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Abstract: Problems such as low light, similar background colors, and noisy image acquisition often
occur when collecting images of lunar surface obstacles. Given these problems, this study focuses
on the AD-Census algorithm. In the original Census algorithm, in the bit string calculated with the
central pixel point, the bit string will be affected by the noise that the central point is subjected to. The
effect of noise results in errors and mismatching. We introduce an improved algorithm to calculate
the average window pixel for solving the problem of being susceptible to the central pixel value
and improve the accuracy of the algorithm. Experiments have proven that the object contour in the
grayscale map of disparity obtained by the improved algorithm is more apparent, and the edge part
of the image is significantly improved, which is more in line with the real scene. In addition, because
the traditional Census algorithm matches the window size in a fixed rectangle, it is difficult to obtain
a suitable window in the image range of different textures, affecting the timeliness of the algorithm.
An improvement idea of area growth adaptive window matching is proposed. The improved Census
algorithm is applied to the AD-Census algorithm. The results show that the improved AD-Census
algorithm has been shown to have an average run time of 5.3% and better matching compared to the
traditional AD-Census algorithm for all tested image sets. Finally, the improved algorithm is applied
to the simulation environment, and the experimental results show that the obstacles in the image
can be effectively detected. The improved algorithm has important practical application value and is
important to improve the feasibility and reliability of obstacle detection in lunar exploration projects.

Keywords: stereo matching; AD-Census; obstacle detection; stereo vision

1. Introduction

Lunar exploration is a complex technical engineering field. It can promote the con-
tinuous development of high-tech technology, especially the development of aerospace
technology, artificial intelligence, vibration control, mechanical analysis, and information
technology [1-5]. Therefore, the exploration of the moon is of great significance. Lunar
rovers are often used during lunar exploration. When the lunar rover is driving on the
lunar surface, the rocks, potholes, and climbs on the lunar surface will bring difficulties
to the autonomous cruising of the lunar rover. Therefore, the recognition effect of obsta-
cles on the moon is good or bad, which directly affects the success or failure of the lunar
rover’s autonomous cruise. Commonly used obstacle acquisition systems are lidar, the
time-of-flight method (TOF), binocular cameras, etc. Lidar can produce high-precision
depth information, but the device is expensive and consumes a lot of power. The TOF
sensor can directly obtain the depth information of the image, but it is greatly affected
by noise and it is expensive. The binocular vision device is small and cheap and has low
power consumption, which can be used to detect obstacles encountered by the lunar rover
when advancing and assist the lunar rover in a safer way forward in the exploration of the
lunar surface.

In binocular stereo vision, two identical cameras at the same horizontal line are
regarded as one person’s eyes. The two cameras maintain a certain distance, while the
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two-dimensional image of the same scene is collected. The disparity information of the
scene is calculated by the acquisition of two images. Then, the disparity information
is combined with the triangular geometric relationship to obtain the depth information
of the scene. A complete binocular vision system consists of four main parts: camera
calibration, image correction, stereo matching, and 3D reconstruction [6]. Stereo matching
is the most important part, and it is also the most difficult. The goal of stereo matching
is to find the corresponding pixel points from two images. The depth information of this
point is calculated according to its disparity [7,8]. The accuracy of the disparity diagram
obtained by stereo matching has a great influence on the subsequent three-dimensional
reconstruction. Stereo matching has shown great application prospects and development
potential in the industry. It has become one of the hot spots explored by researchers.

Stereo matching algorithms are constantly emerging, which promote the development
of matching algorithms in the direction of high precision and real time. In the 1960s,
L. Robert [9] of the Massachusetts Institute of Technology in the United States theoretically
expounded the feasibility of stereo matching. This research was based on the acquired
two-dimensional flat image data, through computer vision means, to process and expand
to three-dimensional scenes. In the 1970s, Professor Marr of the Massachusetts Institute
of Technology in the United States engaged in the study of machine vision theory based
on the above theory and founded the computer vision theory [10]. It elaborates on all the
processes of the computer, from the acquisition of the original two-dimensional image
to the reconstruction of the three-dimensional object. The theory establishes that the
transformation of the two-dimensional image to the three-dimensional scene needs to be
realized through three steps and set the research direction of stereo matching. By the late
1980s, the active vision began to develop rapidly, and distance sensor fusion technology
was introduced based on binocular vision, making stereo matching algorithms tend to
mature. Barnard et al. [11] established a complete stereo matching system process based on
Marr’s work, and proposed that in the stereo matching link, the most challenging and core
link is stereo matching. Daniel Scharstein and Richard Szeliski [12] summarized the stereo
matching algorithm into four steps: (1) matching cost calculation, (2) cost aggregation,
(3) disparity calculation, and (4) disparity post-processing.

