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Abstract Video derain is an important issue in the field of digital image pro-
cessing and computer vision. This paper divides rain streaks into two types:
one is rain in natural scenes, and the other is rain in stochastic scenes. In
this paper, we propose a novel rotational video derain algorithm via noncon-
vex and nonsmooth algorithm (RoDerain). Not only can the rain streaks in
natural scene be removed, but the rain streaks in stochastic scene can be also
well removed. This paper added the rotation operator based on the discrim-
inatively intrinsic priors of rain streaks and clean videos to remove the rain
streaks in both natural and stochastic scenes.For the low rank problem of
the background, we replace the solution of the nuclear norm with improved
IRNN-Capped L; suitable for tensor. Finally,this paper used the Alternating
Direction Method of Multipliers (ADMM) to optimize the solution of the pro-
posed rain streaks removal algorithm model.The disadvantage is that global
information is not considered. And the extensive experiment results show that
our proposed algorithm performs favorably in comparison to several popular
rain removal algorithms.
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1 Introduction

With the advancement of computer technology, the outdoor vision system is
widely used in target recognition [9] and tracking [5], traffic monitoring [29],
remote sensing monitoring [22] and military reconnaissance [28], etc. Outdoor
vision systems are often affected by various weather conditions, especially rain,
snow, fog and haze. These bad weather conditions will lead to serious degra-
dation of the image or video captured by the outdoor vision system, which
brings difficulty in subsequent video processing tasks. Therefore, processing
these degraded images and videos is of great significance.

The rain removal method began to emerge from time-domain filtering
method proposed by Starik et al. [19] in 2003. Although it started late, the
rain technology has become a hot spot for scholars at home and abroad in
recent years. There have been many methods of rain streaks removal based
on sparse domains. We mainly introduce the rain streaks removal algorithms
from two aspects of matrix and tensor.

For the matrix-based method. Kim et al. [11] used the time-spatial continu-
ity, and combined the support vector machine (SVM) [3] and low-rank matrix
completion [20] [2] [18] to reach the rain streaks. And this kind of method is
time-consuming. Manu et al. [1] effectively uses the Lg gradient minimization
approach to remove the rain pixels. Li et al. [25] proposed an effective method
that uses simple patch-based priors for both the background and rain layers.
These priors are based on Gaussian mixture models and can accommodate
multiple orientations and scales of the rain streaks. Zhu et al. [17] presented a
method for removing rain streaks from a single input image by decomposing
it into a rain-free background layer and a rain-streak layer.

For the tensor-based method. Chen et al. [24] proposed the rain removal
model of low-rank from matrix to tensor structure for the detection of time-
space interrelated rain streaks. ALAA [7] considered that rain-free scenes are
low rank for adjacent frames, so it can remove rain by extracting low rank
components between adjacent frames. This kind of method has weak constraint
and may have false detection of rain streaks. Jiang et al. [21] proposed a novel
tensor based video rain streaks removal approach by fully considering the
discriminatively intrinsic characteristics of rain streaks and clean videos.

Removing rain streaks from video has important practical implications. For
example, for a safe driving assistance system in an intelligent transportation
application, the removal of rain streaks in the video can improve the visibility
of the rainy day, which enable the driver to drive more comfortably and clearly,
and reduce the incidence of traffic accidents.

In recent years, deep learning-based methods are very popular. Zeng et
al. [27]proposed a lightweight channel spatial attention network for real-time
image de-raining. YU et al. [26]proposed a progressive network for single-
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image rain removal. By removing rain bars of various densities, proportions
and shapes, the image details of the rain-free area are well preserved.

However, there are still limitations existing in current rain removal meth-
ods. Most existing rain streaks removal algorithms are effective for the rain
in natural scenes, but it is different to remove the rain streaks in ’stochastic’
scenes. The difference between natural scenes and stochastic scenes is whether
rain streaks trajectory is perpendicular to the horizontal direction. The tra-
ditional preprocessing step is that the image will be rotated manually, but it
is intractable for stochastic scenes because of the complexity of algorithm and
unpredictable parameter of rotational angle. This paper adds the rotation op-
erator to the existing rain streaks removal model based on the discriminative
characteristics of rain streaks and the clean video in the gradient domain to
solve the rain streaks in both natural and stochastic scenes.

