friried applied
b sciences

Article

Dense Robust 3D Reconstruction and Measurement for 3D
Printing Process Based on Vision

Ning Lv 12, Chengyu Wang 2, Yujing Qiao >*{ and Yongde Zhang 3

check for

updates
Citation: Lv, N.; Wang, C.; Qiao, Y.;
Zhang, Y. Dense Robust 3D
Reconstruction and Measurement for
3D Printing Process Based on Vision.
Appl. Sci. 2021, 11, 7961. https://
doi.org/10.3390/app11177961

Academic Editor: Marco Mandolini

Received: 22 July 2021
Accepted: 25 August 2021
Published: 28 August 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Mechanical Engineering, Yangzhou Polytechnic College, Yangzhou 225009, China; ning_lv@163.com
School of Automation, Harbin University of Science and Technology, Harbin 150080, China;
yueyinghual@sina.com

Robotics & ITS Engineering Research Center, Harbin University of Science and Technology,

Harbin 150080, China; zhangyd@hrbust.edu.cn

Correspondence: giaoyujing@sina.com

Abstract: The 3D printing process lacks real-time inspection, which is still an open-loop manufac-
turing process, and the molding accuracy is low. Based on the 3D reconstruction theory of machine
vision, in order to meet the applicability requirements of 3D printing process detection, a matching
fusion method is proposed. The fast nearest neighbor (FNN) method is used to search matching
point pairs. The matching point information of FFT-SIFT algorithm based on fast Fourier transform
is superimposed with the matching point information of AKAZE algorithm, and then fused to obtain
more dense feature point matching information and rich edge feature information. Combining
incremental SFM algorithm with global SFM algorithm, an integrated SFM sparse point cloud recon-
struction method is developed. The dense point cloud is reconstructed by PMVs algorithm, the point
cloud model is meshed by Delaunay triangulation, and then the accurate 3D reconstruction model is
obtained by texture mapping. The experimental results show that compared with the classical SIFT
algorithm, the speed of feature extraction is increased by 25.0%, the number of feature matching is
increased by 72%, and the relative error of 3D reconstruction results is about 0.014%, which is close
to the theoretical error.

Keywords: 3D printing; vision inspection; 3D reconstruction; feature matching; FFT-SIFT-AKAZE;
integrated SFM

1. Introduction

The emerging additive manufacturing methods represented by 3D printing have
changed the traditional manufacturing mode [1-3]. 3D printing has the advantages of rapid
prototyping, simple use, low cost, and high material utilization [4—6]. Due to the limitations
of the process and the structure of the molding equipment, 3D printing manufacturing is
still an open-loop manufacturing in essence. The parts model is uploaded to the printing
device, and the tolerance of the structure cannot be measured during the printing process,
leading to the failure of closed-loop control in the manufacturing process and the difficulty
of guaranteeing the forming accuracy. At present, the research on the 3D printing molding
accuracy mainly focuses on the model design in the early stage of printing [7,8], such as
model improvement [9,10], optimization of printing path [11,12], and so on. Therefore, it is
of great practical significance to carry out the real-time detection of printing parts process
precision and realize the process precision control.

Existing detection methods for 3D printing process parts mainly use indirect detection.
For example, the fused deposition modeling process can indirectly reflect defects by detect-
ing the working current change of wire feeding motor, transmission mechanism tension,
and other indicators, and detect specific defects of specific 3D printing structure through
CT and X-ray [13,14]. However, the printing process is affected by many factors, and
these methods have limitations in application. Obviously, the panoramic 3D information
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of the structure surface in the 3D printing process can better reflect the quality of the
printed structure. Compared with the existing panoramic 3D reconstruction methods, the
monocular vision 3D reconstruction method based on structure motion recovery (SEM) is
suitable for 3D detection in the 3D printing process because of its low cost, simple structure
and high reconstruction accuracy [15,16].The process of 3D reconstruction based on SFM
generally includes image acquisition preprocessing, feature point extraction and matching,
3D sparse point cloud densification and surface texture reconstruction. The extraction
and matching of feature points is the key of reconstruction, which determines the final
accuracy of 3D reconstruction. The classic algorithm for feature point extraction is the SIFT
algorithm [17], which has good robustness and stability when dealing with the change of
image scale and image rotation, but involves a large amount of computation and has low
efficiency. The SURF algorithm solves the shortcomings of SIFT algorithm, such as high
computational complexity and long time-consuming, and improves the speed of feature
extraction [18], but it is inferior to SIFT in the robustness of illumination and deformation.
The KAZE algorithm is the most effective feature point extraction algorithm in recent
years [19]; its efficiency is similar to that of SIFT algorithm, and its stability is better than
the SIFT, but its scale robustness is not as good as the SIFT. Most of the 3D printed parts are
of single color, and require high robustness and accuracy in the printing process detection,
so the existing feature extraction algorithms are not fully applicable. The key to solve
this problem is to improve the speed of feature extraction and acquire as many feature
points as possible, especially to preserve the edge feature information. The generation
methods of sparse point cloud mainly include the incremental SFM method and global
SFM method [20,21]. The reconstruction accuracy of incremental SFM is higher, but it is
greatly affected by initialization, and it is easy to accumulate errors with the reconstruction
process, especially when the motion trajectory of the image collected by the camera is in
loop state. The global SFM method is less affected by the initial model, less affected by
drift and faster in reconstruction, but sensitive to noise.