The traditional stereo matching algorithm can be divided into three categories, local
matching, global stereo matching, and semi-local stereo matching. Local matching algo-
rithms appeared earlier. For their simple calculation and high execution efficiency, they are
easy to implement in hardware. The local matching algorithm is a good choice of solution in
many cases and is the longest studied and most widely used algorithm in stereo matching.
Zhou et al. [13] proposed a fast stereo matching algorithm based on an adaptive window.
Yoon and Kweon et al. [14], Nalpantidis et al. [15], and Kowalczuk et al. [16] set different
weight phases through a variety of matching algorithms to obtain support windows, as-
signed a weight to each pixel in the window, and then performed cost aggregation to obtain
a disparity map. Pefia et al. [17] and Keselman et al. [18] used the Census transformation
algorithm in the cost calculation. It has a good matching effect in the smooth grayscale
transformation area. Aiming at the problem that the traditional SAD similarity measure
function easily causes amplitude distortion, Chai et al. [19] proposed a local stereo matching
algorithm combining similarity measurement functions. The algorithm is effective and has
better robustness to the conditions of light distortion and edge information. Wu et al. [20]
presented a Bayesian inference-based multi-scale weighted voting framework, which uti-
lized the rapidity of the local methods to construct a disparity space with scale information
and made use of the complementarity of the disparity in different scales to find the best
disparity distribution by Bayesian inference-based weighted voting. Liu et al. [21] pro-
posed an efficient and effective matching cost measurement and an adaptive shape-guided
filter-based matching cost aggregation method to improve the stereo matching performance
for large texture-less regions. Compared with the traditional guided filter-based stereo
matching method, the proposed method achieved a better matching result in texture-less
regions. Building upon the existing local stereo matching algorithms, Zhang and Zhu [22]
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proposed a novel stereo matching algorithm that is based on a weighted guided filtering
foundation, which could improve accuracy. Yuan et al. [23] proposed a novel fast gradient
domain-guided image filter (F-GDGIF). It could achieve better edge-aware performance
with a faster execution time and could generate more accuracy disparity maps with low
computational cost compared to other GIF-based methods. Kong et al. [24] focused on
matching cost computation and disparity refinement and proposed a gradient calculation
method and a multistep refinement method based on ACR. Yang et al. [25] proposed an
efficient local matching method based on an adaptive exponentially weighted moving
average filter and simple linear iterative clustering segmentation algorithm. Qi et al. [26]
proposed a stereo matching algorithm based on an improved adaptive support window.
With the rapid development of computer hardware, many researchers have further
explored the three-dimensional matching algorithm and proposed a global stereo matching
algorithm with a high computing degree by using the high-performance computing power
of the computer. Roy et al. [27] proposed a global stereo matching algorithm based on
the image-cutting method and used multiple iterations to remove the fringe phenomenon
that appears in the general dynamic programming algorithm. Although the matching
accuracy has been improved, the iterative process introduces a more complex amount of
calculation, and the calculation speed is slower. Sun et al. [28] introduced Markov random
airport into the stereo matching algorithm and proposed a stereo matching algorithm based
on confidence propagation, which achieved good results. Vekslerp et al. [29] proposed a
dynamic programming algorithm for tree structures, which further improved the efficiency
of the algorithm. In view of the problem that the global algorithm based on the optimization
of the energy function could improve the matching rate of the weak texture area in a small
area, and the effect became inconspicuous in the large area of the weak texture area,
Delong et al. [30] proposed an adaptive weight algorithm that could distinguish the weak
texture area. Wang et al. [31] introduced bilateral filtering using the dynamic programming
algorithm, which made the algorithm more real time. Yang et al. [32] proposed a confidence
propagation matching algorithm based on control points, which effectively improved
the accuracy of the algorithm. Li et al. [33] proposed a novel idea to improve both the
efficiency and accuracy in global stereo matching for a long baseline to balance the matching
efficiency and computing accuracy. Wang et al. [34] proposed a regional fuzzy binocular
stereo matching algorithm based on global correlation coding, which could ensure the
overall matching accuracy of left and right views and has a higher matching integrity.
Semi-local stereo matching is improved based on local and global stereo matching, with
strong robustness, so semi-local stereo matching is also widely used. Hirschmiiller et al. [35]
proposed a semi-local stereo matching algorithm for SGM, using a calculation method
based on mutual trust to calculate the matching cost between two graphs, using hier-
archical computation to accelerate the implementation of the algorithm. The algorithm
test effect took between 1 and 2 s, which verified that the SGM algorithm had good real-
time performance. Guo et al. [36] improved the window of the Census transformation
based on Census, which reduced the time complexity by comparing representative pixels
while increasing the neighborhood window. Hamzah et al. [37] added gradient informa-
tion to improve the initial matching accuracy and introduced iterative-guided filtering
in the disparity optimization stage, further improving the accuracy of the disparity plot.
Chai et al. [38] added the minimum spanning tree algorithm in the cost aggregation stage
of the semi-global matching algorithm, which effectively improved the matching accuracy.
Peng et al. [39] proposed an AGAP algorithm that added adaptive smoothing terms to the
energy function, improving the disadvantages of one-dimensional scanline optimization in
SGM algorithms. Rahnama et al. [40] proposed a novel, resource-efficient method inspired
by MGM'’s techniques for improving the depth quality, which could be implemented to run
in real time on a low-power FPGA. Cambuim et al. [41] presented an FPGA-based stereo
vision system based on SGM. This system calculated disparity maps by streaming, which
were scalable to several resolutions and disparity ranges. As the matching accuracy of the
traditional semi-global matching (SGM) algorithm is not satisfactory in illumination and
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weak texture areas, Li et al. [42] proposed a SGM algorithm based on multi-cost fusion.
Bu et al. [43] introduced a local edge-aware filtering method to SGM to enhance the interac-
tion of neighboring scanlines, since streak artifacts could be avoided. Li et al. [44] proposed
a low-cost, high-precision method to identify and position charging ports based on SIFT
and SGBM. Wei et al. [45] proposed a robust stereo matching system, RT-libSGM, working
on the Xilinx field-programmable gate array (FPGA) platforms. The dedicated design of
each module optimized the speed of the entire system while ensuring the flexibility of the
system structure. Xu et al. [46] improved the existing second-order semi-global matching
method and added the smoothness constraint of multiple angle directions to the matching
cost to generate a more robust disparity map.

