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A novel cost-effective non-contact 3D measurement system is proposed in this paper, which consists of two
rotary tables and one laser range finder. No orthogonal accuracy between the three axes (two rotation axes and
the laser axis) is required, i.e. the three parts of the sensor unit (two rotary tables and the laser range finder) need
not be assembled orthogonally, which lowers the barrier to manufacture it. Time for adjustment and recali-
bration with non-orthogonality is also saved, compared to traditional instrument. A computing algorithm is

proposed for the system to measure all the points in the measurement space, and the experiments validate that
the proposed system is able to deliver relevant performance for indoor and outdoor construction measurement.

1. Introduction

3D measurement is an essential building block for manufacture and
civil engineering to ensure the high quality of their products. By ac-
curately measuring the 3D coordinates of the distributed points that
designers are interested in, engineers will be able to determine whether
the geometric shape of their product are consistent with the original
designs, and constructors will be able to know where a certain structure
has been correctly built. The 3D information provided by the 3D
measurement system can also be used in robotic system to understand
the world and interact with it (e.g. navigation, object recognition and
manipulation).

Based on the scale of the zone that interested points distributed in
(measurement space), we can roughly divide the 3D measurement tasks
into: large scale measurement, regular scale measurement, and micro/
nano scale measurement. While the measurement space in most regular
scale measurement applications are from meters to sub-millimeters, it
can vary from a few meters to hundreds of meters in large scale mea-
surement [1] and can be hundreds of micrometers to sub-nanometers in
micro/nano scale measurement [2]. The required measurement accu-
racy is also various among the applications. This paper mainly focuses
on the large and regular scale measurement application, whose mea-
surement space is from tens of centimeters to tens of meters and per-
missible error is in the millimeter level.

Theodolite, total station, and laser tracker are three commonly used,
traditional measurement instruments in this field. Morris Driels and
Uday Pathre used vision-based automatic theodolite to calibrate the
motor parameters of a robot [3]; Panos Psimoulis and Stathis Stiros
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employed robotic total station for bridge deflection evaluation [4]; and
Aguado S. compensated the volumetric error of machine tool with a
laser tracker [5]. In addition, these kinds of equipment are wildly
employed in large-scale industrial measurement [6-9]. Although dif-
ferent characteristics are shown in the instruments, one common thing
they share is that they all rely on the orthogonality of sensor units
[10-12]. In the other words, they require the horizontal rotation axis,
the vertical rotation axis and the laser beam or the optic axis to intersect
at one spatial point and be perpendicular to each other. Higher the
accuracy of these systems, better the orthogonality of their axes is
fulfilled.

In practice, the main way to ensure the orthogonality of an instru-
ment is to assemble it precisely, which is a time-consuming process,
leading to a high economic cost. A new robotic total station with mil-
limeter-level accuracy usually costs $20,000-$29,000 [13], while the
proposed system costs around $2800, which can further be reduced in
mass production. Determining the deviation with field procedures and
compensating it mathematically is another way to ensure the ortho-
gonality [14-16], but the effectiveness is often limited and it can only
works when the included angle between the axes is slightly different
from 90°.

To solve this conflict, Bin Wu et al. introduced a new kind of
measurement instrument called non-orthogonal shaft laser theodolite
(N-Theodolite) [17,18], and a novel calibration method for N-Theo-
dolite was proposed recently [19]. The main idea of the N-Theodolite is
to produce a high-precision measuring instrument that does not require
orthogonality, the three axes of N-Theodolite can be abstracted as three
skew lines. With the calibration and calculation method proposed in
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Fig. 1. The prototype of the sensor unit.

[19], a highly accurate measurement could be delivered through the
intersection of the laser beams of two N-Theodolites.

However, in some cases like measuring the dynamic deformation of
bridges [20] or the shape of a room [21], the required absolute accu-
racy (which is indicated by the deviation between the measurement
result and the truth) is limited, while the convenience is highly of
concern to the operator. For these applications, a novel cost-effective
non-orthogonal 3D measurement system is presented in this paper. The
sensor unit of the system could be simply assembled with a laser range
finder (LRF) and two rotary tables, requiring no orthogonality (Fig. 1).
All the points in the measurement space could be measured by a single
sensor unit, leading to a convenient operation and concise computing
strategy. No extrinsic parameter calibration process is required before
the measurement (which is necessary for the N-Theodolite system), and
only one sensor unit needs to be controlled during the measurement
operation. The intrinsic parameters of the sensor unit can be calibrated
with a single laser tracker or other alternative high precision 3D mea-
surement devices, and only one-time calibration is needed for the
system. As long as the assembly is firm enough, no further adjustment is
required after calibration.

