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Abstract: This paper presents an efficient reconstruction method

in block compressed imaging (BCI) for natural images. To avoid the

high complexity and give a time-efficient approach, block-based
separable two-dimension (2D) linear reconstruction method is

proposed. The techniques of adaptive sampling (AS) and separable

reconstruction are combined to yield a competitive solution for BCI.

The AS is utilized by employing more measurements in the texture

redundant blocks. The separable 2D reconstruction uses linear

approach based on minimum mean square error (MMSE) to reduce

the decoder complexity. Experiment results demonstrate that the

proposed scheme can efficiently reduce the reconstruction complexity

and give a competitive image quality compared to non-linear
approaches.
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1 Introduction

Compressed sensing (CS) first proposed in [1] is a new theory in signal

processing. It can recover signal at a high probability (near exact) from

much lower measurements compared with traditional Shannon-Nyquist
theory. The exact reconstruction is based on the assumption that the signal

is sparse or compressible in time/space domain or some projected domains.

CS has a wide application in compressed imaging (CI), remote sensing,

medical imaging and etc. In CI, the computational complexity of encoder

and decoder becomes much heavy when the image size is large. Low image

quality, huge memory requirement and computational reconstruction are

the main challenges faced in CI. To avoid the storage/transmission of huge

measurement matrix, a block CI is introduced in [2]. The same measure-
ment operator is utilized in all blocks and non-separable operator is

employed in each block. A large random matrix will be needed to observe

samples for non-separable operator. It could be a practical issue on the

complexity when the image size becomes large. To overcome this issue,

separable operator is introduced in [3], where the measurement matrix is

separated into two dimensions. Thus, the encoder needs to store only a

small measurement matrix which leads to a complexity reduction in

encoder. A general framework using separable sampling operator is

proposed in [4], in which a low complexity encoder is achieved either.

Note that they are all focused on the encoder side, aiming at reducing the

complexity of sampling process. The reconstruction complexity at the

decoder side is still high. To achieve a low complexity at encoder and

decoder sides, a parallel CI scheme has been presented in [5], where

sampling and reconstruction can be conducted for individual columns in

parallel. However, the column-by-column reconstruction is only employed

along the horizon direction, which does not well exploit the image

characteristic in spatial domain. Normally, it is a tradeoff between

complexity and performance to give a best design. To improve image

quality, adaptive sampling (AS) has been proposed in [6]. It is based on the

image’s statistical property that more measurements are acquired in rich

texture blocks. But, the smoothed projected landweber (SPL) reconstruc-
tion algorithm used in [6] is iterative and non-linear approach, which

increases the burden of reconstruction. To recover the images effectively,

the methods of orthogonal matching pursuit (OMP) [7] and total variation

(TV) minimization [8] have been developed. However, they are all non-
linear methods which are not time-efficient.
　 Different from [3] and [4], an efficient reconstruction method aiming at

reducing the decoder computational complexity has been proposed in this

paper. The proposed method uses two-dimension (2D) reconstruction along

horizontal and vertical direction respectively, which differs from only one

direction adopted in [5]. Parallel column-by-column reconstruction is

employed in each direction. The separable 2D linear reconstruction

alleviates the computational burden in decoder side and improves the

image quality by exploiting the 2D characteristics in spatial domain. AS is

adopted to improve the image quality further. The combination of AS and

separable 2D method yields a competitive solution for BCI. Experiment

results show that the proposed method gives a competitive performance

with much lower complexity compared to existed non-linear approaches.
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2 Proposed compressed imaging

2.1 Adaptive sampling
Adaptive sampling is an effective method for improving image quality [6].

It can assign different sampling rate to each block according to its variance.

It also guarantees that the total sampling rate of all blocks meets the set

measurement rate (MR) roughly. Typically, smooth area of image will be

assigned few measurements. Suppose an image has N pixels and M

samples, the MR of the image is R ¼ M=N . The image is divided into

B�B blocks, thus the mean of all blocks’ variance is denoted by Eq. (1),

where �2i is the variance of block i (i =1, 2… N=B2 ). The assigned MR of

block i is determined in Eq. (2), in which K is the coefficient to control the

MR of each block. In order to avoid over-sampling and sub-sampling,

sampling rate ri should be limited by Eq. (3), where γ is a constant

controlling the minimum sampling rate. The initial value of K is 1 and it

can be updated by Eq. (4), in which �ri is the mean of all blocks’ sampling

rate ri after the last iteration. ri can be updated by Eq. (2) to Eq. (4) until

K satisfies K � 1j j < 0:001.

