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Fig. 4 Different types of probe and a probe calibration base. (a) Universal needle probe; (b) through-hole probe; (¢) chamfered probe;

(d) probe calibration base
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Fig. 5 Probe calibration principle. (a) Probe calibration principle for needle probe; (b) probe calibration principle

for chamfered probe
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Table 1 Target probe calibration data for needle probes

Serial number 2 /mm y/mm 2 /mm

1 44.438 208. 647 —8.385

2 44. 886 210. 309 —8.355

3 46. 096 209. 885 —7.638

4 45.210 209.903 —7.617

5 45. 380 209. 874 —7.030

6 45. 244 209.491 —7.878

7 44.438 209. 048 —9.276

8 46. 311 209.019 —7.267

9 44.945 209. 807 —7.520

10 45.193 208. 760 —7.902

Average value 45.214 209.474 —7.887
Standard deviation 0.614 0. 568 0. 649

F2 HAI Sk 0 AL AR R BT b Kt

Table 2 Target probe calibration data for other probes

s./ s,/ s/

mm mm mm

Probe type & /mm y/mm % /mm

Through-hole 44.438 208.647 —8.385 0.356 0.673 0.492

Chamfer  46.096 209.885 —7.638 0.811 0.936 0.929
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Fig. 11 HoloLens2-based single-point repeatability experiments
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Fig. 12 An image seen in Holol.ens2
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Table 3 Single point repeatability experiment data of target

probe

Serial number 2 /mm y/mm 2 /mm

1 —32.1244
2 —31.1201  —725.541 474.0104
4 —33.6461  —726.053  474.5787
5 —32.1339 —726.920  475.9925
6
7
9

726.150 474.6423

—30.4558  —724.253  478.0665
—35.4618  —726.092  475.9372
—33.2491  —725.900  477.5845
10 —31.6545  —725.449  472.8879

Standard deviation 1.783 0.817 1. 548
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Fig. 13 Setting up virtual test points
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Fig. 14 Selecting real test points
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Fig. 15 Registration points set in unity
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Fig. 16 Real points selection and effectiveness of virtual-real

registration
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Table 4 Virtual-real registration errors corresponding to six

registration points

Test point Mean error /mm

1 2.412
2 2.893
3 5.363
4 6.551
5 1.774
6 3.539
7 1.721
8 2.732
9 2.379
10 1.865
11 1.646
12 1.573
13 3.016
14 3.021
Average value 2.892
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Fig. 17 Spatial distribution of virtual and real test points
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Fig. 18  Virtual-real registration errors corresponding to
different number of registration points
7 —e— group 1
6 —4— group 2
5 —m— group 3
g
E4
=
7}
Z 3
ol
1
03 4 5 6 7 8 9
Number of registration points
BI19 AN [ EE M B0 B ) RMSE
Fig. 19 RMSE corresponding to different number of

registration points
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Abstract

Objective Augmented reality technology can superimpose virtual information onto the real environment, which has a
broad application prospect in the field of aircraft assembly. At present, aircraft piping and cables still mainly rely on manual
assembly, usually using 2D drawings or 3D models for guidance. However, 2D drawings are usually difficult to accurately
display complex assembly details, which can easily lead to misunderstandings or omissions. Furthermore, computers are
usually placed in designated areas outside the cabin, so that workers need to interrupt the assembly work to view the 3D
model, resulting in low assembly efficiency. With the help of augmented reality technology, the 3D model, process
information, and other virtual content can be directly projected into the actual assembly scene, which provides workers
with 3D visualization guidance and reduces the difficulty of their understanding. Subsequently, the augmented reality
technology can be applied to the assembly quality inspection process, thus significantly improving production efficiency.
Virtual-real registration is a key technology in augmented reality application, which determines the accuracy of virtual-real
object alignment, and commonly used virtual-real registration methods such as sign-based, model recognition-based, and
human-computer interactive. However, these methods make it difficult to realize the accurate registration of large-size and
structurally complex aircraft parts, which results in the great limitation of augmented reality-based assembly guidance
technology in the application of the industrial field. Therefore, we propose a multi-point augmented reality registration
method for aircraft pipeline cable assembly, which combines target probe design and calibration, SVD-based positional
transform solution and World Locking Tools (WLT) augmented reality space precision locking to effectively improve the

accuracy of the augmented reality alignment of large-size parts.