The low-rank minimization problem is NP-hard. Most current algorithms
use nuclear norm regularization to solve this low-rank problem. For example,
Jiang et.al [21] considered the low-rank problem of tensor as a convex optimiza-
tion problem, and used nuclear norm of tensor to solve. This paper considered
the low-rank minimization problem of clean video as a non-convex non-smooth
sparse minimization problem, and generalized the Iteratively Reweighted Nu-
clear Norm (IRNN) of the matrix to the tensor, and combined the nuclear
norm of tensor with Capped L;. This allows detailed processing of background
information and improve the quality of the restored image.

This paper used the Alternating Direction Method of Multipliers (ADMM)
to optimize the solution of the proposed rain streaks removal algorithm model.
Based on the idea of divide and conquer, ADMM divides a large overall prob-
lem into multiple local sub-problems, which reduces the scale of the problem.
It is especially suitable for machine learning problems.

Based the above aspects, we propose an adaptive low-rank tensor comple-
tion derain algorithm. The specific algorithm will be explained in detail in the
following sections.

The paper is organized as follows. In Section 2, we introduce the basic
tensor notations, which made a good preparation for the following. Section
3 mainly introduces the construction of the Adaption low-rank tensor com-
pletion for derain Algorithm. The whole detailed optimization processing of
the proposed rain streaks algorithm is presented in Section 4. In Section 5,
real-world experimental results, simulated experimental results and discussion
are presented. Finally, Section 6 is the conclusion of this paper.

2 Tensor notations

The existing knowledge of vector and matrix space has been unable to deal
with the problem of video, which has prompted people to learn and use tensor-
related knowledge for in-depth research, which has attracted extensive atten-
tion from experts and scholars at home and abroad.
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In general, we use lowercase letters to represent vectors, uppercase letters
to represent matrices, and swashes to represent tensors. For example, z is a vec-
tor, X is a matrix, X is a tensor. The scalar can be represented by a zero-order
tensor, the vector can be represented by a first-order tensor, and the matrix
can be represented by a second-order tensor. The tensor can be interpreted
as a high-order generalization of vectors and matrices (orders greater than
or equal to three), which can better represent high-order data with complex
structures. An N-order tensor A can be defined as A € R *12XXIn " and
its (41,142, -+ ,in)-th element is a;,4,...;5 - The following is a brief introduction
to the basic operation of tensor.

Definition 1: (The inner product of tensor) Two N-order tensors A and B
have the same size (A, B € RI1*12X=XIN ) then their inner product can be
defined as:

<A B>= Z Aiqig-in * bi1iz~~-iN (1)

11,82, ,IN

Definition 2: (The Frobenius norm of tensor) N-order tensor A’s Frobenius
norm is the square root of all its elements:

L I In 2\ /2
Al = V<SAAS = [ D7D laiizi] (2)
i1=1142=1 in=1

The L; norm of tensor: N-order tensor A’s L; norm is the sum of all
non-zero elements.

The Lo norm of tensor: N-order tensor A’s Ly norm is the number of all
non-zero elements.

In this paper, the order of the tensor is three. For example, is third-order
tensor. Taking the third-order tensor A € R'*/*K as an example, it has three
kinds of slices. There are horizontal slice Aj;.., lateral slice A.;., and frontal
slice A..;. The mode- unfolding of third-order tensor is the frontal slice A..g,
the horizontal slice A;.., and the lateral slice A.;. is devised according to the
horizontal direction respectively.

3 The prerequisites of video image derain

The observation model [15] [14] [23] of rainy video can be formulated as :
O=B+R (3)

where O, B and R represent the rainy video, the unknown rain-free video and
rain streaks, respectively. They are all three tensors of size m x n X t.

