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Abstract
The Retinex models the human visual system to perceive natural colors, which could improve the contrast and sharpness of
the degraded image and also provide color constancy and dynamic range simultaneously. This endows the Retinex exceeding
advantages for enhancing the underwater image. Based on the multi-scale Retinex, an efficient enhancement method for
underwater image and video is presented in this paper. Firstly, the image is pre-corrected to equalize the pixel distribution
and reduce the dominating color. Then, the classical multi-scale Retinex with intensity channel is applied to the pre-corrected
images for further improving the contrast and the color. In addition, multi-down-sampling and infinite impulse response
Gaussian filtering are adopted to increase processing speed. Subsequently, the image is restored from logarithmic domain
and the illumination of the restored image is compensated based on statistical properties. Finally, the color is selectively
preserved by the inverted gray world method depending on imaging conditions and application requirements. Five kinds of
typical underwater images with green, blue, turbid, dark and colorful backgrounds and two underwater videos are enhanced
and evaluated on Jetson TX2, respectively, to verify the effectiveness of the proposed method.
Keywords Underwater video processing · Color correction · Contrast improvement · Retinex · MSRCP
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The evolution from underwater exploration to underwater
exploitation has launched new challenges for underwater
sensing. Due to the disadvantages of the underwater photolithographic imaging, underwater vision is not at the core
of underwater sensing until recent decades. Correspondingly,
the underwater image processing has also received considerable attention within the last decades [1]. Underwater
cameras play an important role in short-range inspection and
operation for underwater robots [2]. However, the quality of
the underwater images and videos is usually pretty poor with
low contrast, color degradation and non-uniform illumination
due to the optical characteristics of the marine environments
[3].
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Filtering and histogram equalization are the most common
techniques for image enhancement. Bazeille et al. processed
the underwater images by several successive independent
steps [4]. Iqbal et al. used the contrast stretching algorithm to
enhance the underwater image [5]. The color contrast in the
image was equalized by stretching of RGB. Then, the true
color and lighting were increased by saturation and intensity
stretching of HSI.
Image dehazing by virtue of the dark channel prior is also
an essential method of image enhancement. Based on that,
Yang et al. proposed an efficient and low-complexity underwater image enhancement method [6]. The transmission was
estimated with median filter instead of soft matting [7] to
reduce the heavy computing cost and speed up the processing.
Furthermore, the color contrast enhancement was followed to
achieve a good visual quality. Chinag et al. [8] developed the
wavelength compensation and image dehazing (WCID) algorithm to enhance the underwater images to obtain improved
visibility and superior color fidelity. In addition, this algorithm could handle light scattering and color distortions, and
artificial lighting simultaneously.
Another main solution is inspired by the human visual
system (HVS). Rizzi et al. [9] developed the automatic color
equalization (ACE) algorithm based on the adaptation mechanisms of the human vison that aimed to model a simplified
version of the inner complex behavior of the human visual
system. The chromatic spatial adjustment was responsible for
color constancy and contrast tuning and that realized both
global and local filtering effects. The dynamic tone reproduction scaling performed lightness constancy. Furthermore,
Chambah et al. proposed a color correction method based on
ACE model to process the underwater video and image [10],
and the fast ACE was implemented in [11].
The Retinex [12] tried to model the human visual system and explained how it perceives colors. This algorithm
could improve the brightness, contrast and sharpness of an
image and provide color constancy and dynamic range [13].
The multi-scale Retinex (MSR) algorithm was developed by
Jobson et al. to address the problems caused by the changing lighting and atmospheric conditions that were inherent
to the process of acquiring images [14]. If the image did
not satisfy the assumption of gray world, the MSR would
force the output image to be grayish. So the multi-scale
Retinex with color restoration (MSRCR) was introduced in
[13] to restore the color for weather degraded images. In addition, Parthasarathy et al. proposed the automated MSRCR to
obtain parameter values from the original image for image
enhancement. Recently, Retinex theory was employed for
underwater images enhancement. In [15], a novel Retinexbased enhancing approach was proposed to enhance single
underwater image. Firstly, the color was corrected. Then, the
Retinex was applied on L component in Lab color space to
decompose the reflectance and illumination. Lastly, underex-

