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Abstract:

In this paper, we propose a new method for removing raindrops in images under heavy rain. When we drive in
heavy rain, the raindrops attached to the windshield form a film and our visibility degrades drastically. In such
situations, the existing raindrop removal methods cannot recover clear images, since these methods assume
that the background scene is visible through the gap between the raindrops, which does not happen anymore in
heavy rain. Thus, we in this paper propose a new method for recovering raindrop removal images under heavy
rain from sequential images by using conditional GAN. The results of our experiments on real images and
synthetic images show that the proposed method outperforms the state-of-the-art raindrop removal method.

1

INTRODUCTION

When driving in heavy rain, the risk of an accident
goes up since a large amount of raindrops adhere
to the windshield and hinder visibility. In recent
years, the realization of autonomous vehicles is expected, but even in the autonomous vehicles that use
in-vehicle cameras, keeping visibility in the rain is a
big problem, as with human drivers.
Thus, in recent years, some methods for removing
raindrops from in-vehicle camera images have been
proposed. However, these methods assume that the
amount of raindrops attached to the windshield is relatively small hence the background scene can be observed through the gaps between the raindrops. Thus,
in the case of heavy rain, when raindrops spread like
a film over the entire windshield, these existing methods cannot generate raindrop removal images appropriately.
Therefore, in this paper, we propose a new method
for generating raindrop removal images properly as
shown in Fig. 1 (b) even when raindrops adhere to the
entire glass surface as shown in Fig. 1 (a).
In our method, the raindrops are not considered
as occluding objects but are considered as transparent
objects that refract incident light in various directions
and distort the observed images. Our method is based
on end-to-end learning, where the input is a set of sequential images distorted by heavy rain and the output
is a clear image with no distortion. We use a conditional GAN framework for training a generator efficiently. By using the property of sequential images

(a) image under heavy rain

(b) result of our method

Figure 1: Input image observed under heavy rain and raindrop removal image obtained from our method.

under heavy rain, where the background scene does
not change drastically while the non-uniform raindrops on the windshield randomly change the light
paths to the viewpoint of the camera, our network can
recover a clear undistorted image of the background
scene from a set of sequential images distorted by
heavy rain.
For training our network, we need pairs of raindrop and undistorted images. However, under actual
heavy rain, it is very difficult to obtain corresponding images with and without raindrops. Thus, we in
this research synthesize training dataset of sequential
images captured under heavy rain, and train our network by using the synthetic heavy rain dataset. We
show that our network trained on the synthetic heavy
rain dataset outperforms the state-of-the-art raindrop
removal method proposed by Qian (Qian et al., 2018)
in our real image experiments.
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2

RELATED WORK

There are two major causes of poor visibility in rainy
weather. The first one is rain streaks that block light
passing through 3D space, and the second one is raindrops attached to the windshield that refract light and
distort images.
For removing rain streaks in images, many authors
proposed image dehazing methods based on rain characteristics (Garg and Nayar, 2004; N. and N., 2008;
Chen and Hsu, 2013; Santhaseelan and Asari, 2014),
sparse coding (Luo et al., 2015) and deep neural networks (Fu et al., 2017; Li et al., 2017; Yang et al.,
2017). However, these methods cannot recover images which are distorted by raindrops on the windshield.
For removing raindrops attached on windows,
multiple cameras were often used to obtain the scene
information that is hidden by raindrops and invisible
at a certain viewpoint (Yamashita et al., 2005; Matsui et al., 2014). The sequential images were also
used for obtaining the scene information hidden by
raindrops at a certain time instant (Yamashita et al.,
2009; Nomoto et al., 2011; You et al., 2016). More
recently, the deep learning technique is used for recovering raindrop removal images from a single camera view (Qian et al., 2018).
Although these raindrop removal methods work
efficiently under light rain, they no longer work properly under heavy rain. This is because these methods
assume that the background scene can be observed
through the gaps between the raindrops, that is no
longer the case in heavy rain.
Thus, we in this paper consider the raindrops not
as occluding objects but as refractive media that distort the observed images, and propose a method for
recovering distorted images under heavy rain.

