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Abstract. Bad weather conditions, such as rain or snow, degrade outdoor vision
system performance. Rain removal from a single image has been investigated
extensively. However, existing built rain streak models are greatly influenced
by inaccurate parameter estimation or non-stationary background due to camera
motions. In this paper, we propose a rain streak removal algorithm from a single
color image based on frequency-domain directional filter. Experiment results
demonstrate that the proposed algorithm can deal with rain steaks of any direc-
tions, and maintains more details than existing algorithms.
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1 Introduction

Adverse weather condition, such as rain or snow, severely degrades outdoor vision
system’s performance. Vision system can’t offer reliable target detection [1], object
recognition and tracing, feature extraction [2] results due to image degradation by
rain. As a result, to improve the robustness of outdoor surveillance system, we have to
restore the corrupted image and remove the bad effects of bad weather. Meanwhile, in
the field of computer vision, adverse weather condition will increase the noise of the
image, reduce the robustness of feature extraction and the generalization ability of
classifier, degrade the performance of image segmentation.

Removal of rain streaks from images or images or videos has recently received
much attention in the past few years. Many algorithms have been proposed for the
removal of rain streaks. These algorithms can be classified into three categories [3],
spatial-temporal domain based, frequency domain based and matrix factorization
based. Traditional methods on detecting and removing rain streaks usually focus on
the temporal domain. Garg and Nayar[4] proposed a method on detecting and remov-
ing rain streaks in a video. They developed a correlation model demonstrating the
dynamics of rain and a motion blur model characterizing the photometry of rain. Sub-
sequently, they found that some camera parameters can be adjusted to reduce the
effects of rain without altering the appearance of the scene [5]. Moreover, Zhang [6]
proposed an improved video rain streak removal algorithm incorporating both tem-
poral and chromatic properties. Brewer [7] further utilized the shape characteristics of
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rain streaks for identifying and removing rain streaks from videos. Furthermore, for
the frequency based circumstances, Barnum [8] built a model of the shape and ap-
pearance of a single rain or snow streak in the image space, and remove rain or snow
streaks with its frequency spectrum. Bossu [9] proposed selection rules based on pho-
tometry and size to select the potential rain streaks in a video. They computed a histo-
gram of orientations of rain streaks estimated with geometric moments. Moreover,
Kang [10] used the method of dictionary leaning. A rain image was first separated
into geometry layer and texture layer by bilateral filtering. Then they divided the dic-
tionary online-trained by texture layer into rain-dictionary and no-rain dictionary, and
restored the rain-removed image with the no-rain dictionary only.

By analyzing existing algorithms, we found that the existing built rain streak mod-
els are greatly influenced by inaccurate parameter estimation or non-stationary back-
ground due to camera motions. Consequently, their performances are badly degraded.
In this paper, we propose a framework for a single color image rain streaks removal,
which utilizes both the uniform spread feature of rain streaks in spatial domain and
directional feature in frequency domain. The major contribution of this paper is two-
fold: 1) we propose a new rain streak direction determination approach, which utilizes
the uniform spread feature in spatial domain and directional feature in frequency do-
main, to build a block-wise HOE feature to determine the direction of rain streaks. 2)
our method is a new rain streaks removal method using directional filter in frequency
domain. On the basis of rain streaks’ direction, we design a corresponding directional
filter and remove rain streaks in frequency domain.
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Fig. 1. Block diagram of proposed algorithm

2 Proposed Algorithm

The block diagram in Fig.1 shows the proposed rain streak removal framework,
which includes 3 major steps, pre-processing, determination of the direction of rain
steaks, frequency domain directional filtering based rain streaks removal. First, the
input color image is converted into YCbCr color space, and the Y-component image
is divided into blocks. Then we compute the dominant direction of the global edge
based on the local Histogram of Oriented Edge to determine the direction of the rain
streaks. After that, we design a corresponding 2D frequency domain directional filter,
and then utilize the filter to remove rain streaks in frequency domain of Y-component.
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At last, we reconstruct the color image by combining the filtered Y-component image
with original Cb and Cr component image.

2.1  Pre-processing

Fig. 2 shows an input color image and its corresponding RGB channel images. It is
observed that rain steaks are obvious in all 3 channels. However, rain steaks can only
influence the Y-channel image [3], and hardly influence the CbCr color channels.

The above observations are fit for most rain images. Considering the reduction of
computation cost and making the algorithm more robust, the raised algorithm convert
the input color image into YCbCr color space, and then deals with the Y-component
image only. The RGB-to-YCbCr relation is shown in (1).

