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Abstract—The high-accuracy key points measurement is
necessary for shipbuilding, and nhumerous measuring sys-
tems have been invented. However, there are still limita-
tions and challenges in measurement frequency, calibration
method and environmental disturbances. This paper presents
a novel and automatic measurement and position system
based on laser scan technology. The system components
and mathematical model are introduced. Subsequently, a fast
calibration method is established, also different calibration
schemes and calibration algorithms are discussed. To avoid
the environmental disturbances to this system, a robust posi-
tioning algorithm based on maximum likelihood estimation is
presented. A series of simulation and verification experiments

Working Principle

Calibration Method

in normal and interferential environment are designed to evaluate the precision of the proposed system. The results shows
that the system’s position accuracy can reach 1.00mm with 50Hz output whether there are disturbances or not, which can

meet the need of position in the confined cabin.

Index Terms— Shipbuilding, laser scan, fast calibration, robust algorithm, high precision position system.

I. INTRODUCTION

HE measurement and position of key points inside ships
has a huge influence on shipbuilding, such as cabin
welding, piping installation, equipment layout and so on.
To some extent, the measurement and position accuracy
directly determines the construction quality, so tremendous
efforts have been devoted to research on measurement and
position methods. However, thanks to the space limitation
of confined cabin, traditional methods usually use the man-
ual measurement, for example, tapelines, total stations, laser
tracker or other facilities, which cannot guarantee the accuracy
and efficiency at the same time. Meanwhile, the conventional
methods meet a huge challenge on account of the increasing
demand for continuous measurement, because they can only
provide a little discrete position information [1]-[4].
In order to improve the measurement quality and efficiency,
obtain high-frequency measurement information in confined
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space, various methods have been developed and lots of
systems have been invented. Among them, systems based
on machine vision and systems based on laser scan show a
bright future. In detail, the methods based on machine vision
can be divided into three parts: photogrammetry, line-scan
camera and structured light scanning. For example, Mendikute
developed a self-calibrated in-process photogrammetry system
[5]. The main innovations of this method lie in the opti-
mized in-process joint bundle adjustment algorithm and the
self-calibrated method for camera and lens distortion. With
these novel methods the positioning accuracy can achieve
0.1 mm in Im. However, to obtain a frequency output of
1Hz, there are lots of pictures to process at the same time
which brings a fair amount of computation; also the quality
of pictures determined the measurement accuracy directly,
while the bad conditions in the cabin can’t fully guarantee the
quality. Sun presented a 3D coordinate measurement system
based on dual line-scan cameras, and he introduced the basic
working principle, the stereo configuration, the image match-
ing strategy and calibration algorithm in detail, the experimen-
tal results showed a high accuracy at about 0.5mm [6], [7].
Unfortunately, the relative velocity of the line-scan camera
and the point to be measured must be consistent, or else
the resulting pictures will be stretched or compressed, which
may introduce lots of errors or even cause measuring failure.
At the same time, dual line-scan cameras time synchronization
may also cause a series of problems; However, he doesn’t
conduct relevant methods study to deal with this problem.
Hui has focused on the structured light scanning positioning
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study, and he invented a robot-integrated fringe projection
scanning positioning system based on the structured light scan-
ning system [8], [9]. The unified theory of multi-coordinate
systems and a novel hand-eye calibration method based on
synchronized observation algorithm have been researched in
his paper, and the measuring accuracy of this system can reach
0.25mm. However, more efforts are needed in data fusion
methods and path planning algorithm. To sum up, although
machine vision can provide high measurement accuracy, it has
problems such as large amount of calculation, strict envi-
ronmental requirements and immature processing algorithm,
which limits the application of this method. The laser scanning
systems are based on the theodolite principle. By increas-
ing the guiding mechanism, the high frequency and high
precision measurement results can be obtained automatically.
For instance, Zhang and Zhou presented an automatic guided
laser theodolite system [10], [11]. The basic compositions of
this system are two laser motorized theodolites to provide
azimuth/pitch information of the measured points and a control
guidance system to accomplish the target searching. Through
studying the automatic guidance algorithm and establishing the
discriminant tracking models, the measuring accuracy of this
system can reach 0.3mm. However, the points to be measured
may be unrecognizable if the features of these points can’t
match the discriminant tracking models, also the calibration
between the theodolite coordinate system and the control
guidance system coordinate system calibration costs a lot of
time, which makes this system inefficient. In summary, both
the machine vision method and laser scanning method have
various shortcomings, so it is worthy to study a new system to
achieve efficient, low environmental requirements, millimeter
accuracy and high frequency output measurement and position.

In this paper, an accurate, flexible and automatic mea-
surement system called ship high precision measuring and
positioning system (SHPMPS) is proposed. This system is
based on the laser scanning principle and it is composed
by receivers, transmitters, front-end processors, calibration
equipment and computers. The characteristics of this SHPMPS
are as follows: Using two line lasers to determine the positions
based on the theodolite principle; using a high-speed motor to
drive the line lasers to scan the key points to achieve a high
frequency output; using the calibration instrument to calibrate
quickly; and finally achieving the automatic measurement of
the key points whether there are external disturbances or not.

The remainder of this paper is organized as follows:
Section 2 introduces how SHPMPS works in detail, also
the accurate mathematical model is built in this part.
Section 3 designs a fast calibration scheme and presents
a novel calibration algorithm. Section 4 studies the robust
positioning method under the circumstance of disturbances.
A validity evaluation is presented in section 5, including
simulation and verification experiments. At last, a conclusion
is remarked in section 6.

[I. WORKING PRINCIPLE
A. System Components

The main components of the SHPMPS are shown in Fig.1.
Since the calibration equipment doesn’t participate in the
positioning calculation, and its structure needs to be discussed
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Fig. 1. System configuration.

in detail later, the calibration equipment is not shown in Fig.1.
The receiver placed in the measured point is a photoelectric
converter, and its main role is to receive optical signals from
the transmitters and send electrical signals to the front-end
processor. The transmitter is similar to a theodolite to some
extent, whose task is to measure the receiver’s azimuth and
pitch angles relative to itself [12]. To be specific, two fanned
laser planes with fixed angles (6,77) which are emitted from
the line lasers sweep through the whole space to be measured
continuously, at the same time the stationary pulse lasers
deliver pulse singles to the receiver as the transmitter’s starting
time (7p) as soon as the laser planel turns a circle, also the
singles are recorded when the two laser planes sweep over the
receiver in turn. The front-end processor separates the signals
from the line lasers and the pulse lasers, and calculates the time
(T1, T>) when the receiver receives the signal from the two
line laser. Then the scanning angles (61, 6») of the two laser
planes can be calculated based on the known rotating speed of
the line lasers (@), shown as Equations (1). The azimuth and
pitch angles can be got according to the scanning angles, and
the receiver’s coordinates can be determined if the receiver
receives signals from at least two transmitters. The receiver’s
coordinates are transmitted to the computer through WiFi and
displayed in the computer.

