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ABSTRACT

In this paper, the hierarchical frame based video compressed
sensing (CS) framework is proposed, which outperforms
the traditional framework through the better exploitation of
frames correlation with reference frames, the unequal sample
subrates setting among frames in different layers and the re-
duction of the error propagation. By considering the spatial
and temporal correlations of the video sequence, a spatial-
temporal sparse representation based recovery is proposed
for this framework. The similar blocks in both the current
frame and these recovered reference frames are composed
as a spatial-temporal group, which is defined as the unit of
the sparse representation. By exploiting the low dimensional
subspace description of each group, the video CS recovery
is converted as a low-rank matrix approximation problem,
which can be solved by exploiting the hard thresholding
and the gradient descent. Experimental results show that
the proposed method achieves better performance against
both the state-of-art still-image CS recovery algorithms and
the existing residual domain based video CS reconstruction
approaches.

Index Terms— Video compressed sensing, hierarchical
structure framework, spatial-temporal sparse representation

1. INTRODUCTION

As a new methodology of signal-sampling and recovery, com-
pressed sensing(CS) has been extensively studied in recent
years. As applied to video frames, this theory makes the sam-
pling process faster than traditional sampling methods. Sig-
nificant process in video CS has been made with a single-
pixel cameras[1], based on representing a video in the Fouri-
er domain or the wavelet domain. However, video CS faces
challenges including high recovery quality at a relatively low
subrate[2]. Low subrate which makes it easier to capture
video sequences at a high speed by camera will result in a
poor recovery performance using the still-image CS recovery
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algorithms. By considering the spatial and temporal correla-
tions, it is possible to achieve a high-quality even employing
a low subrate[3]. Mun et al.[4] proposed a residual recov-
ery based on Motion Compensation(MC), which utilized the
temporal redundancy and residual sparse property in video se-
quence. Two subtrates are used in sampling stage of the resid-
ual recovery, where high subrate is adopted for key frames
and low subrate for non-key frames.

In the CS theory, the signal can be well recovered if it is
sparse enough in some domain. Mun et al.[5] cast the CS re-
construction in the base of contourlet transform or complex-
valued dual-tree wavelet transform(DWT), resulting in bet-
ter performance compared to the conventional fixed domain
based recovery methods. However, it is almost impossible
to find a universal domain in which all kinds of signals are
sparse. As an alternative to the CS reconstruction scheme,
the iterative algorithms based on non-local patches have been
proposed recently (e.g.[6, 7]). In [6], the number of nonzeros
3-D transformation coefficients of a group, which is stacked
by the non-local patches, was used to measure the non-local
sparsity. Additionally, the collaborative sparsity measure was
established in [6], enforcing local smoothness and non-local
sparsity simultaneously. A group sparse representation (GSR)
modeling was further developed in [7], using the non-local
grouping technique as well. In essence, this modeling effi-
ciently utilized the intrinsic low-rank property of natural im-
ages, which also exhibits the patch similarity among patch
group. Also, GSR modeling improves the performance of re-
covery over conventional fixed domain based recovery meth-
ods.

In this paper, we consider the Block Compressed Sens-
ing(BCS) recovery of video sequences in which the hierarchi-
cal structure and group sparse representation based method
are used to aid the recovery process. We employ different
subrates for different layers. The 3D patch matching model-
ing, the hard thresholding and the gradient descent are also
adopted to the recovery stage. It can be found in experimen-
tal simulations that the proposed CS recovery based on hier-
archical structure outperforms the state-of-art still-image re-
covery method. Additionally, the proposed technique exceeds
the quality of residual domain based reconstruction by a large
margin.
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2. BACKGROUND

In image compressed sensing theory, we focus on the situa-
tion in which the image is sampled by BCS[8]. Consider the
classical CS problem:

min
𝑥

∥𝛼∥0, 𝑠.𝑡 𝑦 = Φ𝑥, 𝑥 = Ψ𝛼, (1)

where 𝑥 is real valued signal to recover with length 𝑁 , 𝑦 rep-
resents an sampled vector with length 𝑀 (𝑀 ≪ 𝑁), and Φ
is an 𝑀 × 𝑁 CS measurement matrix. 𝛼 represents the s-
parse code vector of 𝑥 over Ψ. The ideal recovery procedure
searches for the 𝛼 with the smallest ℓ0 norm consistent with
the observed 𝑦. In BCS, the input image is divided into small
non-overlapping blocks and sampled with operator Φ𝐵 which
is related to the subrate. Let 𝑥𝑖 represent the vectorized signal
of the 𝑖-𝑡ℎ block, the output vector is