Several instruments with similar functions are available in the
marketplace like Leica 3D-Disto [22]. However, to the best of our
knowledge, they still rely on mechanical orthogonality to achieve high
measurement accuracy. That means once non-orthogonality is ob-
served, careful adjustment is needed, followed by recalibration.
Sometimes, the process might be repeated to ensure the quality of the
product, which costs lots of time even with modern manufacturing
techniques, comparing to the one-time calibration of the proposed
system without orthogonality requirement. Waste rate related to or-
thogonal error decreases within the non-orthogonality framework at
the same time, since no component of the sensor unit will be discarded
during the manufacture as long as it can be assembled into a firm
structure, i.e. this framework provides a high tolerance for the system to
the flaw of its components.

The contribution of this paper is twofold:
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1. We present a novel cost-effective non-orthogonal 3D measurement
system that can be assembled with two rotary tables and one laser
range finder with no orthogonal structure requirement;

. We propose a calibration method which can be completed with a
single laser tracker and a computing algorithm which can support
the proposed non-orthogonal system to perform the 3D measure-
ment.

This paper is organized as follows. Section 2 introduces the principle
of the system including the design of the sensor unit and the structure of
the system. The mathematic model, consisting of the calibration
methods for intrinsic parameters, and the computing algorithm of the
system, is presented in Section 3. Section 4 describes the simulation and
experiments of the novel system and a conclusion is drawn in Section 5.

2. The principle of the measuring system
2.1. The design of the sensor unit

The proposed system is designed as a cost-effective device for large
volume metrology. Two precise rotary tables are employed here, as well
as a laser range finder (Leica Disto A6, measurement error 1.5 mm/
200 m). These three parts are assembled manually without orthogon-
ality requirement, i.e. the three axes of the sensor unit do not need to
intersect at one point or be perpendicular to each other. Fig. 1 shows
the prototype of the sensor unit. The ball seat is glued for the calibra-
tion process using the laser tracker. The details of the calibration are
stated in Section 3.

In convenience, we abstract the sensor unit to three skewed lines,
called “Vertical axis”, “Horizontal axis”, and “Laser axis” respectively
(Fig. 2). When horizontal rotary table works, the horizontal axis and
laser axis rotate around the vertical axis at the same time with the same
angle, and when vertical rotary table works, laser axis rotates around
the horizontal axis. According to the commands from the host com-
puter, these two rotary tables can work together for a quick motion of
the laser axis or work individually (one rotate while the other remains
still). Every point in the measurement space can be pointed by the laser
beam based on this rotating mechanism (Fig. 3).

2.2. The composition of measurement system

The sensor unit can be controlled by a host computer via Bluetooth
(for the Disto A6) and the servo cables (for the rotary tables). Once the

Vertical rotary table

Point C

Laser axis

Laser” rang
finder (LRF)

Measurement
coordinate system
(Mcs)

World coordinate Horizontal

system (WCS) rotary table

Fig. 2. The abstract structure of the sensor unit.



F. Yang et al. Measurement 128 (2018) 264-270

Object

P(x.y|z) 4 3

Laser beam

Ui 5
2 z
N y
»
N
Host computer
Sensor unit

Fig. 3. Schematic diagram of the measuring system.

object appears in measurement space, we can manually drive the sensor
unit to aim at the target through the host computer. Based on the ro-
tation angles and measured distance provided by the system, the co-
ordinates of the target points can be determined. The operator can also
program the measurement strategy to execute an automatic measure-
ment using the proposed system.

3. Mathematical model of the measuring system Fig. 4. Implementation scenario of calibration step 3.

Place the target ball on the plane will be calibrated |«

3.1. Calibration method for intrinsic parameters

As mentioned above, the structure of the sensor unit can be ab-
stracted into three skew lines described by a normalized direction
vector and a fixed point. A laser tracker is employed to calibrate these
parameters—direction vectors and fixed points. It is worth to note the
laser tracker can also be substituted by other highly precise measure- l
ment equipment like coordinate measurement machine (CMM) or
theodolite based on the needs of the application.