According to Equations (1), if the rotating speed is quick
enough, the rotating frequency will also be large, which will
increase the amount of the scanning angles (61, 6>) in unit
time. As a result, the system solution frequency has been
enhanced, which ensures the highly efficient output of the
system positioning results.

H<91 = (T1 — To) )
0 = o (T2 — To)

B. Mathematical Model

The mathematical model is based on two important coordi-
nate systems which are defined as follows (Fig. 2 and Fig. 3).

Transmitter coordinate system (marked as ?): Z-axis is
the transmitter’s rotation axis which two laser planes rotate
around. Origin is the intersection of laser plane 1 and Z-axis.
X-axis is the intersecting line between the laser planel and
the vertical plane of Z-axis when the laser plane 1 rotates to
the starting time (7p). Y-axis is determined according to the
right-hand rule.

Global coordinate system (marked as g): The coordinate
system is based on two transmitters. Z-axis and Origin
are the Z-axis and Origin of transmitter 1’s coordinate
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Fig. 3. Global coordinate system.

system respectively. Supposing that the projection point of
transmitter 2 on the vertical plane of Z-axis is O”, and then
X-axis is the connection between the Origin and O”. Also
Y-axis is determined according to the right-hand rule.

The transformation relation between the two coordinate
systems can be described as:

X, X,
Yo |=R| Y, |+V 2)
Z, Z

where R is the rotation matrix which can be represented by
three Euler angles, V is the translation matrix which consists
of the transmitter’s coordinates in global coordinate system.
We define R and V as external parameters in this paper and
these external parameters can be determined by calibrating
which we will describe in detail later.

Besides, there are some basic parameters in the transmitter
coordinate system. According to Fig. 2, @1, ¢ are the inclined
angles between laser plane 1, 2 and Z-axis, and 8,77 is a fixed
offset angle between the two laser planes. Since two laser
plans and the Z-axis cannot intersect at one point (the Origin)
in the transmitter coordinate system because of the assembly
error, and we suppose the laser plan 2 intersects the Z-axis at
O’, then Az is defined as the distance between the Origin
and the O’. These parameters (¢, @2, Ooff, Az) can be
regarded as internal parameters, since they only depend on
the assembly process, they can be treated as constants as soon
as the transmitter is completed.

Based on the coordinate systems and external/ internal
parameters defined above, there are two ways to calculate the
coordinates of the key points: Azimuth/pitch angles measuring
according to the theodolite principle and bundle adjustment

based on the photogrammetry. Two methods are described as
below.

1) Azimuth/Pitch Angles Measuring: When the laser plane
1 rotates to the starting time 7y, the normal vectors of the two
planes can be expressed as Equations (3) and Equations (4) in
transmitter coordinate system:

1 0 0 0 0
il =0 cosp; —sing; L{=|cospr | (3
| 0 sing;  cosg 0 Sin(01
[ cosOprr  —sinb,fy 0
ﬁg = Oorf cos Hoff Cos ¢
|0 sin g7
[ — sin 0,77 cos 2
= | coslyrrcosp “4)
sin g2

When the two laser planes sweep over the receiver at time
T1 and T» in turn, the normal vectors change into:

[[cosd —sinf; 0] — sin 6} cos @1
r'ilT = | sinf; cosf; O r'i(l) =| cosficosp; |(5)
i 0 0 1 i sin @1
[(cos®p —sinf O]
r'izT = | sinp cosh O ﬁg
0 0 1]
[ — sin (92 + Hoff) COSs 2
= | cos (62 +6,fr) cos g2 6)
i sin go

where 6 and 6, can be obtained by Equations (1).

The unit direction vector 7¢ from the Origin to the receiver
can be expressed as Equations (7) using the azimuth angle o
and pitch angle £ (Shown as Fig.2).

Fr= [cosa cosf sinacospf

sin 8 ] @)

where F; is defined in the transmitter coordinate system.
When the two laser planes sweep over the receiver respec-
tively, there are 7, Lii}, F; Lii}, namely:

- -oT

re-ny =0

S ®)
Fpen, =0

According to Equations (8), the azimuth angle a and pitch
angle f can be calculated:

sin 6} tan ¢ — sin (6 + 6, tan
o= arctan( ! 92 ( 2 Off) o )
9)

cos @ tan gy — cos (6 + O,f) tan ¢
sin (67 — a))

tan ¢

S = arctan (
Or:
sin 6} tan ¢> — sin (6 + 6, tan
a = arctan( ! 92 ( 2 Off) o )+ T

cos#; tan ¢y — cos ((92 + Hoff) tan ¢
sin (01 — a)
tan @

The reason why there are two solutions is the intersection
line of the planes in space is a straight line passing through the

S = arctan (
(10)
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Origin, so there is a virtual receiver that’s symmetric with the
true receiver. We can judge the true receiver by the following

formula.
T
|:;:t X (i’i{)

According to the theodolite measuring principle, if a
receiver receives signals from at least two transmitters,

-0,0,HT >0 (11)

- T
the receiver coordinates X;, ). ¢ ng] can be calcu-

| gx> Sgyo
lated using the following formulas.

7;,’ =R". ;"t" (12)
| X1X*ng _ le_X)rzy _ Xlzfxgz
T Ty T
X —Xox _ X0y =Xy X5 —Xpe
e Ty T (13)
an_ng _ Xny_sz _ an_Xz’z
e Tey o Te

T . . .
where X, [X nxs Xny, X nz] is the transmitter coordinates, and

»n

r n n

j— n
g = [rgx’rgy’rgz
coordinate system. R" is the rotation matrix. The symbol 7 in
X, 7;,’ and R" is the number of transmitters.

Equations (13) can be arranged in the following form if

n>2:

is the unit direction vector in the global

AX" =B (14)

Then the receiver coordinates X ;, can be calculated based on

the least square estimation (LSE) as shown in Equations (15).
-1

X: = (ATA) ATB (15)

2) Bundle Adjustment: The bundle adjustment is realized

by establishing the plane parameter equation shown as Equa-
tions (16) [13]-[15].

[ang,X—f-b’ngy—f-c’ng,z—}-d{ =0 16

ay Xy, + D5 X5, + 5 Xy, +d5 =0

[ai,b’l,ctl,d{]T and [aé,bé,c’z,dé]T are the two laser
planes’ parameters when the laser plane sweep over the
receiver, respectively. In the transmitter coordinate system,
they can be defined as follows based on Equations (5) and
Equations (6).

[ af [ — sin 6 cos g
b} | cos6cospi (17)
| sin ¢
4] L 0
i al ] [ — sin (92 + Hoﬁ) COSs 2
by | | cos (62 + Oup) cos pa (18)
t - .
Cy sin @2
_dé_ L —Az -sing;

According to Equations (2), [ai,b’l,c’l,d{]T and
[aé,b’,c’z,dé]T can be transformed into the global

coordinate system.

e . v
bi| _|[R V b (19
o | T LLo 1 d
L dy _ Ldi ]
e T
b5 _ (TR V]| | b 20)
G|~ [Lo 1 2
L5 _ [ d5 ]

T T

where [af, b, cf,df]" and[a$, b5, c3,d5]" are the two laser
planes’ parameters of transmitter in the global coordinate
system.

