for parameters updating，will favor 

the points near to the surface．The conjugate gradient 

method has been well·-established in nonlinear optimi·- 

zation．As the intrinsic defect in CW imaging，when a 

conjugate gradient method is applied，convergence 

would be very slow for an embedded object in deeper 

layers． 

2．2 The spatial location weighted steepest descent 

method(WSD) 

To oversome this problem in CW imaging，we 

have developed a spatial location weighted steepest de- 

scent method for CW optical tomography．First，we cal- 

culated the gradient vector of the objective function u- 

sing the adjoint differentiation scheme．The second step 

employs a steepest descent method for the initial itera- 

tion．Instead of adopting a descent direction d in Eu- 

clidean measurement，we seek a descent direction in A- 

measurement．This is accomplished by constructing a 

diagonal positive definite matrix A of Nror x Nmr whose 

elements a are in direct proportion to the distance be- 

tween the points and the surface． 

∑ 
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tions reslllts clearly demonstrate that Ollr new method 

can characterize spatial variations of absorption proper翩

tìes of highly scattering media. 

1 Forward & inverse model 

Light propagation in a tisslle medillm can be de­

scribed by a well.俐known diffllsion eqllation. For a do­

main fl having a bOllndary afl , it is represented by the 

following expression: 

'V • [D(r) íl φ (r) ]叩 μu (r) φ (r) 口… ô(r … rJ ，

rE [l (1) 

The bOllndary meaSllrement r( 0 at ç E a[l is related 

toφ (r) by: 

n石) =一 D(5)A·Vφ (g) , (2) 

where ri is the ollter normal of afl atι 
For the inverse problem , an experimental setting 

is consìdered that incllldes S point light SOllrce located 

at 乱 E a[l(j = 1 , ." ，的， and M, meaSllrement positions 

ι1 E a[lU = 1 ,…, lk)for each sourcej.We use r1·i 

to represent the photon ìntensity measurement at posi­

tion i with the incident light source located at position 

j , and define an objective fllnction which has the fol­

lowing form: 

E 2÷z z(( 几) me - (凡)俨) " , (3) 

where j = 1 ,…, S denotes the dìfferent distriblltion of 

sOllrce and i == 1 ,… ,M; denotes the meaSllrement posi­

tions for SOllrce j. The sllbscript c denotes the vallles 

calclllated by the forward simlllator problem and the 

sllbscript me denotes the experimental (or in this case 

synthetically generated) vallles. The optical ìnverse 

problem can be solved by minimizing the objective 

fllnction. 

2 Gradient.…based optimization schemes 

To solve the optimization problem , the gradient of 

the objective fllnction is reqllired for a conjllgate gradi­

ent method. The Conjllgate Gradient (CG) method' 1.3 

can be adopted for the optimìzatìon of the objectìve 

fllnction. In the following paragraphs , we apply the CG 

method to reconstruct image in CW case and llsing the 

adjoì川 SOllrce scheme. We analyze the mathematical 

backgrollnd and actllal implementation of the gradient-

based image reconstruction scheme. Then we describe 

ollr spatial location weighted optimization scheme. 

2. 1 The CG method 

To solve the optimization problem , we consider 

the gradient of the objective fllnction with respect to 

abso叩tion coefficientsμa' 

"飞可}

VEhz 言Z Z((几)附- (几 )J

a( r l. i ) , 
• ( … 二ιι二二 (4)

。μU

Arridge et al[4 J have developed an adjoint sOllrce 

scheme to derive the gradient. They represent the gra­

dient vector 'V E as the following foml : 

三= íl E" = γ J:b ， = - Jrb 
问】

(5) 

The essential calclllation of Jacobian J is based on the 

establishment of PMDF (Photon Meαsurement Densiη 

Function , as defined in [4 J ). In [4] , It has also 

shown that PMDF has maxima close to the source and 

detector positions and falls off toward the interior of the 

object for a homogeneolls background , especially for 

CW case. Since the residllal error b in Eq. 5 is inde­

pendent on the points being reeonstrueted , the gradient 

'V E , which is llsed for parameters llpdating , will favor 

the points near to the sllrface. The conjllgate gradient 

method has been well-established in nonlinear optimi­

zation. As the intrinsic def时t in CW imaging. when a 

con jllgate gradient method is applied , convergence 

would be very slow for an embedded object in deeper 

layers. 

