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Purpose — Aircraft assembly is the crucial part of aircraft manufacturing, and to meet the high-precision and ~ Accepted 20 February 2022
high-efficiency requirements, cooperative measurement consisting of multiple measurement instruments and
automatic assisted devices is being adopted. To achieve the complete data of all assembly features,
measurement devices need to be placed at different positions, and the flexible and efficient transfer relies on
Automated Guided Vehicles (AGVs) and robots in the large-size space and close range. This paper aims to
improve the automatic station transfer in accuracy and flexibility.

Design/methodology/approach — A transferring system with Light Detection and Ranging (LiDAR) and
markers is established. The map coupling for navigation is optimized. Markers are distributed according to the
accumulated uncertainties. The path planning method applied to the collaborative measurement is proposed
for better accuracy. The motion planning method is optimized for better positioning accuracy.

Findings — A transferring system is constructed and the system is verified in the laboratory. Experimental
results show that the proposed system effectively improves positioning accuracy and efficiency, which
improves the station transfer for the cooperative measurement.

Originality/value — A Transferring system for collaborative measurement is proposed. The optimized
navigation method extends the application of visual markers. With this system, AGV is capable of the
cooperative measurement of large aircraft structural parts.

Keywords Transferring system, Visual marker, Laser tracker, Measurement
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1. Introduction

Aircraft assembly is one crucial part of aircraft manufacturing (Mei and Maropoulos, 2014),
and to meet the high-precision and high-efficiency requirements, cooperative measurement
consisting of multiple measurement instruments and automatic assisted devices is being
adopted (Flynn and Miller, 2019). The data measured at a single position is limited and to
achieve more data of all assembly features, measurement instruments need to be placed at
different positions (Deng et al., 2018). The flexible and efficient transfer relies on Automated
Guided Vehicles (AGVs) and robots in the large-size space and close range, respectively.
Manual handling of measuring instruments is inefficient for station transfer and unreliable in
terms of accuracy, which will eventually reduce the measurement efficiency and accuracy
(Deng et al, 2018). With automatic station transfer, the efficiency of alignment can be
improved as well (Zeng et al., 2020a; Liu ef al., 2017; Mei and Maropoulos, 2014). Hence, it is of
great significance to research on the automatic station transfer for the cooperative
measurement in the field of aircraft manufacturing.
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JIMSE Many navigation methods applied for automatic station transfer have been developed in
31 recent years, which could be divided into three main categories according to the ranging
’ devices (Ryck et al.,, 2020; Andrea, 2012; Andreasson, 2015): (1) LIDAR (Light Detection and
Ranging)-sensor-based type; (2) vision-sensor-based type; and (3) hybrid-sensors-based type.
In those LiDAR-sensor-based methods, the navigation map is usually constructed with
Simultaneous Localization and Mapping (SLAM), and it is superior in the performance of
32 flexible navigation and active obstacle avoidance (Hess et al, 2016; Ramasamy ef al., 2016).
However, the transfer only relying on LiDAR is not accurate enough for cooperative
measurement since positioning accuracy requirement in the efficient pre-alignment is almost
5 mm (Wu and Du, 2018). Speaking of the vision-based measurement, there are two main
kinds: one kind is to build a map with the help of Visual Simultaneous Localization and
Mapping (VSLAM) (Mur-Artal et al., 2015; Mur-Artal and Tardos, 2017), and the other kind is
to recognize the visual markers. VSLAM has an advantage of map construction and
perception of large-scale spaces while the visual markers based methods are more accurate in
positioning. QR (Quick Response) code, AR Tag, ArUco Marker (Garrido-Jurado, 2014), April
Tag (Olson, 2011; Wang and Olson, 2016) and so on are the most common visual markers, and
among them, April Tag (Xing et al, 2018) is outstanding for easier identification and higher
positioning accuracy (Krogius et al., 2019). With markers as reference, the positioning is more
convenient, and less or no interference of ambient light will happen. In view of this, this way is
more applicable for transfer in the field of aircraft manufacturing. Wang et al. proposed a
mobile robotic measurement system for large-scale complex components based on the visual
markers (Wang et al., 2021). But as Fiala ef al pointed out, the high positioning accuracy is
limited to the periphery of markers, and for flexible transfer in the entire map, markers need
to be combined with other methods (Fiala, 2015). Consequently, the hybrid method is
developed to fuse information from different sensing devices, especially the hybrid of LIDAR
and markers.