Methods First, we design a handheld target probe and calibrate it to determine the coordinates of the tip point of the
probe under the target coordinate system, achieving a more accurate measurement of the point on the surface of the part.
Second, we conduct the multi-point virtual-real registration based on SVD. The target mark on the probe uses a QR code,
and the size is designed to be 10 cm >} 10 em. Different probe tips are designed according to the typical features of aircraft
parts, including universal needle probes, through-hole probes, and chamfered probes. The probe calibration system uses
an industrial camera and rotary calibration is conducted around the tip of the probe. The probe calibration process target
needs to always be in the field of view of the camera. The probe calibration principle is the same for different probes,
namely that in the probe rotating process, the probe tip coordinates in the camera coordinate system are always unchanged.
Unity is adopted to develop the multi-point registration program, specifically relating to QR code recognition, registration
point distribution, singular value decomposition for attitude transformation, WLT virtual-real space alignment method
development, human-computer interaction, virtual scene content layout, and other content development. After deploying
the developed program into HoloLens2 glasses and running the developed App, firstly, we select the suitable registration
points on the virtual model. Then we use the target probe to select the corresponding points on the real parts and utilize the
singular value matrix decomposition method to solve the positional transformation between these two groups of points in
the virtual-real mapping space of the augmented reality device. Finally, the 3D model can be aligned to the real parts

according to this transformation.

Results and Discussions We experimentally verify the effectiveness of the target probe calibration (Tables 1 and 2).
Under the target coordinate system, the standard deviation of the tip coordinates in the three axes of x, y, and z are all less
than 1 mm, and the calibration results have a high degree of stability. From HoloLens2 single-point repeatability
experiments (Table 3), we can see that the standard deviation of the three axial directions is not more than 1. 8 mm and the
error in the process of large-size parts of the virtual-real registration process is tiny, verifying that the designed target probe
meets the needs of the use of multi-point registration method. To quantify the virtual registration accuracy of large-size

parts, we apply the target probe to test the virtual-real alignment accuracy of the wing within the range of 3 mXxX1.4 mX
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0.5 m. The experimental results show that the absolute accuracy of the virtual-real registration can be better than 3 mm,
which meets the needs of actual aircraft pipelines and cables for augmented-reality assembly guidance applications. We also
analyze the impact of the number of registration points and layout on the accuracy of virtual-real registration based on
experiments. We carry out experiments in turn with 3, 4, 5, 6, 7, 8, and 9 pairs of registration points (Fig. 18, Fig. 19),
and the experimental results show that the registration error and the RMSE are larger when 3 pairs of registration points are
used. With the increase in the number of registration points, the registration error gradually decreases and tends to be
stable, and the RMSE declines insignificantly and remains stable. Therefore, it is more appropriate to choose at least 4
pairs of registration points for the validation object of this paper. The distribution of registration points is also analyzed
experimentally (Fig. 21), and the results show that when the coverage of registration points is less than 30%, the
registration error and RMSE are larger, and there is unstable registration. With the increase in the coverage of registration
points, the registration error and RMSE show a gradual trend of decreasing. Thus the distribution of the registration points
tries to cover the whole model as much as possible. In conclusion, our method can realize the accurate virtual registration
of large-size 3D models, and the number of registration points can be adjusted according to the size of the parts. At the
same time, we need to consider the problem of low registration efficiency caused by too many pairs of registration points,

and the distribution of registration points covers the whole model and is not in the same plane as much as possible.

Conclusions Our multi-point registration method can effectively improve the accuracy of virtual-real alignment of large-
size parts, and the method also has the advantages of lower algorithmic computation and no special requirements for the
structure of the object to be virtual-real aligned. It should be noted that this method partially relies on the more stable
spatial localization technology of HoloLens2, and subsequent research will continue to improve the spatial localization
accuracy and stability of augmented reality devices to further improve the stability of the virtual-real registration. In
addition, the accuracy of the probe calibration is very critical to the subsequent registration and accuracy verification, and
higher precision probes can be designed or their calibration algorithms can be improved to further improve the accuracy of

the virtual-real registration.

Key words measurements; aircraft assembly; augmented reality; virtual-real registration; probe calibration; multi-point

registration
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