Although the current stereo matching algorithm is relatively mature, the images are
affected by various external factors in the process of acquisition and there are still problems
in how to improve the matching speed and accuracy. This paper focuses on the study of the
AD-Census algorithm and improves it to improve the accuracy and speed of the algorithm.
Aiming at the shortcomings of the traditional AD-Census algorithm, the accuracy of the
algorithm is improved by replacing the pixel central value with the average of window
pixels. To improve the timeliness of the algorithm, a method of replacing the traditional
rectangular window of Census with an adaptive window is proposed.

2. Focused Problems
2.1. AD Algorithm

The main idea of the AD algorithm is to constantly compare the grayscale values of the
two points in the left and right cameras. First, fix a point in the left camera, then traverse
the points in the right camera, constantly comparing the difference in gray levels before
them, and the difference in gray level is the cost of matching. The calculation formula is
as follows:

Cap(x,y,d) = |IL(x,y) — Ir(x +4d,y)| 1)

where I}, and I represent the grayscale values of the left and right images, respectively, d is
the search range, and x, y are the pixel coordinates.

The AD algorithm is efficient and fast. However, it is easily disturbed by lighting and
noise because the method only starts from a single grayscale angle.

2.2. Census Algorithm

Census transformation is a non-parametric area algorithm [47]. Its transformation
is based on neighborhood grayscale while retaining the relative position information of
neighborhood pixels. Therefore, the area matching algorithm based on Census transforma-
tion has good noise immunity for images with large brightness deviations and can obtain
a good disparity map. However, the Census transformation relies on the pixels of the
central point. If the central point pixels change considerably, it will affect the balance of
the surrounding neighborhood pixels. Census first determines the window with the pixel
point p as the central point and compares the gray value of the field with the gray value p
of the central pixel point. If the pixel p is larger than the surrounding pixels, the larger pixel
is recorded as 0. Otherwise, it is recorded as 1. Finally, the resulting transformation codes
of the pixel points can be derived by concatenating them according to the bits. According
to the above process, it can be described by the following formula:

Cr(p) = @ o(I(p), 1(q)) )
qeN

where o (I(p), I(q)) is the comparison function, p is the central pixel, and g is the domain
pixel in the window centralized on p. I(p), I(g) are the grayscale values of pixel points p
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and g, respectively. When the pixel point p is larger than the surrounding pixels, the larger
pixel is recorded as 0, otherwise it is recorded as 1. The calculation formula is as follows:

(i 1) = {3 10 S 1) ©

After setting in the fixed window, arrange 1 or 0 in all windows into a bit string in
order. The bit strings of pixels in the two images are compared and the matching cost can
be obtained by using the Hamming distance similarity measure, as shown below:

h(p,d) = Hamming(Crr(p), Crr(p, d)) 4)

We take a 3 x 3 template as an example. Figure 1 shows the transformation process of
Census. The transformation codes can be calculated as 01100011 and 11101011 using the
formula. The two transformation codes are XORed and summed, and the matching cost of
the two points is 2, as shown in Figure 2.

90 | 11 | 46
Reference image Census transformation
81130 | 65 | 79 e Transform code: 01100011
114 |1 30 | 40
50 | 33 | 40
Census transformation
The target imagd 110 | 56 | 55 —_— Transform code: 11101011
1001 21 | 25

Figure 1. Census transformation process.

01100011

Hamming distance

Matching costs: 2

11101011

Figure 2. Hamming distance similarity detection.

Although the Census transform can well-correct the grayscale deviation caused by
uneven illumination, the Census transform only uses a 0/1-bit byte string to represent
the grayscale difference between two pixels, making the feature descriptor too large. The
matching cost obtained by Census transformation cannot reflect the similarity of images
well when the grayscale changes in adjacent windows are sharp or the same repeated
area exists.

In a word, AD transform is greatly affected by illumination. In contrast, Census
transform can maintain good adaptability to light changes and has a better correction
effect on the gray value changes of pixel points caused by uneven illumination. There-
fore, the improved AD-Census transform algorithm is proposed to better use AD and
Census transform.
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3. Improved AD-Census Algorithm

AD transform and Census transform have different scales, so it is necessary to nor-
malize the results of the two, processing them into the same result range. The AD-Census
algorithm uses the exponential form of [0,1] to control the parameter changes and controls
the values obtained by AD transformation and Census transformation between 0 and 1, to
prevent one of them from changing too much and affecting the output result. The specific
formula is as follows:

p(c,A)=1— exp(—%) ®)

where c is the surrogate value and A is the control parameter. Any surrogate value can be
normalized to [0, 1].

The final cost formula is obtained, which allows to control the AD-Census normaliza-
tion result between [0, 2].

C(P, d) = P(Ccensus(P/ d)/ )\census) + p(CAD(p/ d)r /\AD> (6)

In this paper, the improved Census algorithm is applied to the AD-Census algorithm.

3.1. Noise Reduction

The Census algorithm relies too much on the central pixel point. In the bit string
calculated with the central pixel point, the bit string will be affected by the noise that
the central point is subjected to, which results in errors and mismatching. Therefore, this
improvement method first calculates the average value of the window pixels, and then
uses it to replace the central pixel.

