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专用符号索引 

x  图像展成的一维向量 
α  稀疏表示系数 
y  测量向量 

X  二维图像 

U  欠采样算子 

F  傅里叶变换算子 

Φ  字典或标架 

<<  
>>  远小于和远大于，一般指差两个数量级以上 

0
⋅   向量中非零值个数 

1
⋅   向量 1 范数（绝对值求和） 

2
⋅   

向量 2 范数，定义为向量元素的绝对值平方和开根号； 

或矩阵谱范数，定义为最大奇异值 
N

   N 维复数域空间 
N

  N 维实数域空间 

TR Repetion Time，重复时间 

TE Echo Time，回波时间 

FOV Field of View，视野范围 

ISTA Iterative Soft-Thresholding Algorithm，迭代软阈值算法 

FISTA Fast ISTA，快速迭代软阈值算法 

APG Accelerated Proximal Gradient Algorithm，快速近邻梯度算法 

pFISTA Porjected FISTA，快速迭代软阈值投影算法 

SFISTA Smoothing-based FISTA，光滑化的快速迭代软阈值算法 

ADM Alternating Direction Method，交替方向法 

ADMM Alternating Direction Method of Multipliers，交替方向乘子法 

RLNE Relative 2  Norm Error，相对 2 范数误差 
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中  文  摘  要 

压缩感知（CS）技术在加速磁共振成像（MRI）上已经展示非常大的潜力，

该技术简称为 CS-MRI。它首先通过减少 k 空间采样数据来加速成像，然后再求

解约束图像稀疏性的最优化问题从欠采样的 k 空间数据中恢复出完整的磁共振

图像。如何从有限的数据中快速地重建出高质量的磁共振图像是 CS-MRI 面临的

主要挑战之一。在典型的 CS-MRI 重建中，正交变换通常用于图像稀疏表示，变

换的正交性也使得求解最优化模型具有快速重建算法。近年来，冗余的变换(或

字典)因其在磁共振图像稀疏表示的优越性而越来越多地应用于 CS-MRI。但针对

冗余表示的磁共振稀疏重建模型和算法的研究尚不明确，这制约图像重建质量的

提高和快速算法的提出。 

本文主要研究在紧标架图像稀疏表示下 CS-MRI 的重建模型及快速算法。

CS-MRI 重建模型主要有两大类：分解型和综合型模型，它们分别从不同角度体

现了磁共振图像的稀疏性：分解型模型假设磁共振图像经过某个变换后是稀疏

的，而综合型模型假设磁共振图像在某个字典下有稀疏的表示。为了探究这两种

模型在 CS-MRI重建中的性能，我们首先将平衡型模型引入到 CS-MRI重建问题，

通过调节平衡参数，我们可以获得分解型、综合型以及介于他们之间的平衡型模

型的解。实验结果表明，对于测试的紧标架变换，分解型和平衡型模型的图像重

建误差都要比综合型模型低。然后，为了简洁快速地求解重建问题，我们进一步

提出一种快速迭代软阈值投影算法（pFISTA），并理论上证明该算法收敛到一个

与迭代步长相关的平衡型模型。pFISTA 继承了著名的 FISTA 一阶算法的最优收

敛性，我们也证明了 pFISTA 的可调步长的明确取值范围。数值实验表明，pFISTA

比求解综合型模型的 FISTA 算法比可以达到更低的重建误差，与最新的近似求
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ii 

解分解型模型的算法 SFISTA 相比具有更快的收敛性且对算法参数不敏感。 

 
关键词：磁共振成像；压缩感知；紧标架；平衡型模型；快速算法 
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Models and Algorithms of Compressed Sensing Magnetic Resonance 

Imaging under Tight-Frame Image Representation 
 

ABSTRACT 

Compressed Sensing (CS) has shown great potential in accelerating Magnetic 

Resonance Imaging (MRI). This technique is termed as CS-MRI. It first reduces the 

k-space samples of MRI images to speed up the imaging process and then reconstruct 

the whole image by solving an optimization problem which forces image sparsity in 

the objective. Due to the benefit in fast algorithm designing and theoretical analysis, 

orthogonal transforms are used in the early stage of the development of CS-MRI. 

However, in applications, the sparsifying capability of an orthogonal transform is 

limited by the number of atom signals it can contain. Recently, redundant transforms 

or dictionaries are widely used in CS-MRI as they are allowed to contain more atom 

signals and are more flexible to design. In this case, how to model the reconstruction 

problems properly and design fast and efficient algorithms to solve these problems are 

still open questions. 

In this paper, we study the models and fast algorithms of CS-MRI under tight 

frame representation systems. There are two typical reconstruction models in CS-MRI, 

analysis and synthesis models, who assume MRI image sparsity from two different 

perspectives: analysis models assume that MRI images are sparse after the operation 

of some sparsifying transfrom and synthesis models assume that MRI images have 

sparse representations under some dictionary. In order to investigate the performance 

of these two models in CS-MRI, we introduce a balance model in which we can get 

analysis, synthesis or some model in between these two by setting the balancing 

parameters to different values. Experimental results show that for the tested tight 

frames, both the reconstructions of analysis and balance models are better than that of 

synthesis models. Then, we propose a projected fast iterative soft-thresholding 

algorithm (pFISTA) to solve CS-MRI reconstruction problems under tight frames 
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representation systems. pFISTA introduces only one adjustable parameter, the step 

size, and we provide an explicit rule to set this parameter and prove that once 

following this rule, pFISTA will converge to a balance model parameterized with the 

step size. Experimental results show that pFISTA achieves lower reconstruction errors 

than FISTA for synthesis models and converges faster than a state-of-the-art algorithm 

SFISTA while their reconstruction errors are comparable. Besides, reonstruction 

errors of pFISTA appear insensitive to the step size. All these advantages make 

pFISTA a very efficient and easy to use algorithm in the applications of CS-MRI 

under tight frame representation systems.       

 

Keywords: MRI; Compressed Sensing; Tight Frames; Balance Models; Fast 

Algorithms. 
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