Y =16+0.257xR +0.564x G +0.098x B
C, =128 -0.148xR-0.291xG +0.439x B 1)
C =128+0.439xR-0.368xG -0.071x B

r

Cb CF

Fig. 2. Color rain image RGB image and YCbCr image
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The proposed algorithm determines the rain steaks’ direction based on the local
Histogram of Oriented Edge. Considering that many rain images are in poor light
conditions, rain steaks are not so distinct from background. Classic Canny operator is
used to detect the Y-component edges. Comparing with other edge detection methods,
Canny operator is exactly fit for detecting the weak edges. There is better connectivity
between the detected edges.

2.2  Determination of the Direction of Rain Steaks

The directions of rain steaks are almost the same in the original image and the edge
image. Based on the former edge binary image, we compute the horizontal gradient
amplitude G, , vertical gradient amplitude G, and the gradient orientation ¢ for

each edge point in Y-component image. G, ,G and ¢ are defined as (2)~(4),

G (x,y)=L(x+Ly-D+L(x+Ly)+L(x+1y+1)

(2)
—-Lx—-Ly-D-Lx—-Ly)-Lx—-Ly+1
G (x,y)=L(x-1Ly+D+L(x,y+D)+L(x+1,y+1) 3)
—L(x-Ly-1)—L(x,y-D—L(x+1y-1) (
#(x,y) = arctan(G, /G,) “4)

where —90° < ¢ <90°. Considering the edge orientation € is perpendicular to ¢,
we have the relations 8 =¢+90°and 0°<8<180°.

Table 1. Algorithm to determine the direction of rain streaks

1. Divide the edge image into 4*4=16 blocks

2. Compute the amount of edge points within each block. Take the block as
clean(no rain steaks) if the proportion of edge points in the sum of points in
each block is too low.

3. For the rest blocks, compute the histogram of oriented edge in each block
based on the inner edge information within each block. Note the histogram as
HISTy(k)(k=1,2,...,8; b=1,2,..., 16), k is the interval of direction, b is the
sequence number of blocks. Take the top 3 maximal value’s corresponding
interval, noted as ANGy(1), ANGy(2) and ANG,(3).

4. For all the 16 blocks, we get 16*3 = 48 interval numbers. Take all the numbers
and we get a new histogram of oriented edge called global salient histogram of
oriented edge, noted as GHIST (k).

5. With GHIST(k), we choose the maximal value as the direction of rain streaks.

We divide 180° into 8 intervals, noted as interval 1: [0, 22.5°), interval 2:[22.5°,
45°), interval 3:[45°, 67.5°), interval 4:[67.5°, 90°), interval 5:[90°, 112.5°), interval
6:[112.5°, 135°), interval 7:[135°, 157.5°), interval 8:[157.5°, 180°). Considering the
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background of image corresponds to edge point in all directions, it tends to be imposs-
ible to detect the direction of rain streaks with the global histogram of oriented edge.
As a result, we propose to deal with the edge in blocks.

The global histogram of oriented edge shows the distribution of edge information
in the image. Since the rain streaks are uniform spread within the image, and the edge
of the background is usually intensive, the uniform spread of the edge of rain streaks
can be well shown with the use of blocks. Also, the local background edge informa-
tion can be suppressed effectively.

2.3  Frequency Domain Directional Filtering Based Rain Streaks Removal

Most algorithms remove the rain streaks with the spatial domain, which is easily per-
formed. However, there tends to be obvious profile between rain streaks and the
background, which causes bad visual effect. To overcome that, we propose a new
frequency domain directional filtering based rain streaks removal method.

A frequency wedge directional filter is needed for the removal. Wedge directional
filter is a wedge-pass 2D digital filter in frequency domain. There are 3 ways to de-
sign a wedge filter, direct optimization method, down-sample method and transform
method. Direct optimization is complicated and the filtering structure can’t be well
designed. The down-sample method designs the 2D filter with 2D down-sample.
Horizontal and vertical wedge directional filter can be obtained by shift and down-
sample. However, the filter is restricted by sample-factor and only fits for the condi-
tion of a single direction filtering. The McClellan-transform [11] based method is
most widely used to design a 2D directional filter and works best. Shyu [12] extended
the McClellan transform and applied it to all kinds of 2D FIR filters. The pass band
can be designed by adjusting the parameters. The proposed method designs the filter
with Shyu’s method as below.

1D FIR filter impulse response A(n) can be noted as

N
H(w) =Y a,(n)cos(wn) (3)
n=0
The coefficient a,(n) can be represented by a p-polynomial,
M
a,(n)=> a(n,mp" (6)
m=0
Use Chebyshev polynomial substituting the cos(nw) ,

H(®) =Y a,(mT, (cos(w)) (7)

n=0
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Table 2. Procedure of designing an 8-direction frequency filter

1. Design a 1D prototype filter. Using the Kaiser Window to design a 1D low-pass
filter with pass frequency w, =0.45n, stop frequency w, =0.55n, pass band

amplitude is 1, peak passband ripple 7, =0.5dB, minimum stopband attenua-

tion o, =40dB .

