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Abstract—Stereo matching is one of the key technologies in the 

field of computer vision. The depth map obtained by stereo 
matching contains the three-dimensional information of the 
scene. The use of depth map is of great significance in the three-
dimensional reconstruction of the map and the autonomous 
navigation of the robot. Aiming at the accuracy and speed of 
stereo matching, this paper applies a semi-global stereo 
matching method to match corrected left and right perspective 
images. Because there are noise points and holes in the matched 
disparity map, which affect the image quality, a sample block 
filling method which combines mean filtering and point-by-point 
scanning is proposed to repair the image. Then a gradient 
priority selection mechanism is proposed to maintain the edge 
structure of the object in the process of restoration. 
Experimental results show that the proposed method is good for 
the restoration of holes and noises in disparity maps, and the 
processing speed is improved by about 30% compared with the 
traditional Criminisi algorithm.  

I. introduction 

With the rapid development of robotics industry, computer 
vision technology has been widely used as an interdisciplinary 
subject. Binocular stereo matching technology in computer 
vision is one of the hotspots of research. In recent years, the 
technology of binocular stereo matching has developed 
rapidly. Different kinds of depth maps can be obtained by 
processing images captured by binocular cameras. The depth 
information contained in each pixel of the depth map reflects 
the three-dimensional information of the scene, which is of 
great value to the mapping construction (three-dimensional 
reconstruction) and ranging navigation of the robot. The 
sensors for obtaining the depth map mainly include laser radar, 
binocular camera [1], Kinect depth camera produced by 
Microsoft and infrared camera produced by FLIR. In this 
paper, binocular camera is used as the sensor for acquiring 
images. The advantage of is that the binocular camera is 
cheap and portable, and the left and right view images are 
captured from different angles.  

Stereo matching method based on binocular camera is a 
research hotspot in the field of image processing. In 1976, 
Marr [2] first proposed the application of visual computing 
theory to binocular stereo matching, which opened up the 
research of stereo vision. Stereo matching methods are mainly 
divided into local matching and global matching. Block 
matching algorithm applied by Wang et al. [3] is a method of 
local region matching, which adopts fixed SAD window to 

calculate the matching degree of image blocks between two 
images. The real-time performance of this algorithm is good, 
but the quality of the image obtained is not high. Roy et al. [4] 
first proposed the image segmentation method (GC) which 
can be applied to stereo matching. It is a global matching 
algorithm based on graph optimization theory. Based on the 
information obtained by image segmentation, Vieira et al. [5] 
proposes a new adaptive optimization method based on Graph 
Segmentation. The image is segmented and the weight of each 
region is allocated by adaptive window, which achieves a 
better refinement effect. S Martull et al. [6] used graph cut to 
achieve the global matching effect of images. By constructing 
a global energy function from the established network graph 
and using the image segmentation method to solve the energy 
function minimization, a dense disparity image was generated.  
The image generated by this method is of high quality but 
time-consuming, which was not conducive to real-time 
acquisition. In this paper, a semi-global stereo matching 
method is adopted, which has higher image quality than the 
local block matching method and lower computational time 
complexity than the global matching algorithm such as graph 
cut method, but the quality of parallax image is not perfect. 
Therefore, in view of the image restoration, the predecessors 
have also studied from many aspects. In reference [7], EPI 
light field was applied to depth image restoration, in which 
the depth image was acquired by RGB-D camera. Fan et al. 
[8] improved the traditional FMM algorithm to improve the 
edge preservation of the image, but there will still be a blurred 
situation. And because the selection of mask image was 
difficult, the filling effect of the two methods for smaller 
holes was not obvious. Criminisi et al. [9] proposed an image 
restoration algorithm based on sample blocks, which 
improved the restoration effect obviously. However, with the 
decreasing of confidence value, it is easy to produce false 
matching of sample blocks, and the repair effect for large-
scale damaged areas is poor. On the basis of literature [10], an 
improved Criminisi image restoration algorithm is proposed. 
On the basis of the original algorithm, the calculation method 
of confidence is changed, and the restoration error is reduced 
by increasing the priority size of the blocks to be filled. 
However, for the poor quality, the effect of image restoration 
with a large number of holes is not ideal. Literature [11] 
started with the point to be repaired, found all the pixels with 
a certain distance n, and filled them by comparing the 
similarity between the sample block around each pixel and the 
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patch to be repaired, thus reducing the repair time. However, 
the selection of n is difficult to determine, and the restoration 
of the object structure is not ideal. Liu [12] et al. designed 
two-layer filters for depth images with holes. The 
combination of median filtering and pixel filtering can 
effectively remove noise and isolated holes, but it has poor 
filling effect for areas with large damaged areas, and the 
smoothing effect of filtering is more serious. 