𝑦𝑖 = Φ𝐵𝑥𝑖, (2)

where 𝑦𝑖 represents the measurements of the 𝑖-𝑡ℎ block. For
simplicity, the sampling process can be rewritten as

𝑌 = Φ𝐵𝑋, (3)

where 𝑋 = (𝑥1, ..., 𝑥𝑖, ...) covers all the pixels of the input
image and the corresponding output is 𝑌 = (𝑦1, ..., 𝑦𝑖, ...).

Because the length of 𝑥𝑖 is longer than that of 𝑦𝑖, it is im-
possible to recover 𝑋 from measurements 𝑌 in general; how-
ever, if 𝑥 is sufficiently sparse, exact recovery is possible[9].
In this case, the key to CS recovery is the production of a s-
parse set of significant transform coefficients, 𝑋 = Ψ𝛼. The
recovery performance depends on the sparsity of 𝛼. As [7]
has concluded, the sparsity of image signal can be well ex-
hibited by group sparse representation. Using GSR,we can
find a solution to (3) as follow:

min ∥𝛼𝑖∥0 , 𝑠.𝑡 𝑌 = Φ𝐵𝑋,𝐺𝑖 = Ψ𝑖𝛼𝑖, (4)

where 𝐺𝑖 consists of similar patches from images[7].
Since the matched image patches exploits the similarity

of overlapping patches, the effective rank of each group is
low. Let 𝐺𝑖 = 𝑈𝑖Σ𝑖𝑉

𝑇
𝑖 be the singular value decomposi-

tion (SVD) for 𝐺𝑖 and 𝑛 be the number of singular values.
Suppose the number of non-zero largest singular value is 𝑘𝑖,
we have 𝑘𝑖 ≪ 𝑛 and other singular values in 𝐺𝑖 tend to be
near-zero, the matrix 𝐺𝑖 = 𝑈𝑖Σ𝑖𝑉

𝑇
𝑖 is really sparse or nearly

sparse. Under this condition, Ψ𝑖 can be defined as

Ψ𝑖 = [𝑑𝐺𝑖⊗1, 𝑑𝐺𝑖⊗2...𝑑𝐺𝑖⊗𝑛], (5)

where 𝑑𝐺𝑖⊗𝑗 = 𝑢𝐺𝑖⊗𝑗𝑣
𝑇
𝐺𝑖⊗𝑗 , 𝑢𝐺𝑖⊗𝑗 and 𝑣𝐺𝑖⊗𝑗 are column

vectors of 𝑈𝑖 and 𝑉𝑖.
[7] utilized the aid of the particular dictionary learning

method by SVD to derive the group sparsity model. Hence,
the lower the rank of 𝐺𝑖 is, the sparser the coefficients of 𝐺𝑖

will be. Hence, (4) is equivalent to the following minimiza-
tion problem

min ∥𝑟𝑎𝑛𝑘(𝐺𝑖)∥, 𝑠.𝑡 𝑌 = Φ𝐵𝑋, (6)

which is solved iteratively incorporated with gradient descent
in this paper.

3. VIDEO RECOVERY BASED ON HIERARCHICAL
FRAME STRUCTURE

3.1. Hierarchical Structure

The image Compressed Sensing theory can be extended to
video signal. The straightforward consideration is that video
frames in the sequence are sampled in a 2D fashion at the
same subrate and recovered independently. However, ob-
viously spatial and temporal correlations can be utilized in
video CS framework. One efficient form, MC-BCS-SPL,
is proposed in [4] where two subrates are used at the sam-
pling stage. Each Group of Pictures(GOP) contains a key
frame which is sampled at a relatively high subrate and other
non-key frames sampled at a low subrate. At the recovery
stage, reference frames are used to achieve a better perfor-
mance than independent recovery method. As the GOP size
increases, the effect of key frame will be lessened.