Based on the structure of CoreXY 3D printing device, this paper adopts 3D detec-
tion of 3D printing process based on vision. By analyzing the technical requirements
of visual inspection in 3D printing process, an FFT-SIFT-AKAZE algorithm is proposed,
which combines the optimized SIFT algorithm [22] with the accelerated KAZE algorithm
(AKAZE) [23] to solve the problem of edge information instability. In order to improve the
robustness of 3D reconstruction, an Integrated SFM 3D reconstruction scheme is proposed
to achieve robust, fast and accurate 3D reconstruction. The research laid a foundation for
online quality monitoring and control of 3D printing process.

2. Image Acquisition and Preprocessing in 3D Printing Process

The vision detection device designed based on CORXY-3D printing device is shown in
Figure 1, where (a) is the mechanism diagram of the detection device, and (b) is the physical
diagram of the image acquisition device. The camera P is placed in a circular orbit with O
as the origin. There are two coordinate systems in the figure. The O-XYZ is the coordinate
system of the 3D printing platform, and the geometric center of the platform is set as the
origin point, that is, the center point O of the printer frame square A1AA3A4. The x-axis
is parallel to edge A1 A;, and the y-axis is on the same line with the center perpendicular
of edge A1Ay. O-X' Y'Z' is the coordinate system of the image acquisition target. Let the
origin O’ be a point on the axis of the camera lens, and the two origins O and O’ are coaxial.
Let O'D = R, O'P = L, and the height from the camera to the printer platform is S;. Let
the value of the coordinate of O’ in the coordinate system O-XYZ be (¥,)/,z’), and the
perpendicular line of QD is extended through the point O’ to intersect at a point D on QD.
It can be obtained by Pythagorean theorem:

(0'P)* = (0'D)* + (DP)? M)
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and we can get the following equation:

2= (R—X)?+Y2+4 (5, —2)° @)

(a) (b)

Figure 1. Structure and device of visual inspection system for 3D printing process: (a) structure of detection system; and

(b) visual detection equipment.

According to the above formula, the camera height S; can be solved as follows:

Slzz’i\/Lz—(R—X)z—ﬁ @)

It can be seen from Figure 1a that the camera rotates around the Corexy printer on the
ring track for image acquisition. If the camera angle is not changed during the shooting
process, the height of any point on the ring is required to remain unchanged to ensure that
the camera axis intersects at the same point. The designed machine vision detection system
can change the field of view by adjusting the shooting angle of the camera in the vertical
direction and the position of the camera in the circular orbit. The view position of the single
camera in the process of motion is set to avoid the view occlusion of the detection device to
the test structure, and then complete the collection of sequence images. When the image
is collected, the printing platform is lowered to a certain distance so that the camera can
sample the image around the 3D printed part. After the image is collected, it needs to be
preprocessed, including image enhancement processing and image filtering.

3. The Matching Method Based on the FFT-SIFT-AKAZE

When the computer recognizes the image, the point with feature information is
extracted as feature point. In the reconstruction of 3D finished parts, multi-angle shooting
is required. In order to obtain more stable feature point information, the SIFT algorithm
is preferred to extract feature points. However, the SIFT algorithm consumes a long time
in constructing Gaussian pyramid, and the reconstruction of the system itself has certain
real-time requirements. Secondly, the SIFT algorithm uses linear Gaussian filter to make
the image smooth as a whole when constructing scale space, which cannot well retain
the contour and texture information, and 3D print made from a single color, which often
leads to insufficient feature point extraction. Therefore, the FFT-SIFT algorithm based on
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fast Fourier transform and the accelerated KAZE algorithm (AKAZE) are proposed to
fuse the matching points after feature extraction, so as to obtain more abundant matching
information of feature points.

3.1. Improved SIFT Algorithm Based on Fast Fourier Transform (FFT-SIFT)

The traditional SIFT algorithm has four steps, which are constructing scale space to
detect extreme points, the accurate positioning of the key points, determining direction
parameters of key points, and generating descriptor of feature points. The process of con-
structing scale space occupies 72.85% of the time. Therefore, accelerating the construction
of the Gaussian pyramid is the key to solving the above-mentioned problems.

The literature [22] theoretically proposed that the fast Fourier transform algorithm
should be applied to the construction of the Gaussian pyramid to accelerate the process
of convolution between the image and the Gaussian filter template, realize the rapid
construction of the scale space, and then improve the feature extraction speed of the whole
SIFT algorithm. The improved Gaussian pyramid creation process using FFT is shown in
Figure 2.

Input image Gaussian filter template

v

Fill zero to make it equal
to the size of the picture

\ 4 v
fast Fourier transform fast Fourier transform
v
. The image spectrum is multiplied
D ling |« .
owhsamping by the Gaussian template

A

\ 4

Inverse fast Fourier transform

v

Gauss pyramid

Figure 2. The construction process of the improved Gauss pyramid.

The DoG (Difference of Gaussians) pyramid creation has three operations: image am-
plification, image smoothing using Gaussian convolution, and image down sampling [22].
A set of images with different scales can be obtained by convolution the image in the
original SIFT algorithm. In practice, the last second images of a set of images is down
sampling to become be the first image of the next set of images, and then produce the
image of the O (Octave) group S (Level) layer by analogy. In the image Pyramid, images of
two adjacent scale space are subtracted to form the DoG pyramid.