In the research of hybrid methods, Subramanian ef al. effectively optimized the obstacle
avoidance of Unmanned Aerial Vehicle UAV by the hybrid of LIDAR and visual navigation
methods (Ramasamy ef al, 2016). Gao et al. improved the accuracy and flexibility, and the core
is the occupancy map with markers integrated into it (Gao et al.,, 2016). In recent studies, there
are basically two main difficulties in this hybrid positioning system. The coupling accuracy is
the prior factor for positioning accuracy, it is restricted by the ranging limitation of LIDAR.
Besides, the position can be accurately achieved by measuring the close and fixed markers,
and once the AGV moves away from the marker, the positioning accuracy decreases rapidly.
So does the flexibility.

In terms of the coupling, it is optimized by the Adaptive Monte Carlo Localization (AMCL)
in usual (Rowekamper et al, 2012). For further optimization, Kudriashov et al. incorporated
the EKF (extended Kalman filter) filtering into AMCL (Kudriashov et al., 2019). The scene for
the cooperative measurement is rarely changed and the measurement of AGV’s positions for
AMCL can be more accurate. The laser tracker is the high-precision measurement
instruments and is indispensable in the cooperative measurement, which can be adapted
for the measurement of AGV. The coupling can be improved by the more accurate positions
of AGV. Based on this, the method of map construction is proposed and the conversion matrix
of the coupling can be calculated. For the deficiency in flexibility, Zeng et al. fixed QR codes in
the circular route and then the positions can be calibrated periodically (Zeng et al, 2019).
Wang et al. arranged markers in a certain density to calibrate the positioning (Wang et al.,
2021). The transfer in the measurement area demands high positioning accuracy, and
quantitative analysis of various possible deviations is the premise of marker’s layout. In view
of this, the proposed method quantifies the deviations, assumes and verifies the relationship
between the interval of markers and the various accumulative deviations. Based on this
relationship, the layout of markers is reasonably estimated and applied.
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In addition, the navigation method is changed adaptively as well. The entire navigationis Measurements
segmented into several segments to recognize the markers, and in case of the damage of in aircraft
measurement instruments, the cost of path planning takes the changes of direction into assemnbl
consideration. Then the A*-heuristic algorithm (A*) is adapted accordingly. The y
measurement accuracy of the odometry decreases with distance, and due to the calibration
of markers, the distance away from makers in the proposed map is very short. Hence,
odometry and markers are adapted for the adjustment as accurate references. Together with 33
the prearrangement and navigation method, the navigation system via LIDAR and markers
is constructed for cooperative measurement in the field of aircraft manufacturing.

The rest of the paper proceeds in the following order. Section 2 briefly describes the
structure of the system. Section 3 shows the method of map coupling and layout of markers.
Section 4 explains the optimization of navigation methods in detail. The experiments of the
self-positioning and navigation methods are evaluated and discussed in Section 5. Then, the
conclusions and the future work are shown in Section 6.

2. System structure
The transferring system can be applied to the wing and fuselage assembly as shown in
Plate 1. The proposed navigation system consists of the following equipment (Qin et al., 2016):

(1) AGV with mecanum-wheels for flexible and accurate station transfer;
(2) LiDAR on board for map construction and obstacle avoidance;
(3) A camera on board for marker recognition and position calibration;

(4) Markers fixed on the ground for position calibration and map construction, which are
also the core of path planning;

(5) Alaser tracker for the assistance of map construction and verification of the accuracy
in positioning.

The actual scene is scanned by LiDAR and the occupancy grid map is constructed with
SLAM. The coordinates of markers and AGV are measured to optimize the coupling by the
laser tracker with higher positioning accuracy. When the conversion matrix of two maps is
decoupled, markers can be coupled into the grid map accordingly. For better path planning,
segmented navigation method is adapted for periodic calibration with markers. A* is
optimized to select the path with the least cost and minimize the changes in direction to
improve the reliability during the station transfer. Boundary marker is the marker closest to
the target station, which is chosen to improve the final positioning accuracy. The procedure of
the proposed navigation system can be simplified as Figure 1.

Plate 1.

An application of wing
and fuselage assembly.
Fuselage, wing and
other measurement
instruments are
transferred by AGV,
and two coordinate
systems are
constructed for
navigation

Scene coordinate system
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Figure 1.

The proposed
navigation system
consists of map
construction and
navigation method and
map construction is the
prearrangement for
navigation method

Figure 2.