To solve this problem, a sample block filling method 
combining filtering operation and pixel-by-pixel scanning is 
proposed, which can effectively remove independent noise 
and fill a large range of holes, thus improving the image 
quality. 

The remainder of this paper is organized as follows: 
Section II mainly applies a semi-global stereo matching 
method to acquire disparity map by stereo matching of the 
captured image. Section III proposes a sample block filling 
method combining filtering operation and pixel-by-pixel 
scanning to repair the damaged image after matching. Section 
IV give the experimental results of this paper. By comparing 
this method with other literature methods, the effectiveness of 
this method is proved.  

 

II. stereo matching   

In this paper, a semi-global stereo matching method is used 
to match two different disparity images. Firstly, each pixel in 
the image is matched by block matching method to calculate 
the disparity between images and draw the disparity map. A 
global energy function related to disparity map is set up: 
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Where p, q represents a pixel in an image, Np refers to the 
adjacent pixel point of the pixel p, and C (p, Dp) refers to the 
cost value of the pixel when the disparity of the current pixel 
point is Dp. If the parameter in the I[.] function is true, it will 
return 1, otherwise it will return 0. 

 Finally, The disparity optimization effect of each pixel is 
achieved by minimizing the energy function. Each pixel of an 
image has eight adjacent pixels. Considering the direction 
from left to right, the disparity value of each pixel is only 
related to the adjacent pixels on the left. Its function is as 
follows: 
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Among them, r represents the current direction of the pixel 
p. And P1 is a penalty coefficient, which applies to those 
pixels whose disparity value is 1 difference between the pixel 
P and adjacent pixels. P2 applies to those pixels whose 
disparity value is greater than 1. ),(r dpL represents the 

minimum cost when the disparity value of the pixel P is d 
from left to right. The formula for calculating ),( dpC  is as 

follows:  
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where )( pI  and )(qI  is the gray values of pixel p and q, 

respectively. And ),,,(d RL IIdpp −  represent the smallest 

difference between )(qI and the three values of )( pI , 

2/))1()(( −+ pIpI ,  2/))1()(( ++ pIpI .   

Because of the eight neighborhoods of a pixel, after 
calculating in one direction, it is necessary to expand to eight 
directions to calculate its minimum cost value separately. 
Then, the generative value in eight directions is accumulated, 
and the minimum accumulated cost value is selected as the 
final disparity value of the pixel. The images captured by 
binocular camera are all corrected images as shown in Fig. 
2(a) and Fig. 2(b). The comparison of the results obtained by 
the algorithm in reference [3] and the algorithm in this paper 
is shown in Fig. 2(c) and Fig .2(d).   

  
a. left image                           b. right image 

  
c. ref. [3]                      d. algorithm of this paper 

Fig. 2   Original and Contrast Graphs 
By comparing the effect maps, we can see that the disparity 

image based on block matching has more noise points and 
worse image quality, while the image quality obtained by this 
method is better and fewer holes. Compared with the method 
used in reference [6], the time-consuming of this method is 
shorter. By experiments on the image with the size of 
800*600, the time comparison effect of the three methods is 
shown in Table I. The data show that this method is more 
suitable for practical operation, and it takes less time and can 
obtain high quality images.  

TABLE I 
COMPARISONS OF RUNNING TIME OF DIFFERENT ALGORITHMS 

Algorithm Times(ms) 

Ref. [3] 105 

This paper’s Algorithm 852 

Ref. [6] 78112 
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III. image restoration 