123

posure and blur were postprocessed. But this method has little
advantage on the processing speed and is far from being real
time due to iterative optimization and multi-step transformation. In [3], Retinex framework was extended for underwater
image enhancement. Here, the bilateral and trilateral filters
were applied to different color channels for processing the
pixels according to corresponding constraints.
The present methods of the underwater image enhancement are applied mainly to single underwater image without
considering the processing speed. Actually, processing speed
is another key requirement in practical mobile systems, such
as ROV and AUV. In this paper, in addition to improving
the low contrast and correcting the degraded color in multiple underwater scenarios, we are also devoted to accelerating
enhancement processing speed for the underwater video.
This paper concentrates on the underwater image and
video enhancement in real time. Specifically, the improved
multi-scale Retinex with color preservation (IMSRCP) by the
inverse gray world is presented. In the original MSRCR, the
parameter Gain and Offset in linear transformation and the
color correction need to be chosen gracefully and empirically,
and adjusted correspondingly according to imaging scenarios. Thus, the flexibility of the MSR is very circumscribed.
The IMSRCP eliminates this issue based on the statistical
property. Additionally, for pursuing fast enhancement, multidown-sampling and recursive Gaussian filtering techniques
are adopted. The images and videos in multiple underwater
scenarios are enhanced and evaluated subjectively and objectively. Furthermore, the characteristics of those images are
analyzed, and the application conditions are concluded. So
the IMSRCP is characterized by flexibility, adaptability and
real time.
The rest of the paper is organized as follows. The proposed underwater image and video enhancement method is
introduced in detail in Sect. 2. Section 3 reports the experiments, results and analyses. Conclusion and future work are
summarized in Sect. 4.

2 The fast underwater image and video
enhancement method
The workflow of the proposed underwater image and video
enhancement method is illustrated in Fig. 1, which is mainly
composed of four steps. Firstly, the color pre-correction is
conducted to equalize the degraded underwater images and
reduce the dominated color. Secondly, the improved multiscale Retinex is performed with the intensity channel to
estimate the reflectance and the illumination component.
Thirdly, the image is restored from logarithmic domain, and
the dynamics is compensated at the same time. Finally, if
necessary, the color of the original image can be preserved
alternatively according to practical requests.

Signal, Image and Video Processing

Scale N
Scale ...
Scale 1

Original Underwater Image

Color Pre-Correct

Dynamics Compensation

MSR

Intensity Computation

Color Pre-Corrected Image

Channel split

No

Color Preservation?

Yes

Enhanced Underwater Image

Fig. 1 The workflow of the proposed method

2.1 Color pre-correct

bution, and thus, the color constancy is reasonable. Then, the
image can be divided into two components, i.e.,

The density of the water in the sea is considered 800 times
denser than the air, so the water absorbs the energies of light
rays significantly. As a consequence, the underwater images
are getting darker and darker as the depth increases, and the
colors degrade one by one according to the wavelength of
the colors. With our best knowledge, the pixel distributions
among different channels of the underwater are seriously
unbalanced. Generally, the underwater images are always
dominated by the green or blue color, as shown in Figs. 3a1
and 4a1. So color pre-correction is first designed to decrease
the color unbalance of the underwater image based on the
statistical property of the pixel.
Considering Imean and Ivar as the mean value and standard
deviation of the original image, then the minimum Imin and
maximum Imax of each channel can be extracted by
⎧
i
i
⎪
I i = Imean
− λμIvar
⎪
⎨ min
i
i
i
Imax
= Imean
+ λμIvar
i
i
⎪
⎪
⎩ I i = I −Imini × 255
cc

,

(1)

i −I
Imax
min

where i ∈ {R, G, B}, μ is the dynamics scale, λ is the color
equalization scale and I and Icc are input image and color
pre-corrected image, respectively.