The calibration process is as follows. First, a ball seat is glued to the

Rotate the calibrating rotary table degree by degree

surface of a “horizontal” circle plane with a ball placed on it during

calibration (Fig. 1). By rotating the horizontal rotary table degree-by- l

degree and measuring the center of the target ball in each position, we Fit the rotation center and the normal vector of the rotation
are able to get the normal vector and the rotation center of the rotary plane using the data measured by the laser tracker

plane through circle fitting which indicates the position of the vertical
axis. Second, glue the ball seat on the “vertical” circle plane and repeat
the first step; the position of horizontal axis can be calibrated. Note the
“horizontal/vertical circle plane” is not corresponding to the “hor-
izontal/vertical rotary table”, instead the “horizontal/vertical circle
plane” indicates a plane will stay “horizontally/vertically” and rotate
around the vertical/horizontal axis. For example, the top plane of the
vertical rotary table (where the ball seat is glued) is one horizontal
circle plane and the side plane of the vertical rotary table (where the Block the laser beam in different places and note their
laser range finder is mounted) is a vertical circle plane. Third, we block coordinates and the distances measured by the LRF
the laser beam in different places (using a white board), and taking

notes of the coordinate of the laser points measured by T-probe and its

distance measured by the LRF. Fig. 4 shows the detail implementation m

of this step. T-probe is a probe-like auxiliary tool which can work with

the laser tracker to measure the coordinate of its pointing locations. The Fig. 5. Flow chart of the calibration process.
spatial position of laser beam could be determined by linear fitting. The

flow chart of the calibration process is shown in Fig. 5. All the elements

shown in Fig. 2, including three unit direction vectors (Vector v, Vector

h and Vector 1), three points (Point O, Point C and Point P) of the three

axes, plus the initial horizontal and vertical angle of the sensor unit, the

Both axes(horizontal axis and
vertical axis) calibrated?
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distance from original point of LRF to the chosen Point P at laser axis
are called intrinsic parameters of the system.

3.2. Computing algorithm of the system

The measurement coordinate system of laser tracker is defined as
the world coordinate system (WCS). As shown in Fig. 2, the measure-
ment coordinate system (MCS), which is the coordinate system of the
sensor unit, is transformed from WCS. Translating WCS to the position
where the origin of WCS coincides with the chosen Point O on vertical
axis, and rotating WCS to parallel its z-axis to the vertical axis of sensor
unit, we are able to establish the MCS. All the coordinates in this paper
are referred to the MCS if no specific statement is made.

To calculate the coordinate of the target point, the dynamic position
of Point P (the chosen point at laser axis) and the dynamic direction
vector of laser axis have to be known. The motion of the laser axis can
be broken down into two independent rotations, horizontal rotation
(yaw) and vertical rotation (pitch), we focus on the horizontal rotation
first.

hgiginal and hgypamic are defined as the initial and dynamic homo-
geneous unit direction vectors of horizontal axis respectively,
horigina: Daynamic € R, and Ryoy is the rotation matrix between
them. We have

(€8]

Similarly, the dynamic position of chosen Point C has a similar
equation

hdynamic = Rhorihoriginal

Cdynamic = Rhoricoriginal (2)
cos(6) sin(6) 0 0

where Ry,; = |~ SN cos(8) 0 0| .o the default rotation of the
0 0 10
0 0 01

horizontal rotary table is clockwise, 6 is the horizontal rotation angle.
Coriginal @Nd Cqynamic are homogeneous vectors indicating the original
and dynamic coordinates of Point C, Corginal, Cdynamic € R**!. The
horizontal rotation of laser axis can be indicated by the same rotation
matrix Ryeri, based on the structure of the sensor unit.

Turning to the vertical rotation, the dynamic homogeneous unit
direction vectors of laser axis lgynamic can be described by Eq. (3),

ldynamic = [qo [Rhoriloriginal]q°q_1]q‘1

3)

where lyigina is the original direction vector of the laser axis,
Lagnamics lorignat € R*'; q is a quaternion indicating the ¢-degree
pitching rotation. According to the fundamental knowledge of qua-
ternion [23], q = cos(p/2) + Tl)dynamicsin(qo/ 2), where Tl)dymm[c is the non-

homogeneous form of hgynamic, i-€. hggnamic = (Tl)dy,,am,-c, 1)T. Symbols
“[...1q" and “[...]q—1” indicate the transformation from homogeneous
vector to quaternion and the inverse transform, respectively. Symbol
“o” means quaternion multiplication.

