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Abstract. To improve the recovery performance of compressed sensing (CS) recon-
struction, this paper proposed a CS reconstruction model based on neural dynamics op-
timization algorithm (NDOA) with l1-norm minimization, and applied it to the two-
dimensional (2D) image signals to verify the reconstruction effectiveness. Experiments
proved the NDOA had performed better in reconstruction than the orthogonal matching
pursuit (OMP) and its improved algorithms considering its perfect recovery. When the
compressed sampling rate is 0.875 for 64×64 Lena image, the application of NDOA would
raise the peak signal to noise ratio (PSNR) by 3.6466dB while decrease the relative error
(REOR) by 2.21% in comparison with OMP and SWOMP. It showed that the effective-
ness of CS reconstruction of NDOA was evident. At the same time, the adoption of
NDOA could realize real-time processing by parallel computing, which would effectively
solve real-time problems such as image processing in the realm of high dimensional sparse
signals.
Keywords: Reconstruction algorithm, Neural dynamics, Compressed sensing, Sparse
signal, Image processing.

1. Introduction. Compressed sensing (CS) theory provides a powerful support for accu-
rate recovery of sparse signals. It could be implemented in far below the Nyquist-sampling
frequency to achieve the perfect reconstruction of original signal, and it has already been
widely used in biological sensing, radar detection, data compression, pattern recognition
and image processing [1].

Nevertheless, there are some limitations in the application of CS to the processing
of two-dimensional (2D) image signals. The [2,3] have introduced the column priority
method which reduces the 2D image signals into one-dimensional (1D) signals, and then
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directly applies the CS theory to recovering them. However, this process leads to a disas-
trously increasing in the dimension of the signal and the capacity of measurement matrix.
2D CS model has been proposed in [4,5], which is used to compress and reconstruct the 2D
image direct. This method has obtained better results, but the efficiency of the algorithm
still need to be improved [6].

As is well known to all, minimizing the l0-norm of CS is a NP-hard problem. It is
difficult to use conventional computer to solve this sort of problems even if the question
is of medium size. Candès et al. have proved that if the measurement matrix satisfied the
constraint isometric property (RIP), the l0-norm minimization for optimization problem
could be quasi convex relaxation to construct the l1-norm minimum as an alternative
solution [7].

Currently, the most commonly used optimization algorithms are the projection gra-
dient method, the spectral projection gradient method, the conjugate gradient method,
the interior point method, the Newton method and the quasi-Newton method. However,
these optimization algorithms have been facing high computational complexity and local
optimality problems [8]. Since the energy function is introduced into the neural dynamics
optimization algorithm (NDOA), the solution of the optimization problem is transformed
into the corresponding globally convergent differential equation, which has the advan-
tages of low computational complexity, global optimal solution, parallel computing, and
adaptability for hardware implementation and so on. The NDOA has been widely used in
image processing, machine control, signal processing and other engineering fields [9,10].
The NDOA, realized by parallel computation of hardware circuits or software programs,
has the potential advantage of computing speed, which would effectively solve problems
such as 2D signals of CS in real-time processing [11].

This paper offers a novel CS recovery algorithm based on NDOA, whose results show
that the superiority and the validity of the proposed method. The rest of the paper is
organized as follows. The related knowledge about 2D CS and NDOA are introduced in
Section 2. And then, the experimental results and analyses are given in Section 3. Finally,
conclusions and discussion are drawn in Section 4.

2. 2D compressive sensing based on the Optimization of NDOA.

2.1. 2D compressive sensing. Suppose a finite length discrete digital signal f∈RN

which was expressed as x = ψTf , and x was K-sparse in the orthogonal basis ψ ∈ RN×N .
If a measurement matrix φ ∈ RM×N while M�N was designed, the CS observations
would be shown as below [12,13].

yM×1 = φM×Nf = φM×NψN×NxN×1 = AM×NxN×1 (1)

however, the equation (1) was an underdetermined system[14].
Since the signal x was K-sparse and x was only K unknown variables on the unknown

location, so the freedom of x was only K+1 degrees. The high precision recovery of
signal x of K-sparse could be obtained by some nonlinear methods when the number of
measurements was no less than K+1.

CS theory had pointed out that the signal x was K-sparse with K�N , and we could
obtain the accurate recovery of signal x with a measurement matrix A by minimizing the
following type of l0-norm [15].

x̂ = argmin‖x‖0 s.t. y = Ax (2)

where ‖x‖0 denoted as the l0-norm.
Solving the l0-norm was a combinatorial optimization problem, it was well known as a
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NP-hard problem. In order to avoid computational difficulties, it was usually converted
the l0-norm into an l1-norm solution with the optimization constraints as long as the
measurement matrix A had satisfied the RIP. An l1-norm solution was shown as following
[16].