As shown in Figure 3, under the 3 x 3 window of conventional Census, the central
pixel point becomes 120 due to noise. The bit string after Census transformation is 1110111
at this time. After the mean value is calculated, the central pixel is replaced by 73 with 120,
and the bit string 0110011 is calculated.

90 | 11 | 46
Census transformation
130 | 120 | 79 » Transform code: 1110111
114 | 30 | 40
(a)
90 11|_

_4i6
_% Census transformation
9

130 73L » Transform code: 01100011

114 | 30 | 40

(b)

Figure 3. Census transformation comparison diagram. (a) The central pixel is not discriminated by
interference. (b) The central pixel is interfered with to discriminate.

Noise interference can be successfully reduced by the average operation. Therefore, it
is by replacing the average pixel value with the central pixel value that the accuracy and
matching effect can be effectively improved.

3.2. Adaptive Window

The method of replacing the central pixel point with the mean value can enhance the
matching accuracy of the algorithm and reduce the dependence of the Census transform
on the central pixel point. However, the computation will greatly increase the complexity
of the algorithm. It is also not conducive to the real-time performance of the algorithm.
Therefore, the operation rate of the algorithm also needs to be improved.
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Since the size of the matching window of the traditional Census algorithm is a fixed
rectangle, it is difficult to obtain a suitable window in the image range of different textures,
which affects the timeliness of the algorithm. Based on this, an improved idea of the
regional growth adaptive window is proposed. The specific algorithm steps are shown in
the following equation [48]:

D¢(p1,p) < 1 and De(p1,p+ (1,0)) <7
Ds(p1,p) <Ly )
D(p1,p) < 1 if Ly < Ds(p1,p) <La

where p is the point in the image to be matched. The growth window is set from the
coordinates of point p to the positive and negative directions of the x-axis, and the growing
arm length is determined by setting the threshold. When the threshold condition is met,
the newly added point p; is included in the matching window. If the threshold condition
is not met, the growth will be stopped. The threshold of the adaptive window is set to
grayscale difference, which is different from the color similarity and luminance difference
set in the cross-based cost aggregation (CBCA) [49] and the original AD-Census algorithm.
The formed area is the adaptive window. There are three specific cases:

(D When the difference in the gray level between pixel p and the new growth point
p1 is less than the set threshold 7 , and the difference in the gray level between the next
pixel and the new growth point p; is also less than the set threshold 7; , the growth in that
direction is stopped.

@ When the arm length, D;(pj, p), between the new growth points p; and p is less
than the set arm length Ly, the growth in this direction is stopped at this time.

(® When the arm length is less than the set arm length L; but greater than the set arm
length L, and the grayscale difference between p; and p is less than a smaller threshold
value 1, the growth is stopped.

Condition (D) is better to find the area with a small gray value difference and limit
the difference to grow to the next point, so that the points with similar gray values can be
better found. Conditions 2) and (3 are to find as many similar grayscale points as possible.
However, for arm lengths larger than a smaller arm length, the grayscale value of the pixel
is required to be smaller than a smaller grayscale difference threshold to include the pixel
in the matching window.

The improved algorithm can obtain adaptive windows of different shapes and sizes
compared to the traditional Census fixed rectangular window. The grayscale values within
the window have better continuity, which is conducive to improving the matching accuracy.

3.3. Improved AD-Census Algorithm

The improved Census algorithm is applied to the AD-Census algorithm, and the flow
of the improved AD-Census algorithm is as follows:

(1) Cost computation. The similarity between the left and right images is calculated and
then evaluated. The AD algorithm and the Census algorithm are used to calculate the
matching cost, respectively. The results of the two algorithms are fused to form the
AD-Census cost. In the cost computation with the Census algorithm, the central value
of each pixel point is replaced with the average value to achieve noise reduction and
improve the matching accuracy.

(2) Cross-based cost aggregation. In this paper, we use the same cost aggregation method,
CBCA, as the original AD-Census algorithm. In the cost aggregation, two iterations
are used, which differs from the four iterations in the original algorithm. The direction
of iteration is also different from CBCA. The first iteration grows horizontally and
then grows vertically in the window, and the second iteration is the exact opposite.
The smaller of the two is taken as the cost aggregation value, which is also different
from the final aggregated generation value in the original algorithm. In this way, the
mismatching rate in the disparity discontinuity region can be effectively reduced.
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Cost Computation

(3)  Scanline optimization. After the cost aggregation, the most suitable disparity value is
selected from the disparity map.

(4) Multistep refinement. The accuracy of the algorithm can be improved by detecting
and eliminating errors that arise due to errors in the first three steps.

(5) The flow chart of the improved AD-Census algorithm is as shown in Figure 4.

Cross-based

Cost Aggregation Scanline Optimization Multistep Refinement

Figure 4. The flow chart of the improved AD-Census algorithm.

Therefore, the improved algorithm can reduce noise and improve the accuracy of
the algorithm by replacing the pixel central value with a window pixel mean. A kind of
rectangular window is proposed to replace the traditional rectangular window of Census
with an adaptive window, which can improve the timeliness of the algorithm.

4. Results and Discussion

To verify the effect of the improved algorithm, we tested the four sets of standard
test images provided by the international stereo matching evaluation platform, including
Cones, Teddy, Tsukuba, and Venus. They were tested through the OpenCV platform. The
matching rate can reflect the algorithm operation rate and the optimization of the program,
so we compared the algorithm running times, as shown in Table 1. The data show that
for all tested image sets, the improved AD-Census algorithm reduced the run time by an
average of 5.3% compared to the traditional AD-Census algorithm and matched better.