��2 ¼
XN=B2

i¼1

�2i

 !
= N=B2
� �

(1)

ri ¼ R �K � �2i =��2 (2)

ri ¼
1; ri � 1

R=�; ri � R=�

ri; else

8><
>: (3)

K ¼ R=�ri (4)

2.2 Separable 2D linear reconstruction
In CS theory, it has to solve the l0 -norm combinational optimization

problem in order to exactly recover the original signal, which is NP-hard.
To solve this issue, a l1 -norm linear programming problem has been

developed at the constraint of restricted isometry property (RIP) [9].

Although the l1 -norm method has near optimal recovered result, it is a time

consuming approach and it has bottleneck in near real-time applications.

MMSE-based linear reconstruction is an effective method for time-efficient
applications. It can be regarded as a l2 -norm approach and it is also the

initial guess for most of the non-linear iterated methods. Different from the

traditional non-separable reconstruction used in [10], a 2D separable linear

reconstruction is proposed in this paper. The proposed separable 2D

method exploits the image properties of horizon and vertical. It uses a

parallel column-by-column reconstruction along two directions (horizon

and vertical). It also leads to a small measurement matrix size in encoder at

the same MR. The separable 2D reconstruction not only reduces the

complexity but also improves the image quality by exploiting characteristic

of spatial domain in each block (indicated by experiments in section 3). The

AS approach employed in the encoder side is used to improve the
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reconstructed image quality without increasing the complexity of decoder.

　 Fig. 1 illustrates the proposed block compressed imaging system with

AS and separable 2D linear reconstruction. In Fig. 1, y is the measurement

sample and x̂ is the recovered image. The reconstruction process is

accomplished by separable operators (Hh and Hv ), respectively. Each

operator is a linear MMSE-based optimal operator. The operators are

different block-by-block and determined by the measurement rate (ri ) in

each block. In the MMSE-based linear estimation, estimated error e can be

explained as Eq. (5), where x is the original image and H is the

reconstructing operator. The optimal solution of H can be acquired by Eq.

(6). Thus, the solution of Hopt is denoted in Eq. (7), in which Rxx is the

auto-correlation matrix of image block xi and �B is the random measure-
ment matrix. In our experiment, Rxx is derived by Eq. (8) with correlation

coefficient (ρ) and Euclidean distance (τ) among pixels in xi.

e ¼ x̂� x ¼ Hy� x (5)

argmin
H

fRee ¼ E eeT
� �g subject to e ¼ Hy� x (6)

Hopt ¼ Rxx�B
T �BRxx�B

T
� ��1

(7)

Rxx ¼ �� (8)

In the block based separable 2D linear reconstruction, columns along

horizontal direction of each block are first reconstructed using separable

operator Hh. Then, rows of vertical direction are reconstructed by

separable operator Hv. The parallel column-by-column reconstruction is

applied in horizontal and vertical direction of each block respectively.

Different block can also be reconstructed parallel. Thus, the exploitation of

parallel among blocks and within blocks (both horizontal and vertical

directions) gives a fast reconstruction for BCI. Operators ofHh andHv may

be different in practice according to images’ characteristic. In order to

reduce the decoder complexity, Eq. (9) is used to represent the two

operators in this paper. It can be regarded that equivalent weight has been

assigned to horizontal and vertical directions. The separable operator

reconstruction also leads to a complexity reduction in encoder side by a

smaller-size measurement matrix (�B ).

Hh ¼ Hv ¼ Hopt (9)

Fig. 1. Block compressed imaging system with AS and

separable operator
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3 Experiment results

Evaluate the efficiency of our proposed method, the comparison experi-
ments are given. The experimented 512×512 natural images are from SIPI

image database [11]. Six images (Barbara, Mandrill, Lena, Peppers, Couple

and Boat) are chosen. Images are divided into block size 32×32 as

indicated in [2]. Gaussian random matrix is used as the measurement

matrix (�B ). Constant γ is set as 2.4 and ρ is 0.999 in our experiments. The

simulations are all running on an Intel i5 CPU with 8G RAM. The

objective image quality is evaluated by the peak signal to noise ratio

(PSNR) in Eq. (10), where MSE is the mean square error which gives the

difference measurement between the original image and the reconstructed

image.