In this paper, we proposed the CS hierarchical structure
of video sequences. Suppose each GOP contains 2𝑛 frames,
the hierarchical structure when 𝑛 = 3 is illustrated in Figure
1. Take the first GOP for example, we define 𝑛 + 1 different
layers. At the sampling stage,different subrates are used as:

𝑆𝑙𝑎𝑦𝑒𝑟 𝑖 > 𝑆𝑙𝑎𝑦𝑒𝑟 𝑗 , 𝑠.𝑡. 𝑖 < 𝑗, (7)

𝑆𝑙𝑎𝑦𝑒𝑟 𝑖 represents the subrate of higher layer than 𝑙𝑎𝑦𝑒𝑟 𝑗.
The measurement matrix should also be adjusted by which
layer the current frame belongs to. The recovery process be-
gins from the highest layer frames, i.e., layer 1, which is sam-
pled at the highest subrate. We will discuss the detail about
the recovery algorithm in subsection 3.2.

Fig. 1. Hierarchical Structure in a GOP. Each GOP contain-
s 8 frames and every frame is recovered with two reference
frames except layer 1.

3.2. Recovery algorithms

Given a frame-by-frame acquisition, the most straightforward
recovery would be to recover the individual frames indepen-
dently using BCS-SPL[8]. However, such a method ignores
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the fact that consecutive video frames are usually highly cor-
related.

In MC-BCS-SPL[4], the recovery performance is deter-
mined by accuracy of recovered reference frames. Because
all the non-key frames are sampled at a low subrate and they
would be used as reference frame once recovered, the current
frame can not always use a high-quality recovered frame as
its reference.

Fig. 2 shows that the higher the subrate of reference frame
is, the better the performance would be. The PSNR would be
lower without reference. For this reason, We will select re-
covered frames with higher subrate as reference frames at the
recovery stage. In Fig. 3, it is quite obvious that the recovery
performance will be improved if the recovered frames with
nearer distance from current frame are selected as reference
frames. As illustrated in Fig. 1, in our proposed hierarchical
structure in the Video CS, any frame will always be recovered
using nearest higher layer reference frame.

Our proposed hierarchical structure will efficiently em-
ploy the correlation among frames and reduce the recovery
error propagation. Suppose the GOP size is 2𝑛. The recovery
error will propagate with 2𝑛-1 times in[4]. In our proposed
framework, it will be reduced to log2 2

𝑛 = 𝑛 times. Hence,
the proposed method can achieve better performance than tra-
ditional methods, such as BCS-SPL and MC-BCS-SPL.
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Fig. 2. The PSNR of recovered frame for sequence 𝑓𝑜𝑟𝑒𝑚𝑎𝑛
when subrate of referene frame changes. The PSNR is 36dB
when recovered independently, worse than that of reference
frame based method. The subrate of current frame is 0.3.
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Fig. 3. The PSNR of recovered frame for sequence 𝑓𝑜𝑟𝑒𝑚𝑎𝑛
when distance between current and reference frame changes.
The subrate of current frame is 0.3.

Our algorithm will utilize the techniques of 3D patch

matching, hard thresholding and gradient descent. Spatial-
temporal patch matching method is proposed in this paper for
group construction: First, divide every frame into 𝑚 overlap-
ping patches of size

√
𝐵 ×√

𝐵 and each patch is denoted by
𝑥𝑘, i.e., 𝑘 = 1, 2, ...,𝑚. Suppose the current frame is 𝑋𝑐 and
its forward reference frame and backward reference frame
are 𝑋𝑓 and 𝑋𝑏. Then, define the group 𝐺𝑘 corresponding to
𝑥𝑘, whose columns are the vectorized matched patches, i.e.,
𝐺𝑘 = {𝐺𝑘⊗𝑐, 𝐺𝑘⊗𝑓 , 𝐺𝑘⊗𝑏}, where 𝐺𝑘⊗𝑐, 𝐺𝑘⊗𝑓 , 𝐺𝑘⊗𝑏 are
groups of similar patches from current, forward and back-
ward reference frames. Hard thresholding is used in keeping
the low-rank property of 𝐺𝑘. Suppose 𝐺𝑘 = 𝑈Σ𝑉 𝑇 is the
SVD for 𝐺𝑘 and 𝜎𝑗 denote the 𝑗-𝑡ℎ largest singular value.
The hard thresholding process can be described as Algorithm
1.