Table 1. Comparison of algorithms’ running times.

Image Set/s
Algorithm Cones Teddy Tsukuba Venus
Traditional AD-Census algorithm 3.149 2.854 1.912 2.755
Improved AD-Census algorithm 3.024 2.578 1.802 2.736

The comparison chart before and after the improvement of the AD-Census algorithm is
shown in Figure 5. It can be seen that compared with the traditional AD-Census algorithm,
the improved AD-Census algorithm obtained a sharper outline of the object in the disparity
grayscale map after adding the window mean replacement window central value and
combining the adaptive window. As shown in the rectangular boxed portion of the figure,
the edge part of the image was significantly improved, which is more suitable for the actual
scene. In summary, the running time of the improved AD-Census algorithm was effectively
reduced and the matching accuracy was also improved.

In this paper, we also compared the objective performance indicators of the two algo-
rithms, as shown in Tables 2—4. As can be seen in Table 2, the mean square error (MSE) of the
traditional AD-Census algorithm was much larger than that of the improved AD-Census
algorithm. The result indicates that the quality of the disparity maps obtained by the im-
proved AD-Census algorithm was better than that of the traditional AD-Census algorithm.
In Table 3, the peak signal-to-noise ratio (PNSR) of the traditional AD-Census algorithm
was significantly lower than that of the improved AD-Census algorithm. This indicates
that the noise of the disparity maps obtained by the improved AD-Census algorithm was
reduced and confirms the noise reduction effect of the improved algorithm. From Table 4, it
can be seen that the structure similarity index measure (SSIM) of the improved AD-Census
algorithm was higher than that of the traditional AD-Census algorithm. This indicates that
the disparity map obtained by the improved algorithm fits better with the original map.
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(b) ()

Cones

Teddy

Tsukuba

Venus

Figure 5. Comparison of algorithm results: (a) the original diagram corresponding to the four groups
of images of Cones, Teddy, Tsukuba, and Venus, respectively, (b) the disparity map corresponding
to the traditional AD-Census algorithm, corresponding to the four groups of images, and (c) the
disparity map of the improved AD-Census algorithm corresponding to the four groups of images.

Table 2. Comparison of algorithms” MSE.

MSE

Algorithm Cones Teddy Tsukuba Venus
Traditional AD-Census algorithm 7989.979 10,155.730 4812.042 4309.310
Improved AD-Census algorithm 6403.497 7030.245 2929.029 3446.573

Table 3. Comparison of algorithms” PSNR.
PSNR/dB

Algorithm Cones Teddy Tsukuba Venus

Traditional AD-Census algorithm 27.755 27.874 27.888 27.802

Improved AD-Census algorithm 28.080 28.005 27.979 27.965
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Table 4. Comparison of algorithms’” SSIM.
SSIM
Algorithm Cones Teddy Tsukuba Venus
Traditional AD-Census algorithm 0.138 0.231 0.239 0.173
Improved AD-Census algorithm 0.240 0.324 0.348 0.241

The improved algorithm was applied to the real scene, and we obtained the disparity
plot shown in Figure 6. After taking the disparity diagram of the picture in the simulated
environment obtained, the disparity map was pre-processed, and underwent edge detec-
tion, morphological processing, and obstacle extraction. Finally, the location of the obstacle
was identified on the original map. Figure 7 shows the resulting obstacle recognition
rendering. It can be clearly and intuitively seen that the obstacles in the picture were
effectively detected.

Figure 6. Disparity map in a simulated environment.

Figure 7. Obstacle detection diagram.

5. Conclusions

In summary, we focused on studying the AD-Census algorithm and proposed a
technique to improve it. We proposed a method to calculate the average window pixel
instead of the window pixel central value to improve the accuracy of the algorithm. An
improvement idea of area growth adaptive window matching was proposed to improve
the timeliness of the algorithm. The experimental results proved that the object outline in
the disparity grayscale map obtained by the improved algorithm was more apparent, and
the edge part of the image was significantly improved, which was more in line with the
real scene. For all tested image sets, the improved AD-Census algorithm reduced the run
time by 5.3% compared to the traditional AD-Census algorithm and matched better. It was
found that the obstacle in the graph could be well-identified for the improved algorithm
for obstacle detection. The experiment results showed that the proposed method had
good accuracy and speed. It can be applied to more complex backgrounds and difficult
scenes with dim light. The improved algorithm can improve the feasibility and reliability of
obstacle detection in the lunar exploration project and has significant practical application
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value. Although the improved AD-Census has improved the speed, it has not yet met the
effect of high real-time performance. Therefore, the algorithm speed needs to be further
improved in the future study and different obstacles need to be classified and identified.

Author Contributions: Conceptualization, Y.W. and Y.Z.; methodology, Y.Z.; software, Y.Z. and G.C,;
validation, YW., M.G. and Y.Z,; formal analysis, YW. and Y.Z,; investigation, M.G.; resources, Y.G. and
G.C.; data curation, M.G.; writing—original draft preparation, M.G. and Y.Z.; writing—review and
editing, YW. and Y.G,; visualization, Y.W. and M.G.; supervision, Y.G.; project administration, Y.G.;
funding acquisition, Z.X. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (NSFC)
(grant number U2037602), THE XPLORER PRIZE, the Program of Changjiang Scholars of Ministry of
Education and Double Innovation Doctor of Jiangsu Province (grant number JSSCBS20220698).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Publicly available datasets were analyzed in this study. This data can
be found here: [vision.middlebury.edu].