PSNR ¼ 20 � log 255ffiffiffiffiffiffiffiffiffiffiffiffi
MSE

p
� �

(10)

The proposed reconstruction method has been compared to SPL [2],

OMP [7] and RecPF [8] in terms of PSNR and time as shown in Table I

and Table II. The experiment results are averaged by ten iterations in each

method. Table I illustrates the PSNR performance comparison of different

reconstruction methods. The SPL and OMP approaches are combined with

AS as the anchor methods (AS_BCI_SPL and AS_BCI_OMP). SPL uses

discrete cosine transform (DCT) domain projected soft threshold shrink-
age. OMP also bases on a DCT domain sparse representation. RecPF is a

TV method which has been shown effective in Phantom images [8]. It uses

partial Fourier measurement matrix. It can be seen from Table I that the

PSNR of proposed method outperforms other methods for some images

(Lena, Peppers, Couple and Boat, these images tend to have large area of

smoothness) when the MR is low. The AS_BCI_SPL method gives a better

Table I. PSNR (in dB) performance comparison of

different methods
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image quality for Barbara and Mandrill, which implies that it is more

effective for images with redundant details. However, the proposed method

can provide a comparable image quality compared to SPL as shown in

Table I. It can also be found that the image quality reconstructed from

RecPF improves rapidly with the increasing MR. RecPF is more effective

for texture clear images (Barbara and Mandrill) than smooth images at a

high MR (0.5). This can be explained that the texture clear images can be

well sparse represented by their gradient and reconstructed by TV method.

From Table I, it can be indicated that the proposed AS and separable 2D

linear reconstruction method is effective especially for fairly smooth natural

images at a low MR.

　 In Table II, the reconstruction time of different methods is compared. It

can be seen that the proposed method has the highest efficiency, which

indicates that the complexity is low. Thus, it gives a competitive option for

near real-time applications. The complexity reduction is achieved by the

separable 2D linear reconstruction. The parallel advantage of the proposed

method has not well reflected in Table II, because single thread is used in

our experiments. It can also be found that there is an approximately 90%

time reduction compared with RecPF.

　 In order to validate the efficiency of AS and separable operator in

MMSE-based linear reconstruction, the PSNR and recovered time of

different combination methods (proposed AS with separable operator, AS

with non-separable operator, non-AS with non-separable operator and non-
AS with separable operator) are compared. The AS with non-separable
method is similar to [10] except that a different AS method is adopted in

this paper. In Fig. 2, the objective image quality (a) and reconstruction

time (b) of Lena are drawn according to different MR. It can be seen that

AS can improve the image quality (Fig. 2 (a)) with relatively increasing

complexity in decoder (Fig. 2 (b)). The PSNR (Lena) devoted by AS is

improved by an average of 1.3753 dB and 1.5303 dB for non-separable and

Table II. Time (s) comparison of different methods
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separable method respectively. It can also be figured out that separable

reconstruction not only improves the PSNR but also reduces the decoder

complexity significantly. There is an average of 5.0315 dB and 4.8764 dB

gain in separable 2D reconstruction (Lena) for AS and non-AS approach

respectively. The reason of the improved image quality is that horizontal

and vertical statistical properties are concerned by a separable operator

Fig. 2. Performance and complexity comparison of image

Lena for different methods

Fig. 3. Reconstructed Lena images from different reconstruc-
tion methods: (a) AS_BCI_SPL (29.0412 dB); (b)

AS_BCI_OMP (27.7032 dB); (c) RecPF (24.8910 dB);
(d) Non-AS+non-separable (25.3962 dB); (e) AS+non-
separable (26.7617 dB); (f) Non-AS+separable

(29.9140 dB); (g) Proposed (31.7939 dB); (h) Original
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while one dimension property is concentrated in a non-separable approach.
As a result, the best performance is achieved by the proposed method (AS

with separable operator, dashed blue line in Fig. 2 (a)) with much reduced

complexity (dashed blue line in Fig. 2 (b)).

　 The subjective image quality is compared for different methods. Shown

in Fig. 3, the reconstructed Lena images are illustrated at the MR of 0.3. It

can be seen that Fig. 3 (g) best fits the original image. Fig. 3 (c) has a best

subjective view because the noise is removed in the TV based RecPF

reconstruction. Fig. 3 also implies that the proposed method benefited from

separable reconstruction can efficiently alleviate the blocking artifact

caused by the block imaging. From the comparison of subjective images,

the proposed method outperforms SPL, OMP and non-separable approa-
ches. Thus, a fast reconstruction approach with high image quality is

achieved in this paper.

4 Conclusions

A time-efficient block compressed imaging has been investigated in this

paper. The efficiency is accomplished by separable 2D linear reconstruc-
tion, which also leads to a high parallel CI and a high image quality. The

separable 2D reconstruction exploits the characteristics of both parallel and

image property in spatial domain. Adaptive sampling is employed to

improve the image quality further by assigning different MR to every block.

The combination of AS and separable linear reconstruction offers a

competitive approach for BCI. Our proposed scheme could be efficiently

alleviating the computational burden in reconstruction side and be an

efficient alternative for near real-time applications. High quality and robust

image reconstruction in block sampling is our future work to be deeply

carried out.
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