The image based on binocular stereo matching still has 
noise and holes, which affect the quality of the image. In this 
section, the disparity image obtained in the second section is 
filled with holes. There are four main reasons for the 
formation of holes: (1) the image taken by a binocular camera 
from one perspective can not be captured by a camera from 
another perspective, which is often set at 0 pixels; (2) during 
the process of camera shooting, the reflection of the object 
surface will also produce holes; (3) the object scene is beyond 
the scope of the camera; (4) Image After stereo matching, the 
pepper noise in the image itself will be retained in the 
disparity map to form a "holes". And image restoration 
method for holes filling and denoising are research hotspot at 
present. Criminisi algorithm is a classical filling algorithm 
based on the texture characteristics of image sample blocks. It 
establishes a patching template in the neighborhood for the 
pixels that need to be repaired. Then the priority of the 
patching template is determined. According to the priority 
order, the patching template is covered and filled by the 
regions which are close to the patching template. As shown in 
Fig. 3-1, Ω∂  is the repaired boundary and P is the pixel on 
the repaired boundary. I is the image to be repaired, Ω  is the 
target area to be repaired, pψ  is the patching template based 

on point P, and Φ  is the area other than the target area.  

 

Fig. 3-1 Principle diagram of Criminisi algorithm 
Taking the repaired pixels as the center, a rectangular 

template of suitable size is established, and the priority of 
each point in the template is calculated. The formula is as 
follows: 

( ) ( ) ( )P p C p D p=
                           (4) 

Among them, C(p) is confidence:  
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pn is the number of non-hollow points in the neighborhood 

around p-point, and pN is the total number of pixels in the 

region.  
D(p) is data item:  
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Firstly, it calculates whether the pixels around P-point are 
valid points, and takes the direction of the maximum gradient 

as the gradient direction of the repaired area. pn  is the normal 

direction of the area, ⊥∇ pI  is the vector rotated 90 degrees in 

the gradient direction. α is the normalization factor. 

According to this formula, the points with more obvious 
structural features can be found.  

The product of the two is a priority value. The more intact 
points in the template, the higher the confidence, that is, the 
higher the C(p). The value of D(p) is related to the gradient 
value of the edge. After determining the priority level, the 
sample block closest to its texture feature is found by global 
matching for repairing. The judgment process uses the SSD 
algorithm, and the formula for calculating the SSD is: 
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Where m and n are the length and width of the area to be 
repaired, and p and q are the pixel values of the area and the 
candidate area to be repaired. 

After the repairing is completed, the edge points of the 
repair are updated, and the above operations are repeated until 
the repair is completed. 

The method proposed in this paper is roughly as follows: 
(1) Since disparity images obtained by binocular stereo 

matching often have salt and pepper noise, the median 
filtering operation is first performed on such images. 
This paper selects a template size of 9*9 for images with 
a size of 800*600, which can better maintain edge 
information. And most independent noise points are 
effectively removed on the premise of keeping the image 
from being excessively smoothed.  As shown in Fig. 3-2, 
the left image is the disparity map obtained by stereo 
matching, and the right image is processed by median 
filtering. 

                

                Fig. 3-2   Pre-filtering and filtering comparison 
(2) On this basis, the point-by-point scanning of the image is 

performed: scanning from the middle of the image to the 
left and right. If multiple  points (cavities) with zero 
pixels are scanned continuously, they are considered to 
be a more serious damage. As shown in Fig. 3-3, the 
inner area of the white rectangle is the severely damaged 
area. In view of this situation, the area with perfect 
points (the black rectangular box area) scanned at the 
previous time is judged, and the neighboring pixels 
around it are checked. If the variation is small, the pixel 
value is filled into the damaged area for repairing. For 
other cases where the hole is small (elliptical area), the 
neighborhood mean is used for repairing. 

           

Fig. 3-3   Severe damage area 
(3) Change the calculation formula for priority: 
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The original product form is changed to summation form, 
which changes the priority value, prevents the overall 
priority from being too small, reduces the cumulative 
error of repair, and introduces the gradient )( pG . Since 

there are unknown image information in the patch to be 
filled and it contains multiple image features, patches 
with higher gradient value are preferred to be repaired. 
Because the bigger the change of the pixel around the 
repaired points is, the bigger the gradient value of the 
repaired block is. So the priority of the repaired blocks 
over th flat areas is to achieve the purpose of enhancing 
the structural restoration performance.   