The fitting circle
measurement method
is proposed for figuring
out the geometric
center of AGV
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3. Map construction

During the map coupling, the relative positions of AGVs are usually estimated by the
odometry, which can be optimized by the laser tracker. And there is a problem that the target
ball cannot locate the center of AGV.

Aiming at the problem, a fitting circle measurement method is proposed. The geometric
center of Spherically Mounted Retroreflectors (SMRs) does not coincide with the center of
AGV, but the relative positions of SMRs are fixed. When AGV rotates, the geometric center of
SMRs is distributed in a circle around the geometric center of AGV as shown in Figure 2.
AGVs rotate multiple times to calibrate the deviation between the center of SMRs and the
center of AGV, where pfej denotes the center of SMRs and Ny denotes the times of rotation.

The center point set is obtained through rotation, and it can be fitted to a circle with Ppq as
the center and 7,;q as the radius. Therefore, the Total Least-Squares (TLS) equation (Coope,
1993), the geometric center of SMRs can be constructed. The problem of determining the circle
of best fit, in a TLS scene, to a set of data points Pg; € R", j =1, 2, ..., Nk, is a special case
(n = 2) of the following TLS problem: Determining values of Pp;q and #p;q which solve the
problem:

AGV

Icp
Conversion, .
Matrix Map coupling

Integrated with conversion matrix ——

Map construction

s
»S‘“ ( Center of the SMRs
%‘5 N ek / A_I:{_e" Rotate |
Center of the SMRs AN
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com jinsel/article-pdf/3/1/31/2720505/ji mse-01- 2022- 0001. pdf by guest on 05 August 2026



Measurements
rfﬂlian{f idy Pinid) ) O in aircraft
assembly

where f;(Puid, 7mia) is the distance of the point Pg; from the fitted circle,
ﬁ(Pmid, Vmid) = "mid — ||Pmid - PRj||2 @

As shown in Plate 2, a right-hand Cartesian coordinate system is established. During the
coupling, N, scattered stations are arranged for measurement. p; equals to Ppiq at each
station. X = {x1, 2, ..., xn,} denotes the positions of AGV in the occupancy grid map
(Vasiljevic et al, 2016).

The Iterative Closest Point (ICP) algorithm matching method is used to minimize the
coupling error function E(R, t) of the two coordinate systems (Arun, 1987). Decoupling the
two coordinate systems of actual scene and grid map and the rotation matrix R and
translation vector ¢ can be calculated.

Markers measured by the laser tracker are, M = {my, m, ..., my, }, where N;, denotes
the number of markers. A denotes the coordinates of markers in the occupancy grid map and
it can be obtained by solving the following equation:

A=R-M+t ®3)

35

Uncertainties are closely related to positioning accuracy and they are distributed in the
following parts: measurement uncertainty from laser tracker orts (Zeng et al, 2020b),
coupling uncertainty o7, motion uncertainty o,,, uncertainty of marker recognition o, and the
positioning error of AGV ¢ (Motai and Kosaka, 2008). The functional relationship between
uncertainties and positioning accuracy are calculated and verified by the simulation. o7
denotes the coupling uncertainty, and it can be calculated according to equation (3).

To figure out the functional relationship, uncertainties are measured and recorded in
different distances respectively. The data are fitted with different functions and the function
image is shown in Figure 3. The safety margin coefficient Cis designed to leave a margin for
uncertainty analysis. The safety margin coefficient should be 1 when the uncertainties are
absolutely correct. For the reliability of the equation, the measurement data are calculated
under different coefficients and a completely linear distribution. And when C = 1, the
calculated result is closer to the actual distribution. In this case, Cis slightly greater than 1.

| Laborator y Random stations jo: coupling | Get the pose of AGV in the grid map

Plate 2.

The positions of AGV

‘ in the coordinate
system of scene are

measured in sequence

by the laser tracker.

The positions of AGV

2 / A in the coordinate

1 Coor: a’mare system  Coordinate system Occupa ygrid  Coordinate system system of grid map are
| Hokuyo lidar of AGV of scene map of Grid map measured by LiDAR
S——— 4 accordingly
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Figure 3.
Functional
relationships between
uncertainties and
movement distances
are simulated and the
results of simulation
are distinguished by
different colors
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According to equation (5), the arrangement interval of markers d can be derived. The
applicable interval should ensure that AGV can accurately identify the next adjacent marker
after identifying one marker at least.

2 1L 52
C,/o%+ ol

+ drag — drov ©)

where dr,, denotes the size of markers and dp,, denotes the square field of view.