x̂ = argmin‖x‖1 s.t. y = Ax (3)

where ‖x‖1 =
∑
| xi | with i=1,2,· · · ,N, denoted as the l1-norm. and the formula (3) was

usually converted into a linear programming problem to achieve the optimization [8].
For the image signals recovering, firstly, the 2D signals would be transformed into the

1D array through the vector processing, generally. And then, used the formula (2) or
(3) directly to recovery the 1D signals with a random measurement matrix. However,
when the 2D image signals were converted into the 1D array by columnar straightening,
their dimension of the matrix sharply increased, at the same time, the spatial relationship
of the image elements would be lost. To solve these problems, the [17,18] extended the
CS perception and the compression measurement of each column of image was made, to
form an equivalent 2D sparse transform. It was still an appropriate choice to recover each
column signals of the image by CS algorithm, for reducing the computational complexity,
cutting down memory space and decreasing the scale of the measurement matrix.

Consider an image signals F∈RN×N that can be expressed as X = WFW T , while X
were sparse in the orthogonal basis W∈RN×N . We could design Φ∈RM×N as a measure-
ment matrix of each column of the image F. So the observed signals Y ∈RM×N would be
shown as

Y = ΦF = ΦW TXW = ΘXW (4)

Therefore, under the observation YW T∈RM×N , the 2D image signals F = W TXW
would be reconstructed by each column vector xj∈RN×1 of the sparse image X∈RN×N

with the observation matrix Θ∈RM×N . And the formula (4) could be conveyed as

min‖xj‖0 s.t. Y W T = ΘX. j ∈ [1, N ] (5)

When the Φ was a normalized matrix subjected to the Gaussian distribution, the Θ =
ΦW T had satisfied RIP with high probability. Under these conditions, in order to obtain
the constrained optimization solution easily, the formula (5) of the l0-norm was relaxed
as following

min‖xj‖1 s.t. Y W T = ΘX. j ∈ [1, N ] (6)

2.2. Constrained optimization model based on NDOA. The NDOA provided a
powerful tool for solving the constrained optimization of linear programming (LP) and
quadratic programming (QP) problems. We were concerned with LP and QP problems
of the form

min(
1

2
xTAx+ aTx) s.t. Dx = b, x≥0 (7)

and their dual form

max(bTy − 1

2
xTAx) s.t. DT − Ax≤a (8)

where A was a p×p real symmetric semi-definite matrix, D was a p×p real matrix, x, a∈Rp,
and y, b∈Rq.

Assuming that the I was a unit matrix, (xi)
+ = max{0, xi}, where i = 1, · · ·, p. By the
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[19], we could get the neural network model and obtain numerical solution for differential
equations of the problems (7) and (8) as following.

d

dt

(
x
y

)
= −

[
(I + A)[x− (x+DTy − Ax− a)+] +DT (Dx− b)
−D[x− (x+DTy − Ax− a)+] +Dx− b

]
(9)

And the solution of differential equations (9) was a global optimal solution for the
formula (7) and (8).

2.3. Compressed sensing reconstruction model based on NDOA. Considering
the ‖x‖1 =

∑
| xi |, we could divide the sparse signal X into two parts, namely, the

positive elements and the negative elements. So, define X = p − q, where pi = (xi)
+ =

max{0, xi} and qi = (−xi)+ = max{0,−xi}. And then, the ‖x‖1 can be expressed as
‖x‖1 = 1T

Np+ 1T
Nq with 1T

N = [1 · · · 1]1×N . Therefore, by the formula (4) there is

YW T = ΘX = Θ(p− q) =
[
Θ,−Θ

] [p
q

]
(10)

We expressed the formula (6) as a standard LP optimization model minF (u) = min(cTu)
s.t. Du = b

u≥0
(11)

where u = [p, q]T , c = 12N , D = [Θ,−Θ], and b = YW T .
Their dual form was {

max (bTv)
s.t. DTv≤c (12)

We could obtain the neural network model of the differential equations (11) and (12)
based on the formula (10).

d

dt

(
u
v

)
= −

[
u− (u+DTv − c)+ +DT (Du− b)

D(u+DTv − c)+ − b

]
(13)

The u obtained from the differential equations (13) by classical Runge-Kutta method-
was the global optimization for formula (11) and (12). Since u = [p, q]T , the optimal
sparse solution of formula (5) could be deduced from X = p− q.

3. Simulation results and analyses.

3.1. The stability of NDOA. According to formula (13), the stability of the solu-
tion by NDOA could be evaluated at first. Now supposed that we were presented a
set simulation observations of vector x which was subjected to the random distribution
individually. Furthermore, the situations of K-sparse non-zero elements in the vector x
were also subjected to the random distribution. When the K-sparse non-zero elements
had been denoted as xk =[-27.8154,-40.5747,19.2457,-20.1159,19.1928,-7.5357, -11.3157,
-13.8572,4.6031, -23.6347] at N=96, M=48 and K=10, the stability curves of the NDOA
solving procedure as shown in Fig.1.