2.2 Multi-scale Retinex with intensity channel
According to Land’s Retinex theory, the color of one image
is independent from single-source illuminant spectral distri-

I (x, y) = R(x, y)L(x, y),

(2)

where I (x, y) is the observed image, R(x, y) is the distribution of scene reflectance and L(x, y) is the spatial distribution
of the source illumination. R(x, y) carries the inherent information of the scene, so that
r (x, y) = log(R(x, y)) = log(I (x, y)/L(x, y)).

(3)

Generally, L(x, y) could be estimated by center/surround
operation. In [16], Jobson et al. explored the properties of
the center/surround function and defined a specific form for
the center/surround operation by investigating the following
foundational problems: (1) placement of the log function,
(2) functional form of the surround and (3) treatment of the
Retinex outputs prior to final display. Eventually, Gaussian
center/surround function outperformed the other functions,
such as exponential and inverse square function. Then, the
single-scale Retinex (SSR) was constructed,
r (x, y) = log(I (x, y)) − log(F(x, y, σ ) × I (x, y)),

(4)

where × means convolutional operation and F(x, y, σ ) is
the Gaussian surround function,
F(x, y) = λexp(−(x 2 + y 2 )/2σ 2 ),

(5)
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σ is the Gaussian surround scale and λ is the normalization
scale that

where i ∈ {R, G, B}, μ is the dynamics scale and Iimsr is the
enhanced output image of the improved MSR (IMSR).

 
F(x, y)dxdy = 1.

(6)

As the SSR cannot provide dynamic range compression
and color rendition simultaneously, the weighted superposition of SSR in different scales is an trade-off between
dynamic range compression and color rendition. The multiscale Retinex (MSR) [14] is defined as
i
Rmsr
=

=

N

n=1
N


ωn Rni
ωn (log(I i (x, y)) − log(F(x, y, σn ) × I i (x, y)))

n=1

2.4 Color preservation
Generally, when the color images are out of gray world, the
output image of the original MSR or the improved MSR
would be forced to be gray. This causes the loss of color
information and decreases the color saturation. The multiscale Retinex with color restoration (MSRCR) method is
presented to solve this problem [13,14]. But in the algorithm
of the MSRCR, the Color-Gain and the Color-Offset need to
be selected properly, which would face the same issue with
the liner transformation, as stated previously. In this paper,
the inverted gray world (IGW) method is developed to preserve original color without any intangible parameters. This
operation is the amplifier of chromaticity,

(7)
where N is the numbers of scale, ωn is the weight of each
scale, Rn is the output images of the SSR and Rmsr is the
output image of the MSR. i ∈ {R, G, B, L}, and L is the
intensity channel, which is defined as

L=

S
1
Ic ,
S

(8)

c=1

where S is the number of image channels and the intensity
channel will be used for color preservation.

i
=ρ
Iimsrcp

i
Imean
L
Iimsr_mean

i
Iimsr
,

(10)

where i ∈ {R, G, B}, Imean is the mean value of original image, Iimsr_mean is the mean value of the intensity
channel of the output image of the IMSR and ρ is the
color preservation coefficient. Thus, the IMSR is one special case of the IMSRCP without the color preservation, i.e.,
L
i
/Imean
.
ρ = ρ0 = Iimsr_mean

2.5 Implementation of fast IMSRCP
2.3 Dynamics compensation
In the original MSR algorithm, the enhanced image is
restored from the logarithmic domain by linear transformation, and thus, the Gain and the Offset are used for the
restoration. Those two parameters are needed to be adjusted
corresponding to specified images. It is hard to define a
specified transformation that works well for all types of
underwater images. This limits the wide image enhancement application for various images. In this paper, this step
is eliminated and replaced by dynamics adaptation stretch
compensation,
Considering Imsr_mean and Imsr_var as the mean value and
standard deviation of the output image of the MSR, analogously the minimum Imsr_min and maximum Imsr_max of each
channel are extracted by
⎧
i
i
⎪
Ii
= Imsr_mean
− μImsr_var
⎪
⎨ msr_min
i
i
i
Imsr_max
= Imsr_mean
+ μImsr_var
,
i
i
⎪
⎪
⎩ I i = Rmsr −Imin
×
255
i
imsr
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i −I
Imax
min