Each interval needs to be less than d, but not to be strictly the same. Therefore, markers
can be arranged and coupled into both actual scene and grid map, and the map for
transferring is constructed.

Markers are easily contaminated and damaged and the arrangement of markers is time-
consuming and troublesome, which are the limitations of the proposed marker based
positioning method in actual measurement. Therefore, markers need to be checked and
replaced regularly. Besides, the number of arranged markers can be reduced by planning the
measurement area and other area in advance. As shown in Figure 4, 36 markers rather than
56 markers need deploying after the pre-planning.

4. Navigation method
Since the prearrangement of the system is completed, the navigation method is optimized
accordingly. The navigation from the initial station to the boundary marker and from the
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boundary marker to the target station is segmented as rough navigation and precise Neasurements

navigation respectively (see Figure 5). in aircraft
The rough navigation is segmented into several segments and each segment is able to assembl

identify markers for position calibration, the difficulty of which is the accumulated errors. y
Few markers are better for the efficiency, and the selection method can be obtained.

O,
zjzng\/afTS+62T+6§+C0m ©) 37

The set of markers is denoted as A = {A1, A2, 43, ..., An,,}, Where N, denotes the sum

of markers and A denotes the set of markers. The uncertainty from the initial point to the

boundary marker is summarized as } o, where g denotes the index of the boundary marker.
N denotes the number of segments and can be obtained as follows:

2 0g
N'=|\/otrs + % + 02 + Co,y @

The reference Manhattan distance of each segment which denotes ds.q can be calculated
accordingly.

A(Tspart, A
oy = P00 20 Y 2 ®

Measurement Area™

Marker

Figure 4.
The whole scene is
< divided into
measurement area and
other areas, as shown
. . . . in (a) and
Markers in other area are not omitted Markers in other area are omitted reégective(gz
(a) (b)
Segment selection Map update Rough
T _ navigation
v yes
S R i <
gl p g " es Figure 5.
4 1o, Process from position
’ A to position B is
Preeise | n 1 segmented into
navigation segment selection,

Position B }eves Movement le—1| High precision |, Position e rough navigation and
I with odometry adjustment calibration precise navigation
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JIMSE Interval of these markers closer to the reference distance and markers closer to the target
31 station are selected as the segmented markers. The relationship of segmented markers can be
’ expressed as follows:

i = { Hd<TStart7 At]) - d(TStarta Aij,1> - dSeg”min (9)
! d(TStart7 Azj) + d(Az]7 TGoal) = d(TStart7 TGoal)

38 Toa denotes the position of the target station and 1,1, ..., iy denotes the index of selected

markers. Especially, iy = g.

During the navigation, changes in direction (Censi et al, 2013) will increase the count error
of encoder and then reduce the accuracy of motion control. And routes with multiple turns are
not allowed in the real measurement, because it will complicate the arrangement of
measurement instruments.

{g(% - 1) + ksame(g(n) _g(n - 1))3 Dn—l,n = Up-2n-1
g(” - 1) + kdlff(g(n) - g(n - 1))3 Dn—l,n :#Dn—Zﬂ—l (10)
f(n) =g (n) + h(n)

Toreduce the cost of changes in direction, the expansion direction of node denoted as D,,—1 , 1S
introduced. When the expansion direction of the node is the same as the previous one, the
Manhattan distance of the expansion node is reduced to ks,me times of the actual distance.
When different, it will increase kg times.

The final positioning accuracy of AGV is more crucial for measurement. Generally,
dynamic window approach (DWA) and virtual force field and other motion planning methods
concentrate on the obstacle avoidance (Ryck et al, 2020) rather than the final positioning. The
positions of AGV are calibrated by boundary markers and then AGV with odometry (Kallasi
et al, 2017) is capable of high feedback accuracy at a short distance.

The DWA is optimized as follows.

G(v, w) = a-angle'(v, w) + p-dist(v, w) + y-vel (v, w) + 5-dtar(v, w) 11)

gn) =

In the above equation, taking into account the angle adjustment after the station, the angle
evaluation function is optimized and adjusted.