The Fig.1 illustrates that the procedure of NDOA is globally asymptotically stable.
And the different curves in the graph correspond to the absolute value of each element
of the random vector x. Moreover, the K non-zero elements converge correctly while the
other elements converge to zero.
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Figure 1. Stability of the solution by NDOA

3.2. Simulation experiment of reconstruction algorithm based on NDOA. In
order to verify the validity of the presented approach, we had designed the random vector
x while N=96 and the K-sparse non-zero elements had been subjected to the random
distribution, to investigate the performance of CS reconstruction based on NDOA.

At first, we investigated the relations between the reconstructed performance and the
number of observations.

For comparison of the reconstruction performance in different algorithms, we designed
the random vector x with K=32, and respectively performed by OMP, ROMP, SWOMP,
SP and NDOA under 100 cycles on the high reconstruction accuracy, i.e., the relative
error, e≤1E − 6. As shown in Fig.2, which is indicated the relations between the recon-
struction ratios and the number of observations.

The Fig.2 demonstrates the accurate reconstruction ratio in different algorithms under
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Figure 2. Accurate recovery probability versus the different observation
number M while N=96 and K=32

the random vector x with N=96, K=32, while only the number of observations, i.e., M
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has been changed from zero to N. When the M is less than 80, the NDOA obtains a high
probability of recovery and shows superior recovery ratio than the traditional OMP and
its improved algorithms, including ROMP, SWOMP and SP.

And then, we examined the relations between the reconstruction performance and the
K-sparse.

Assuming the measurement number M=64, the performance of recovery were respec-
tively observed in different algorithms of OMP, ROMP, SWOMP, SP and NDOA. The
Fig.3 illustrates the probability of perfect reconstruction under 100 cycles with N=96,
M=64, when the K-sparse has been changed from zero to N and the relative error of
recovery, e≤1E − 6.

The Fig.3 shows that the ratio of accurate reconstruction in different algorithms under
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Figure 3. Perfect recovery probability versus the different K-sparse while
N=96 and M=64

the random vector x with N=96, M=64, while only the K-sparse has been changed from
zero to N. When the K is more than 15, the NDOA achieves higher probability of recovery
than OMP, ROMP, SWOMP and SP algorithm.

3.3. Reconstruction performance for 2D image. In order to verify the effectiveness
of the NDOA recovery for 2D image, we used 64×64 Lena image as an original and made
it sparse by using the sym8 wavelet.

The peak signal to noise ratio (PSNR) and the relative error of recovery (REOR) had
been separately defined as shown in (14) and (15), to evaluate the performance of accurate
recovery.

PSNR = 10 log10[2552/(
1

m× n
‖X − X̂‖2)] (14)

REOR = ‖X − X̂‖2/‖X‖2 (15)

Now we proposed a parameter as η = M/N to determine the sampling frequency for
original image. When η = 0.875, we compared the effects of recovery with OMP, SWOMP
and NDOA, respectively. The original Lena (64×64) and its discrete wavelet transform
(DWT) image are shown in Fig.4. And the Fig.5 illustrates the recovery performance by
using OMP algorithm, while the Fig.6 indicates the recovery by SWOMP and the Fig.7
demonstrates the recovery by NDOA.

To obtain an improved reconstruction achievement of the NDOA, Table 1 shows the
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Figure 4. Lenna and its DWT image

Figure 5. Recovery image by OMP

Figure 6. Recovery image by SWOMP

Figure 7. Recovery image by NDOA

value of PSNR and REOR of Lena image in different algorithms. From the statistical
results in Table 1, every algorithm is done well in recovering the 2D image under the
compressed sampling ratio η = 0.875. But the NDOA’s PSNR is larger than the OMP
and SWOMP with 3.6466dB while the REOR is decreased 2.21% at least. Therefore, the
NDOA recovery preferment is more effective than OMP and SWOMP algorithm.

4. Conclusions. This paper proposed a CS reconstruction model based on NDOA with
l1-norm optimization, and applied it to the 2D image recovery. Simulation experiment
results show that the NDOA is more effective than the OMP, ROMP, SWOMP and
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Table 1. Performance of different recovery algorithms

original image recovery algorithm sampling rate PSNR /dB REOR/%
Lena OMP 0.875 30.1562 7.23
image SWOMP 0.875 31.1756 6.43

(64×64) NDOA 0.875 34.8222 4.22

SP algorithms in performance of sparse signal recovery, and the probability of correct
recovery is even higher under the condition of less observations and poor sparsity. When
applying this model to 2D image recovery with compressed sampling rate of 0.875 for
64×64 Lena image, in comparison with the OMP and SWOMP, the NDOA’s PSNR is
raised by 3.6466dB while the REOR is decreased 2.21% at least. The reconstruction effect
of NDOA is evidently excellent. This proposed algorithm can be used for wavelet filtering
with CS or may as well be used as an efficient tool for digital signal compression or image
painting. To find more proper composite filtering methods in the CS transform domain
are our future works.
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