If there are at least two transmitters sweep over the

T
1 1 1 r r r r

receiver, the receiver coordinates X 2 [X gx,X o X gz] can

be calculated using the following formulas.
af, Xox + b‘flxgy + Cflxgz +df, =0
afy Xy + b Xp, + ch Xy +df; =0
: (21)
aflxgx + bﬁlxgy + Cﬁlxgz + dlfl =0
Ay Xge + 0y Xy +cip Xg +dyy =0

The symbol n is the number of transmitters.

Also Equations (21) can be rewritten as the format like
Equations (14) and the receiver coordinates can be calculated
based on Equations (15).

3) Comparison of the Two Methods: In theory, the nature of
the two methods is the same, the difference lies in the form
of expression. The azimuth/pitch angles measuring uses the
collinear method to calculate the receiver coordinates and the
bundle adjustment uses the coplanar method. The advantage
of the azimuth/pitch angles measuring is easy to understand
because it is based on the theodolite measuring principle, and
the advantage of the bundle adjustment is easy to calculate
and the assembly error can be got at the same time, which
is more practical. So we choose the bundle adjustment to
realize the calculating of the receiver coordinates in subsequent
chapters.

[1l. CALIBRATION METHOD
According to the working principle of the SHPMPS, the pur-
pose of calibration is to determine the internal and external
parameters, and the easiest way to realize calibration is to
construct constraint equations. So the core problems are the
calibration scheme and the calibration algorithm.

A. Fast Calibration Scheme

The internal parameters are usually determined by other
high-precision equipment during assembling, so they can be
regarded as known parameters. However, there are slightly
changed caused by vibration, transportation or even equipment
aging. Therefore, it is of great importance to re-calibrate the
internal parameters before measuring. Also the rotation matrix
R and the translation matrix V' should be calibrated after the
measuring system is built.
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If there are m receivers and n transmitters in the space to
be measured, according to Equations (17) - Equations (20),
Equations (21) can be arranged into the following matrix form.

-1
R V,
n " " X m = 02x1 (22)
01x3 1
K, is Transmitter n’s coefficient matrix, shown as

Equations (23). R, and V, are Transmitter n’s rota-
tion matrix and translation matrix, respectively.X,, =

T
[X’ Xr.o X" 1]

mgx> *mgy> *mgz>
global coordinate system.

T _ _ [ ap: by dyg !
Kn B [k’“’ an] B |: 512’ an’ Cn2’ d1t12:|
—siné,1 cos @,1, — sin (an + Hn,off) COS P2
cos 6,1 cos ¢,1, COS (9n2 + Gn,off) COS P2
sin @1, Sin @,
0, —Az, - sing,»

is Receiver m’s coordinates in the

(23)

According to Equations (22) and Equations (23), there are
10n 4+ 3m unknown parameters in total, in detail, there are 4n
internal parameters, 6n external parameters, and 3m receivers’
three-dimensional coordinates in global coordinate system,
respectively. Meanwhile, there are 2mn constraint equations if
all receivers can receive all transmitters’ signals. Additionally,
if we know the distance between two receivers, there are
m(m—1) / 2 constraint equations shown as Equations (24).

| - %], = i, @

X is the receiver’s coordinates in global coordinate system,
i,j€[l,m]andi # j. d;; is the known distance between
receiver i and receiver j. || X|, is the />-norm.

To realize calibration, the relative quantity relationship
between the receivers and transmitters can be expressed as
Equations (25) based on Equations (22) - Equations (24).

(m—1)

2

2mn + = > 101 + 3m (25)

We can get the following results from Equations (25) (Take
two transmitters’ calibration as an example).

(1) If the receivers’ coordinates are known, and we don’t
use the distance constrains, Equations (25) can be rewritten
as 2mn > 10n. So as long as there are at least five receivers
in the space to be measured, the calibration can be completed
regardless of the number of transmitters;

(2) If the receivers’ coordinates are known, and we use the
distance constrains, Equations (25) can be rewritten as 2mn +
m(m — 1) / 2 > 10n. So we need at least four receivers to
realize calibration of two transmitters;

(3) If the receivers’ coordinates are unknown, and the
distance constrains can be used, according to Equations (25),
we need at least six receivers to realize calibration of two
transmitters;

(4) If the receivers’ coordinates are unknown, and the
distance constrains can’t be used, either, Equations (25) can
be rewritten as 2mn > 10n + 3m. So we need at least twenty
receivers to realize calibration of two transmitters.

Receiver

-
®

Fig. 4. Calibration equipment model.

Considering the narrow volume of the cabin, it is not
suitable to use a large number of receivers to complete
calibration. In addition, distance information is easier to obtain
than receivers’ coordinates information, so we choose the
distance constrains to realize calibration.

Based on the analysis above, the calibration equipment
can be designed as shown in Fig. 4. There are six receivers
fixing on the frame, and the relative distance between each
receiver is determined by the laser tracker. It should be noted
that during the whole calibration process, all receivers in the
calibration equipment must make sure of receiving the signals
from every transmitter.

B. Calibration Algorithm

According to the calibration scheme, the main purpose of
calibration algorithm is to solve Equations (22) and Equa-
tions (24). Combined with the calibration equipment model,
calibration equations can be rewritten as follows:

1
R, Vu _
K"|:01x3 1 i| Xm =0

| Xi = X, —dij =0

(26)

where n € [1,2], m,i, j € [1,6] and i # j.

Equations (26) is a large-scale nonlinear equation with 39
equations and 38 unknown parameters, and how to accurately
obtain these parameters needs further study. There are usually
two ways to solve this equation: Function approximation
algorithm and meta-heuristic algorithm. Function approx-
imation algorithm includes Newton-Raphson method,
Levenberg-Marquardt algorithm (L-M), Gauss-Newton
method and so on [16]-[18]. Among them, L-M algorithm
is the most widely used algorithm due to its characteristics
of low local extremum probability, strong stability and
fast convergence; Meta-heuristic algorithm includes
simulated annealing, genetic algorithm, particle swarm
optimization (PSO) and so on, and comparing with other
algorithms, PSO has the advantages of easy implementation,
high precision and fast convergence [19]-[21]. In this paper,
we present two calibration algorithm based on L-M and PSO,
and the final calibration algorithm is determined by comparing
the advantages and disadvantages of the two methods.

1) Calibration Algorithm Based on L-M: L-M 1is an effective
method for solving nonlinear equations. It is an improved
Gauss-Newton method, which has both the local convergence
of Newton method and the global search characteristic of
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steepest descent method. Based on these benefits, the algo-
rithm can converge effectively. The calibration algorithm based
on L-M is outlined below.

The unknown parameters are written in matrix form as
follows.

W= [(011, 012, 01,0ff» AZ1, 021, 022, 02,077, A2,

Xix, le) Xlz, Xox, XZya XZZ, ¥y, Oy,

Q1, Vs, Oy, Qy, X{gx’ X{g), X?gz’ .-
Kige Xy ngz]T
where [V, @, Q] are the inclination angle, pitch angle and roll
angle of rotation matrix R.