Algorithm 1: 𝐺𝑘 = 𝐻(𝐺𝑘, 𝜏), 𝑠.𝑡 min ∥𝑟𝑎𝑛𝑘(𝐺𝑘)∥
1 𝐺𝑘 = 𝑈Σ𝑉 𝑇 , 𝜎𝑗 = Σ(𝑗, 𝑗);

2 𝜎𝑗 =

{
𝜎𝑗 , 𝜎𝑗 ≥ 𝜏
0 , 𝜎𝑗 < 𝜏

3 �̄� = (𝜎1, ..., 𝜎𝑗 , ...), Σ𝜏 = 𝑑𝑖𝑎𝑔(�̄�);

4 𝐺𝑘 = 𝑈Σ𝜏𝑉
𝑇

Algorithm 2: VCS recovery for the current frame based
on Hierarchical Structure

Input: 𝑌 = (𝑦1, ..., 𝑦𝑘, ...), 𝜙𝐵 and 𝜏
Output: Recovered current frame �̂�

1 for 𝑖𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑛𝑢𝑚𝑏𝑒𝑟 𝑖𝑡𝑒𝑟 = 1, 2, ...,𝑀𝑎𝑥 𝑖𝑡𝑒𝑟 do
2 for 𝑒𝑎𝑐ℎ 𝑏𝑙𝑜𝑐𝑘 𝑘 do
3 �̃�𝑘 = 𝑥𝑘 + 𝜙𝑇

𝐵(𝑦𝑘 − 𝜙𝐵𝑥𝑘);

4 �̃� = (�̃�1, ..., �̃�𝑘, ...);
5 create groups 𝐺𝑘 by spatial-temporal

patch-matching from current and reference frames
for �̃�𝑘;

6 for 𝑒𝑎𝑐ℎ 𝑔𝑟𝑜𝑢𝑝 𝐺𝑘 do
7 𝐺𝑘 = 𝐻(𝐺𝑘, 𝜏)

8 update the current frame by weighted averaging all
the reconstructed groups 𝐺𝑘;

By the function of 𝐺𝑘 = 𝐻(𝐺𝑘, 𝜏), the rank of 𝐺𝑘

becomes lower. As discussed in section 2, nonlocal self-
similarity of natural images can be effectively characterized
and signal sparsity is better exhibited to improve reconstruc-
tion performance in the recovery process described below.

For any arbitrary vector 𝑥, to find its approximation �̃� on
the hyper-plane {𝑧 : 𝑦 = 𝜙𝐵𝑧}, the matrix size of 𝜙𝐵 is de-
cided by the subrate in different layers. The gradient descent
technique uses the following formula

�̃� = 𝑥+ 𝜙𝑇
𝐵(𝜙𝐵𝜙

𝑇
𝐵)

−1(𝑦 − 𝜙𝐵𝑥) (8)
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As 𝜙𝐵 is intercepted from a random orthonormal matrix in
our experimental simulations, that is, 𝜙𝐵𝜙

𝑇
𝐵 = 𝐼 , (8) can be

simplified into

�̃� = 𝑥+ 𝜙𝑇
𝐵(𝑦 − 𝜙𝐵𝑥) (9)

The detailed recovery algorithm for one frame is de-
scribed in Algorithm 2, and recoveries for the other frames
follow the same rule.

4. EXPERIMENT RESULT

In this section, we will examine the performance of the pro-
posed reconstruction method. All of the video sequences are
sampled by BCS with block size of 32× 32. In our recovery
implementation, all parameters are set empirically. Concrete-
ly, the size of each patch, i.e,

√
𝐵 ×√

𝐵, is set to be 8× 8.
Then the recovery performance of proposed method will

be evaluated. To avoid the inaccuracy due to violent move-
ments, the size of training window in two reference frames is
modified as:

𝐿𝑓 = 𝐿𝑏 = 𝐿𝑐 + (𝑟𝑒𝑓 𝑑𝑖𝑠𝑡− 1)× 8 (10)

where 𝑟𝑒𝑓 𝑑𝑖𝑠𝑡 represents the distance between current frame
and its two references.

