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Abstract
This paper addresses the design problem of an embedded mobile stage location system based on

a two-dimensional laser radar. The mobile stage is a piece of important performance equipment in art
performances, and the positioning problem is one of the key issues in the control of the mobile stage.
Both hardware and software are developed for the mobile stage. The hardware of the location system
consists of a laser radar, an embedded control board, a wireless router, and a motion control unit.
The software of the location system includes embedded software and human-machine interface
(HMI), and they are designed to achieve the functions of real-time positioning and monitoring.
First, a novel landmark identification method is presented based on the landmark reflection intensi-
ties and shapes. Then, the initial pose of the mobile stage is calculated by using the triangle matc-
hing algorithm and the least squares method. A distributed fusion Kalman filtering algorithm is ap-
plied to fuse landmark information and odometer information to achieve real-time positioning of the
mobile stage. The designed system has been implemented in a practical mobile stage, and the results
demonstrate that the location system can achieve a high positioning precision in both the stationary
and moving scenarios.
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0　 Introduction

In recent years, with the improvement of people’s
living standards, the demand for art activities has
grown rapidly, and the importance of cultural facilities
construction has become increasingly prominent. This
places higher demands on the technology development
of theatres and other art performance venues. More and
more high-tech devices have been used in art perform-
ance venues, which gradually enrich the appreciation
of the art performance. The mobile stage is a piece of
important performance equipment, which can switch
the scenery quickly and brings great convenience to the
art performance. Besides, it can enhance the perform-
ance of the art activities and reduce the restrictions on
art creation in a fixed stage. At present, the mobile
stages used in the theaters are orbital or wheeled. The
orbital mobile stage is implemented on the track inside
the main stage and is guided by a chain or a rack. The

orbital mobile stage has accurate positioning; neverthe-
less, it suffers from flexibility deficiency and cannot
adapt to the flexible forms of the art performances. The
wheeled mobile stage drives the stage by moving the
wheels and calculates the stage position according to
the data of the driving wheels or the passive wheel en-
coders. Since there is no orbit restriction, it is more
flexible and convenient to use, and has a better appli-
cation prospect. However, due to wheel slippage and
cumulative positioning errors, existing wheeled mobile
stages cannot achieve long-term movements, and some
challenging problems remain to be solved.

The positioning problem is one of the key issues in
the control of the mobile stage. Due to the contradiction
between the positioning precision and the movement
flexibility of the mobile stage, it is necessary to accu-
rately locate the mobile stage without limiting its move-
ment path. The existing positioning methods include vis-
ual positioning method[1-5], ultra-wideband (UWB) posi-
tioning method[6-9], laser positioning method[10-17], etc.
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The visual positioning method depends on a clear line
of sight between the source and the sensor, and can on-
ly be used in a laboratory environment. This method re-
quires substantial computational resources and is sensi-
tive to lighting conditions and occlusions, which limits
its practical application. Ultra-wideband positioning
methods can achieve a positioning precision of up to
0. 1 m and are less affected by environmental factors
compared with visual methods. However, they remain
sensitive to occlusions and do not provide posture infor-
mation of the mobile stage, restricting their practical
applications. Laser positioning methods use laser radar
to scan the surrounding environment and match the
map to obtain the pose of the stage. These methods are
less influenced by lighting conditions and are more sui-
ted for practical mobile stage applications. Laser posi-
tioning can be categorized into environment-based[18]

and landmark-based[19-20] . The environment-based po-
sitioning method relies on the contour of the environ-
ment to determine the stage’s position. This method is
commonly applied in sweeping robots. However, in
practical mobile stage applications, the stage area is
very large, and there are no significant environmental
characteristics around the stage. As a result, the envi-
ronment-based positioning method cannot obtain suffi-
cient environmental contour features, making it im-
practical for mobile stage positioning. On the other
hand, the landmark-based positioning method involves
placing passive reflective markers around the stage.
This method greatly expands the laser detection dis-
tance and achieves higher positioning accuracy. It is
more robust in environments with unclear environmen-
tal contours, making it more suitable for mobile stage
applications. The landmark-based method is particular-
ly advantageous due to its high precision and reliability
in dynamic and variable lighting conditions typically
encountered in performance venues.