Xr

mgx.>

X, X Q7

may> Xmgzs ™"

-1
. R,,V,
Supposing  ep.,1 = kn1|:01nx3,’i:| Xm-lmny =
1
R,.V,
- Olnx3,,i X, lij = |Xi — Xj |, —di,;j, then the error

matrix e (W) and the error performance function E (W) at
time k are shown as follows.

ex (W) = [en1,1,k €112k » €mon 1 ks €mon 2.k "+ »
T
€6,2,1,k5 €6,2,2.5: 11,16+ 5 lijks 5 Is6.k
(28)
n=2,m=6
1 2 2
Ex (W) = 3 Z (emn,1.k)” + (emn,2.k)
n=1,m=1
m=6
2
+ > () (29)
i=1,j=1

Then the iteration error AW of W at time k and time k + 1
can be calculated.

-1
AWe = —(J OV e W) +I) I (W) e (W) (30)
W1 = Wi + AW (3D

where Ji (W) is the Jacobian matrix of e; (W), I is the unit

matrix, and 4 is a damping coefficient, which directly decides
the convergence rate of the algorithm.

oel, 1,1,k oel, 1,1,k
Copn Xy,
Ji (W) = : : (32)
0ls 6.k 0ls 6.k
2 0Xtg: J39,38

The detailed algorithm process is shown in Fig. 5. One
thing should be noted is that the adjustment factor y is
constant and y > 0. The adjustment factor determines
whether L-M algorithm is closer to steepest descent method
or Gauss-Newton method, which improves the convergence
speed of the algorithm.

2) Calibration Algorithm Based on PSO: PSO is an optimal
algorithm based on artificial intelligence and evolutionary
computing theory. By following the optimal particles in the
solution space, it can obtain the global optimal solution. This
algorithm has the advantages of simple concept and easy
implementation, also there is no crossover, mutation or other

Initialization

Parameters 7,
Tolerant error =l
Damping coefficient ‘[.!D

Adjustment factor

Error performance function  E, (H

Calculating J (W)

AW, =~ (T ()7, (7 )+,u1 I (W )e, (W)
Wm =W + AW& E (Wﬁl

@

Y

=pfy H=p-y
W =W We =W,

Output Wt

Fig. 5. Process of calibration algorithm based on L-M.

complex operations like genetic algorithm. The calibration
algorithm based on PSO is outlined below.

According to the calibration scheme, we can choose Equa-
tions (27) as the particle model and Equations (28) as the
population evaluation model. Choosing the absolute maximum
value in e (W) as the evaluation result, namely:

eresuly = max |[e (W)]| (33)

Assuming that the amount of particles in one population
is popsize, and taking particle u (u € [1, popsize]) as
an example, its position in generation k is W, x, and its
speed is S,k = [su,k,l, .. ,su,k,3g]T. The best evaluation
position that it has ever experienced in the past k generations
is Py = [pu,k,l,--- ,pu,k,3g]T, and P, is determined
by the following formula. Also there is a best evaluation
position Ppeg i for all of the popsize particles in the past
k generations.

P — Pu,k—l, if Cresult,k = €result,k—1 (34)
uk Wk otherwise
Ppest,x = min (Pu,k),u =1,---, popsize (35)

According to Ref. [22], if the speed and position of particle
u are known in generation k, then its speed and position in
generation k 4+ 1 can be expressed as follows.

Suk+1 = Su,k + Lhu1 (Pue — Wak)
+ bhu2 (Ppest,k — Wa k) ,
Wauk+1 = Wuk + Su,k+1
(36)

u=1,---, popsize

where [1 is the weight coefficient of particle u, and I
is the global weight coefficient. Usually [q,l, are presup-
posed constant and /1, € (0,2). hy,1, hy 2 are independent
and uniformly distributed random numbers in [0, 1], namely
hu1,hu2 € U(O0,1).
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Fig. 6. Process of calibration algorithm based on PSO.

The detailed algorithm process is shown in Fig.6. During
state updating, the speed S, may be very quick, so it is
necessary to judge the speed to ensure a comprehensive search
of solution space.

3) Analysis of the Two Calibration Algorithms: Both of
the above two algorithms can achieve the calibration of
SHPMPS. However, in practical application, they have their
own advantages and disadvantages:

(1) Initialization. L-M needs to set a relatively accurate ini-
tial value to ensure the algorithm convergence, which increases
the workload in the preparation stage; PSO only needs to know
the range of the initial value, and generates a large number of
particles through its algorithm for global search, which reduces
the workload in the early stage;

(2) Computational cost. The core of calibration algorithm
is to solve large nonlinear equations. Aiming at this problem,
L-M needs to calculate the Jacobian matrix frequently. How-
ever, it brings a large amount of computational cost thanks to
the high matrix order. The computational cost of PSO depends
on the size of population, so setting a reasonable population
can make the computational cost within an acceptable range.

(3) Calculating true value. Since the initial value of L-M
is around the truth value, the true value can be determined as
long as the algorithm converges; As for PSO, the particles
are distributed in the whole unsolved space, if the space
scale is very large, it may appear the pseudo-truth value after
calculating, causing a failed calibration. Therefore, we should

try to shrink the range of unsolved space to a reasonable area
before using calibration algorithm based on PSO.

According to the analysis above, L-M can achieve the
calibration, but it has the problems of large computation and
workload. PSO can realize the calibration with a smaller
computation by reasonably setting the population and unsolved
space, but the pseudo-truth value problem needs to be noted
after calibrating. As for which method is better, the subsequent
experiments will discuss in detail.

IV. POSITIONING ALGORITHM

According to the system working principle, the main pur-
pose of positioning algorithm is to solve Equations (21),
and Equations (15) has shown the result by LSE. However,
the disturbances such as vibration, light pollution, motor speed
fluctuation will generate a large number of gross errors and
these gross error will be introduced to the system measuring,
which reduces the positioning accuracy. The LSE achieves the
optimal unbiased estimation by minimizing the sum of squared
residuals, which has a weak ability to eliminate the influence
of gross error [23]. Therefore, in order to eliminate the influ-
ence of gross error, improve the robustness and measurement
accuracy of this system, a new positioning algorithm needs to
be further studied.

Maximum likelihood estimation (MLE) is a high-efficiency
robust estimation algorithm [24]. By setting the weighting
coefficient, this algorithm can reduce the influence of gross
error dramatically. In this part, we apply the MLE to the
positioning algorithm, and propose a new algorithm to improve
the robustness of this system.

Supposing this system is made up of two transmitters, due to
the existence of measurement error, the results of the constraint
equations in Equations (21) are not always zero. Therefore,
Equations (21) can be rewritten as follows:

e — b,‘ — a,-X;, (37)

where e; is the constraint error, a; and b; are the coefficients
based on Equations (21).

According to the thought of MLE, in order to obtain the
optimal estimation of the receiver coordinates X, we only
need to minimize the constraint error e€j. So the likelihood
function is constructed as shown in Equations (38).