In the improved Gaussian pyramid, the input image f(x,y) is firstly transformed into
the frequency domain f [1,0] by two-dimensional FFT transform, and then the Gaussian
filter template is used to make its size consistent with the image by zero-filling operation,
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and the FFT transform is also carried out. M and N in the formula represent the two-
dimensional sequence length, respectively.

M-1N-1

F[u,v} = Z 2 f[x,y}e*]‘ZTC%XeijTC%y (4)
x=0 y=0
1 M—-1N-1 o
floyl = —< Y Y Flu, vl m*e? vy 5)
MN u=0 v=0

According to the convolution theorem, the scale space is constructed by multiplying
the initial image in the frequency domain with the Gaussian template after FFT transfor-
mation. After convolution with Gaussian template, it is necessary to downsampling the
image to create different groups of Gaussian pyramid. The third layer from the bottom of
each group is downsampling as the first picture of the next group. Similarly, desampling
can be achieved in the frequency domain by superposition of spectral signals according to
the convolution theorem. The superimposed down-sampling signal is:

1 k k+ N
vio =3 x(5) +x(557)] ©
where X(k) is the spectrum of the original image, and V (k) is the spectrum of the sampled
signal of length N. Finally, the processed image is transformed into Gaussian pyramid
by inverse FFT, and the subsequent operation is similar to the traditional SIFT. In theory,
the reconstruction of the Gaussian pyramid based on FFT can significantly speed up the

construction speed of the pyramid, and then the speed of the whole feature point extraction
can be improved.

3.2. Feature Extraction Based on AKAZE Algorithm

Although the SIFT algorithm has good scale rotation invariance and robustness, the
core of the algorithm is the scale space constructed by Gaussian filtering template with
different scale parameters. Such linear filtering method will blur the whole image both
in detail information and noise, resulting in the missing of contour information of the
image. The accuracy of 3D reconstruction will be affected when it is applied to 3D printed
parts. Referring to the reference [23], this paper introduces an accelerated KAZE algorithm,
namely AKAZE algorithm. AKAZE realizes Fast Explicit Diffusion (FFD) embedded
in the pyramid framework, improves the speed of feature detection in nonlinear scale
space, and well preserves the boundary information of the target object. The process of
AKAZE algorithm is nonlinear diffusion filtering, construction of nonlinear scale space,
and generation of MLDB descriptor.

(1) The change of image brightness in different scale space can be described by nonlinear
diffusion filter, and the divergence factor of flow function is used to control the change

of image brightness:

3—6 = div(c(x,y,t) - VI) (7)

In the formula, the symbol V and div represent the solution of gradient and divergence
operation respectively, the L matrix represents the brightness of the image, and the
conduction diffusion function is represented by c, so that the image can obtain the
diffusion self-adaptability of local structure. The fast display diffusion method FFD is
used to accelerate the solution of nonlinear partial differential equations.

(2) Inthe process of constructing the nonlinear scale space, the images processed at dif-
ferent levels in each group of AKAZE have the same resolution as the original images.
The FED algorithm is used to calculate the nonlinear diffusion image sequence.

(3) The generation process of MLDB descriptor is as follows. Firstly, the main direction
of the feature point is determined. The feature points centered within the radius
of 60, the neighborhood of the point at which a first order differential Ly and L,
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are Gaussian weighted. The neighborhood of the feature point is traversed in a 60°
sector. Accumulation of all of the weighted vectors will accumulate and the highest
fan area direction as the main direction of feature points, as shown in Figure 3. The
surrounding area of the feature points in accordance with the grid division, and the
main direction of the feature points based on neighborhood rotate operation, after
the rotation to interval within the grid resampling discrete point value, and through
the calculation of horizontal and vertical direction of the scatter of grey value and
gradient values, generate descriptor with rotation invariance.

v
v
v

Figure 3. AKAZE calculates feature direction.

3.3. Strategy and Method of FFT-SIFT-AKAZE Feature Matching
The method flow of FFT-SIFT-AKAZE feature matching is presented in Figure 4:

FFT-SIFT matching based AKAZA matching based
on Euclidean distance on Hamming distance

I

Fast nearest neighbor search matching
point pair

v

Superposition of two matching results

Figure 4. Fusing process of multiple feature matching points.

In the feature matching stage, when SIFT feature matching is used, it is assumed that
the i-th descriptor of the first graph R is set to R; = (1, 42, - . . , "i128), and the descriptor of
the other graph Sis S; = (sj1, Si2, - . . , 5i128). Finally, the two images are matched according
to the similarity of the descriptor of the feature vector. The expression of the matching
similarity parameter is as follows:

d(R;,S;) = 8

Find the feature point whose Euclidean distance is minimum from the descriptor of
the first graph R, and then take the next closest feature point. If the ratio of the two is
smaller than the set threshold value, it is determined as a pair of feature points. AKAZE
descriptors are stored in binary mode, so it is only necessary to calculate the Hamming
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distance between the two descriptors to judge the similarity between the two feature
descriptors, as shown below:

n
Dham (0, 1) = Y 0; ® )
i=1

where the v; and the u; represent the vectors of two descriptors respectively. The distance of
binary descriptors can be calculated only by XOR operation. The criterion for judging the
success of matching is still the ratio of the nearest neighbor and the next nearest neighbor.
In order to improve the matching speed, this paper uses the fast nearest neighbor
search algorithm to search the matching feature points [24]. The coordinates of all feature
points are taken as keywords, and different feature points are divided into different spaces
according to their positions in the image and stored. A binary Tree KD-tree is constructed,
and the balance of the binary Tree is maintained to reduce a lot of meaningless matching
time. If the size of the image is n x 7, according to the nature of binary tree, the search
time complexity in the matching can be reduced to log>", and the total time complexity can
be reduced to O(n log,"). The minimum Euclidean distance of FFT-SIFT feature point and
the Hamming distance of AKAZE feature point are selected as the matching result. Then,
the two kinds of matching points are superimposed and fused to obtain more matching
point information. Since the feature extraction algorithms used by the two matching
algorithms are completely different, the coordinates of the feature points obtained by the
two algorithms are different and accurate to the sub-pixel level, s so the feature points
obtained by the two algorithms almost do not coincide. In this way, the superposition
of matching points obtained by the two matching algorithms not only retains rich edge
feature information, but also greatly improves the matching number of feature points.