Clean rain-free video B and the rain R can be recovered from rainy video
O, which is an ill-posed problem. Thus, this requires us to solve this inverse
problem through prior knowledge. There are three important prior knowledge.
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3.1 Rain Streaks Removal Model Based on Tensor

In 2017, Jiang et al. [21] utilized Discriminatively Intrinsic Priors to removal
the rain streaks. Firstly, Rain streaks are sparse and smooth along the direction
of raindrop. And then, the clean videos possess smoothness along the rain-
perpendicular direction and global and local correlation along time direction.
At last, the clean rain-free videos have the characteristic of low-rank because
of the little change of background. Thus, they proposed the rain removal model
via Discriminatively Intrinsic Priors:

min - o |[VyR|, +az||R], + 0 =Rl

(4)
+ 3| Vo (O = R)[|; + | Ve(O = R)|

where V,, and V, are difference operators along vertical and horizontal direc-
tions, respectively, and V; indicates the time directional difference operator.
[I.]l, indicates the nuclear norm.

Fig. 1 shows some of the statistics characteristics of rain streaks and rain-
free video. Firstly, the first row shows the rainy frame, clean frame and rain
streaks respectively. And then, (a-1,2,3) are the histograms of the rainy frame,
clean frame and the rain streaks respectively. (b-1,2,3) are the histograms of
from the rainy frame, clean frame and the rain streaks. We can observe that
(a-3) has the most zero values among (a-1,2,3), and (b-3) has the most zero
values among (b-1,2,3), thus the raindrops are sparse and the raindrops are also
sparse along the direction of the drop. And then, (c-1,2,3) are the histograms
of difference along the horizontal direction from the rainy frame, clean frame
and the rain streaks respectively. We can see that many burrs appear in (c-1)
and (c-3), while (c-2) is relatively piecewise smooth. The clean frame is smooth
along the horizontal direction. And so on, the clean video is smooth along the
horizontal direction. At last, (d-1,2,3) are the intensity value curve of a fixed
pixel of every frame from the rainy video, clean video and rain streaks. And
we find that (d-2) has the smoothest change.

3.2 Tteratively Reweighted Nuclear Norm

To solve the matrix problem of low rank, which is NP-hard, the measure of
nuclear norm may not get the perfect solution. Thus, Lu et al. [4] proposed
a non-convex non-smooth low-rank minimization method called Iteratively
Reweighted Nuclear Norm (IRNN) to solve this kind of problem about matrix.

1
min A rank(X) + 3 X — Y“i“ (5)

where X and Y is the matrix of sizeof mxn , A >0,0<w; <ws < -+ < wg
and s = min(m,n).
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Fig. 1 (a-1,2,3) are the hlstograms of the ramy frame, clean “frame and the rain streaks
respectively; (b-l 2,3) are the histograms of difference along the vertical direction from the
rainy frame, clean frame and the rain streaks respectively; (c-1,2,3) are the histograms of
difference along the horizontal direction from the rainy frame, clean frame and the rain
streaks respectively; (d-1,2,3) are the intensity value curve of a fixed pixel of every frame
from the rainy video, clean video and rain streaks.

The solution of Eq.(5) weights the singular values of the matrix, the Eq.(5)
can be transformed as:

5 1
min)\Zwioi(X)-i-iHX—YHi“ (6)

where 0;(X) is the i-th singular value of X. Thus, X can be solved by:
= US(Z)V" (7)

where Y = UXVT is the singular value of Y, and Sy, (X) = Diag {(Xi; — Aw;)}.
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4 Rotational video derain via nonconvex and nonsmooth
optimization

4.1 The motivation of the proposed model
4.1.1 The Structural Element of Rotation Operator

Affected by various external influences, the trajectory of rain streaks is not al-
ways perpendicular to the ground. There is a certain inclination angle between
the trajectory of rain streaks and ground. In this paper, we refer to this kind
of rain streaks as the rain streaks in stochastic scenes. And at the same time,
we refer to the rain streaks whose trajectory is perpendicular to the horizon-
tal direction as the rain streaks in natural scenes. However, for the removal
processing of the rain streaks in stochastic scenes, many rain streaks removal
algorithms need to rotate every frame of the rainy video. If the length of the
video is very long, that is, the number of frames of the video is very large,
it can be very cumbersome. So this paper added the rotation operator Ay to
b cony | A=A
The first item of the original model changed from a1 ||V, R||; to a1[|V, (AsR) |,
, and The fourth item of the original model changed from a3||V,(O —R)||;
to a3||V4(As(O —R))|, - The combination of the rotation operator and the
Ly norm can better correct and remove rain streaks in stochastic scenes. Sub-
sequent experiment results can also better confirm the effectiveness of the
rotation operator.