This paper presents a landmark-based mobile
stage laser positioning system that integrates both hard-
ware and software components. The hardware includes
a laser radar, an embedded control board, a wireless
router, and a motion control unit, while the software
consists of embedded software and a human-machine
interface (HMI) for real-time positioning and monito-
ring of the mobile stage. Unlike traditional visual posi-
tioning methods which are prone to the effects of light-
ing and obstructions, and laser positioning methods
that rely on environmental contours, a landmark recog-
nition method is proposed based on the reflection inten-
sities and shapes of the landmarks. This method com-
bines triangulation matching algorithms with the least
squares method to achieve precise initial positioning of

the mobile stage. Additionally, the system incorporates
a distributed fusion Kalman filtering algorithm that in-
tegrates odometer data with laser data, further impro-
ving real-time positioning accuracy. By using artificial
landmarks covered with 3M reflective film, the system
effectively increases the laser detection range and en-
hances the accuracy of landmark recognition, making it
particularly suitable for environments with unclear con-
tours. The system has been implemented in an actual
mobile stage, and test results indicate that the laser po-
sitioning system can achieve high positioning accuracy
in both stationary and moving scenarios, and is resist-
ant to changes in lighting conditions, performing ex-
ceptionally well even in real performance environments
where lighting conditions vary dramatically.

The remainder of the paper is organized as fol-
lows. Section 1 introduces the hardware design of the
mobile stage positioning system. Section 2 focuses on
the design of the embedded software and the human-
machine interface of the mobile stage. Section 3 is de-
voted to the design of the road signs detection algo-
rithm, the initialization positioning algorithm and the
positioning algorithm of a mobile stage. The experi-
ments are presented in Section 4 and the conclusions
are finally given in Section 5.

1　 The hardware design of mobile stage po-
sitioning system

　 　 Based on the design requirements of the mobile
stage positioning system, the system structure is illus-
trated in Fig. 1. This system comprises two primary
components: the mobile stage and the artificial land-
marks. The mobile stage utilizes these landmarks to
determine its position relative to its own local coordi-
nate system, allowing for precise calculation of its posi-
tion and orientation. Fig. 1 offers a detailed overview of
the mobile stage location system, highlighting the
seamless integration of its critical components. The
two-dimensional laser radar functions as the environ-
mental sensor, gathering essential spatial data to iden-
tify landmarks. An embedded control board, powered
by an i. MX 6Quad processor, processes sensor data
and manages the motion unit. The motion unit, which
includes servo drivers and omni-directional wheels, ex-
ecutes movement commands, enabling the stage to nav-
igate smoothly and accurately. The hardware structure
of the mobile stage is shown in Fig. 2. It is mainly
composed of a two-dimensional laser radar, an embed-
ded control board, a wireless router, and a motion con-
trol unit. The laser radar is used to scan the surround-
ing environment and collect the surrounding environ-
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ment features. The embedded control board processes
the laser data and sends motion control commands to
the motor driver. In addition, the embedded control
board is connected with a human-machine interface
through the WiFi network.

Fig. 1　 The overall system structure

Fig. 2　 Mobile stage hardware setup

1. 1　 2D laser radar
An R2000-UHD 2D laser radar from Pepperl +

Fuchs is used in this paper. The laser radar has a min-
imum angular resolution of 0. 014 ° , a maximum scan-
ning frequency of 50 Hz, an effective measurement dis-
tance of 60 m (with reflection film), and is able to
provide the angles, the distances, and the reflection
intensity values. The communication of the laser radar
is based on the hypertext transfer protocol (HTTP) and
the transmission control protocol / Internet protocol
(TCP / IP). In practical applications, the contours of
the stage are not obvious, and the environment-based
positioning method suffers from the occlusion induced
by multiple mobile stages, which has a negative impact
on the positioning accuracy. Therefore, the positioning

method based on artificial landmarks is used to locate
the mobile stage. The reflection film is covered on the
landmarks to increase the laser detection distance and
achieves higher landmark identification accuracy.