0
1-— pe dtar(v, w) > dy argin

angle’ (v, w) = 0o 12)
- UVtar
P

, dtar(v, w) <dy argin

The remaining distance function is added to encourage the approaching. In the equation, d,,
is the distance between the current position and the goal, dir is the distance between the
calibrated position with markers and the goal and dg,, is the sampling distance (see Figure 6).

dtar + dsam )

13
dta.rO + dsam ( )

dtar(v, w) = cos<

The speed is reduced as the goal gets closer.
vy <sin < uar + dsam ) - (14)

i
vel' (v, w) =
Umax dtarO + dsam
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5. Experiment

Markers are applied to improve the accuracy of the occupancy grid map, optimize the path
planning method and calculate the adjustment with high accuracy, which plays a crucial role
in the proposed navigation system. It is indispensable to verify the self-positioning accuracy
of recognizing markers.

The laser tracker is a high-precision measuring device and it can be applied as ground
truth for accuracy verification. And then, the accuracy of self-positioning can be verified with
the markers. To verify the accuracy and efficiency of the proposed navigation method,
several methods are experimented for comparison.

5.1 Accuracy of self-positioning

The process of the self-positioning is that AGV recognizes the marker and calculate the
position of the AGV. The deviation of the visual self-positioning o.ar, has a vital effect on the
positioning accuracy. In order to verify the reliability of the self-localization algorithm,
the proposed marker based positioning method is compared with AMCL and NAV350
methods which are widely used in factory. As shown in Plate 3, the experimental equipment
consists of AGV (repeatability: 0.1 mm), camera (type: MER2-503-36U3M/C-L, accuracy:
1001 p/mm), markers (type: April Tag, size: 50 X 50 mm), LIDAR (type: Hokuyo UST-10LX,
accuracy: +£40 mm), NAV350 laser scanner (accuracy: +4 mm), laser tracker and the matching
T-Probe (type: Leica AT901, accuracy: +10 pm+5 pm/m).

The proposed positioning method is to achieve the positions of markers by the T-Probe
and then to calculate the positions of AGV with cameras. The AMCL method is to build an
occupancy grid map with SLAM and then to calculate the positions with AMCL algorithm.
NAV350 obtains its precise position through the reflector. The positioning accuracy of
different methods is compared with the reference, which is the position of AGV obtained by
the laser tracker. Deviations will be negative when AGV has not reached the theoretical
position, otherwise it will be positive. The three positioning methods are verified 20 times in
each of the four markers and deviations with reference can be processed into the distributions
of different directions as shown in Plate 3 and Table 1, where u; denotes the average
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Plate 3.
Verification of self-
positioning is carried v
out with marker, ‘°\
and NAV 350 Ll Bl
Marker based positioning
method AMCL positioning method NAV350 positioning method
No dx/mm  dy/mm  dr/mm  dy/mm  dymm  dr/mm  dx/mm  dy/mm  dr/mm
1 0.232 0.353 0422 14.397 5066 15263  —0.042 0.011 0.043
2 0.298 0.342 0453 0552  —6.440 6463  —0139  —0.089 0.165
3 0.139 0.134 0.193 18.433 13410 22794 0.086 1.979 1.981
4 —0.360 0.194 0.409 31.407 17210 35813 0444 0.951 1.050
5 —0.384 0.074 0.391 —0.416 13670 13676  —0.409 0.579 0.709
The deviations of the 80 -0249  —0.305 0.394 3.639 2.068 4.186 0.106 0.125 0.164
positions acquired by HPeelf —0.006 0.058 \ 2.069 3.335 \ 0.128 0.040 \
self-positioning and the Oselt 0.282 0.254 \ 12.923 11.836 \ 0.989 1.068 \
laser tracker +30elf 0.846 0.762 1.139 38.769 35508 52572 2967 3.204 4.367

deviation and o denotes the standard deviation. d» represents the magnitude of the
deviation, which does not follow the normal due to the loss of direction.

Figure 7 shows the deviations of three methods in direction x and y. The average
positioning accuracy of the AMCL based algorithm is about +52.572 mm, the accuracy of
which is too large for the measurement. The average positioning accuracy of the proposed
marker based method at four markers is +1.139 mm and the widely used expensive Sick
NAV350 is about +4.367 mm, which shows that the proposed marker based methods is
superior in positioning. Main reason for the difference in positioning is the difference of the
reference. The references of three methods are markers, laser cloud points and reflectors.
Combined with reflectors, NAV 350 uses the TOF (time of flight) method to directly measure
the distance, which is more reliable than point clouds. The feature of markers is more obvious
and easier than reflectors to be calibrated, so the positioning accuracy is highest among the
three. In general, the proposed marker-based positioning method is more suitable for the
cooperative measurement.