Fig. 4’s the first item and fourth item. Ay = [

4.1.2 IRNN - Capped 1

In this paper, to solve the low rank problem of tensor, we extend IRNN from
solving matrix problem to tensor problem. And the Eq.(3) can be transformed
as:

3 3
. 1 ZZ L

n=1 i=1

where X{,,) = Unfold, (X), X,¥ € R™*"** It is more suitable for our algo-

rithm model. X is a weight. In this paper, the order of the tensor is three.
Let P; = Unfold;(Y) (i = 1,2, 3), suppose the singular value decomposition

of Pyis P,=UXVT and Q; = US\,(X)VT, thus the optimal solution X’ is :

3
xr=>%" %Foldi(Qi) (9)
1=1

where Sy, (X) = Diag {(Xi; — Aw;)}, Fold;(Q;) is to fold Q; to a tensor with
the same size of X'. The value of w; is selected by the super-gradient of Capped
L, [4] as shown in Fig.2.
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4.2 The proposed Derain Model

In this paper, we add the rotation operator based on the discriminatively in-
trinsic priors of rain streaks and clean videos to remove the rain streaks in both
natural and stochastic scenes. For the low rank problem of the background, we
replace the solution of the nuclear norm with improved IRNN-Capped L; suit-
able for tensor. Based on the above, the final proposed rain streaks algorithm
model via adaptive low-rank tensor completion in this paper is:

m%n a1||Vy(AgR)|, + a2l R|l; + a3|| V2 (A (O = R))l,

(10)
+ OZ4HVt(O - R)Hl + ||(9 - 7?’”C’apped L1

4.3 Alternating direction multipliers optimization

In this section, it mainly introduces the mainly optimization processing of our
algorithm model.

To the first, we need to introduce five auxiliary tensors Y ;S , X, T and L ,
and form such the constraints of V,(A4sR) =Y , R =S, V,(A4s(O-R)) =,
V:(O—-R) =T and O—R = L to solve the proposed optimization problem by
Alternating Direction Method of Multipliers (ADMM) [8]. So, our algorithm
model is transformed as:

it |Vl + alSlh + as|Xllg + s Tl + 1€l cappea 1,

st. Vy(AR) =Y, R=38, V.(4(0O-R)) =4, (11)
Vi(O-R) =T, O-R=L

where Y, S, X, T and £ € R™*"™*t Thus, the augmented Lagrangian function
is:

L(R,Y,S,T.L,A) =l Yo+ 2l Sll1 + asl|[Xllo + aal| Tl + [ Ll cappea 1
(A1, 9 (A0R) — V) + 219, (40R) — VI3
R 8) + 2R 8|
{45, V(A0 ~ R)) — ) + LV, (40~ R)) - X2
FALVO - R) = T) + SHIVUO - R) - T
5,0~ R) -~ £) + 20 R~ 2]
(12)
where A = [Ay, Ag, -+, As5] is the Multipliers of the augmented Lagrangian
function and 8 = [B1, B2, - , B5] are five positive parameters.

The solution of the algorithm model is transformed from a constrained
problem to an unconstrained one.
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— The sub-problems of S, T:

The first step is to solve the L; norm problem in the algorithm model
about § , 7. The sub-problem of S is

P2 Ay |
i —||S - — 1
min as||S]; + 5 S—(R+ 52) . (13)
It has a close-form solution by soft thresholding [6] as follows:
Ak
SFH1 = Shrinka, (R* 4+ =2) (14)
B2 /82

At the same time, the T-related sub-problem also belong to the problem of
L, norm, and has the similar solution as follows:

/1 2
T — argmin aq||T]), + Bulr (w0 —m) + 4y
g= 2 Ba F
y (15)
=Shrinkes (V,(0 — R¥) + =4)
Ba B

— The sub-problems of X', V:

Subsequently, the sub-problems of X and ) are both about the solution with
Lo norm. In [13], these problems can be solved by regularizing the sparsity
property. Thus, the sub-problems of X and ) can be update respectively by:

A IIF
yk‘"rl — arg;nin /81”:))“0 + Hy - (Vy(-AeR> + /671)
1 ll2
k Ak k A% |2 (19)
_ 9, (ARF) + 42 \Vy(AeR )t E| =
0, otherwise
e IIF
Xk = arg;nin Bsl| X||o + HX — (Va(Ag(0 = RY)) + Fj)
2
(17)

> B33

k k 2
:{Vm(Ag(OR’“))+g§, V. (Ap(0 - RH)) + 4

0, otherwise

— The sub-problems of L:
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The sub-problems of £ can be solved by

As |
O-R-L+—
Bs

arg min ||LHCapped L1 += (18)

F

It is an important innovation of this paper. According the subsection named
Tteratively Reweighted Nuclear Norm-Capped L; of Tensor of Section V, we
can get the solution of L is:

3
oy %Foldi(Qf) (19)
=1

where P; = Unfold;(O — R — 73) UXVT and Q; = US,,(X)VT.
— The sub-problems of R:

It is a least squares problems as follows:

Ir%ngl”Vy(AeR) y+E /32 R— S+%
LB ?
> || Va(Aa(0 = R)) - T+E (20)
+@ V(O -R) - X+E 55 O-R- £+%

Because of the difference operators and rotation operator in the formula-
tions, we use fast Fourier transform(FFT) and its inverse fast Fourier transform
(IFFT) to solve the problem, which can speed up the solution of the problem.

So, R can be updated by:
F
RE+L _ p-1 ( (K1)> (21)

F(Ks)

where F, F~! denote the fast Fourier transform (FFT) and its inverse respec-
tively, and

=VyA_o(B1Y" = AF) + VIA_4(B3VoAgO — B5TF) 4 B5(0 — L¥)
+ AE 4 VT (B1V,0 — BaXF 4 AF) — A% 4 ,S*

Ky =1V Vy + (B2 + B5)1+ B3VL Ve + BaV] Vy

Finally, these multipliers of ADMM can be updated parallel as follows:
A%¥~ﬁ+m(AMR%fW>
At = A5 + Bo(RF — 8%)
AFTH = A5 + B5(Ve(Ag (O — R¥)) = T) (22)
AP = Af + B4(Vi(0 - RY) — XF)
A = Af + B5(0 — R — £F)
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Algorithm 1 RoDerain

Input: The rainy video O, 6
‘While not converge do
stepl: Update S, T respectively by Eq.(13)-Eq.(15);
step2: Update ), X respectively by Eq.(16)-Eq.(17);
step3: Update £ by Eq.(19);
step4: Update R by Eq.(21);
step5: Update the multipliers by Eq.(22);
end while
Output: The estimation of rain-free video B = O — R and rain streaks R.

In summary, the algorithm of ADMM decomposes a large global problem
for solving the rain streaks R into several smaller, easier-to-solve, local sub-
problems of Y, S, X, T and L, and then get the the solution of the global
problem by coordinating the sub-problems. It can speed up the whole process
of the algorithm. And the video derain algorithm flow as shown in the following
algorithm.

5 Rain streaks removal experiments

To verify our algorithm’s performance, we selected four methods to compare
with ours. There are the method using Ly gradient minimization technique
[1](denoted as 16°’L0), the method using layer priors [25](denoted as 16’LP),
the method via utilizing discriminatively intrinsic priors [21](denoted as RSR)
and the method via joint bi-layer optimization [12](denoted as FastDeRain).
At the same time, one of the important characteristics of the rainy video we
chose is that the rain in the video is not perpendicular to the ground, but with
a certain angle to the ground.

5.1 Real-world Experiments

We select four kinds of rainy video to verify our algorithm better than other
four methods. These rainy videos are Pedestrian, Wall, Car and Yard respec-
tively. In addition, the Pedestrian video has the size of 240 x 360 x 3 x 10, the
Yard video has the size of 640 x 380 x 3 x 30, the Car video and the Wall video
have the same size of 360 x 640 x 3 x 10. In these four kinds of rainy video, we
choose one frame from these four videos respectively and randomly to show
the derain effect in visual. In addition, because of the lack of the ground truth
of the real-world rainy data, we can not directly calculate the index values be-
tween the ground truth and the derain images. In this part, we use the visual
effects as the only evaluation.