4. Dense 3D Reconstruction of Point Clouds and Surface Texture Reconstruction in 3D
Printing Process

According to the previous analysis of 3D reconstruction based on the SFM sparse
point cloud, this paper proposes an integrated SFM reconstruction method. Firstly, the
global SFM is used to obtain the high-precision rotation, which lays a foundation for the
calculation of incremental SFM, and then the incremental SFM is used for more reliable
translation estimation, so that the integrated SFM algorithm has the advantages of both
precision and speed of reconstruction. On this basis, point cloud dense 3D reconstruction
and surface texture reconstruction are performed.

4.1. Sparse Point Cloud Reconstruction with Integrated SFM

The proposed integrated SEM 3D reconstruction process of sparse point cloud is
shown in Figure 5.
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Figure 5. Flow chart of Integrated SFM reconstruction.

Firstly, the collected images are grouped. The indicators to be considered in the group-
ing include the degree of overlap between images, the distribution of feature points among
images, and the matching density of feature points, etc. Based on these characteristics, a
correlation evaluation is proposed, and images are classified according to the correlation.
The evaluation formula is as follows:

C(Pj) + C(P])

=u + B

N(P.NP)  V(P)+V(P)
T AR) + AP

]
+r Vi

N(Pl' U P]) (10)

In the formula, s;; represents the correlation score of image P; and P;, C represents
the size of the graph area surrounded by the matching feature points of two images, A
represents the area of the whole image, N represents the number of feature points, and V is
the measure of the distribution of feature points in the image. The image is divided into
4k blocks of the same size by dividing the series k (k > 0), and the coefficient of each level
is defined as 2. Multiply by 1 or 0 (denoted as ) according to whether there are feature
points in the region, then the distribution of level kis V = 2k%.5, and the value of V(*) is
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VK = 28 in total. According to the experimental results, the values of coefficients a, § and
< are set as 0.4, 0.4, and 0.2, respectively.

Finally, the correlation between the images is used to construct the graph, and the AP
clustering algorithm based on the graph is selected for grouping. The principle process
is shown in Figure 6. Each image is the node of the graph, and the distance between two
points is the size of correlation. The greater the correlation between two images, the closer
the distance is. After the grouping is completed, the clustering center of each group is
taken as the origin, and the similarity evaluation s;; is used for constraint. The images with
insufficient internal correlation in each cluster are filtered and removed to complete the
image grouping.

4 Initial relationship 4 The first iteration 4 The second iteration 4  The third iteration

4 The fourth iteration 4 The fifth iteration 4

A

v
v
4
4

Figure 6. Image grouping principle of graph based AP clustering algorithm.

In the process of reconstruction in the group, the set of relative rotation matrix is
obtained in the stage of feature point matching, and then the global rotation matrix of the
first camera viewpoint is set as the unit matrix to get a preliminary collection of global
rotation matrix. However, there are still errors between it and the set of relative rotation
matrices, so it is necessary to minimize the overall error to obtain the optimal global rotation
matrix set Rv. The difference between the relative rotation R;; and the estimated RjRi_l is
calculated by using the minimization loss function:

s {R?,rzzgzﬁzrzlw><i,]z):egp (4(Ri iR ")) "

where p(*) is the loss function and d(*) is the distance between the global rotation and the
relative rotation. On the basis of the research in reference [25], Equation (11) is solved by
the BCH formula. In the process of selecting loss function, L; and L, are commonly used
for testing, but the effect is not ideal. By comparison, it is found that there is not much
difference in the running time of different loss functions, but L, has better accuracy when
selecting « = 1/2, so the loss function is:

p(x) = 2Jx|? (12)

The cost function is converged to get the global rotation matrix. Final fusion within
each group, in order to prevent the large gap between the fusion results of each group,
requires that the correlation evaluation and rotation error information should be combined
as the constraint conditions. The best image pair in the group was selected as the fusion
benchmark, and the rotation information of the two images after fusion is taken as the
input to carry out the intra-group fusion iteratively.
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Then the global SFM method is used to recover the camera position of each view
point. The global rotation of the camera has been calculated in the previous step, and
Equation (13) is used to calculate the position in a nonlinear optimization way:

7 T

Aijtij = Ri (t; — i) (13)
where E]- represents the relative displacement between the two views, A;; represents the
relative scale factor, t; and t; represent the global position vectors of camera i and camera j,
respectively, and R;! represents the global rotation matrix of camera i. The solution process
is based on the research results of Ozyesil et al. [26], and the cost equation is constructed

by using the minimum deviation of the vector equation:

. ti—t
argmian d| Rtjj, S (14)
t it

After testing and comparison, the better Geman—McClure function is selected for the
loss function p(*), and its expression is as follows:

x2/2
p(x) = P (15)

After the global position information of rotation and translation is obtained by the
above steps, the two-dimensional feature points can be located into the three-dimensional
space by using triangle positioning. Before processing the subsequent steps with incre-
mental PNP, the similarity between the remaining images and other groups of images is
evaluated, and these images are sorted and processed in order to solve the rotation and
position relationship between camera views.