5.2 Accuracy and efficiency of navigation methods
The proposed navigation system makes full use of markers for cooperative measurement. As
shown in Plate 4, the verification prototype consists of AGV, LiDAR (type: Hokuyo UST-
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10LX, accuracy: +4 mm), camera, laser tracker, April Tags at different intervals and three
different routes and the experiment is carried out on the three routes. As shown in Figure 8,
the cost of Route A is the least which is preferred by our path planning method and Route Cis
secondly preferred. Route B with multiple turns is selected to compare with Route A and
Route C for the importance of reducing changes in direction. The proposed segmented
navigation method is compared with the uniform distribution method utilized by Wang and
the method without segmentation (Wang et al,, 2021).

The proposed method and Wang both segment the navigation into several segments. The
difference is that the segmentation by Wang is based on multiple markers with same
intervals and the interval is selected by estimation and experience. The proposed method
selects the boundary marker first, and then calculates the specific navigation interval with
proposed equations in advance. In order to fully compare with the uniform distribution
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method, several intervals of segmentations are designed. When the interval is five markers,
AGV cannot guarantee recognizing the segment marker because of the accumulated
deviation. To simplify the description, the different segmentation methods are denoted as
several cases. Case I is that AGV moves without the help of markers. Case II, case III, case IV
and case V are the uniform distribution from every one marker to every four markers,
respectively. Case VI is the segmentation with the proposed method. At each route of the three
paths, the three different navigation methods are all conducted and the average measurement
results are shown in Figure 9 and Table 2. In Figure 9, the colorful grids represent the position
of the measurement, and the color denotes the deviation. The distribution of deviations is
shown in Table 2 where y, denotes the mean deviation, 6, denotes the standard deviation and
t denotes the cost time ofb navigation.

The average positioning accuracy and cost time of three routes are 7.6 mm, 84 mm,
8.0mmand 150's,172.8 s, 154.8 s, respectively. The result shows that the cost time of Route A
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is4.8 s less on average than on Route C, while the average positioning accuracy is 5.3% higher  Veasurements
than that of Route C. The main reason for the difference is the steering of AGV at the first in aircraft
marker. Comparing with Route A, Route B with more turnings takes 15.2% more time and the assembl
accuracy of Route B is also 0.8 mm lower, which can prove that changes in direction do have y
an influence on the deviations and cost time.

The result of six cases is compared for the verification of segmentation methods. The cost
time of case I is 13.3% shorter than other cases on average, while the positioning accuracy 45
drops by 32.6 mm on average. The comparison shows that although the segmented
navigation methods with markers cause a decrease in efficiency, it will significantly improve
the positioning accuracy. The average positioning accuracy and cost time of cases with
uniform distribution method are 1.8 mm, 2.2 mm, 1.9 mm, 4.3 mm and 180 s, 169.7 s, 160.3 s,
149.3 s, respectively. In general, the smaller the interval, the higher the positioning accuracy
and the more time it takes. However, the comparison of case II, case IIl and case IV shows that
the positioning accuracy is optimized no more than 4% while the cost time is increased by
12.3%. The variance becomes smaller, but the positioning accuracy has not improved
significantly as the interval shrinks. The reason can be derived from the comparison with
case V and case VI. Segmentation of case V and case VI is similar except the difference of the
boundary marker. Case VI takes 2.3% more time while the final positioning accuracy
increases by 48.8%. Boundary marker is the marker closest to the target station and it can
reduce the cumulative error of odometry effectively. The boundary marker is all covered by
case II, case [l and case IV, so the positioning accuracy is not much different. Comparing with
case II and case VI, the positioning accuracy is almost the same and enough for the
measurement requirements of +5 mm, but the efficiency has increased by more than 17%.
Synthetically, the proposed navigation method is relatively superior in the comparison and
well applied for the cooperative measurement with high accuracy and efficiency.

6. Conclusions

This paper proposes a marker based high-precision LiDAR navigation system for
cooperative measurement. The coupling method is improved by designing a coupling
method and the interval of markers is calculated based on the uncertainty analysis. The
proposed navigation method optimizes the path planning method with segmentation and
improved A*. The precise adjustment is completed with odometry near the boundary marker.
The accuracy of self-positioning is verified with different positioning methods. The proposed
navigation method is verified with several methods in our experimental prototype. In general,
the proposed navigation system is efficient and flexible for the accurate aircraft cooperative
measurement.

Future work will focus on the following areas:

(1) Applying the marker-based algorithms to the field of VSLAM,;

(2) Adaptively improving the system for more aircraft assembly needs.
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