1. 2　 Embedded controller
The embedded control board adopts an i. MX 6Quad

processor based on the 64-bit ARM Cortex-A9 architec-
ture from NXP semiconductors. Its highest frequency is
up to 1. 0 GHz and its memory is 1 GB, and its per-
formance meets the processing requirements of laser
data and the motion control. A Linux operating system
operates on the processor.

1. 3　 Motion control unit
The motion control unit is mainly composed of the

servo drivers, the motors, and the omnidirectional
wheels. In order to drive the stage to achieve omnidirec-
tional motions, a four-wheels structure is used in this
paper, which is shown in Fig. 3, where X-Y represents
the X-Y axis of the local stage coordinate system. The
X0 direction points to the front of the mobile stage, and
v1, v2, v3, v4 represent the linear velocities of the four
wheels, respectively. This structure enables the mobile
stage to realize complex motions during the performance.

Fig. 3　 Omnidirectional wheel and its coordinates

According to the four-wheels structure, the kine-
matic model of the stage is given by
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where, v1 v2 v3 v4[ ]T is the linear velocities of the four
wheels, and x˙ y˙ θ˙[ ]T is the linear and the angular ve-
locities of the moving stage in the global coordinate sys-
tem, L represents the distance from the wheel to the
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center of the mobile stage.

2　 System software design

The positioning system software consists of the em-
bedded software and the computer monitoring software,
i. e. the human-machine interface. The embedded
software processes the laser data in real time and con-
trols the motion of the mobile stage. The computer mo-
nitoring software receives the mobile stage running sta-
tus data in real time and sends control signals to the
embedded software.

2. 1　 Embedded software design
The embedded software is implemented in C + +

and runs on a Linux system. The control commands are
sent to the laser radar through HTTP and TCP / IP is
used to transfer the laser radar data. After receiving a
frame of laser radar data, the software identifies the
landmarks from the laser radar data, and calculates the
pose of the mobile stage using the designed positioning
algorithm. Based on the identification and positioning
results, the embedded software controls the motor to
execute corresponding control commands, and sends
the stage pose to the monitoring software through the
WiFi network. The flow chart of the embedded software
operation is shown in Fig. 4.

Fig. 4　 Embedded software operation flow chart

2. 2　 Human-machine interface design
The human-machine interface is implemented in

C# to realize positioning system parameters setting, re-
al-time monitoring of motion status and data storage.
The software interface is mainly composed of four func-
tional blocks: real-time position display area, parame-

ter setting area, button area, and coordinate display
area. The real-time display area uses OpenGL to dis-
play the stage pose. The parameters of the laser radar
and the type of landmarks can be set in the parameter
setting area. The coordinate display area shows the co-
ordinate of each landmark in the map and the pose of
the mobile stage. The interface of the monitoring soft-
ware is shown in Fig. 5.

The operation flow chart of the monitoring software
is shown in Fig. 6. First, the monitoring software im-
ports the extensible markup language (XML)-format-
ted map file and the track file, and sets the parameters
of the mobile stage and the laser radar. Whereafter,
the software connects the mobile stage and sends the
positioning instruction to the stage, and starts the oper-
ation of the mobile stage. The mobile stage moves ac-
cording to the set trajectory and uploads the pose data
to the monitoring software in real time. The monitoring
software stores the pose data in the database.

Fig. 5　 Software interface

Fig. 6　 Monitoring software operation flow chart
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3　 Positioning algorithms

The mobile stage positioning algorithm consists of
three parts: a landmark extraction and identification al-
gorithm, an initial positioning algorithm and a real-time
positioning algorithm. The landmark extraction and
identification algorithm extracts the landmarks from the
environment and recognizes them. The initial pose of
the mobile stage is calculated by the initial positioning
algorithm. The real-time positioning algorithm achieves
real-time positioning of the mobile stage.

3. 1　 Landmark extraction and identification algo-
rithm

　 　 The landmark extraction and identification algo-
rithm is the basis of the mobile stage positioning algo-
rithm and provides accurate landmark coordinates data
for subsequent algorithms.