As shown is Fig.3, there are the whole rain removal results of four kinds
of real-world data. Firstly, the first, second, third, and fifth rows in the figure
are the results of the complete selected frames of the four real-world data
respectively. The fourth row corresponds to a partial enlarged view of the
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5.2 Simulated Experiments

In simulated experiments, we also select four kinds of rainy video to verify
our algorithm better than other five methods. These rainy videos are City,
Mountain, Night and Opera House respectively. In addition, the City video
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has the size of 462 x 762 x 3 x 3, the Mountain video has the size of 462 x
762 x 3 x 3, the Night video and the Opera House video have the same size
of 691 x 1200 x 3 x 3. In these four kinds of rainy video, we choose 1 frame
from these four videos respectively and randomly to show the derain effect
in visual.In the simulated experiments, we used the peak signal-to-noise ratio
(PSNR) [10], structural similarity index measurement (SSIM) [10], and feature
similarity index measurement (FSIM) [16] to verify the effectiveness of the
proposed algorithm as a quantitative assessment. We compute the mean value
of the three kinds of evaluation indices mentioned above for each frame of
rainy videos to compare with different methods, called MPSNR, MSSIM and
MFSIM.

In order to better show our rain removal effect, we select a partial enlarge-
ment from the complete frames to show our results as shown in Fig.4. So these
four rows are the rain results of the four kinds of simulated data. Similarly, the
first column Fig.4(a) is the local magnification in selected rainy frame of the
simulation data. And the second column Fig.4(b) to the sixth column Fig.4(f)
are the rain removal results of 16’L0, 16’LP, RSR, FastDeRain and RoDerain
respectively. Unlike real data, there is the ground truth in simulated data as
shown is Fig.4(g). With the contrast of the ground truth, we can see our rain
removal algorithm’s advantages better.
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Table 1 Quantitative evaluation of the different derain algorithms of four rainy videos

Video Index Methods
16’L0 16’CVPR RSR FastDeRain Proposed

MPSNR  25.2352 20.4635 34.6130 31.9802 35.8856

City MSSIM 0.9301 0.9247 0.9532 0.9869 0.9742
MFSIM 0.9154 0.9251 0.9594 0.9642 0.9787

MPSNR  23.4567 26.1298 30.3163 29.8564 29.7824

Mountain MSSIM 0.7819 0.8705 0.9603 0.9683 0.9745
MFSIM 0.8463 0.9226 0.9820 0.9849 0.9892
MPSNR  24.0162 16.6175 23.4928 26.0321 30.4106

Night MSSIM 0.8421 0.7112 0.8675 0.8806 0.9687
MFSIM 0.9296 0.8615 0.9329 0.9788 0.9890
MPSNR  26.5367 27.2913 32.1703 29.3660 35.7828

Opera_House MSSIM 0.9007 0.9375 0.9666 0.9721 0.9888
MFSIM 0.9224 0.9533 0.9785 0.9611 0.9938

SNR, MSSIM and MFSIM. At the same time, the visual rain removal results
are better than other four methods. Although, in the data of Mountain, the
RSR method’s the value of MPSNR is slightly higher than ours. However,
combining with the visual effects in Fig.4, our proposed algorithm reached the
best rain removal results.

6 Conclusion

We propose a novel rotational video derain algorithm via nonconvex and non-
smooth algorithm. We introduce the rotation operator, and the constraint of
Li-norm, Lp-norm and generalize non-convex non-smooth low-rank minimiza-
tion to propose a novel algorithm for rain streaks removal by decomposed
the rain-free video and the rain streak from the known rainy video. Extensive
experiments prove that our model achieved excellent rain removal effects. In
particular, our algorithm can remove the rain with a certain inclination angle
to the ground. This shows that the rotation operator plays its role well. At the
same time, the non-convex and non-smooth adaptive low-rank constraint can
improve the quantitative evaluation of the restored video images to a certain
extent. In a word, our algorithm is more advanced than existed other rain
removal algorithms.
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