2. With the transform function (9) and different value of {A, B, C, D, E}, we can
get different 90° wedge filters and parallelogram filters. The wedge filters can be
used to design four 8-directional sub-band filters by multiplying the 4-directional
filters and the parallelogram filters. Then with the 4-directional filters subtract-
ing the four 8-directional filters, we get the other four 8-directional sub-band fil-
ters. Subtracting by 1, we can get the all eight 8-directional masking filters.

Bringing in the transform function ®(w,, ®, ), the transform is realized by tiny im-

pulse transform. According to McClellan transform, design the 2D filter with 1D
ones, the frequency response is

H(®,®,) =3 amT, (e, 0,)) ®)

n=0

1D low pass filter rI| ||'IJ-|-|I-I-I-
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Fig. 3. 8-directional filters design based on McClellan Transform
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The transform function is

O(w,,w,)=A+Bcos(w,)+ Ccos(w,)

9
+Dcos(@, — m,) + E cos(w, + @,) )

In the function, the choice of {A, B, C, D, E} depends on the shape of transfer
function.

Table 3. Algorithm procedure of frequency domain directional filter based rain removal

1. Note 2D-FFT of Y-component as I, amplitude spectrum as F, phase spec-
trum as P.

2. Choose a corresponding directional filter from the eight pre-designed 8-
directional filters based on the rain streaks direction we determined before.
We denote the F-filtering result as F’. Then we combine F’ with the phase
spectrum P to conduct inverse-FFT to return to the spatial domain. The re-
sult is denoted as I'.

3. With the original Cb-component, Cr-component images and I’, we convert
the three components from YCbCr to RGB image, and then reconstruct the
rain-removed color image.

3 Experiments and Results

Our experiments were implemented in MATLAB 2013b on an Intel I7 CPU (Core 3.4
GHz), 16G RAM PC. To testify the validity of our method, we chose 20 images to do
the experiment, among which 8 images come from [10], the others were from the
internet or taken by us in real life.

Fig. 4 shows part of the results. The images in the left column are original rain col-
or images, the images in the left column are rain streaks removal result images.
Though the proposed algorithm is not very complicated, the results in the first three
rows are satisfying.

The last 2 rows of Fig. 4 show the circumstance of unsatisfying results. In the
second row from bottom, even the direction of rain streaks can be correctly deter-
mined, since the rain streaks have a large influence on the background, the rain re-
moval results are not so well as the previous ones. The image in the last row is in a
complicated background. There are a lot of bush in the image, which have rich edge
information. Though the rain streaks are obvious, the background has a bad influence
on the edges, which makes the determination of the direction of rain streaks impossi-
ble. For the first circumstance, the bilateral technique can be applied first to divide the
image into geometric and texture layers. Deal with the texture layer only. For the
latter circumstance, it’s suggested that the image content be analyzed as the image
being divided into blocks. If the image block contains rich texture information,
its edge direction information could be ignored while analyzing the rain streaks
direction.
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Fig. 5 shows the comparison results between our algorithm and Kang’s method. It
is obvious that in the result of our method, the texture is better preserved, especially
the parts of face and hand. The reason is that, since Kang first separate the image into
geometric layer and texture layer, most high-frequency details are separated into
the high-frequency layer, which is used to train the dictionary. After that, using
HOG feature and K-means to classify the atoms will misclassify the high frequency
texture atoms into the rain dictionary, which will result in the loss of original texture
information.

Fig. 4. Rain removal results: Left: original image. Right: rain-removed image.
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Besides that, in our algorithm, the look-up-table could be used to accelerate the
processing speed. Specifically, before (4), we set up the relations amongG,, G,
and ¢, stored that as a file. During the processing, after we get G, and G, , the look-

up-table file is loaded into RAM. By look up the table, we can easily get ¢ of each
edge pixel. Using the optimized algorithm, it costs only 280ms to process a color
image of size 512*512 while Kang’s algorithm needs to train dictionary online, which
would cost more than 10s to process a color image of the same size.

(b)

Fig. 5. (a) Comparison between our method and Kang’s method: Left top: original image. Right
top: Kang’s result. Bottom: our result. (b) Left: Kang’s result. Right: our result.

4 Conclusion

Considering the characteristics of rain in spatial domain and frequency domain, we
propose a frequency domain directional filtering based rain streaks removal algorithm
for a single color image. Combining with the thought of dividing image into blocks, we
propose a salient global histogram of oriented edge feature to determine the direction of
rain streaks. Based on that, we choose the corresponding directional filter to remove the
rain in frequency domain. The experiments show that comparing with the existing algo-
rithms, the proposed algorithm can correctly determine the direction of rain streaks, and
provide significantly improvement on the artifacts brought by removal process. For the
future work, the performance of our work may be further improved by combining fea-
tures in the time domain, spatial domain, and frequency domain and further realize the
time-spatial-frequency three-domain-joint rain streaks removal.
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