The two-dimensional laser radar scans the sur-
rounding environment to obtain the distance between
the object and the laser radar, and collects the angle
value and the reflection intensity[21] . In order to enable
the laser radar to effectively identify the landmarks in
the environment, the 3M reflection film is covered on
the artificial landmarks to improve the reflection inten-
sity of the landmarks, thereby the reflection intensity of
the landmark is significantly higher than the environ-
mental reflection intensity, which is conducive to the
extraction of landmarks[22] . In the real environment,
the metal surface may be recognized as a landmark be-
cause the reflection intensity of the metal surface is
close to that of the landmark. Therefore, the width of
the landmark needs to be detected after the landmark is
identified. The landmark extraction and identification
procedure is shown in Fig. 7.

The reflection intensity of the same material de-
creases with increasing distance. The reflection intensi-
ty of distant markers may be weaker than that of nearby
markers. Therefore, a distance-related filter is pro-
posed in this paper to screen out the landmarks from
different distances. The reflection intensities are illus-
trated in Fig. 8.

The filter is designed as an inverse proportional
function and is given as

f d( ) =
ka

kb + d - kc (2)

where, d represents the distance value detected by the
laser radar; f(d) is the threshold for reflection intensity
corresponding to this distance. The hyperparameters
ka, kb and kc are critical to the system’ s performance

and must be carefully set. These hyperparameters are
selected based on two primary factors: the system’s
operational range and the required sensitivity for accu-
rate landmark detection. Typically, the values of ka ,
kb and kc are determined through a precise calibration
process. This process aims to balance detection accura-
cy with the specific environmental conditions present in
the deployment area.

Fig. 7　 The landmark extraction and identification flow chart

Fig. 8　 Reflection intensity measured data and filter

There are materials with high reflection intensity
in the natural environment, it is easy to cause misjudg-
ment since the landmarks are recognized only depen-
ding on the reflection intensity. Therefore, the width of
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the extracted landmark needs to be detected, which is
shown in Fig. 9. First, the least squares method is
used to obtain the angle α of the landmark surface in
the laser radar coordinate system. The width of the
landmark is calculated by

Widthcal ≈
Δφ·r

sin φ - α( )
(3)

where Δφ is the angle difference between the two sides
of the landmark; r and φ are the polar coordinates of
the center of the landmark with respect to the local co-
ordinate system, which are provided by the laser ra-
dar; Widthcal is the estimated width of the landmark.
Eq. ( 3 ) provides an estimation of the landmark’ s
width using the angular difference Δφ and the radial
distance r , with φ indicating the landmark’ s angular
position. Although it is theoretically possible to calcu-
late the width of the landmark directly from the coordi-
nates of the two sides of the landmark, it is easy to
generate large errors in actual experiments. The error
is due to the fact that the laser spot has a certain diam-
eter, a part of the spot is illuminated on the landmark
and the other part is illuminated on the background
wall. Therefore, a strong reflection intensity may corre-
sponds to a background wall. The calculated width may
differ from the actual landmark width, where the land-
mark may be mistaken as an interference.

Therefore, the landmark is detected based on the
error between the measured landmark width and the ac-
tual width and the detected landmark is recognized as
an effective landmark when the error is less than a giv-
en threshold. The error judgment criterion is given by

Widthcal - Widthr

Widthr
< λ·m r( ) (4)

where, Widthr represents the actual width of the land-
mark, and the hyperparameter λ defines the acceptable
error margin for detecting the landmark’ s width. The
distance-related error coefficient m( r) adjusts the al-
lowable error based on the distance r from the radar,
accommodating for greater measurement uncertainty at
longer distances. These parameters are usually deter-
mined through experimental optimization to ensure reli-
able landmark identification under the specific condi-
tions of the deployment environment.