(4) Find the damage point again, and judge the repair order 
according to the changed priority calculation formula. 
Take the 4*4 area around the damage point as the 
template to be repaired, and find other similar sample 
blocks on the image to fill. The flow chart of the 
algorithm in this paper is shown in Fig 3-4: 

Image to be 
repaired

Median 
filtering

Point-by-
point 

scanning

Severe damage 
area

Neighborho
od mean 
padding

Pre-
effective 

point filling

Repairable pointCalculation 
priority

Calculation 
SSD

Fix and 
update edge 

points

end

Yes

No

Yes

No

 
Fig. 3-4   Algorithm flow chart 

IV. experimental results 

The experiment is operated based on a desktop PC. The 
processor is Intel (R) CoreTM i5-3470, and the operating 
system is 64-bit Windows 7 Professional. VS2012 is used as a 
compiler platform, and Opencv2. 4. 9 open source library is 
configured. The data sources used are standard images (face 
images) exposed on Middlebury platform and three real scene 
images captured in laboratory by Bumblebee II binocular 
camera. as shown in Fig. 4-1.  They are face, chair, car, and 
front table.   

 
In this paper, the proposed algorithm is experimented on 

the acquired image and is compared with Criminisi algorithm 
and the algorithm proposed in reference [11]. The comparison 
results are shown in Fig. 4-2. From the first line to the last 

line, they are face, chair, car, and front table. Fig. 4-2(a), Fig. 
4-2(e), Fig. 4-2(i), and Fig. 4-2(m) represent the unprocessed 
disparity map and the rest represent the repair results under 
different algorithms.    

 
It can be seen from the information in the Fig. 4-2 that the 

Criminisi algorithm is prone to failure in repairing large-scale 
void areas (large black areas in the graph), and the restoration 
of regional structure is poor: the white ellipse selection in the 
graph. The method proposed in reference [11] saves a lot of 
time in processing, but the effect of preserving structural 
information is not ideal. And it cannot deal with large-scale 
damaged areas very well. The method proposed in this paper 
cannot only repair images, but also achieve good results in 
maintaining the structure of objects. 

This paper objectively compares the processed images by 
introducing signal-to-noise ratio (SNR). By dividing the 
images into blocks, calculating the variance of each block, 
and then averaging the variance of all blocks. Finally, 
calculating the noise ratio of each block, and then calculating 
the signal-to-noise ratio by variance method. The bigger the 
SNR value, the smaller the image distortion which means the 
better the image quality. Table II compares the SNR values of 
each image under four algorithms. The method proposed in 
reference [12] is experimented on the image used in this paper, 
and the comparison is shown in the table. 

 
a. not process          b. Criminisi              c. Ref. [11]            d. proposed 

 
e. not process           f. Criminisi             g. Ref. [11]             h. proposed 

 
i. not process            g. Criminisi            k. Ref. [11]             l. proposed 

 
m. not process          n. Criminisi            o. Ref. [11]             p. proposed 

Fig. 4-2  Comparison of different algorithms  

 
a. face_left           b. chair_left             c. car_left             d. table_left 

Fig. 4-1   Image data 
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From Table II, we can see that the SNR value of Criminisi 

algorithm and reference [11], reference [12] algorithm is 
lower than that of this algorithm by comparing the four 
images, which objectively proves that this algorithm can 
repair the image better.  

The processing time of this method is also greatly 
shortened. The time contrast effect chart is shown in Fig. 4-3.  
Among them, the size of the standard face processing image 
is 480*360, and the other image size is 800*600. Large-scale 
damaged area and noise are the important reasons affecting 
the processing speed of Criminisi algorithm. In this paper, 
many "bad points" of the original image are pre-repaired, 
which reduces the repair time by about 30% compared with 
Criminisi algorithm. The time consumed by Ref. [11] 
algorithm is related to the selection of distance n. When there 
are fewer noise points and holes in the unprocessed image, the 
processing time of the method in reference [11] is faster. 
While for the severely damaged image, the processing time of 
the algorithm in this paper is faster.  

 
Fig. 4-3  Time comparison effect  

V. conclusions 

Aiming at the problem of obtaining and repairing disparity 
maps based on binocular cameras, this paper proposes a 
process from stereo matching to image restoration. Through 
this process, the images captured by binocular cameras can be 
transformed into disparity maps with high image quality. 
Firstly, a semi-global stereo matching algorithm is used to 
obtain the disparity map of the collected image. Aiming at the 
problem of image restoration, a sample block filling method 
combining median filtering and point-by-point scanning is 
proposed, and a gradient-first selection mechanism is 
introduced in the process of image restoration. This method 
can keep the edge structure information of the image better 
and improve the overall image quality greatly. The method 
still has some shortcomings, that is, the amount of calculation 
is still large and time-consuming, which is not conducive to 
real-time operation.  
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