(9)

The computational cost of the convolutional operation will
increase significantly with the growth of the scale. Frequent
convolutional operation of the MSR would seriously affect
the processing speed. Moreover, inspired by the deep neural network, features can be extracted from low-resolution
image by pooling or convolution operation with the stride.
In this paper, the presented fast filter is composed of the
down-sampling and infinite impulse response (IIR) Gaussian filtering. These techniques make the MSR faster and
real time in real scenarios, and the flowchart is shown in Fig.
2. The image was down-sampled in half size every time until
the filter size reaches to reasonable range, i.e., [3, 10).
The IIR Gaussian filter is composed of forward recursion
and backward recursion [19],
⎧
⎪
w[n] = Bin[n] + (b1 w[n − 1]
⎪
⎪
⎪
⎨
+b2 w[n − 2] + b3 w[n − 3])/b0
,
⎪
out[n]
= Bw[n] + (b1 w[n − 1] + b2 w[n − 2]
⎪
⎪
⎪
⎩
+b w[n − 3)/b
3

0

(11)
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Fig. 2 The flowchart of the fast filtering

where
⎧
⎪
σ0 ≥ 2.5
⎨0.98711σ0 − 0.96330,
√
q = 3.97156 − 4.14554 1 − 0.26891σ , 0.5 ≤ σ0 ≤ 2.5 ,
⎪
⎩
0.1147705018520355224609375,
others

(12)

Traditionally, mean square error (MSE) and peak-to-peak
signal-to-noise ratio (PSNR) are adopted to evaluate the quality of the image [13,20]. Nevertheless, contrast and color
measurement are more appropriate for underwater images.
In this paper, apart from the subjective assessment, the
enhanced underwater images are also evaluated objectively
by multi-scale global contrast factor (MSGCF) [21], multiscale difference of Gaussian (MSDOG) [22] and colorfulness
index (CFI) [23]. MSGCF and MSDOG are used for measuring the contrast of the image, and the scales are 5 in
those experiments. CFI is one of the effective performance
indexes of color loss of the images. Usually, the quantitative evaluation of the color is very hard. So an experiment
is conducted in [21] to verify the effectiveness of the CFI.
In addition, processing speed is measured for the underwater
video enhancement.
As stated in the previous section, five typical single
underwater images are enhanced, evaluated and analyzed,
respectively. The underwater images with different backgrounds are enhanced via the method of the ACE, MSRCR,
MSRCP, and our proposed method IMSRCP, respectively.
Moreover, we also compare the results with that enhanced
by the SubSeaVideo Toolbox of Fraunhofer IGD [18]. The
performance index of the quality of the enhanced underwater
images is listed in Table 1, where the best performance index
measurements are highlighted with bold fonts.
Finally, the underwater videos are enhanced by the
IMSRCP to examine the real time. Nvidia Jetson TX2 is
one of the most powerful mobile embedded systems and
has promising application prospects. So the experiments of
enhancement of the underwater video are carried out on Jetson TX2.

and
⎧
b0 = 1.57825 + 2.44413q + 1.4281q 2 + 0.422205q 3
⎪
⎪
⎪
⎪
3
⎪
⎪
⎨b1 = 2.44413q + 2.85619q2 + 1.26661q
.
b2 = −(1.4281q 2 + 1.26661q 3 )
⎪
⎪
3
⎪
⎪
b3 = 0.422205q
⎪
⎪
⎩
B = 1 − (b1 + b2 + b3 )/b0
(13)
The IIR Gaussian filter is performed in both vertical and
horizontal directions of 2D images to finish the fast 2D convolution operation. The above strategies make the Retinex
method show great advantages on processing speed for
underwater video enhancement.