Since the relative position of Point C remains constant, the dynamic
homogeneous coordinate vector Pyy,,mic shares the following expression

pdynamic = [Q" [Rhoriporiginal_cdynamic]q °q71 + [cdynamic] ]q*l

4

where P50 is the original homogeneous coordinate vector of the
chosen Point P poriginal’ pdynamic € R4X1'

Assuming the measured distance between original point of LRF and
Point P is k;, and the distance from original point of LRF to target G is
ko, we have

t= pdynamic + (k2_k1)1dynamic (5)

where t is the spatial homogeneous coordinate of the target point,
t € R™! Thus the position of target points can be figured out by the
rotary angle provided by the rotary tables and the measurement value
of LRF, if the intrinsic parameters are calibrated precisely. Using the
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Table 1
Intrinsic parameters of the sensor unit from 3D models (mm).

Intrinsic parameters Value

Vector (0.000, 0.000, 1.000)Point
(0.000, 0.000, 0.000)

Vector (0.985, 0.000, —0.174)Point
(—226.374, 0.000, 872.388)

Vertical axis

Horizontal axis

Sight axis Vector (0.000, 1.000, 0.000)Point
(—224.410, 952.486, 883.071)

Distance of Point P 0.000

Initial horizontal angle 0.000°

Initial vertical angle 0.000°

quaternion to calculate the measurement result speeds up the calcula-
tion process [24,25], and the proposed algorithm can also be used by
the traditional orthogonal instrument with orthogonal error to perform
a high precision measurement.

4. Experimental results and analysis
4.1. Simulation of proposed measuring system

With the help of Solidworks [2012] and Matlab [R2014a], a simu-
lation platform is set up for the proposed measuring system shown in
Fig. 5. Aiming at 20 different points in the measurement space, the
stimulating system, whose intrinsic parameters are shown in Table 1,
provides the measurement statistics including rotation angles as well as
the measured distances between Point P and target points (Fig. 6). The
target coordinates can be determined by these measured data.

All the measured values shown in Table 1 are rounded to the nearest
3 decimal places to analyze the potential accuracy of the system in ideal
condition. For the same purpose, the accuracy of rotary table is as-
sumed to be 0.001°, and the distance measurement accuracy of the LRF
is set to 0.01 mm. So the potential performance of the proposed system
with better devices can be evaluated. The comparison between the
measurement values and the truth values offered by the Solidworks is
presented in Table 2. The measurement space for simulation is
22000 x 25000 x 12000 mm.

The simulation results generated under ideal circumstances shows
that the measurement errors increase slightly as the distance of the test
points from the chosen Point P increases. The value of the average re-
lative error (absolute error divided by the distance from Point P) is
1.12 x 10~ ° with a standard deviation of 7.89 x 10~ 7. In absolute
term, the average measurement error of the proposed system with si-
mulated data is 0.18 *+ 0.11 mm at an around 17 m average distance,
showing great potential to deliver a highly precise measurement.

4.2. Indoor experiment of the proposed system

In the indoor experiment, we employed a laser tracker to calibrate
the intrinsic parameters of the sensor unit firstly (shown in Table 3). All
the values were rounded to 3 decimal places, in agreement with cali-
bration accuracy. Several paper targets were pasted on a target board
which can be moved to different places in the measurement space
(Fig. 7). Both instruments were employed to measure the same points,
and the distances between each couple measured by both approaches
were compared. The comparison results are shown in Table 4, and the
distribution of the target points is shown in Fig. 8.

Limited by the accuracy of the rotary tables (0.005°), the laser range
finder ( +£ 1.5mm/200 m), and the aiming accuracy, the measurement
accuracy of the prototype does not match the quality of the simulation
results. We round all the measurement result to the 1 decimal place to
be corresponding to the measurement accuracy of the LRF. The distance
range of the indoor measurement is from 8 m to 10.6 m, and the mean
of the absolute value of the deviation is 0.7 mm. The worst case shows a
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Schematic diagram of simulation platform
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Fig. 6. Schematic diagram of simulation platform.

0.25mm deviation with an around 4.9-meter target length in 9m
measuring distance. It is consistent with the uncertainty analysis in
[26], and it is still able to meet the need of the most indoor architecture
measurement application [21,27].