J(xy) = —mfp,- (e)
i=1

In order to obtain the minimum constraint error e¢;, the deriv-
ative of Equations (38) is calculated.

(38)

ol (XZ’) _ m224 opi(e)  Oe
3X; Py oej 3 (Xg)
=4

_ mz a - opi (e)
i=1 - oe

_ "i“ € 0pi(e)

Iy ' e oOJej
i=1
m=4

=S (b,- _ a,-X;) el 6’;":8) (39)
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Supposing y; (e) = 6%"e(,e) is the score function and g; (e) =
"’ie—(,") is the weight function. Setting the derivative Equa-
tions (39) equals to zero, and writing the equation in matrix

form, we have:

T —
ATQ (B - Axg,) =0 (40)
where Q = diag{qi (e)}, A, B is the coefficients matrix based
on a; and b;.

So the receiver coordinates based on MLE can be obtained
as shown below.

X = (AT QA>_1AT 0B (41)

g

According to Equations (40), we can see the choice of
the likelihood function p; (e) directly determines the final
estimation results X. In general, there are three ways to
get the likelihood function p; (e), namely IGG method, Huber
method and Hample method. In this paper, we use the IGG
method as the likelihood function p; (e), as a result, p; (e) is
shown as below.

e&’/2, leil <c
pi(e)=ycleil, c<lef<b (42)
d, b < el

where, b, ¢ and d are all constants, and the values of each
constant are generally calculated according to experience (For
specific methods, please refer to Ref. [25]).

According to Equations (42), the weight function g¢; (e)
can be calculated. For the measurement without gross error,
the weight function ¢; (e¢) = 1, which indicates that this mea-
surement is credible and can be retained, also Equations (41)
turns into Equations (15), which means that LSE is a special
form of MLE. When the gross error exists, if there is a small
gross error, the weight function turns into g; () = ¢ / le|,
by which the influence of the gross error can be reduce;
if there is a large gross error, the weight function becomes
gi (¢) = 0, namely, we take this measurement as invalid
measurement. In a word, based on this algorithm, we can
realize the purpose of resisting gross error, keeping system
robustness and improving the positioning accuracy.

V. RESULTS

To verify the effect of proposed calibration method and posi-
tioning algorithm, a series of simulations and experiments have
been designed and carried out. By simulating the SHPMPS
based on two transmitters, the simulation experiments verify
the feasibility of the system scheme and the validity of the
proposed algorithm in theory; by inventing the SHPMPS
prototype, the positioning accuracy of SHPMPS can be tested
in a simulated narrow cabin environment.

A. Simulation Experiment

According to the mathematical model in Chap.1.2, we can
see the system’s errors are directly reflected in the errors of
the scanning angles 1, 6,. In order to facilitate the simula-
tion, we establish the system model only with the scanning
angle error A6y, A6>. Namely, the true relative relationship
between the transmitter coordinate system and the global
coordinate system are directly given, that is, we suppose the

TABLE |
THE EXPERIMENTAL CONDITIONS OF TWO CALIBRATION SCHEME

Basic Parameters

Coordinate(m)  (0,0,0) Attitude angle(°)  (0,0,0)
Internal parametersipy = 45°, g2 = —45°, 5 = —90°, Az = 0.1mm
o) Coordinate(m)  (10,0,0) Attitude angle(®)  (0,0,0)
Internal parameters:p1 = 45°, 2 = —45°, Oy = —90°, Az = 0.1lmm
Scanning angle error(”) 15+0xrandn

T1

The distance constraint scheme ®

d1,3 = 300.00 d1,5 = 600.00
da,4 = 300.00 da,6 = 600.00
d3,6 = 500.00 da,6 = 300.00

The receiver coordinates constraint scheme®

5000.00 4600.00 5000.00 4600.00 5000.00
Ry 10000.00 R2 10000.00 R3 10000.00 Ry 10000.00 Rs 10000.00
100.00 100.00 400.00 400.00 700.00
*The scanning angle error consists of constant error and random error to simulate the real working state,
and “rand” stands for a random number with a mean of zero and a variance of one;
b 7q; ;" stands for the distance between Receiver i and Receiver j, and the unit is millimeter;
©”R;"” stands for the coordinates of Receiver i, and the unit is millimeter.

TABLE Il
THE CALIBRATION RESULTS OF TWO CALIBRATION SCHEMEP

Calibration
Parameters

Coordinate(m) (0,0,0)

Attitude angle(°) (0,0,0)
inclined anglel(e1) (°) 45.00000
T1 inclined angle2(2) (°)
)

Coordinates
Constraint

Distance
Constraint

Theoretical
Value

Transmitter
Number

(0.00388,-0.00645,-0.01333)  (0.00065, 0.00009, 0.00186)
45.00454 45.00663

-45.00000 -44.99134 -44.99538

-90.00000 -89.99921 -90.00072

0.100 0.095 0.097

Coordinate(m) (10,0,0) (10.00024,0.00000,-0.00028)  (9.99999,0.00000,-0.00004)
Attitude angle(°®) (0,0,0) (0.00382,0.00036,0.00197) (0.01182,0.00342,-0.02034)
inclined anglel(y1) (°) 45.00000 44.99853 44.99421
T2 inclined angle2(2) (°) -45.00000 -44.99762 -45.00655
offset angle(yy )(°) -90.00000 -89.99952 -90.00087
biased error(Az )(mm) 0.100 0.095 0.100

IThe tolerant error = is 10~ in the calibration algorithm based on L-M.

offset angle(6yy )(°)
biased error(Az )(mm

two transmitters’ true external parameters and internal para-
meters are known. Meantime the receivers’ true coordinates
in the global coordinate system are also known, so the pitch
angle and azimuth angle of a receiver relative to a transmitter
can be calculated, and then the scanning angles 61,6, of
the transmitter sweeping the receiver can be calculated by
Equations (8). The scanning angle errors Af, Af, are added
into the obtained scanning angles 8y, 6, to simulate the actual
working state of this system. Based on the scanning angles
with errors, the calibration method and positioning algorithm
can be tested.

1) Calibration Scheme Experiment: There are two calibration
scheme mentioned in Chap.2, which are based on the known
distance or the known receiver coordinates, respectively.
Considering the narrow cabin, the distance constraint scheme
was finally selected in Chap.2. However, for other application
scenarios, the receiver coordinates constraint scheme may be
available, so the validity of both schemes needs to be analyzed.
The experimental conditions of the two calibration scheme are
shown in Table I, and the calibration algorithm based on L-M
is used to realize the calibration and the calibration results are
shown in Table II.