3

RAINDROP REMOVAL USING
GENERATIVE ADVERSARIAL
NETWORK

In the heavy rain, the entire image is covered with
raindrops, and the background scene cannot be observed through the gaps between the raindrops. Thus,
in this research, we recover undistorted background
scene by using the entire image which is distorted by
unknown non-uniform water film.
We assume that the 3D shape of the non-uniform
water film changes over time, and we can observe
a set of sequential images in which the background
scene is distorted by the changing non-uniform wa-

Figure 2: Generative adversarial network (GAN) for generating raindrop removal images. Generator G generates
a raindrop removal image ŷt from a set of sequential distortion images X and noise z. Discriminator D learns to
discriminate a false pair (ŷt , X) and a true pair (yt , X), and
generator G is trained so that it minimizes correct answer of
discriminator.

ter film. We use such distorted sequential images for
recovering the undistorted back ground scene image.
Although the image distortion is dynamic and nonuniform, we think the distorted images include the
background scene information, and hence the undistorted background scene image can be recovered from
the distorted sequential images.
For recovering undistorted scene images from the
distorted sequential images, we use conditional GAN
(Isola et al., 2017). The network structure of our conditional GAN is shown in Fig. 2. The generator G
is a 16-layer convolution-deconvolution network (UNet) (Ronneberger et al., 2015) and the discriminator
D is a 5-layer convolution network.
The input X of the generator is a set of distorted
sequential images up to the current time t as follows:
X = {xt , xt−1 , · · · , xt−T +1 }

(1)

where, T is the number of time instants in the set of
sequential images, X. The generator G generates an
undistorted image ŷt at time t from the set of distorted
sequential images X and a random noise vector z as
follows:
ŷt = G(X, z)

(2)

The ground truth of the undistorted image is denoted
as yt . Unlike the standard conditional GAN, our generator G generates a single undistorted image G(X, z)
from multiple images X.
The discriminator D is trained so that a ground
truth pair {X, yt } is determined to be true and a fake
pair {X, G(X, z)} is determined to be false. The network is trained, so that the discriminator maximizes
the rate of correct judgments and the generator minimizes it. Thus, the training of our conditional GAN
can be described as follows:
G∗ = arg min max LcGAN (G, D) + λLL1 (G)
G

D

(3)
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Figure 3: B-spline surface. Red points show control points
of B-spline surface.

(a) Original images

(b) Raindrop images
Figure 5: Example of raindrop images synthesized by Bspline surfaces.

Figure 4: Representation of distortion by using a B-spline
surface. The magnitude of distortion at pixel (x, y) is represented by the z coordinate of the B-spline surface at (x, y).

(a) T = 2, small distortion
where, LcGAN is the following adversarial loss:
LcGAN (G, D) = EX,yt ∼pdata(X,yt ) [log D(X, yt )]
+EX∼pdata(X),z∼pz (z) [log(1 − D(X, G(X, z)))] (4)
and LL1 is an L1 loss as follows:

(b) T = 3, medium distortion

LL1 (G) = EX,yt ∼pdata (X,yt ),z∼pz (z) kyt − G(X, z)k1 (5)
As training progresses, generator G will generate
images that make it difficult for the discriminator D to
determine authenticity. In other words, a trained generator can generate raindrop removal images that are
natural to humans from a series of distorted sequential
images.

4

DATASET

Since the accuracy of deep learning depends on the
dataset, it is important to collect many data for training. However, it is very difficult to obtain various
scene data with and without various raindrops, in particular under heavy rain. Thus, in this research, we
synthesize images that are distorted by various heavy
rains adhere on a windshield and build a dataset for
training.
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(c) T = 4, large distortion
Figure 6: Example images in our dataset. (a) shows an original image and two sequential raindrop images in the case
of T = 2. (b) shows those in the case of T = 3 and (c) shows
those in the case of T = 4 respectively. The magnitude of
distortion is small in (a), and those in (b) and (c) are medium
and large respectively.