3. 2　 Initial positioning algorithm
The initial positioning algorithm based on similar

triangles matching is designed to get the initial pose of
the mobile stage. The algorithm mainly consists of two
steps: the landmark matching and the pose estimation.
The landmark matching is to match the detected land-
marks with the corresponding landmarks in the map.
First, the center of the main stage is used as the coor-

Fig. 9　 Width detection schematic picture

dinate origin, and the positive X-axis direction of the
global coordinate system coincides with the audience’s
direction. An appropriate number of landmarks are
placed around the stage. The coordinates of the land-
marks in the global coordinate system are denoted as
GF = FGi

(xGi
,yGi

) i = 1,2,…n{ } . The two dimen-
sional laser radar scans the surrounding environment.
The laser radar center is used as the local coordinate
origin, and the initial laser radar direction is used to
establish the positive X-axis direction of the local coor-
dinate system. The coordinates of the landmarks detec-
ted by laser radar in the local coordinate system are de-
fined as LF = FLi(xLi,yLi) i = 1,2,…n{ } . The
basic idea of the similar triangles matching algorithm is
that when the two triangles which are respectively com-
posed of three different detected landmarks in the sets
GF and LF are approximately similar, three pairs of
matching landmarks can be determined.

The pose estimation is to compute the pose of the
local coordinate system with respect to the global coor-
dinate system by using the matched triangles, that is,
the pose of the mobile stage in the global coordinate
system. Multiple matching problems may arise during
the matching procedure. Therefore, it is necessary to
check the pose and discard the wrong results. The ini-
tial positioning algorithm is summarized in the following
algorithm.

Algorithm 1 　 Initial positioning algorithm based
on similar triangles matching.

Step 1 　 Combine the landmarks in the sets GF
and LF to obtain a set of triangles GF = {(A,B,C) |
A,B,C ∈ GF} and LF = {(A,B,C) | A,B,C ∈ LF} .

Step 2　 Check the triangle vertices storage order.
When the equality of triangle sides are used to judge
the similar triangles, the mirrored two triangles may al-
so satisfy this condition. Therefore, before the triangles
are judged to be similar, the order of the three vertices
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of the triangles needs to be checked to exclude the mir-
rored triangles. Denote the coordinates of the three ver-
tices of the triangle as A = (x1,y1) , B = (x2,y2) ,
C = (x3, y3) . The necessary and sufficient condition
for the three vertices being arranged counterclockwise
is to satisfy the following inequality.

x2 - x1 　 　 y2 - y1

x3 - x2 　 　 y3 - y2
> 0 (5)

Step 3 　 Find all the similar triangles in the two
triangle sets. Compare the side lengths of all triangles
in the two sets in turn to obtain all similar triangles.
Each pair of matched triangles consists of three pairs of
matched landmarks.

Step 4 　 Calculate all possible mobile stage po-
ses. The coordinates of the corresponding landmarks in
each pair of matched triangles are substituted into the
least squares pose calculation formula to obtain the
pose of the mobile stage in the global coordinate sys-
tem. Each pair of matched triangles can be used to ob-
tain a set of mobile stage pose. The least squares posi-
tion calculation formula is given by

xL1 yL1 1 0
yL1 xL1 0 1
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Among them, the components in the matrix A are
the landmark coordinates in the local coordinate sys-
tem, and the vector b is composed of the corresponding
landmark coordinates in the global coordinate system.
The matrixH represents the pose matrix and is obtained
by solving the above formula using the least square
method.

Step 5 　 Delete the incorrect matched triangles
and select the correct stage pose. It is easy to generate
a mistake matching by simply using the equality of
three sides as a judgment criterion. For example, a tri-
angle in the set LT may be matched with several trian-
gles in the set GT . There may be partially incorrect
poses in all the possible poses calculated in Step 4.
Therefore, using the acquired poses, the coordinates of
the landmarks in the local coordinate system are con-
verted into the global coordinate system. The trans-
formed coordinates are compared with the coordinates
of the landmarks in the map, and the number of correct
matched landmarks and the average error are calculat-
ed. The pose with the most matched landmarks and the
smallest average error is the correct pose.

Step 6 　 Calculate the optimal initial pose. Ac-

cording to the correct pose obtained in Step 5, the
matching relationship between the laser-scanned land-
marks and the landmarks in the map is obtained, and
the coordinates of all the correct matched landmarks
are substituted into the least squares pose calculation
Eq. (6) to obtain the optimal initial pose X(0) of the
mobile stage.