3 Experiments and evaluates
Underwater image quality assessment (IQA) plays an essential role in underwater image analysis and application.

3.1 Enhancement of single underwater image
3.1.1 Green and blue underwater images
Underwater images are commonly dominated by green or
blue color, which seriously affects the visibility of the scene.
For those two types of images, we need to eliminate the
dominated color and improve the contrast and visibility
simultaneously. If the images are enhanced with color preservation, they will be again dominated by green or blue color
due to the excessive color enhancement. For these two kinds
of images, the color preservation is actually not demanded
for improving the visual clarity and subsequent vision processing. So here the color preservation coefficient ρ = ρ0 . As
illustrated in Table 1 and Figs. 3 and 4, our proposed method
outperforms other methods in both contrast and color assessment. In Fig. 3a6, the green mask is removed and the undersea
creatures become very clear and visible.
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Table 1 The quality measurement of the enhanced underwater images
Type

Performance index

ACE [11]

MSRCR [13]

MSRCP [17]

IGD [18]

Proposed method (IMSRCP)

Green

MSDOG

0.034

0.051

0.041

0.050

0.102

MSGCF

0.816

1.480

0.798

2.521

2.773

CFI

0.191

0.249

0.204

0.158

0.388

MSDOG

0.060

0.065

0.063

0.052

0.113
3.146

Blue

Turbid

Dark

Colorful

MSGCF

1.469

1.630

1.465

2.998

CFI

0.243

0.198

0.210

0.173

0.352

MSDOG

0.019

0.037

0.036

0.029

0.079

MSGCF

0.333

0.669

0.586

1.308

1.677

CFI

0.101

0.203

0.104

0.118

0.398

MSDOG

0.036

0.055

0.048

0.064

0.063

MSGCF

0.418

1.164

0.350

1.166

0.830

CFI

0.159

0.198

0.178

0.133

0.271

MSDOG

0.041

0.051

0.050

0.055

0.053

MSGCF

1.052

1.443

1.456

2.729

1.492

CFI

0.426

0.403

0.285

0.523

0.739

(a1)

(a2)

(a3)

(c1)

(c2)

(c3)

(a4)

(a5)

(a6)

(c4)

(c5)

(c6)

Fig. 3 The underwater images dominated by green color and its
enhanced underwater images. To the end, the images marked with (*1)
are the original images. The images marked with (*2–*6) are the images
enhanced by the ACE, MSRCR, MSRCP, IGD, and IMSRCP, respectively. (Best viewed in color) (color figure online)

(b1)

(b2)

(b3)

(b4)

(b5)

(b6)

Fig. 4 The underwater images dominated by blue color and its
enhanced underwater images. (Best viewed in color) (color figure
online)

3.1.2 Turbid underwater image
Instead of light asportation and attenuation, the underwater
images with turbid background are caused by unclear water
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Fig. 5 The turbid underwater image and its enhanced underwater
images. (Best viewed in color) (color figure online)

circumstance or larger amount of floating particles kicked up
by underwater movement. Thus, color preservation is necessary to keep the chromaticity of original images. Here color
preservation coefficient ρ = 1. As shown in Table 1, the contrast indexes and CFI of the IMSRCP are much higher than
those of other methods. From Fig. 5, it can also be found
that the image enhanced by the IMSRCP has the best visual
effect. And the saturation and hue of the enhanced image are
better than others.
3.1.3 Dark underwater image
When the depth in ocean is more than 30 m, the color components are reduced to less than 12.5%. And the light can
penetrate up to 200 m, before that the illumination becomes
pretty weak. So the images in this range would be dark if
there is without any lighting. It is really hard to extract the
fundamental information and region of interest (ROI) from
the darkness. The IMSRCP still manages to enhance the dark
images gracefully, as shown in Fig. 6. Actually, the output
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(d1)