4.1 Representation of Raindrop
Distortions
Since we consider situations in which heavy rain generate non-uniform water film on a windshield, the distortion caused by the non-uniform water film is represented by using a B-spline surface. By using the Bspline surface, the surface shape can be controlled by
a limited number of control points efficiently. Fig. 3
shows an example of B-spline surface which is generated from the control points shown in red. The Bspline surface S(u, v)is defined by using K × K control
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points Pi j (i = 1, · · · , K; j = 1, · · · K) as follows:
K

K

S(u, v) = ∑ ∑ NiP (u)N Pj (v)Pi j

(6)

i=1 j=1

where, u and v denote parameters in horizontal and
vertical axes, and P is the degree of B-spline.
NiP (u) and N Pj (v) are called blending functions
and represent the influence of the control points. In
the case of a B-spline surface, B-spline basis function is used as the blending function, which is defined by the position of the knot sequence xi (i =
1, · · · , K + P + 1), as follows:
(
1 (xi ≤ u ≤ xi+1 )
Ni1 (u) =
(7)
0 (otherwise)
NiK (u) =
+

u − xi K−1
N
(u)
xi+k − xi i
xi+k+1 − u K−1
N
(u)
xi+k+1 − xi+1 i+1

(8)

In this paper, image distortion due to raindrop water surface is represented by the B-spline surface.

4.2 Raindrop Image Synthesis
In case of heavy rain, the entire image is heavily distorted by raindrops. In order to generate a distorted
image from an undistorted image, image transformation is performed by using B-spline surfaces. In our
B-spline surfaces, x axis represents the horizontal direction of the image, and the y axis represents the vertical direction of the image respectively. The z axis
of the B-spline surface represents the displacement
of the image point (x, y) caused by the raindrops as
shown in Fig. 4. Since we have displacement in x
and y axes, the displacement is represented by two
independent B-spline surfaces, Sx (x, y) and Sy (x, y).
Thus, the point coordinates (x, y) of the original image is transformed into (x′ , y′ ) in the distorted image
as follows:
 ′
x = x + x p(x, y)
(9)
y′ = y + y p(x, y)
where, x p (x, y) and y p (x, y) denote the displacement
of a point (x, y) in x and y axes, and these are represented by the z coordinate of Sx (x, y) and Sy (x, y)
respectively.
By varying the control points of the B-spline surface, it is possible to represent distortions caused by
various raindrops. Thus, we control the z coordinates
of the K × K control points of Sx and Sy . More specifically, the image distortion is controlled by a vector p = [zx11 , · · · , zxKK , zy11 , · · · , zyKK ]⊤ , which consists of

the z coordinates of the K × K control points of Sx and
Sy . We call it a water surface parameter.
Some example images generated by using the Bspline surface are shown in Fig. 5.

4.3 Sequential Raindrop Image Dataset
and Training
By using the method described in section 4.2, we generated a dataset of sequential raindrop images. The
sequential images in Cityscapes dataset (Cordts et al.,
2016) were distorted by changing the water surface
parameter p randomly. The number of time instants
T in sequential images was set to 2, 3 and 4 for evaluating the relationship between the number of time
instants T and the accuracy of recovered raindrop removal images.
Furthermore, in order to evaluate the relationship
between the magnitude of distortion and the accuracy
of undistorted image recovery, the dataset was generated changing the magnitude of image distortion in
three patterns of small, medium and large. Thus, the
sequential raindrop image dataset was generated with
3 different numbers of time instants and 3 different
patterns of distortion, and a total of 3 × 3 = 9 datasets
were created. Each dataset consists of 325 training
sequences and 50 test sequences. Some examples of
nine datasets are shown in Fig. 6.
The network explained in section 3 was trained
by using the sequential raindrop image datasets. We
trained the network with 1000 epoch. Then, the
trained generator was used for generating undistorted
images from a set of distorted sequential images.