Theoretically, the calibration results should be equal to the
theoretical value, while the system random error causes the
differences between the calibration results and the theoretical
value. However, we cannot judge the merits of the two
methods only from the calibration error in Table II, because
there are no significant differences in the calibration results
for these two calibration schemes, they are just different from
the theoretical values. In addition, it should be noted that the
coordinates of 77 obtained by the two calibration scheme are
all equal to the theoretical values. This is because the origin
of transmitter 1 coordinate system is taken as the origin of the
global coordinate system when the global coordinate system
is established.
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TABLE IlI
THE POSITIONING RESULTS BASED ON TWO SCHEMES
(UNIT: MILLIMETER)

Receiver TRUE Theoretical Distance Coordinates
Number  Position Value Errorl  Constraint Error2  Constraint Error3
(5000.00, (4998.89, (111, (4998.83, (117, (4999.03, 0.97,
R1 10000.00, 10000.16, 0.16, 10000.13, 0.13, 9999.70, 0.30,
100.00) 100.05) 0.05) 99.99) 0.01) 100.12) 0.12)
(4600.00, (459891,  (1.09,  (4598.82,  (0.95, (4598.92, (1.08,
R2 10000.00, 9999.84, 0.16, 9999.99, 0.01, 9999.82, 0.18,
100.00) 100.05) 0.05) 99.99) 0.01) 100.12) 0.12)
(5000.00,  (4998.89, (111, (4998.84, (116, (4998.96, (1.04,
R3 10000.00, 9999.81, 0.19, 9999.98, 0.02, 9999.65, 0.35,
400.00) 400.04) 0.04) 400.01) 0.01) 400.11) 0.11)
(4600.00, (4598.92, (1.08, (4598.97, (1.03, (4599.05, (0.95,
R4 10000.00, 9999.95, 0.05, 9999.54, 0.46, 9999.23, 0.77,
1000.00) 1000.05) 0.05) 1000.02)  0.02) 1000.04) 0.04)
(5000.00, (4998.87, (1.13, (4999.01, (0.99, (4998.97, (1.03,
R5 10000.00, 10000.11, 0.11, 9999,74, 0.26, 9999.42, 0.58,
1000.00) 1000.06) 0.06) 1000.03) 0.03) 1000.06) 0.06)
(4600.00,  (4598.93, (107,  (4568.89, (111, (4598.95, (1.05,
R6 10000.00, 10000,05, 0.05, 9999.86, 0.14, 9999.60, 0.40,
700.00) 700,05) 0.05) 700.03) 0.03) 700.09) 0.09)
ME (1.10,0.12,0.05) (1.11,0.17,0.02) (1.02,0.43,0.09)
Total ME . R R
STD (0.45,0.05,0.02) (0.45,0.09,0.01) (0.42,0.19,0.04)
Total STD 0.45 0.46 0.46

To verify the validity of the two schemes, we bind the
obtained calibration parameters in Table II into the positioning
algorithm based on LSE and use the positioning error to
evaluate the two schemes. Table III shows the positioning
results using the theoretical calibration parameters, distance
constraint calibration parameters and coordinate constraint
calibration parameters, respectively. Error 1, Error 2 and Error
3 stand for the absolute value of the difference between
the true position and the theoretical value, the true position
and the distance constraint value, the true position and the
coordinates constraint value, respectively. In different axes of
different reveiver, the error AR(AX, AY, AZ) is obtained by
Equations (43). The mean errors (ME) are the mean value of
Error 1, Error 2 and Error 3, also the total mean error Ad
is obtained by Equations (44). The standard deviation(STD)
Rsia (Xsta, Ysid, Zsiq) 1s obtained by Equations (45) and the
total standard deviation dg;4 is obtained by Equations (46).

(43)
(44)

AR = |Rtrue - Rcalculatiue|
Ad =V AX?+ AY? + AZ2

where Ry is the true position coordinates of this point, and
Rcaiculative 18 the calculative coordinates.

Rszdz\/ARlz+AR%+---+AR§/6 (45)

dsia = \/sttd + Yo+ 20,

The coordinates of R{-R3 have been used for coordinates’
constraint calibration, so the positioning results of these three
receivers should be better than other receivers in theory, how-
ever, from Table III, there are no significant error differences
among the six receivers. Moreover, the coordinates of R4-Rg
are chosen in random, which suggests the coordinates of the
whole space can be measured in a small error. Also the total
error and the standard deviation of the two scheme are closed
to the theoretical result. Based on the analysis above, it can
be proved that the two calibration schemes are both valid and
accurate.

By analyzing the positioning results of the two schemes,
the total mean error of distance constraint is 1.12mm, and the
total mean error of coordinates’ constraint is 1.11mm, which

(46)

TABLE IV
THE CALIBRATION RESULTS BASED ON L-M AND PSOE
Transmitter Calibration
Number Parameters Theoretical Value L-M PSO
Coordinate(m) 0,0,0) 0,0,0) ,0,
Attitude angle(°) (0,0,0) (0.00388,-0.00645,-0.01333) (-0.00341,-0.00054,-0.00049)
inclined anglel(y1) (°) 45.00000 45.00454 45.00162
T1 inclined angle2(2) (°) -45.00000 -44.99134 -44.99848
offset angle(f,5 )(°) -90.00000 -89.99921 -89.99932
biased error(Az )(mm) 0.100 0.095 0.098
Coordinate(m) (10,0,0) (10.00024,0.00000,-0.00028)  (10.00020,0.00000,-0.00001)
Attitude angle(°) (0,0,0) (0.00382,0.00036,0.00197) (-0.00271,0.00100,-0.00165)
inclined anglel (1) (°) 45.00000 19985 X
T2 inclined angle2(2) (°) -45.00000 -44.99762 -45.00216
offset angle(f, )(°) -90.00000 -89.99952 -89.99974
biased error(Az )(mm) 0.100 0.095 0.100

“The tolerant error ¢ is 10
algorithm.

in L-M algorithm and PSO algorithm, and the maximum iteration is not used in PSO

can prove that the coordinates’ constraint scheme is a little
more accurate than the distance constraint scheme. That is
because there are fewer unknown parameters in the coordinates
constraint scheme, and if the receivers’ coordinates are known,
the distance constraint equations can be written easily, which
further decrease the difficulty of solving equations. However,
as mentioned in Chap.2, the condition of narrow cabin limits
the application of this scheme, so if there is a stable space
such as calibration workshop, this scheme will make a huge
difference.

2) Calibration Algorithm Experiment: Through the experi-
ments above, the validity of the calibration algorithm has been
verified. This part mainly tests the calibration accuracy of
the two proposed algorithms, and finally the algorithm with
better calibration performance will be chosen as the calibration
algorithm of SHPMPS.

Similar to the calibration scheme experiment, the calibration
algorithm experiment uses the distance constrained calibration
scheme and positioning algorithm based on LSE, and the
distinction is different calibration algorithm. The experimental
conditions are consistent with Table I, and the calibration
results and positioning results are shown in Table IV and
Table V, respectively. Since the experiment process of the
calibration algorithm based on L-M is the same as that in
Chap. 4.1.1, the previous results in Table II and Table III are
directly used in Table IV and Table V.

According to Table IV, the calibration results based on PSO
is closer to the theoritical value than the calibration results
based on L-M, which shows the calibration algorithm based
on PSO has a better calibration results. As a result, these
calibration results cause the total positioning accuracy of PSO
is slightly higher than that of L-M by 0.0lmm in mean error
and standard deviation in Table V, which shows the PSO is
better than L-M in accuracy and stability.