2.2 The spatiallocation weighted steepest descent 

method (WSD) 

To oversome this problem in CW imaging , we 

have developed a spatial location weighted steepest de­

scent method for CW optical tomography. First. we cal­

clllated the gradient vector of the objective fllnction ll­

sing the adjoint differentiation scheme. The second step 

employs a steepest descent method for the initial itera-

tion. Instead of adopting a descent direction d in Ell­

clidean measllrement , we seek a descent direction in A­

measurement. This is accomplished by constructing a 

diagonal positive definite matrix A of N ror x N TUr whose 

elements a" are in direct proportion to the distance be­

tween the points and the sllrface. 
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j -。 

Fig l Reeons Lr~t—ted images after sever~]i Leralions using CG ruethcd(cnl 1)aml WSD methml with different wetghring 

factors(col 2)．geonlet~'and mesh af l simulatinn．targel image．ant]the nbjeetive ihncfion E as d function,ff wet ting 

theI 【co1．3) 

图I CG葬法迭代过耀l扣的一些重构结果【州1)：WSD算法 ：同加权因子的重构结果(列2)；算法仿真时所用的 
几何形状 有限元剖廿 硬 ：『司加权吲子I1,1-fl~：目标函数(列3) 

：  
，Ii ， ，̂ (6) 
L 8 ≥ 0 J 

is defined as： 

n，inimize j ，d 

subjeel t0 ·A· ≤1 (71 

'P solution can expressed as： 

d： 。。 (8) “ Ⅲ． 

We will find，from Eq．{81，that the descmiI di 

revfion will gi~,e more weight to the interior poinb wlle! 

an appropriate 13 is selected 

：ial guess of the coefficients updated．Then we re— 

lurn to the conjugate gradient method to get the finai 

ret；Lllts． 

In this par1．we present simulation results based 

)f]the WSD optimization scheme dec~：ribed in Part 2 

We COltsider a circular object radius 25ram with an 

absorbing object of radius of 2．5mm embedded in a 

homogeneous background．The object of this simulation 

is to demonstrate that the WSD optimization scheme is 

more efficient．act~urate，and eo rnputationMly less ex— 

pensive than the unweighted optimizati011 method． 

For this simulation，the optical properties of the 

1n e rI(Î n r】【l】 。f]ritual wcigi1Illti fac㈨ ． ． b 。kg d li “ d the j 1 

menstonal li-1e scarctl a g{tifferI|nl direcli。rls t．。rr 一 0·025 mm nnd 2-0 mnI ，and for the aI) 

sport cling“’different values of 13 is performed to_1Iilii- 

mize the objective function After the minimultl ol the 

objective function is reached with a sfmeifie口．the ini- 

sorbing object are =0．05 rfiFfl and 2 0 

un$started from the homogene一 

(下转第168页) 
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ι = 11, .(i = 1,2. ^ .N,Y>T l 
lβ 去。 j

( 6 ) 

for a circu lar objecl. L, cun be th e radial di ,lan('e 

hel\\'cen the point i and the su rfa('e , ß i~ a wt' ighting 

factor. Lsin~ thi, new lIlelhod. the minilllizing problem 

is defìned as: 
., 

n1J mrmze Z ' (l 

.ubjerl 10 ,j" • A • rÌ,;;; 1 ( 7 ) 

111c solutioll can hf' expres[;('d as 

-.4 I • Z 、 (8 )
(;' . , 1 . 二)'

\'ïe "ill fìnd. from Eq. (8). that Ilw ,bcenl d卜

rettion wiU gi刊 111011:' weight 10 the interior !)OÎnts 飞、..hen

an appmpriatr ß i挝、e l时ted

111 order to r.l1d tlw o1'lim.1 w(.i吕hlin~ fa{'to!'. 0 1町­

dimensional line search aJong di fTerenl dire('lioJ1~ C'orTt'­

植ponding 1" di fTe时川\，.Iues of ß is pelfonl1ed to l1l ini­

lI1 ize the object协e fun<"lÎon. ..\Jler th f" llI inimU IIl of lhe 

objecti刊 function is 陀arh叫 wÎth a specifìcβ. the ini-

tial b'lJess of th. coeffìcients a陀 updated. The l1 ~e 时，

turn 10 the conjugate gradient method 10 ge-t the fìnal 

re :o:.ul~ 

3 Simulation r esults 

111 Ihis pan. we pre盹nt simulation 附ul1 8 based 

on the WSD optirnization scheme de世rilwcl in Part 2. 