After the 3D point cloud obtained by global SFM, the primary beam collimation
algorithm is firstly carried out to optimize the 3D point cloud and the parameters of
camera, and then the unprocessed images are successively added. The next step is to use
the PNP algorithm to solve the parameters of camera and align them to the existing model
coordinate system and then get the 3D point cloud of this image through triangulation.
Finally, the new 3D point cloud is combined with the basic point cloud, and the beam
collimation method is used for optimization when the new point cloud amount reaches a
threshold. After all the images are processed, the beam collimation method is implemented
again to get the final sparse point clouds.

4.2. Dense Reconstruction of Point Cloud and 3D Reconstruction of Surface

The SFM algorithm only gets a sparse three-dimensional point cloud, which also has
a large range of voids inside, and the details are not sufficient, which cannot meet the
reconstruction requirements of 3D printed parts, and further dense reconstruction is needed.
Patch based multi view stereo vision (PMVS) has the characteristics of simple operation,
more accurate reconstruction model, and can well deal with external point interference
and occlusion [27]. This paper uses this method to obtain dense point clouds. However,
in the actual application process, there will be more discrete points, which will affect the
final reconstruction effect. In order to get a better effect, the traditional PMVS algorithm
and the statistical outlier removal function encapsulated by PCL point cloud library are
used in this paper to remove the discrete outer points through statistical analysis, so as to
obtain a better dense reconstruction effect. The principle is to count the information of each
point and its surroundings, solve the distance between each point and its surroundings,
and calculate the average value. The result of the average value is expressed by Gaussian
distribution as follows:

D= fdi /n (16)
i=1
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where D is the average distance of the Gaussian distribution, 7 is the total number of neigh-
borhood points around the point, and d; is the distance between the neighborhood points
and the point. According to the threshold value set by D, the discrete outer points that
do not meet the requirements will be removed to obtain the dense point cloud with better
effect. Since Delaunay triangulation has a strong adaptive ability and good anti-image
noise effect when it is extended to three-dimensional space [28], Delaunay triangulation is
applied to surface reconstruction after obtaining dense point clouds in this paper, and for
the real-time requirement of 3D printing, divide and conquer algorithm with low computa-
tional complexity is selected. The common texture map operator encapsulated in OpenGL
library is used to realize the texturization of mapping, restore and reconstruct the real
texture of the object, and finally obtain the 3D reconstruction model of color restoration.

5. Comparison and Analysis of 3D Reconstruction Experiments in 3D Printing Process

The experiment of this paper consists of four parts, which are FFT-SIFT algorithm
feature point extraction contrast experiment, feature point extraction and matching contrast
experiment based on FFT-SIFT-AKAZE algorithm, the integrated SEM 3D reconstruction
contrast analysis. Finally, the accuracy of 3D reconstruction results is analyzed.

5.1. Experimental and Comparative Analysis of FFT-SIFT Algorithm for Feature Point Extraction

The new method of Gaussian pyramid construction based on fast Fourier transform
proposed in this paper can speed up the calculation speed of image two-dimensional
convolution, thus accelerate the SIFT feature extraction process, and because it does not
change the subsequent process of SIFT algorithm, it will not affect its scale and rotation
invariance, and will not affect the number of feature points extraction in theory. The
advantages of FFT-SIFT are summarized as follows:

(1) The construction time of Gaussian difference pyramid is reduced, and the speed of
feature point extraction is accelerated as a whole.
(2) Not only the speed is accelerated, but also the number of feature points is not reduced.

In order to prove that the FFT-SIFT algorithm has the above characteristics, images
collected in the printing process are selected to carry out comparative tests respectively
between the traditional SIFT feature point extraction algorithm and the improved FFT-SIFT
algorithm.

The five images of the printing process are collected and the effect of feature point
extraction is compared and analyzed, as shown in Figure 7. The a;, b; and ¢; (i = 1~5) from
left to right are the original image of the printing process, the feature point extraction of
the traditional SIFT algorithm and the feature point extraction of the FFT-SIFT algorithm.

The experimental results show that the extraction effect of feature points is nearly the
same, because the FFT-SIFT algorithm only changes the calculation method of Gaussian
filter template convolution, and speeds up the calculation speed of convolution without
changing other steps of SIFT. The comparison results of feature points of the two algorithms
are shown in Table 1.

Table 1. Comparison of the feature points extraction by the different algorithms.

The Sequence Number of The Number of Feature Time Consumption of SIFT Time Consumption of Feature Points
the Picture Points Extracted Algorithm to Extract Feature Points Extraction by FFT-SIFT Algorithm
ai 2634 431s 321s
ap 1927 3.62s 2.87s
a3 2879 443s 3.34s
ay 2015 3.98s 3.12s
as 2960 451s 3.57s
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(as) (bs) (cs)

Figure 7. Comparison of the feature point extraction results in the printing process. (a;—as) The

original image of the printing process; (b1—bs) The feature point extraction of the traditional SIFT
algorithm; (c1—cs) The feature point extraction of the FFT-SIFT algorithm.
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It can be seen from Table 1 that the speed of feature point extraction by the FFT-SIFT
algorithm is higher than that of the traditional SIFT algorithm, but it is not obvious from
a single image. Therefore, the FFT-SIFT algorithm is applied to the actual reconstruction
system for the overall time statistics, and each image set has 48 photos. As can be seen
from Table 2, with the increase of the number of pictures, the FFT-SIFT algorithm has
a higher speed of feature point extraction. The efficiency of feature point extraction is
obviously improved.