The number of iterations to reach the tolerant error has been
counted, whose aim is to compare the computational cost of
these two algorithms, and the result is shown in Table VI.

According to Table VI, due to the initial parameters infor-
mation is very close to the real values, there are a few iterations
to realize calibration algorithm based on L-M and PSO, and
the great initial parameters make the PSO search in a small
space which widely decreases the computational cost, also
avoids the situation of pseudo-truth value.

Based on the analysis above, the calibration algorithm based
on PSO is better than the calibration algorithm based on
L-M in computational cost and calibration accuracy, so the
calibration algorithm based on PSO is chosen as the practical
calibration algorithm of SHPMPS.
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TABLE V
THE POSITIONING RESULTS BASED ON L-M AND PSO
(UNIT: MILLIMETER)

Receiver TRUE
Number Position L-M Errorl PSO Error2
(5000.00,  (4998.83, (1.17, (4998.88, (1.12,
R1 10000.00,  10000.13, 0.13, 10000.24, 0.24,
100.00) 99.99) 0.01) 100.00) 0.00)
(4600.00,  (4598.82, (0.95, (4598.92, (1.08,
R2 10000.00,  9999.99, 0.01, 10000.00, 0.00,
100.00) 99.99) 0.01) 100.00) 0.00)
(5000.00,  (4998.84, (1.16, (4998.87, (1.13,
R3 10000.00,  9999.98, 0.02, 10000.22, 0.22,
400.00) 400.01) 0.01) 400.00) 0.00)
(4600.00,  (4598.97, (1.03, (4598.99, (1.01,
R4 10000.00,  9999.54, 0.46, 9999.78, 0.22,
1000.00) 1000.02) 0.02) 999.97) 0.03)
(5000.00,  (4999.01, (0.99, (4998.90, (1.10,
R5 10000.00,  9999,74, 0.26, 9999.97, 0.03,
1000.00) 1000.03) 0.03) 999.99) 0.01)
(4600.00,  (4568.89, (1.11, (4598.85, (1.15,
R6 10000.00,  9999.86, 0.14, 9999.94, 0.06,
700.00) 700.03) 0.03) 699.99) 0.01)
ME (1.11,0.17,0.02) (1.10,0.13,0.01)
Total ME 1.12 1.11
STD (0.45,0.09,0.01) (0.45,0.07,0.01)
Total STD 0.46 0.45
TABLE VI
THE NUMBER OF ITERATIONS BASED ON L-M AND PSO
L-M PSO
Number of iterations 5 3

Error/mm

=}

0.5

L I L |
0 25 75 100

50
N/Time

Fig. 7. The positioning error (Ad) comparison of MLE and LSE.

3) Positioning Algorithm Experiment: This section mainly
verifies the accuracy and the ability of resisting gross error
for these two positioning algorithms. To ensure the fairness
of this experiment, the calibration parameters use the results
from Table IV with the calibration algorithm of PSO.

At first, the ability of resisting gross error is tested.
Let the simulation system measures a fixed point
(R6(4600.00,10000.00,700.00))for 100 times using two
algorithms, respectively. Random simulation interference is
added during this experiment, which is realized by setting
A0y, AOy in Table I as 15” +5” x rand. Fig. 7 and Table VII
show the positioning error(Ad), ME and STD of these two
algorithms, respectively.

From Fig. 7, when the gross error appears, the positioning
algorithm based on LSE does nothing for the gross error, while
the positioning algorithm based on MLE reduces the right of
the error. This makes the MLE obtains a better result, such as
Time 24, Time 38, Time 45 and so on. When there is no gross

TABLE VI
THE ME AND STD OF MLE AND LSE (UNIT: MILLIMETER)

MLE LSE
ME 099 115
STD 020 0.32

3
10- 25
2
Z(m) 6
I
1
x 05
! . 8
4
Y(m) 2 5 4 X(m) 0

Fig. 8. The positioning error(Ad) with LSE in the whole space.

error, MLE turns into LSE, as a result, the two algorithm get
the same positioning result,, such as Time 8, Time 13, Time
23 and so on. According to Table VII, due to the gross error
has been processed by MLE, the ME and STD of MLE are
better than that of LSE. These prove the positioning algorithm
based on MLE is stable and robust, which is consistent with
the previous analysis.

In the above analysis, we only select one random point
to verify the effectiveness of the two positioning algorithm,
which is not representative. In order to comprehensively verify
the positioning effect of the proposed algorithm, we carry out
a full-space positioning experiment, namely, the SHPMPS’s
positioning accuracy in the whole narrow cabin is measured.
The calibration parameters also use the results from Table IV
with PSO. The measuring zone is a cuboid with 10m in
X-axis, 10m in Y-axis and 10m in Z-axis, and two transmitters
are located at (0,0,0) and (10.0002,0,0.00001), respectively.
During the whole simulation experiment, the scanning angle
errors Ay, AQ, are still 15” + 5” x rand. The results are
shown in Fig. 8-Fig. 9 and the mean errors of total space and
Y = 10 are shown in Table VIII.

From Fig. 8 and Fig. 9, we can see that the error is different
in different place, which can reflect that the positioning error
is related to the layout of the receiver. Also this conclusion can
explain why the errors in Table III and Table V are various
although the algorithm is same; As the receiver is further away
from the transmitters, the positioning error becomes larger
and larger. This is caused by the fanned opening angle and
the scanning angle error of the laser planes which cannot be
avoided. Since the cross profile of the laser plane is cuneal,
with the increase of the measuring distance, the intersection
area of the laser planes gets bigger, as a result the positioning
accuracy becomes poor; The spots in Fig. 8§ and Fig. 9 are
caused by the random variable of the scanning angle error,
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Fig. 9. The positioning error(Ad) with MLE in the whole space.

TABLE VI
THE MEAN ERROR OF MLE AND LSE
MLE LSE
ME (Total Space) 046 055
ME (Y=10) 0.93 1.11

since MLE has dealed with the gross error of the scanning
angle, the positioning error in Fig. 9 looks much smoother
than that in Fig. 8. This proves the robustness of MLE again.

According to Table VIII, the mean error of the plane at
Y = 10 is 1.11, which is consistent with the results in
Table V and Table VII; The average total positioning error is
0.46mm with MLE and 0.55mm with LSE, which can reflect
the positioning algorithm based on MLE is better than that of
LSE in measuring accuracy.

In conclusion, we choose MLE as SHPMPS’s positioning
algorithm.

B. Verification Experiment

The SHPMPS (as shown in Fig. 10) has been invented to
verify the validity of the working principle, calibration method
and positioning algorithm. The whole experiment scenario is
shown as Fig. 11: A SHPMPS with two transmitters is placed
in a simulated narrow cabin nearly 10mx 10mx 10m, and the
calibration equipment is also mounted in the cabin and can
be seen by two transmitters. The two transmitters are about
10m apart. Since the positioning accuracy of Leica AT901-LR
laser tracker is £15um+6um/m [26], which is higher than
the simulation result of SHPMPS, so we take the laser tracker
as the reference facility. One thing needs to be explained is
that there are nine receivers in the calibration equipment, and
we choose the six receivers in the aluminium plate as the
calibration points and the remaining three receivers are the
points to be measured. All of the receivers’ coordinates are
measured by the laser tracker as the reference value.