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Zhang, T,; Chao, C.; Yao, Z.; Xu, K.; Zhang, W.; Ding, X,; Liu, S.; Zhao, Z.; An, Y.; Wang, B. The Technology of Lunar Regolith
Environment Construction on Earth. Acta Astronaut. 2021, 178, 216-232. [CrossRef]

2. Wedler, A.; Schuster, M.]J.; Miiller, M.G.; Vodermayer, B.; Meyer, L.; Giubilato, R.; Vayugundla, M.; Smisek, M.; Démel, A.;
Steidle, F. German Aerospace Center’s Advanced Robotic Technology for Future Lunar Scientific Missions. Philos. Trans. R. Soc. A
2021, 379, 20190574. [CrossRef] [PubMed]

3. Silvestrini, S.; Lunghi, P; Piccinin, M.; Zanotti, G.; Lavagna, M.R. Artificial Intelligence Techniques in Autonomous Vision-Based
Navigation System for Lunar Landing. In Proceedings of the 71st International Astronautical Congress (IAC 2020), Dubai, United
Arab Emirates, 12-16 October 2020; pp. 1-11.

4. Ge, T.; Xu, Z.-D.; Yuan, E-G. Predictive Model of Dynamic Mechanical Properties of VE Damper Based on Acrylic
Rubber-Graphene Oxide Composites Considering Aging Damage. J. Aerosp. Eng. 2022, 35, 04021132. [CrossRef]

5. Sadavarte, R.S.; Raj, R.; Babu, B.S. Solving the Lunar Lander Problem Using Reinforcement Learning. In Proceedings of the
2021 IEEE International Conference on Computation System and Information Technology for Sustainable Solutions (CSITSS),
Bangalore, India, 16-18 December 2021; IEEE: Piscataway, NJ, USA; pp. 1-6.

6. Wang, F; Jia, K,; Feng, J. The Real-Time Depth Map Obtainment Based on Stereo Matching. In Proceedings of the Euro-China
Conference on Intelligent Data Analysis and Applications, Fuzhou, China, 7-9 November 2016; Springer: Berlin/Heidelberg,
Germany; pp. 138-144.

7. Chenyuan, Z,; Wenxin, L.I; Qingxi, Z. Research and Development of Binocular Stereo Matching Algorithm. J. Front. Comput. Sci. Technol.
2020, 14, 1104.

8. Do, PN.B,; Nguyen, Q.C. A Review of Stereo-Photogrammetry Method for 3-D Reconstruction in Computer Vision. In Proceedings
of the 2019 19th International Symposium on Communications and Information Technologies (ISCIT), Ho Chi Minh City, Vietnam,
25-27 September 2019; IEEE: Piscataway, NJ, USA; pp. 138-143.

9. Roberts, L.G. Machine Perception of Three-Dimensional Solids; Massachusetts Institute of Technology: Cambridge, MA, USA, 1963.

10.  Yao, D.; Li, E; Wang, Y.; Yang, H.; Li, X. Using 2.5 D Sketches for 3D Point Cloud Reconstruction from A Single Image. In Proceedings
of the 2021 the 5th International Conference on Innovation in Artificial Intelligence, Xiamen, China, 5-8 March 2021; pp. 92-98.

11. Barnard, S.T; Fischler, M.A. Computational Stereo. ACM Comput. Surv. CSUR 1982, 14, 553-572. [CrossRef]

12.  Scharstein, D.; Szeliski, R. A Taxonomy and Evaluation of Dense Two-Frame Stereo Correspondence Algorithms. Int. J. Comput. Vis.
2002, 47, 7-42. [CrossRef]

13.  Zhou, X.-Z.; Wen, G.-].; Wang, R.-S. Fast Stereo Matching Using Adaptive Window. Chin. . Comput. Chin. Ed. 2006, 29, 473.

14.  Yoon, K.-J.; Kweon, LS. Adaptive Support-Weight Approach for Correspondence Search. IEEE Trans. Pattern Anal. Mach. Intell.
2006, 28, 650—-656. [CrossRef]

15. Nalpantidis, L.; Gasteratos, A. Biologically and Psychophysically Inspired Adaptive Support Weights Algorithm for Stereo
Correspondence. Robot. Auton. Syst. 2010, 58, 457-464. [CrossRef]

16. Kowalczuk, J.; Psota, E.T; Perez, L.C. Real-Time Stereo Matching on CUDA Using an Iterative Refinement Method for Adaptive
Support-Weight Correspondences. IEEE Trans. Circuits Syst. Video Technol. 2012, 23, 94-104. [CrossRef]

17. Pena, D.; Sutherland, A. Disparity Estimation by Simultaneous Edge Drawing. In Proceedings of the Asian Conference on

Computer Vision, Taipei, Taiwan, 20-24 November 2016; Springer: Berlin/Heidelberg, Germany; pp. 124-135.


vision.middlebury.edu
http://doi.org/10.1016/j.actaastro.2020.08.039
http://doi.org/10.1098/rsta.2019.0574
http://www.ncbi.nlm.nih.gov/pubmed/33222646
http://doi.org/10.1061/(ASCE)AS.1943-5525.0001385
http://doi.org/10.1145/356893.356896
http://doi.org/10.1023/A:1014573219977
http://doi.org/10.1109/TPAMI.2006.70
http://doi.org/10.1016/j.robot.2010.02.002
http://doi.org/10.1109/TCSVT.2012.2203200