Table 2. Comparison of feature extraction time of different algorithms in the printing process.

The Image Set Corresponds to the Print  Time Consumption of SIFT Algorithm Time Consumption of Feature Points
Progress to Extract Feature Points Extraction by FFT-SIFT Algorithm
23% 98.18 s 7491s
36% 99.54 s 75.61s
63% 97.23s 73.37 s
85% 102.35s 7417 s
100% 93.36 s 70.25s

Based on the above experiments, the characteristics of the FFT-SIFT method are
summarized as follows:

(1) Compared with the traditional SIFT algorithm, the extraction speed of feature points is
faster, and the extraction speed is increased by 25.0% in the application of this system

(2) The number of feature points extraction does not change while accelerating the speed
of feature points extraction.

5.2. Experimental Comparison and Analysis of Feature Point Extraction and Matching Based on
FFT-SIFT-AKAZE Algorithm

The previous experiments show that the FFT-SIFT algorithm has the advantages of
scale rotation invariance, but the extraction effect of image edge contour features is limited,
and the detailed acquisition of edge information is of great significance to the accurate
reconstruction of 3D printed parts. Therefore, the AKAZE algorithm and the FFT-SIFT
algorithm are fused to extract and match the feature points for comparative experiments
to verify the effectiveness of the fusion method. The part of the images obtained from
image acquisition in the printing process are used for experimental comparative analysis.
Figure 8a is the result of feature extraction by the FFT-SIFT algorithm, Figure 8b is the
result of feature extraction by the AKAZE algorithm, and Figure 8c is the result of feature
extraction by the FFT-SIFT-AKAZE algorithm. The comparison shows that AKAZE is more
sensitive to edge contour information, and more detailed feature point information can be
extracted by combining the two algorithms.

Figure 9 is the verification of the feature matching results of the three algorithms.
Figure 9a—c are the effect pictures of the FFT-SIFT algorithm, AKAZE algorithm and the
FFT-SIFT-AKAZE algorithm for feature matching, respectively.
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(c)

Figure 8. Three algorithms are used to extract the renderings of the feature points (a) Feature
point extraction effect based on FFT-SIFT; (b) Feature point extraction effect based on the AKAZE;
(c) Feature point extraction effect based on the FFT-SIFT-AKAZE algorithm.



Appl. Sci. 2021, 11, 7961

15 0f 23

Figure 9. Feature point matching results based on three algorithms. (a) Feature points matching
result based on the FFT-SIFT algorithm; (b) feature points matching result based on the AKAZE
algorithm; and (c) feature points matching result based on the FFT-SIFT-AKAZE algorithm.

The Table 3 respectively records the average number of feature points extracted, feature
points extraction time, feature points matching time and the number of final feature points
matching based on the FFT-SIFT algorithm, AKAZE algorithm and FFT-SIFT-AKAZE
algorithm in the actual printing process. Figure 10 shows the 3D reconstruction point
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clouds of traditional SIFT matching algorithm and FFT-SIFT-AKAZE 3D reconstruction
point clouds.

Table 3. Comparison of different algorithms in the printing process.

. . Average Number of Feature Time Consuming of Feature Time Consuming of Feature Average Matching Number
Feature Extraction Algorithm Points Extracted Point Extraction (s) Point Matching (s) of Feature Points
FFT-SIFT 2578.2 73.67 24.89 263.5
AKAZE 1396.7 70.39 16.67 215.1
The algorithm in this paper 3974.9 75.35 25.58 453.3

(a) (b)

Figure 10. The 3D reconstruction point cloud of traditional SIFT matching algorithm and the 3D reconstruction point
cloud of FFT-SIFT-AKAZE. (a) The 3D reconstruction point cloud of traditional SIFT matching algorithm; and (b) the 3D
reconstruction point cloud of FFT-SIFT-AKAZE.

The following conclusions can be drawn from the comparative analysis of the test
results: Compared with FFT-SIFT algorithm alone, the fusion algorithm of FFT-SIFT-
AKAZE increases the number of feature matches by 72.0%, which is far higher than the
number of feature points extracted by the SIFT and AKAZE algorithms. Although the
extraction and matching time of the algorithm in this paper is slightly increased, the
matching results of the point cloud image obtained by the algorithm are more dense. The
number of feature matching of edge contour increases significantly, and the details of
contour become richer.

5.3. Experimental and Comparative Analysis of Integerated SFM

In order to prove the effectiveness and feasibility of the integrated SFM algorithm, the
paper compares it with the incremental and global SFM algorithm. The images collected in
the printing process are used as the experimental picture set, each picture set has 48 pictures.
Some picture sets of the printing process are selected for display as shown in Figure 11a,b:
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Figure 11. Captured images of 3D printing process. (a) Photo Gallery 1; (b) Photo Gallery 2.
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The comparison results of the three SEM reconstruction methods are shown in Table 4.
The root mean square error of the reverse projection error optimized by the beam adjust-
ment method is taken as the error evaluation standard, and the reconstruction time is
taken as the reconstruction efficiency, where the root mean square of projection error is

calculated as:
1 n
e= |- Y ui—oil? (17)
ni3

where 7 is the total number of matching feature points, u; is the coordinate of feature points,
and v; is the coordinate of projection.

