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Abstract: In order to solve the problems of low brightness and loss of details inimages under low illumination environment, an
improved low illumination image enhancement algorithm based on FPGA is designed and implemented. Based on the LIME
algorithm, this study improves the original algorithm by introducing bilateral filter and YCrCb color space optimization method, which
enhances the brightness and naturalness of the image while effectively retaining the edge information of the image. The RTL design of
the improved algorithm is completed by Verilog language and hardware testing is carried out on FPGA development board. The
results show that the improved algorithm performs well in brightness enhancement, contrast enhancement and image naturalness
preservation, and is suitable for scenes with high real-time processing requirements.

Keywords: low-light image enhancement; FPGA; LIME algorithm; bilateral filtering;YCrCb color space

1. Introduction

With the development of informationtechnology, image
processing in low-light environment has importantapp lication
value in the fields of security,medical treatment and unmanned
driving.However, low illumination images often fail to meet the
practical needs due to the problems of low brightness and poor
contrast [1]. The traditional histogram equalization and Retinex
theory related algorithms improve the brightness of the image,
but there are problems such as color distortion or over-
enhancement [2]. To address this problem, Guo et al.proposed
the LIME algorithm, which strikes a good balance between
computational efficiency and enhancement [3].As the
complexity of low illumination image enhancement algorithms
increases, FPGA-based hardware implementations have become
an important option due totheir efficient parallel
computingcapabilities [4]. In this paper, we propose an
improved LIME algorithm that improves the image quality
through filter optimization and color space adjustment,and
complete the hardware implementation on FPGA.

2. Improved algorithmdesign

2.1 Bilateral filter optimization

Traditional Gaussian filtering is prone to blurring image edges
while reducing noise. In this paper, a bilateral filter is used to
achieve noise reduction while retaining the edge information by
considering both spatial proximity and pixel gray scale
similarity. Its mathematical expression is as follows:
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Where,D (x,y) is the filtered image,I(x,y) is the input image, Q
(x,y) is a neighborhood space of pixels (x,y),S (x,y) is the
spatial proximity factor,and wy(x,y) is the gray scale similarity
factor.

2.2 Effectiveness testing

First of all, generate an image containing noise, as shown in
Figure 1 (a) of , and compare the effect of the two filters; set the
parameters of the two filters the same, and the filtering effect is
shown in Figure 1 (b) and Figure 1 (c), respectively. It can be
seen that both filters can filter the noise relatively well, but the
edges of the Gaussian filtered image are obviously blurred, and
the loss of edge information is very serious.

(a) Original image containing noise

(b) Gaussian filtering (c) Bilateral filtering

Figure. 1 Noise image

2.3 LIME algorithm for bilateral filter opti

mization

A comparison between the optimized algorithm and the original
algorithm is shown in Figure 2, where the rows of images are
the original low-light image, the LIME algorithm, and the LIME
algorithm optimized by bilateral filtering. Intuitively, there is no
obvious difference between the optimized algorithm and the
original algorithm, but according to the analysis in subsection
3.1.3, the use of bilateral filters will make the edge information
of the image better preserved. Take imgl as an example, zoom
in its local details, as shown in Figure 3. From the figure, it can
be seen that the optimized LIME algorithm does not generate
noise at the edge of the image, which indicates that the
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optimized LIME algorithm can retain the edge information of
the image well.

(a)LME algorithm

(blimproved LME algorithm

Figure.3 Local zoom in detail comparison

2.4 Color space optimization

2.4.1 YCrCb Color Space

In the traditional RGB color space, the three colors have the
same importance, but according to Eqg. , the three colors do not
have the same degree of contribution to the luminance. The
YCrCb color space separates the luminance information from
the color information, with Y representing the luminance of the
pixel and the color information stored in Cr and Ch. The
conversion equations between the two color spaces are shown in
equations.

¥ =0299-R+0587-G+0.114-B
Cr=(R-Y)x0713+128
Cb=(B-Y)x 0564 +128

R=Y+1403-(Cr-128)
G =Y-0714-(Cr-128) - 0344 (Ch - 128)
B=Y+1773-(Cb-128)
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2.4.2 LIME algorithm for YCrCb optimization