Sensors 2022, 22, 6933 12 of 13

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Keselman, L.; Iselin Woodfill, J.; Grunnet-Jepsen, A.; Bhowmik, A. Intel Realsense Stereoscopic Depth Cameras. In Proceedings of
the IEEE Conference on Computer Vision and Pattern Recognition Workshops, Honolulu, HI, USA, 21-26 July 2017; pp. 1-10.
Chai, Y.; Cao, X. Stereo Matching Algorithm Based on Joint Matching Cost and Adaptive Window. In Proceedings of the 2018
IEEE 3rd Advanced Information Technology, Electronic and Automation Control Conference (IAEAC), Chongqing, China,
12-14 October 2018; IEEE: Piscataway, NJ, USA; pp. 442-446.

Wu, Y.; Zeng, C.; Zhang, J.; Xiao, G.; Ren, M. Bayesian Inference Based High Framerate Stereo Matching and Its Application in
Robot Manipulation. In Proceedings of the 2019 IEEE 9th Annual International Conference on CYBER Technology in Automation,
Control, and Intelligent Systems (CYBER), Suzhou, China, 29 July-2 August 2019; IEEE: Piscataway, NJ, USA; pp. 592-597.

Liu, H.; Wang, R;; Xia, Y.; Zhang, X. Improved Cost Computation and Adaptive Shape Guided Filter for Local Stereo Matching of
Low Texture Stereo Images. Appl. Sci. 2020, 10, 1869. [CrossRef]

Zhang, B.; Zhu, D. Local Stereo Matching: An Adaptive Weighted Guided Image Filtering-Based Approach. Int. |. Pattern
Recognit. Artif. Intell. 2021, 35, 2154010. [CrossRef]

Yuan, W.; Meng, C.; Tong, X.; Li, Z. Efficient Local Stereo Matching Algorithm Based on Fast Gradient Domain Guided Image
Filtering. Signal Process. Image Commun. 2021, 95, 116280. [CrossRef]

Kong, L.; Zhu, J.; Ying, S. Local Stereo Matching Using Adaptive Cross-Region-Based Guided Image Filtering with Orthogonal
Weights. Math. Probl. Eng. 2021, 2021. [CrossRef]

Yang, S.; Lei, X.; Liu, Z.; Sui, G. An Efficient Local Stereo Matching Method Based on an Adaptive Exponentially Weighted
Moving Average Filter in SLIC Space. IET Image Process. 2021, 15, 1722-1732. [CrossRef]

Qi, J.; Liu, L. The Stereo Matching Algorithm Based on an Improved Adaptive Support Window. IET Image Process. 2022, 16,
2803-2816. [CrossRef]

Roy, S.; Cox, 1. A Maximum-Flow Formulation of the n-Camera Stereo Correspondence Problem. In Proceedings of the Sixth
International Conference on Computer Vision (IEEE Cat. No. 98CH36271), Bombay, India, 7 January 1998; IEEE: Piscataway, NJ,
USA; pp. 492-499.

Sun, J.; Zheng, N.-N.; Shum, H.-Y. Stereo Matching Using Belief Propagation. IEEE Trans. Pattern Anal. Mach. Intell.
2003, 25, 787-800.

Veksler, O. Stereo Correspondence by Dynamic Programming on a Tree. In Proceedings of the 2005 IEEE Computer Society
Conference on Computer Vision and Pattern Recognition (CVPR’05), San Diego, CA, USA, 20-25 June 2005; IEEE: Piscataway, NJ,
USA; Volume 2, pp. 384-390.

Delong, A.; Osokin, A.; Isack, H.N.; Boykov, Y. Fast Approximate Energy Minimization with Label Costs. Int. J. Comput. Vis.
2012, 96, 1-27. [CrossRef]

Wang, L.; Yang, R.; Gong, M.; Liao, M. Real-Time Stereo Using Approximated Joint Bilateral Filtering and Dynamic Programming.
J. Real-Time Image Process. 2014, 9, 447-461. [CrossRef]

Yang, Y.; Liang, Q.; Niu, L.; Zhang, Q. Belief Propagation Stereo Matching Algorithm Using Ground Control Points. In Proceedings
of the Fifth International Conference on Graphic and Image Processing (ICGIP 2013), Hong Kong, China, 2627 October 2013;
SPIE: Bellingham, WA, USA, 2014; Volume 9069, pp. 173-179.

Li, J.; Zhao, H; Li, Z.; Gu, E; Zhao, Z.; Ma, Y.; Fang, M. A Long Baseline Global Stereo Matching Based upon Short Baseline
Estimation. Meas. Sci. Technol. 2018, 29, 055201. [CrossRef]

Wang, Z.; Yue, ].; Han, J.; Jin, Y,; Li, B. Regional Fuzzy Binocular Stereo Matching Algorithm Based on Global Correlation Coding
for 3D Measurement of Rail Surface. Optik 2020, 207, 164488. [CrossRef]

Hirschmuller, H. Accurate and Efficient Stereo Processing by Semi-Global Matching and Mutual Information. In Proceedings
of the 2005 IEEE Computer Society Conference on Computer Vision and Pattern Recognition (CVPR’05), San Diego, CA, USA,
20-25 June 2005; IEEE: Piscataway, NJ, USA; Volume 2, pp. 807-814.