Table 4. Comparison of efficiency and accuracy of three SFM algorithms.

The Print Progress of the Photo Collection Ty (s) er Tg (s) Eg Ty (s) ey
23% 97.38  0.5857 X X 73.28 0.6384
36% 108.81 0.5527 55.31 0.9183 66.54 0.5946
63% 11353  0.5679 54.32 0.8841 71.85 0.5594
85% 119.73  0.5879 X X 67.23 0.6487
100% 13820 0.5931 59.73 0.9354 72.16 0.6197

In Table 4, T; is the reconstruction time of incremental SFM, ¢; is the reconstruction
error of incremental SFM, T is the reconstruction time of global SFM, ¢g is the reconstruc-
tion error of global SFM, T is the reconstruction time of comprehensive SFM, ey is the
reconstruction error of comprehensive SEM, and x is the reconstruction failure of this
image set. Table 4 shows that incremental SFM has the longest running time and global
SFM has the shortest reconstruction time. The integrated SFM proposed in this paper is
between the two, and the average reconstruction time is 39.3% shorter than incremental
SFM. The main reason is that incremental SFM adds image registration camera in turn,
locates the feature points through triangulation, and finally performs beam adjustment
to optimize the reconstruction model. However, it takes a lot of time to perform beam
adjustment optimization continuously. The global SFM is to calculate the pose parameters
of all camera views at the same time, triangulate the positioning, and finally perform a
global beam adjustment optimization, which reduces the calculation amount and improves
the overall reconstruction efficiency. The integrated SFM proposed in this paper adopts the
method of grouping similar images to carry out fast global reconstruction of related images
within the group, and only incremental reconstruction of images that are not grouped into
the group. In this way, compared with incremental SEM, the reconstruction efficiency is
improved and the problem of scene drift that may occur in incremental SFM is alleviated.

In terms of reconstruction error, the incremental SFM reconstruction error is smaller,
and the global SFM reconstruction error is larger. The integrated SFM reconstruction error
is between the two, and the reconstruction error is 33.2% less than that of global SEM. The
main reason for the above phenomenon is that the incremental PNP algorithm registers the
image and the continuous beam adjustment method optimizes the point cloud model so
that the reconstruction accuracy is relatively higher. However, the global reconstruction
directly calculates all camera parameters at the same time, and finally the global beam
adjustment is optimized once, so the relative reconstruction accuracy is lower. In order
to solve the problem that global SFM is sensitive to the matching error, integrated SFM
pre-groups the images, and filters the images with low correlation within the group. Finally,
these filtered images are reconstructed by using the strong robustness of incremental SFM.
It can also be seen from the Table 4 that global SFM failed to rebuild the two image sets with
printing progress of 23% and 85%, which reflected that global SFM was not robust enough
and was more sensitive to wrong matching, while integrated SFM made reconstruction
more robust by grouping images. Figure 11 shows the final sparse reconstruction results of
the two image sets in Figure 12.
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(a) (b)

Figure 12. Sparse reconstruction results based on comprehensive SFM: (a) sparse reconstruction
results of image set 1; and (b) sparse reconstruction results of image set 2.

5.4. Accuracy Analysis of 3D Reconstruction Results

In order to ensure that the entire reconstruction system has a certain application
value, this paper designed the following experiment to estimate the accuracy. In this
reconstruction system, the accuracy of reconstruction can be estimated by the known
parameters in the system. In order to facilitate calculation, the code of the reconstruction
system is adjusted when the accuracy is measured, and the following operations are
carried out.

(1)  When photographing the target object from the front, the distance between the mea-
suring camera and the target object is 4.

(2) Set the front-shot image as the standard view angle, set the translation vector of
the perspective as 0, and set its rotation matrix as the unit matrix. After the above
processing, the origin of the perspective will be aligned with the origin of the world
coordinate system.

(3) Inthe subsequent reconstruction process, V1 was always taken as the basic view angle
and the dual-view reconstruction is carried out. In the subsequent optimization of
the beam adjustment method, the external parameters of the camera are not changed.

Finally, after the reconstruction is completed, check in the open source point cloud
computing project MashLab, 3D points of patch of 50 * 50 size reconstructed from the
marked V; perspective are selected, and the depth of these points is averaged, denoted as
z. In theory, a scale mapping relationship between the reconstructed point cloud and the
actual object is ¥ = d/z. However, due to the existence of reprojection error, this equation is
not valid. When the reprojection error is ¢, it will lead to the reconstruction point cloud
error is 0. When the distance d between the camera and the object to be measured is known,
the relationship c between the pixel and the actual distance can be calculated. According to
the similarity principle of triangles, the following formula can be obtained:

e ! (18)

The theoretical error can be obtained from the above equation:

e-d
o= ﬁ (19)
The accuracy calculation formula is applied to the reconstruction system. In the
formula, d is 156 mm after repeatedly measurements, and its error is £5 mm. By pho-
tographing the grid reference platform, c is 53.55 pixels/mm, the average reprojection error
eis 0.61, and f is 4.5013 mm. Finally, the theoretical error of this system can be obtained as
[0.4074, 0.3821] mm.
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In order to verify the accuracy of the above calculation, the ordinary printing platform
is replaced with a customized checkerboard printing platform, and the checkerboard grid
spacing is fixed. The standard cube is placed on the chessboard. When the first picture is
taken, the camera is pointed directly at the cube. The measured shooting distance is 156 mm,
and the rest are taken normally. The cube objects are reconstructed together with the
checkerboard printing platform, and finally the reconstructed model is input to MashLab
for measurement. The fragments of the collected image set are shown in Figure 13.