\'X'"r ('onsider a cÎr('ular oLjecl of radiu5 25111111 with an 

ul ，~orbinιobject of radius of 2. 5mm cl1Ibcdded in a 

homogeneous background. The object of this simulation 

Îs 10 Jemonstrale Ihal the \VSD optimi7..Btion s('heme is 

morc ertìcient . ac('urale-. anJ computalionally les揭 ex­

pcnsi\'t' thun lhe unweighted optimizatioTl l1Iethou. 

F'or this simulutiolt , the optical propertie.::. of the 

backgl'ound mediu ll1 usecl for the initial guess ure μ。=

0.025 mm 1 andμ2. 0 111m\and for the ab­

!iorbinιobjcct a町 μ= 0.05 mm - 1 a l1dμ，'=20 

111m .-\11 rC('on~lructions started rrom Ihe homo且en{'

011. background. (下特第 168 页)
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方法的空间信息也能够得到较好地保留；然而IHS 

变换方法光谱信息的损失比较大，小波变换方法光 

谱信息的损失比IHS变换方法要小得多，而本文所 

提方法却能保留更多的光谱信息．综上定量分析可 

见，本文提出的融合方法所得的融合图像能较好地 

保留图像的空间分辨率和光谱信息，能够使融合图 

像中的空间信息和多光谱信息获得更好地折衷． 

4 结论 

在本文中，我们提出了一种基于滤波器组的图 

像融合方法，用以融合不同分辨率的遥感图像．通过 

调整滤波器组的通道数，达到融合后图像在保持空 

间信以融合不同分辨率的遥感图像．通过调整滤波 

器组的通道数，达到融合后图像在保持空间信息和 

多光谱信息之间的折衷．实验结果表明了该融合方 

法的有效性． 
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Fig．1 shows the reconstruction results using both 

CG scheme and WSD scheme with different weighting 

factors ．The objective functions，E，of the recon— 

structed images with different weighting factors are 

shown in row three of the right column．We find that 

the minimum objective function occurs at =8，which 

is the optimum weighting factor．The computation time 

for an iteration of the spatial location weighted steepest 

descent method is approximately equal to that of the 

CG method．From Fig．1，we will find that the WSD 

method exhibits an extraordinary fast convergence rate． 

In addition，the WSD method recovers more precise 

position information of the embedded object than the 

CG method does． 

4 Conclusions 

In this paper we have presented two different re． 

construction schemes for CW diffusion—based optical 

tomography．We analyzed that CG scheme is subject to 

slow convergence and more sensitive to the perturbation 

closer to the boundary．We have made a comparison 

between the CG method and our WSD method using the 

synthetic data．The WSD method can effectively locate 

the perturbations in absorptions， and in addition， 

greatly reduce the computation burden． 
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方法的空间信息也能够得到较好地保留;然而 IHS

变换方法光谱倍息的损失比较大，小被变换方法光

谱信息的损失比 IHS 变换方法要小得多，而本文所

提方法却能保留更多的光谱倍息.综上定最分析可

见，本文提出的融合方法所得的融合图像能较好地

保留图像的空间分辨事和光谱信息，能够使融合图

像中的空间信息和多光谱信息获得更好地折衷.

4 锚论

在本文中，我们提出了…种基于滤榄器组的图

像融合方法，用以融合不同分辨率的遥感阁像.通过

调整滤波器组的通道数，达到融合后图像在保持空

间倍以融合不间分辨率的遥感阁像.通过调辖掳波

器组的通道数，达到融合后图像在保持空间信息和

多光谱信息之间的折衷.实验结果表明了该融合方

法的有效性.
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