The numbers of best matched patches in the three frames
are also set as the same values,i.e., 𝑙𝑓 = 𝑙𝑐 = 𝑙𝑏 = 20.
𝜏 is set to be 67.5. We denote the subrate of layer 1
frame, layer 2 frame, layer 3 frame and layer 4 frame as
𝑆𝑙𝑎𝑦𝑒𝑟 1, 𝑆𝑙𝑎𝑦𝑒𝑟 2, 𝑆𝑙𝑎𝑦𝑒𝑟 3, 𝑆𝑙𝑎𝑦𝑒𝑟 4, respectively. We set
𝑆 = 0.3, 0.4 𝑜𝑟 0.5 as the average subrate in a GOP and
let 𝑆𝑙𝑎𝑦𝑒𝑟 4 = 𝑛4𝑆, 𝑆𝑙𝑎𝑦𝑒𝑟 3 = 𝑆𝑙𝑎𝑦𝑒𝑟 4 + 𝑛3𝑆, 𝑆𝑙𝑎𝑦𝑒𝑟 2 =
𝑆𝑙𝑎𝑦𝑒𝑟 3 + 𝑛2𝑆, 𝑆𝑙𝑎𝑦𝑒𝑟 1 = 𝑆𝑙𝑎𝑦𝑒𝑟 2 + 𝑛1𝑆. 𝑛1,𝑛2,𝑛3,𝑛4 are
object subrate factors for each layer. Obviously, 𝑆𝑙𝑎𝑦𝑒𝑟 1 is
the highest subrate value.

The proposed method is compared with three alternatives,
i.e., DWT, SGSR and MC-BCS-SPL on testing former 80
frames of common video sequences. DWT is a recovery
method which recovers video sequences frame by frame in-
dependently. SGSR is known as the state-of-art algorithm
for image CS recovery. MC-BCS-SPL is a typical residual
domain based recovery scheme, the critical process of which
is the residual recovery based on motion compensation(MC).
We implement it with full-search ME using quarter-pixel
accuracy and a search window of ±30 pixels. To demon-
strate the fact that the unequal sample subrates setting among
frames in different layers and hierarchical structure make the
contribution to better performance of recovery in our pro-
posed method, two cases of experiment are set. In case 1,
we use the proposed recovery method with No Hierarchical
Structure and only the Previous frame is used as a reference
frame for each current frame(NHSP). All the frames are sam-
pled at the same subrate. In case 2, Hierarchical Structure is
used but all the frames are sampled at the Same subrate(HSS).

The PSNR comparisons for all the test frames in three
video sequences under consideration in cases of 30% to 50%
average frame subrates are provided in Table 1. The proposed
method provides quite promising results, achieving the high-
est PSNR among all the comparative algorithms over all the
cases.

Then we take 𝑆 = 0.3 as an example to show the gain
of recovery performance by proposed method over other al-
ternatives. Compared with DWT, SGSR, MC-BCS-SPL, the
proposed method improved about 4dB, 1dB and 4dB. We now
focus on the result of NHSP. When using hierarchical struc-
ture at the stage of recovery, the proposed method can im-
prove more than 1dB. By comparing the proposed method
wtih HSS, the performance is about 0.6dB higher. The re-
sult reveals that the hierarchical structure and unequal subrate
setting provides en effective contribution to the recovery per-
formance.

Table 1. Average PSNR in dB for several video sequences

𝑆 method Foreman Football Bus

0.3 DWT 33.84 28.50 25.04
SGSR 36.04 31.96 28.10

MC-BCS-SPL 33.66 30.15 27.73
NHSP 35.78 32.09 28.20
HSS 36.93 32.95 29.09

proposed 37.54 33.94 30.32
0.4 DWT 35.72 30.29 26.65

SGSR 37.90 34.70 31.12
MC-BCS-SPL 35.80 32.66 29.58

NHSP 37.68 34.82 31.27
HSS 39.02 35.75 32.83

proposed 39.68 36.55 33.99
0.5 DWT 37.40 32.10 28.27

SGSR 39.70 36.96 34.02
MC-BCS-SPL 38.05 33.65 31.12

NHSP 39.66 37.11 34.27
HSS 40.88 38.04 36.28

proposed 41.46 38.83 37.24

5. CONCLUSION

In this paper, we proposed a hierarchical frame framework to
address video recovery problem based on video compressed
sensing theory. By employing unequal subrate in different
layers, we can effectively utilize the spatial and temporal cor-
relations of the video sequence. Incorporating the techniques
of 3D patch matching, hard thresholding and gradient descen-
t, our scheme is implemented in an iterative fashion. Exper-
imental results reveal that the developed video CS recovery
strategy is able to increase the recovery by a large margin
compared with the current existing methods.
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