4.3. Outdoor experiment of proposed system

In the outdoor experiment, we pasted paper targets on a building
and measure the coordinate of each point (Fig. 9). The distances be-
tween different points measured by the metric ruler (0.5 mm/10 m) and
the proposed system are compared. The distribution of the segments
and points are shown in Fig. 10. Table 5 shows the measuring angles
and the measured coordinates of the 14 points, and Table 6 presents the
comparison results.

The general performance of the outdoor experiment is not as good
as the indoor ones, due to the large pitching angle. The last three seg-
ments (S8, S9, S10 in Fig. 10) show the largest deviations. The main
reason is their locations. We can observe from Fig. 9 that the associated
points of these segments are all located on the left side wall of the

Table 3
Intrinsic parameters of the proposed system (mm).

Intrinsic parameters Value

Vertical axis Vector (0.000, 0.000, 1.000)Point
(0.000, 0.000, 0.000)
Vector (0.810, 0.587, —0.000)Point

(—95.055, —74.808, —101.507)

Horizontal axis

Sight axis Vector (—0.577, 0.814, 0.061)Point
(—4090.509, 5575.764, 327.220)

Distance of Point P 6984.056

Initial horizontal angle 0.000°

Initial vertical angle 40.000°

building. A sharp angle between the laser beam and wall exists, which
makes it hard to accurately aim at the target point because of the re-
latively large laser spot (image the laser beam as a cylinder and the area
of laser spot is the cross section cut by a very skew plane) under this
circumstance. The reflection light for the LRF to measure the distance
measurement also becomes weak in this case, which results in a low

Table 2
Comparison between measured value and truth value (mm).
No. Measured Value Truth Value Distance ky (mm) Deviation
1 (—3072.79, 18138.27, —2597.35) (—3073.03, 18138.24, —2597.50) 18579.19 0.29
2 (—2292.96, 17689.39, —2598.44) (—2292.94, 17689.39, —2598.46) 18025.65 0.03
3 (7248.40, 4088.38, 4603.82) (7248.36, 4088.48, 4603.91) 9510.54 0.13
4 (8148.39, 4088.41, 4603.93) (8148.36, 4088.48, 4603.91) 10213.1 0.08
5 (3842.69, 13000.40, 1162.47) (3842.55, 13000.47, 1162.41) 13606.2 0.17
6 (4498.04, 12768.57, 590.83) (4497.94, 12768.61, 590.83) 13550.57 0.11
7 (776.35, 13393.10, —638.18) (776.24, 13393.13, —638.21) 13430.78 0.12
8 (1585.03, 13162.95, —317.12) (1584.87, 13162.99, —317.03) 13261.85 0.20
9 (8293.84, 18359.69, 2045.47) (8293.74, 18359.75, 2045.58) 20249.71 0.17
10 (8385.41, 17556.16, 1650.62) (8385.25, 17556.28, 1650.53) 19525.87 0.22
11 (8782.85, 9534.82, 3739.37) (8782.74, 9534.92, 3739.27) 13491.97 0.18
12 (9682.87, 9534.84, 3739.30) (9682.74, 9534.92, 3739.27) 14094.41 0.16
13 (11494.87, 16219.56, 7809.39) (11494.91, 16219.47, 7809.52) 21358.67 0.17
14 (12263.95, 15999.18, 7396.68) (12263.81, 15999.28, 7396.82) 21473.03 0.23
15 (589.78, 19258.16, 8704.92) (589.55, 19258.24, 8704.84) 21142.41 0.25
16 (1489.77, 19258.15, 8704.89) (1489.55, 19258.24, 8704.84) 21186.62 0.25
17 (—7827.62, 24181.98, 5512.66) (—7827.82, 24181.96, 5512.59) 26008.28 0.21
18 (—7126.90, 24353.25, 6050.95) (—7127.09, 24353.21, 6050.79) 26086.13 0.25
19 (—4502.55, 20197.91, 1399.99) (—4502.76, 20197.82, 1400.09) 20740.95 0.25
20 (—3602.54, 20197.86, 1400.16) (—3602.76, 20197.82, 1400.09) 20564.34 0.23
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Laser tracker

Fig. 7. Indoor experiment condition.