(4).bmp

(12).bmp

(29).bmp ( ) (32).bmp

Figure 13. Part of the images collected during 3D reconstruction.

Figure 14 shows the results of model reconstruction and measurement. The corre-
sponding scale relationship is found through the grid chessboard and the reconstructed
grid chessboard. Since the distance of the grid of the chessboard printing platform is known,
and the side length of each chessboard is 10 mm, it could be obtained that M3 = 1.15011
and the reconstructed size is 30.00 mm, and the scale coefficient » = 26.084 containing
reprojection error could be obtained. Therefore, the actual physical size of the model can
be obtained as follows: My = 1.15036 corresponding to reconstruction size of 30.00 mm;
M; =1.15564 corresponding to reconstruction size of 30.14 mm; M, = 1.15244 corresponding
to reconstruction size of 30.06 mm.

Finally, we use vernier caliper to measure the length, width, and height of the cube
10 times, and take the average value to get the real length corresponding to My, M; and
M, are 30.184 mm, 29.846 mm, and 30.620 mm, respectively. The final comprehensive
calculation shows that the actual error of the reconstructed system is 0.453 mm, and the
relative error is about 0.014%, which is close to the theoretical error. This precision has
good application value in 3D measurement of 3D printing process.
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Figure 14. Accuracy analysis of reconstruction results.

6. Conclusions

The real-time detection of parts in the printing process is one of the keys to form the
closed-loop control. Based on the vision 3D measurement theory, this paper proposes
a high-precision and rapid 3D reconstruction method of 3D printing process based on
vision, and designs the corresponding detection structure. In order to improve the speed
of 3D reconstruction, the FFT-SIFT algorithm, which can realize the rapid construction
of scale space, is integrated with the AKAZE algorithm to improve the speed of feature
extraction and obtain more feature matching information at the same time. Combining
the incremental SFM algorithm with the global SFM algorithm, an integrated SFM sparse
point cloud reconstruction method is developed to improve the reconstruction efficiency
and robustness. On this basis, point cloud densification, point cloud model meshwork
and texture mapping are utilized to achieve accurate 3D reconstruction of 3D printing
process model. The comparative experimental analysis shows that compared with the
classical SIFT algorithm, the proposed 3D reconstruction method can improve the extraction
speed of feature points by 25.0%, improved the number of feature matches by 72%, and
the reconstruction relative error is about 0.014%, which is close to the theoretical error.
The proposed 3D printing process detection method has good application value and
industrial significance.

In conclusion, the main advantages of the optimization method in this paper are: in
the process of 3D reconstruction of 3D printed structures with single color and texture, the
process of feature extraction and matching not only maintains the robustness of scale but
also retains more edge details on the basis of improving the matching speed. At the same
time, the proposed integrated SFM method not only maintains the reconstruction speed
and accuracy, but also has good robustness in the process of multi views reconstruction.
The three-dimensional reconstruction method in this paper can be widely used in the
three-dimensional detection of small and medium-sized structural parts.

In order to improve the practicability of the detection system, the following two tech-
nical and theoretical problems need to be discussed and improved in the follow-up work:
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(1) The impact on the print results for lowering and rising the printing platform (print
bed) during the printing process.

In the process of 3D printing, image acquisition is a static process, so it is necessary to
pause printing and take photos on the lifting platform. This process may bring some slight
deviations along the z-axis. In order to improve the accuracy of the printing process, we
can use better motors to drive the z-axis movement and optimize the mechanical structure
of the printer to ensure the effect of 3D reconstruction. At the same time, in order to prevent
the problem of complete cooling of the material caused by the long pause of printing,
better cameras can be used to shorten the exposure time and improve the stability, so as to
accelerate the process of taking photos. Besides, continuous experiments can be carried
out to shorten the photographic interval, so as to reduce the negative impact of material
temperature drop in the printing gap on the printing quality. Secondly, consider improving
the structure of the detection system, so as to avoid the movement of the printing platform
in the z-axis direction in the process of image acquisition. In order to realize dynamic
online detection, multi vision synchronous image acquisition can be considered.

(2)  Accuracy of reconstruction system

In the 3D reconstruction of the actual 3D printing process, the reconstruction accuracy
is greatly affected by the hardware platform. According to Equation (19), the main factors
affecting the reconstruction accuracy are: the distance between the camera and the printing
structure, the pixel of the camera, and the focal length of the camera. The limited hardware
conditions of the camera and 3D vision system currently used in this paper lead to a
large reconstruction error. All these factors can be improved by optimizing the hardware
structure of 3D vision system and using better camera equipment in the future, so as to
improve the accuracy of the reconstruction system, and then improve the practical value of
the integrated SFM algorithm.

In short, based on the existing results, the subsequent work should first further analyze
the influence mechanism of the three-dimensional reconstruction error, propose the error
separation, and compensation methods to improve the measurement accuracy. Secondly,
the hardware equipment of the detection system should be further improved to improve
the practicability of the method. On this basis, the parameters of the printing process are
controlled to achieve closed-loop printing feedback.
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