(d2)

(d3)

(d4)

(d5)

(d6)

Fig. 6 The dark underwater image and its enhanced underwater images.
(Best viewed in color) (color figure online)

(e1)

(e4)

(e3)

(e2)

(e6)

(e5)

Fig. 7 The colorful image and its enhanced underwater images. (Best
viewed in color) (color figure online)

images enhanced by the MSRCR become very inaesthetic,
where the unexpected flecks occur in the dark background
area. This means the original image has already be overenhanced, even, to some extent, be destroyed. The image
enhanced by the IGD has the best contrast, but the worst
CFI. So it does not own a good visual scene. Subjectively,
the images enhanced by the ACE, MSRCP and IMSRCP
are much better than images enhanced by the MSRCR and
IGD. Among those three methods, the IMSRCP has distinct
advantage in objective assessment.
3.1.4 Colorful underwater image
In order to verify the effectiveness of the color preservation,
we evaluated the results of enhancement methods applied to
Table 2 The speed of the
enhancement for the underwater
videos

Method

underwater colorful artificial board image. The results are
observed in Fig. 7. The CFI of the IMSRCP is still the best.
There exist large amount of spots and noises in the color
blocks of Fig. 7e2–e6, which cause the increasing the contrast
indexes, while every color block of Fig. 7 e6 has few spots and
noises, and the color of every single block is well preserved
and uniformed.
From the results of the previous experiments, the proposed
enhancement method could apply to all kinds of underwater
images. All images enhanced by the IMSRCP have better
visual scene. The flexibility and adaptability of the proposed method can be proved obviously. With comprehensive
consideration of visibility, contrast and colorfulness, our proposed method has better enhancement ability than any other
methods.

3.2 Enhancement of the underwater video
The goal of our project is to apply this image enhancement
on underwater mobile system. Usually, the hardware resource
and computational capability are of low performance, so the
real time is another challenge. The processing speed of above
10 fps is fast enough for most underwater applications due to
the relatively stable environment.
Two underwater video footages are enhanced and evaluated based on the CPU of Jetson TX2. The time of the first
video is 51 s with 1277 frames, and the second video’s time
is 25 s with 630 frames. The minimum collecting resolution
of The ZED camera is VGA 672 × 376, so in these experiments, the frame size is normalized to 672 × 376. The speed
measurements are listed in Table 2.
The ACE and the MSRCPT only devote to enhancing for
single image. The average processing speed of the ACE and
the MSRCP for the video is much slow and only about 4 fps
and 2 fps, respectively. Although the IGD has the fastest
speed, the enhancement quality is not so good. The mean
processing time of the IMSRCP is 75 ms–80 ms for single
frame, and the average processing speed is about 13 fps. The
processing speed of our proposed method can also satisfy the
requirement of the underwater survey in real time with the
better enhancement quality.

green.mp4
Time (s)

blue.mp4
TPF (ms)

FPS

Time (s)

TPF (ms)

FPS

ACE [11]

344.58

269.8

3.7

154.56

245.30

4.1

MSRCP [17]

644.66

504.8

2.0

303.00

480.9

2.1

IGD [18]

55.28

43.3

23.1

27.15

43.1

23.2

Proposed method (IMSRCP)

96.19

75.3

13.3

49.61

78.5

12.7

TPF time per frame, PFS frame per second
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4 Conclusion and future work
An increasing attention has been paid to underwater computer vision and underwater image processing. Here five
kinds of typical underwater degraded images have been
enhanced by the proposed enhancement method. It has been
validated that the developed enhancement method is effective and practical. The main superiority of the proposed
enhancement method for underwater image and video is that
it endows itself with excellent flexibility, wide adaptability
and real time. This would promote further improvement of
the level of sensing of the underwater robots.
Future research will concentrate on improving the processing speed of the image preprocessing by the GPU
programming and faster filtering techniques, and the subsequent image processing and sensing, such as object detection
and localization.
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