In the enhancement effect of the LIME algorithm shown in
Figure 4, although there is no color distortion, when the overall
color tone of the image is biased towards a certain color, the hue
of the enhanced image will be shifted to a certain extent. For
example, the color of the cliff in img3 is bluish, and the color of
the doll in img4 is orangeish, which are both affected by the
color tone of the image environment. The YCrCb color space
separates the luminance information from the color information,
which can effectively prevent the output image from the
problem of color deviation when processing images. Design and
implementation of FPGA-based low-light image enhancement
algorithm The comparison of the optimization algorithm and the
original algorithm is shown in Figs. 3-4, in which each row of
images is the original low-light image, the optimized LIME
algorithm with double-sided filtering, and the optimized LIME
algorithm with YCrCb. It can be seen from the figure that the
optimized algorithm slightly improves the brightness, and more
importantly, the color deviation of the image is obviously
reduced, indicating that the YCrCb optimized LIME algorithm
can effectively prevent the output image from color deviation.

a3 nd

Figure.4 Color Separation Diagram

2.5 Improved LIME algorithm

The flowchart of the improved LIME algorithm is shown in
Figure 5. Firstly, the input image is converted to YCrCb color
space, the Y channel is used as the initial illuminance map, and
after Gamma correction and bilateral filtering, the illuminance
estimation value L is obtained; according to the Retinex theory,
the value of the Y channel of the enhanced image is obtained by
equation (2-20), and then the image is finally restored to the
RGB color space for output. The effect of the algorithm is
shown in the third row of Figure 5.

Figure.5 LME algorithm

The improved LIME algorithm is also evaluated objectively
using the five evaluation indexes in Section 2.2, as shown in
Tables 1 through 4. As can be seen from the table, the standard
deviation of luminance, entropy of image information, and
sharpness index of LIME algorithm before and after the
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improvement do not have much change, while the mean value
of luminance of the improved LIME algorithm has been
increased, which indicates that the enhancement ability of the
improved algorithm for low illuminance has been improved. At
the same time, the luminance order error of the improved LIME
algorithm is significantly reduced, which indicates that the
improved LIME algorithm is more capable of maintaining the
naturalness of the original image, this is because the algorithm
uses a bilateral filter, the edge information of the enhanced
image4 is not damaged, and it is relatively consistent with the
edge information of the original low-light image.RGB color
space
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3. Hardware Implementation

3.1 Test platform

The hardware test is based on the Zyng-7020 FPGA
development board, and the system peripherals include the
OV5640 camera module, DDR3 memory module and TFT-LCD
display module. The real-time captured low-light video is
processed by the algorithm and displayed on the LCD screen.
Field Programmable Gate Array (FPGA) is a kind of
programmable logic device, which is programmed by using
hardware description language such as Verilog to change its
internal  structure in order to realize the required
functions.FPGA has basic logic resources such as LUT, FF,
RAM, IO, etc., and there will also be some embedded special
hardcores such as DSP, Block RAM, etc. The designers will use
compiler software to change the internal structure of the FPGA
to realize the required functions. Designers use compiler
software to synthesize the hardware code into a bitstream file,
which is burned into the FPGA. FPGA configures the contents
of the lookup table according to this file, so as to realize
different logic functions. The advantages of FPGA's parallel
computation and pipelined operation make it very suitable for
real-time image processing. In this paper, we use Xilinx's Artix-
7 series FPGA, model XC7A35TFGG484-2L, and the on-chip
logic resources are shown in Table 5. The development board is
equipped with a 256MB DDR3 SDRAM chip and peripheral
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interfaces such as camera, TFT-LCD, HDMI, etc., which is very
suitable for realizing and verifying image processing algorithms.

W i BRAM 05 10
20800 41600 1 SMit %0 %

Table 5 The EPGA chip an<hip logic resowrtes used in this article

3.2 Hardware System Board Level Testing

The optimised code is programmed into the FPGA development
board, with the OV5640 camera module serving as the video
image input and the TFT-LCD displaying the enhanced image.
The physical test system is shown in Figure 6. The on-board
buttons can be used to switch between displaying the original
image and the enhanced image.

Figures .6 Physical image of the testing system

The before-and-after image comparisons are. In these figures,
the original images in Figures 7 and 8 were captured under low-
light conditions, and the enhanced images effectively restore the
details in the images; the original image in Figure 9 was
captured under normal lighting conditions, and while the
enhanced image shows a slight increase in brightness, there is
no overall over-enhancement. Based on these three sets of
comparison images, it can be concluded that the improved
LIME algorithm proposed in this paper can effectively enhance
low-light images without causing issues such as over-
enhancement or colour bias.

IT DEPARTMENN
(b) H1 528

(a) 5174

Figures . 7 Comparison diagram of board level testing
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Figures . 8 Comparison diagram of board level testing

(a) il ' (b) HiE 1

Figures . 9 Comparison diagram of board level testing
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