Table 4
Comparison between two approaches of indoor experiment.
No. Horizontal  Vertical  Distance  Proposed Laser Deviation
angle ® () angle@ K, (mm) Approach  Tracker (mm)
©) (mm) Approach
(mm)
1 1.64 40.84 9892 2206.6 2207.4 -0.8
2 —8.22 37.48 8443
3 —-1.33 38.99 9833 509.4 508.9 0.5
4 —-0.24 39.47 10,296
5 -1.78 37.63 9818 262.6 261.9 0.7
6 —0.31 37.18 9832
7 3.10 40.59 9926 3276.8 3276.0 0.8
8 —14.30 39.85 8098
9 3.10 38.92 9942 1454.3 1454.7 —-0.4
10 3.16 38.00 8495
11 -1.57 40.80 10,463 3490.2 3490.0 0.2
12 —17.00 40.51 7986
13 —-2.90 40.14 10,627 2755.6 2754.9 0.7
14 5.83 37.00 8304
15 8.80 39.11 9181 1075.8 1075.7 0.1
16 9.34 40.51 8128
17 12.70 40.98 9174 4931.4 4928.9 2.5
18 —-17.30 38.98 9849

The Distribution Of Indoor Target Points

5500

5000 y(mm)

x(mm)

Fig. 8. The distribution of indoor target points.

accurate measurement distance. This assumption can be verified
through the Segment 3 as well. Although both Segment 1 and 3 located
in the front side of the building which means a relatively large hor-
izontal intersection angle between the laser beam and target plane, the
Segment 3 lies on a higher place than Segment 1, which leads to a
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Fig. 9. Outdoor experiment condition.
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Fig. 10. The distribution of outdoor target points and segments.

sharper vertical intersection angle between the laser beam and the
target plane (see the vertical angles of point 1, point 2, point 5, and
point 6. The larger the vertical angles are, the sharper the intersection
angles are). The larger deviation is observed from Segment 3. This
experiment result suggests the importance of a good deployment of the
proposed system. For the large-scale measurement task, a deployment
location that faces to the target points with relatively large horizontal
and vertical intersection angles is preferred. The detailed system un-
certainty analysis can be found in [26].

5. Conclusion

A prototype of a novel cost-effective, large-volume 3D measurement
system has been assembled and tested. The non-orthogonal structure
lowers the manufacture time and economic cost of the system.
Evaluation tests show, with the proposed calculating algorithm and
kinematic model, the non-orthogonal system can achieve relevant
performance. The measurement accuracies are better than 0.3 mm in
the simulation and below 3.5 mm in practice with observation distances
of more than 15 m. As more precise rotary tables and laser range finders
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Table 5
Measuring values of outdoor experiment.

Measurement 128 (2018) 264-270

No. Horizontal angle © (°) Vertical angle ¢ (°) Distance K, (mm) Measured coordinate (mm)

1 30.50 53.11 13,660 (—1202.5, 12978.5, 3795.6)
2 20.57 54.61 12,603 (—3139.0, 11502.5, 3806.8)
3 19.57 54.61 12,668 (—3356.0, 11505.4, 3827.0)
4 18.05 58.35 14,588 (—4100.9, 12846.2 5315.7)
5 30.08 68.35 15,307 (—1270.7, 12887.4, 7955.5)
6 21.07 70.65 14,509 (—3026.5, 11566.5, 8020.7)
7 17.27 71.45 16,398 (—4225.8, 12706.0, 9269.4)
8 17.08 53.36 14,062 (—4296.5, 12694.3, 3969.2)
9 25.08 52.86 12,931 (—2302.1, 12135.2, 3533.2)
10 24.08 69.36 14,631 (—2471.7, 11985.9, 7815.6)
11 18.08 68.16 15,315 (—3932.6, 12373.5, 7916.7)
12 17.48 52.96 13,894 (—4167.4, 12597.2, 3827.8)
13 19.48 52.96 12,634 (—3395.9, 11572.5, 3470.5)
14 17.88 68.16 15,458 (—4012.0, 12475.9, 7991.7)

Table 6 Instrument and Technology. International Society for Optics and Photonics, (2008).

Comparison between two approaches of outdoor experiment.

Segment Proposed Approach Ruler Approach Deviation (mm)
Number (mm) (mm)

1 2435.0 2435.0 0.0
2 2137.5 2135.5 2.0
3 2198.2 2196.0 2.2
4 5300.7 5300.0 0.7
5 4288.4 4286.5 1.9
6 4101.7 4101.0 0.7
7 4651.6 4651.0 0.6
8 1423.3 1426.5 3.2
9 149.8 148.0 1.8
10 1331.5 1335.0 3.5

may be available in future, the potential of the system is promising.
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