5

EXPERIMENTS

5.1 Synthetic Image Experiments
We next show the experimental results obtained from
the proposed method. We first show results from synthetic image experiments.
Fig. 7 shows results under small image distortions,
where (a) shows ground truth raindrop removal images and (b) shows input raindrop images distorted
by heavy rain. Fig. 7 (c), (d) and (e) show raindrop
removal images obtained from the proposed method
in the case of T = 2, T = 3 and T = 4 respectively.
It can be confirmed that the input images in (b) have
distortions whereas the recovered images in (c), (d)
and (e) have no distortion.
Fig. 8 shows results under medium distortions. As
shown in Fig. 8 (b), we have relatively large distor131
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(a) ground truth

(b) input image

(c) T = 2

(d) T = 3

(e) T = 4

Figure 7: Results under small image distortions. (a) shows ground truth images, (b) shows test input images which are
distorted by raindrops, (c), (d) and (e) show raindrop removal images obtained from our method in the case of T = 2, T = 3
and T = 4 respectively.

(a) ground truth

(b) input image

(c) T = 2

(d) T = 3

(e) T = 4

Figure 8: Results under medium image distortions. See the caption of Fig. 7 for detail explanations.

(a) ground truth

(b) input image

(c) T = 2

(d) T = 3

(e) T = 4

Figure 9: Results under large image distortions. See the caption of Fig. 7 for detail explanations.
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(a) ground truth

(b) input image

(c) T = 2

(d) T = 3

(e) T = 4

(f) A2 Net

Figure 10: Comparison with the existing method. Columns (a) to (e) are the same as before, and column (f) is the result of the
conventional method A2 Net. The first row shows the generated images, and the second row shows the results of segmentation
obtained from the standard segmentation network.
Table 1: Segmentation error of the proposed method (T = 2,
T = 3, T = 4) and the existing method (A2 Net) under small,
medium and large image distortions.

small
medium
large

T =2
0.0803
0.1456
0.1851

T =3
0.0776
0.1407
0.1508

T =4
0.0748
0.1293
0.1456

A2 Net
0.1286
0.1773
0.2266

Table 2: LPIPS of the proposed method (T = 2, T = 3, T =
4) and the existing method (A2 Net) under small, medium
and large image distortions.

small
medium
large

T =2
0.0322
0.1181
0.1179

T =3
0.0291
0.1145
0.1118

T =4
0.0268
0.0927
0.1294

A2 Net
0.1990
0.1992
0.2312

tions in input raindrop images. Nonetheless, the proposed method reduced the image distortion drastically
as shown in Fig. 8 (c), (d) and (e). Also, we find that
less distorted images were generated as we increase
the number of time instants T in the image sequence.
Fig. 9 shows results under large distortions. As
shown in Fig. 9 (b), it is almost impossible to recognize original vehicles and buildings in the input
images. Nonetheless, the proposed method recovered fairly good road scene images with vehicles and
buildings. Again, image quality increases as we increase the number of time instants T .

5.2 Comparison with Conventional
Methods
We next compare our method with the existing stateof-the-art raindrop removal method. In this experiment, we compared our method with A2 Net (Qian
et al., 2018) proposed by Qian et al. Their method

also uses deep neural network for removing raindrops
in images. However, their method assumes that the
raindrops in images are not so many, and the background scene is occluded only partially in images.
We tested these two methods under heavy rain situations. The first row of Fig. 10 shows the raindrop
removal images generated from the proposed method
and A2 Net under heavy rain situations. As shown in
these images, A2 Net cannot recover raindrop removal
images properly, while the proposed method provides
us fairly good results.
For comparing the accuracy of raindrop removal
images numerically, we computed LPIPS (Zhang
et al., 2018), which can measure semantic similarity of two images. Unlike the traditional error metric, such as RMSE and SSIM, it has been confirmed
by many authors that LPIPS provides us image similarity that matches the human sense. We computed
LPIPS between the ground truth images and raindrop
removal images generated by our method and A2 Net.
The results are shown in Table 2. As shown in this
table, LPIPS of our method decreases as we increase
the number of time instants used in our method. We
can also find that our method provides us much better
raindrop removal images than A2 Net.
For evaluating the visibility of objects in the recovered images, we also evaluated our method by performing the semantic segmentation on the recovered
images using a pretrained semantic segmentation network. The semantic segmentation network used in
this evaluation is pix2pix (Isola et al., 2017). For
comparing the segmentation accuracy numerically,
the segmentation error was computed by normalizing
the total number of wrongly segmented pixels by the
number of total pixels N p in an image multiplied with
133
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(a) input images