1) Sensor Accuracy Verification Experiment: After complet-
ing the initialization of SHPMPS, the receivers’ coordinates
are located by the laser tracker as the reference results (as
shown in Table IX); Then the two transmitters’ external and
internal parameters can be obtained after calibrating by the
calibration equipment; At last the coordinates of the receivers

Fig. 11. Verification experiment environment.

TABLE IX
THE REAL RECEIVERS COORDINATES
Number Coordinates
R1 (4849.02,10260.48,449.52)
R2 (5209.03,10130.52,459.48)
R3 (4869.00,10250.49,269.51)
R4 (5199.02,10140.52,294.48)
R5 (4818.99,10250.48,119.52)
R6 (5248.99,10140.52,114.48)

R7 (4828.96,10230.48,-130.48)
R8 (5278.98,10130.53,-105.53)
R9 (5039.03,10200.50,509.49)

can be confirmed using the SHPMPS. We choose R1-R6 to
form the calibration equipment, and R4-R9 as the points to
be measured. Through comparing the measured coordinates
and the reference coordinates of the 6 receivers, the posi-
tioning accuracy of SHPMPS can be evaluated. To verify
the calibration algorithm and positioning algorithm mentioned
above, the measurement experiments have been repeated four
times, which use L-M and LSE, L-M and MLE, PSO and
LSE, PSO and MLE, respectively. The rotation frequency of
the two transmitters is set at SOHz, so the output frequency
of SHPMPS can reach 50Hz, and we choose the one sec-
onds smooth measuring result as the receiver’s measuring
coordinates. The positioning errors are shown as Table X.
According to Table X, the validity of the working principle,
calibration method and positioning algorithm can be verified.
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TABLE X
THE POSITIONING ACCURACY FOR FOUR EXPERIMENTS
(UNIT: MILLIMETER)

Error R4 R5 R6 R7 R8 R9

AX 120 120 115 118 118 1.19 1.18 0.48
AY 004 004 005 003 005 001 0.04 0.02
L-M & LSE AZ 005 005 005 005 005 005 0.05 0.02
Ad 121 120 115 118 119 119 1.19 0.48

AX 103 106 099 102 103 1.00 1.02 0.42
AY 003 003 004 003 003 001 0.03 0.01
L-M & MLE AZ 005 005 005 005 005 005 0.05 0.02
Ad 103 106 099 102 1.03 1.00 1.02 0.42

AX 118 113 113 113 120 117 1.16 0.47
AY 004 003 005 003 006 001 0.04 0.02
PSO & LSE AZ 005 005 005 005 005 005 0.05 0.02
Ad 118 113 113 113 120 118 1.16 0.47

AX 100 100 096 100 098 1.03 1.00 0.41
AY 003 003 004 003 005 001 0.03 0.01
PSO & MLE AZ 005 005 005 005 005 005 0.05 0.02
Ad 100 100 097 101 099 1.03 1.00 0.41

Receiver Number Average  Std

2.51

——MLE
——LSE

Error/mm
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Fig. 12. The positioning results under external interference.

Through comparing the positioning errors of the four experi-
ments, the positioning accuracy of the PSO calibration algo-
rithm is better than that of the L-M calibration algorithm
at about 0.03mm in total and the positioning accuracy of
the MLE positioning algorithm is better than that of the
LSE positioning algorithm at about 0.16mm in total, also
the standard deviation shows the same result at the aspect of
stability. These are consistent with the analysis and simulation
results above. As a result, the system’s positioning accuracy
of SHPMPS can reach 1.00mm in total with PSO calibration
algorithm and MLE positioning algorithm.

Since the receivers can just be placed at limited positions,
so the positioning accuracy at every point in the whole place
cannot be confirmed. As a result, the whole space’s positioning
accuracy cannot be verified which is a great pity. However,
according to the positioning results above, we have reasons to
believe that the positioning accuracy of this system can reach
sub-millimeter level in the narrow cabin.

2) Anti-Interference  Experiment: ~ To  further  verify
SHPMPS’s stability of resisting gross error, one more
experiment which is like the above four experiments is
carried out. There are two differences between this experiment
and the former experiments: One is that during the whole
experiment, we added the random vibration interference to
the two transmitters by shaking the transmitters slightly, and
another is that we only choose one receiver at random (R9) for
repeated measuring. The calibration algorithm used PSO, and
the positioning algorithm used LSE and MLE, respectively.

TABLE XI
THE ME AND STD OF MLE AND LSE (UNIT: MILLIMETER)

MLE LSE
ME 1.02  1.18
STD 042 053

The rotation frequency of the two transmitters is still set at
50Hz, and the experiment lasts for 5s. The results are shown
as Fig. 12.

According to Fig. 12, compared with LSE, the measuring
results of MLE are more stable and accurate. Table XI counts
the ME and the STD of these two algorithms’ positioning error
(Ad), according to this table, the statistical results prove the
robustness and accuracy of MLE again.

To sum it up, the SHPMPS has been verified in working
principle, calibration method, positioning algorithm and
anti-interference adaptability.

VI. CONCLUSION

This paper presents an integrated system called SHPMPS
for key points measuring in confined cabins. In this system,
the key points’ coordinates are measured by the transmitters
and receivers based on the theodolite principle. The calibration
equipment is used as an orienting device, and the relative
relation of transmitter coordinate system and global coordinate
system is established by the calibration algorithm. Through
the positioning algorithm in the front-end processor, the coor-
dinates can be gotten and shown in the computer. For this
system, although the mathematical principle is not a new one,
the high frequency output scheme based on high-speed motor
is quite fresh. Additionally, the construction of the calibration
equipment plays a pivotal role and a convenient and fast
calibration scheme is carried out. As a result, the relationship
of the coordinates system and the parameters of SHPMPS
can be determined at one time. Besides, through the robust
positioning algorithm based on MLE, the coordinates can
be measured whether there are external disturbances or not.
To verify the validity of the invented system, a series of
simulation and verification experiments have been designed
and conducted, and the results show that the PSO calibration
algorithm and the MLE positioning algorithm have the best
effect for this system and based on these algorithms the
positioning accuracy can reach 1.00mm in total, which can
meet the needs of positioning in the narrow cabin. To eval-
uate the system’s ability in anti-interference, a verification
experiment with vibration interference has been developed and
the accuracy has been presented. The results show that the
positioning accuracy can still keep in nearly 1.00mm with a
high output frequency at S0Hz, which has verified the great
environmental suitability for SHPMPS.

The positioning results have demonstrated that the
integrated system exhibits a good accuracy which can fully
meet the needs of positioning in narrow cabin. It is believed
that the proposed scheme is quite high-efficient and easy to
be implemented. It is suitable for the high-frequency and
narrow-space measurement. Future work will focus on the
improvement of measuring accuracy with more transmitters
and the layout rules of transmitters.
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