Guo, S.; Xu, P; Zheng, Y. Semi-Global Matching Based Disparity Estimate Using Fast Census Transform. In Proceedings of the
2016 9th International Congress on Image and Signal Processing, BioMedical Engineering and Informatics (CISP-BMEI), Datong,
China, 15-17 October 2016; IEEE: Piscataway, NJ, USA; pp. 548-552.

Hamzah, R.A.; Ibrahim, H. Improvement of Stereo Matching Algorithm Based on Sum of Gradient Magnitude Differences and
Semi-global Method with Refinement Step. Electron. Lett. 2018, 54, 876-878. [CrossRef]

Chai, Y.; Yang, F. Semi-Global Stereo Matching Algorithm Based on Minimum Spanning Tree. In Proceedings of the 2018 2nd IEEE
Advanced Information Management, Communicates, Electronic and Automation Control Conference IMCEC), Xi’an, China,
25-27 May 2018; IEEE: Piscataway, NJ, USA; pp. 2181-2185.

Yao, P.; Zhang, H.; Xue, Y.; Chen, S. As-global-as-possible Stereo Matching with Adaptive Smoothness Prior. IET Image Process.
2019, 13, 98-107. [CrossRef]

Rahnama, O.; Cavalleri, T.; Golodetz, S.; Walker, S.; Torr, P. R3sgm: Real-Time Raster-Respecting Semi-Global Matching for
Power-Constrained Systems. In Proceedings of the 2018 International Conference on Field-Programmable Technology (FPT),
Nabha, Japan, 10-14 December 2018; IEEE: Piscataway, NJ, USA; pp. 102-109.

Cambuim, L.F; Oliveira, L.A.; Barros, E.N.; Ferreira, A. An FPGA-Based Real-Time Occlusion Robust Stereo Vision System Using
Semi-Global Matching. J. Real-Time Image Process. 2020, 17, 1447-1468. [CrossRef]

Li, W,; Hu, R;; Gao, M. An Improved Semi-Global Stereo Matching Algorithm Based on Multi-Cost Fusion. In Proceedings of the 4th
International Conference on Information Technologies and Electrical Engineering, Changde, China, 29-31 October 2021; pp. 1-6.


http://doi.org/10.3390/app10051869
http://doi.org/10.1142/S0218001421540100
http://doi.org/10.1016/j.image.2021.116280
http://doi.org/10.1155/2021/5556990
http://doi.org/10.1049/ipr2.12140
http://doi.org/10.1049/ipr2.12527
http://doi.org/10.1007/s11263-011-0437-z
http://doi.org/10.1007/s11554-012-0275-4
http://doi.org/10.1088/1361-6501/aab079
http://doi.org/10.1016/j.ijleo.2020.164488
http://doi.org/10.1049/el.2017.3956
http://doi.org/10.1049/iet-ipr.2018.5801
http://doi.org/10.1007/s11554-019-00902-w

Sensors 2022, 22, 6933 13 of 13

43.
44.

45.

46.

47.

48.

49.

Bu, P; Zhao, H;; Yan, J.; Jin, Y. Collaborative Semi-Global Stereo Matching. Appl. Opt. 2021, 60, 9757-9768. [CrossRef]

Li, T; Xia, C,; Yu, M,; Tang, P.; Wei, W.; Zhang, D. Scale-Invariant Localization of Electric Vehicle Charging Port via Semi-Global
Matching of Binocular Images. Appl. Sci. 2022, 12, 5247. [CrossRef]

Wei, K.; Kuno, Y.; Arai, M.; Amano, H. RT-LibSGM: An Implementation of a Real-Time Stereo Matching System on FPGA. In
Proceedings of the International Symposium on Highly-Efficient Accelerators and Reconfigurable Technologies, Tsukuba, Japan,
9-10 June 2022; pp. 1-9.

Xu, Y; Liu, K; Ni, J.; Li, Q. 3D Reconstruction Method Based on Second-Order Semiglobal Stereo Matching and Fast Point
Positioning Delaunay Triangulation. PLoS ONE 2022, 17, e0260466. [CrossRef]

Zabih, R.; Woodfill, ]. Non-Parametric Local Transforms for Computing Visual Correspondence. In Proceedings of the European
conference on computer vision, Stockholm, Sweden, 2-6 May 1994; Springer: Berlin/Heidelberg, Germany; pp. 151-158.

Mei, X.; Sun, X.; Zhou, M; Jiao, S.; Wang, H.; Zhang, X. On Building an Accurate Stereo Matching System on Graphics Hardware.
In Proceedings of the 2011 IEEE International Conference on Computer Vision Workshops (ICCV Workshops), Barcelona, Spain,
6-13 November 2011; IEEE: Piscataway, NJ, USA; pp. 467-474.

Zhang, K.; Lu, J.; Lafruit, G. Cross-Based Local Stereo Matching Using Orthogonal Integral Images. IEEE Trans. Circuits Syst.
Video Technol. 2009, 19, 1073-1079. [CrossRef]


http://doi.org/10.1364/AO.435530
http://doi.org/10.3390/app12105247
http://doi.org/10.1371/journal.pone.0260466
http://doi.org/10.1109/TCSVT.2009.2020478

	Introduction 
	Focused Problems 
	AD Algorithm 
	Census Algorithm 

	Improved AD-Census Algorithm 
	Noise Reduction 
	Adaptive Window 
	Improved AD-Census Algorithm 

	Results and Discussion 
	Conclusions 
	References