(b) results from the proposed method

(c) results from A2 Net
Figure 11: Results from real image experiment. (a) shows images observed under heavy rain. (b) and (c) show raindrop
removal images obtained from images in (a) by using the proposed method and A2 Net respectively. The visibility in (b) is
better than that in (a) and (c). For example, the white lane markers and the road guardrails are heavily distorted in (a) and (c),
but they look more accurate in (b).

the number of images Ni as follows:
N

error =

wrong(i, j) =




1 Ni p
∑ ∑ wrong(i, j)
Ni · N p i=1
j=1

pixel j of image i is
segmented correctly
 1 : others
0:

(10)

(11)

The second row in Fig. 10 show the results of semantic segmentation performed on raindrop removal
images recovered from our method and A2 Net under
large image distortions. As shown in Fig. 10 (f), the
segmentation result of A2 Net is very different from
that of the ground truth in (a). However, that of the
proposed method is very close to the ground truth as
shown in Fig. 10 (c), (d) and (e). Moreover, it can
be seen that the quality of the raindrop removal image
improves as we increase the number of time instants
used in the proposed method.
The improvement of accuracy in the proposed
method can be seen more clear in Table 1, which
shows the segmentation error defined in Eq. (10). As
we can see in this table, the proposed method outperforms A2 Net in all cases of small, medium and large
134

distortions. We can also find that the accuracy improves as we increase the number of time instants in
our method.
From these results, we find that the proposed
method is very efficient for recovering images which
are distorted by heavy rain.

5.3 Real Image Experiments
Up to now, we tested our method by using synthetic
heavy rain images. For evaluating the efficiency of
our method, we next apply our method to real heavy
rain images.
Fig. 11 (a) shows input images of various road
scenes observed under heavy rain. As we can see
in these images, the road scenes are heavily distorted
due to the rain water film, and driving with these images is very difficult. Fig. 11 (b) shows raindrop removal images obtained from the proposed method,
and Fig. 11 (c) shows those obtained from A2 Net.
From these results, we find that both methods cannot remove image distortions perfectly, but the proposed method provides us better views of the road
scene than A2 Net.

Recovering Raindrop Removal Images under Heavy Rain

Since the ground truth undistorted images of these
scenes are not available, we cannot evaluate the accuracy of these generated images numerically. However,
we can still find that the visibility of the scene in (b) is
better than that in (a) and (c). For example, the white
lane markers and the road guardrails are heavily distorted in (a) and (c), but they look more accurate in
(b).
Although, our method outperforms the existing
state-of-the-art method, we also find that our method
is not perfect, and we need more improvements. In
particular, the heavy rain model used to generate the
training dataset needs to be improved. A more accurate heavy rain model would lead to more accurate
raindrop removal.

6

CONCLUSIONS

In this paper, we proposed a new method for removing image distortion caused by raindrops under heavy
rain.
In heavy rain, raindrops form a non-uniform film
on the windshield, and the visibility for a driver degrades drastically. The existing raindrop removal
methods cannot recover clear images in such situations, since these methods assume that the background scene is visible through the gap between the
raindrops, which does not happen anymore in heavy
rain. Thus, we in this paper proposed a new method
for recovering raindrops removal images from the series of distorted images. The results of our experiments show that the proposed method outperforms
the state-of-the-art raindrop removal method in heavy
rain situations.
The proposed method is promising, but challenges
remain. In our proposed method, image degradation
due to raindrops is considered. However, in actual
heavy rains, image degradation due to rain streaks
also exists, so it is desirable to expand to a method
that improves both of these degradations.
Furthermore, it is also important to use real heavy
rain images to train the network for improving the accuracy. Since the ground truth undistorted images are
not available under heavy rain, we need to consider
unsupervised leaning in the raindrop removal framework.
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