The proposed pose calculation algorithm based on
the least squares method is more accurate than the tri-
lateration positioning method. The method can use more
than three pairs of landmark coordinates to perform pose
calculations to minimize the sum of squared errors.

3. 3　 Mobile stage positioning algorithm
The mobile stage positioning algorithm estimates

the pose of the mobile stage in real time during the
movement of the stage. Although the positioning algo-
rithm based on a single laser radar is easy to implement
and does not depend on the kinematics model, there
are errors in the estimated pose, which may affect the
matching of landmarks in the following and lead to poor
positioning stability. Therefore, a distributed fusion
Kalman filtering algorithm is designed to fuse land-
marks information and odometer information to achieve
higher positioning accuracy of the mobile stage. The
odometer information is applied to obtain the predicted
pose and the landmarks information is used in the
measurement update procedure. Multiple landmarks in-
formation are implemented in a distributed way.

Denote the state vector in the global coordinate
system of the mobile stage at time k as X k( ) =
x(k) y(k) θ(k)[ ]T . Using the estimated pose at the

previous moment and the output of the odometer, the
predicted X︿ (k k - 1) in the global coordinate system
at time k of the mobile stage can be obtained, that is

X︿ k k - 1( ) = X︿ k - 1 k - 1( ) +
Δx k( )

Δy k( )

Δθ k( )
( ) (7)

where Δx(k) Δy(k) Δθ(k)[ ]T is the output of the
odometer. 　 　

According to the predicted pose and coordinate
conversion formula of the plane rectangular coordinate
system, the predicted coordinates of the scanned land-
mark in the global coordinate system are obtained, and
the coordinate conversion is calculated as
xEi k( )

yEi k( )
[ ] = cos θ︿(k) sin θ︿(k)
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where, xLi yLi[ ]T is the coordinates of the scanned ith
landmark in the local coordinate system; [ xEi(k)
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yEi(k)] T is predicted coordinates of the scanned land-
mark in the global coordinate system; [x︿(k) y︿(k)] T is
the predicted position of the mobile stage in the global
coordinate system; and θ︿(k) is the predicted angle of
the mobile stage in the global coordinate system.

Match the predicted coordinates of the scanned
landmarks in the global coordinate system with the
landmark coordinates stored in the map[23] . When the
distance difference between the two positions is less
than a setting threshold, the matching is successful.
Since the landmarks are scanned in turn, the land-
marks information are received separately. Therefore,
a distributed fusion strategy is applied to address the
landmarks information sequence.

The observation vector Z i(k) = [ ri(k) φi(k)] T

of the landmark is given by

ri k( )

φi k( )
[ ] =

　 Δ xi k( )2 + Δ yi k( )2

tan -1 Δ yi k( )

Δ xi k( )
- θ k( ) + π

2
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v2 k( )
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(9)
where [ ri(k) φi(k)] T is the polar coordinates the ith
landmark, Δ xi(k) = x(k) - xGi , Δ yi(k) = y(k) -
yGi . [xGi yGi] T is the coordinates of the artificial land-
marks in the global coordinate system. The distributed
fusion Kalman filtering algorithm for the mobile stage
positioning is presented in Algorithm 2.

Algorithm 2　 Distributed fusion Kalman filtering
algorithm for mobile stage positioning

Step 1　 The innovation is calculated as
εi k( ) = Z i k( ) - Z︿ i k( ) (10)
The innovation εi(k) is the difference between the

actual observation Z i(k) and the predicted observation
Z︿ i(k) . This residual quantifies the discrepancy be-
tween the observed and predicted positions of the land-
marks.

Step 2　 The variance of the innovation is given by
Si k( ) = �H k - 1( )P k k - 1( )�HT k( ) + R i k( )

(11)
The innovation variance Si(k) is calculated by

combining the predicted state covariance P(k k - 1)
and the measurement noise covariance R i(k) . This is
linearized using the Jacobian matrix �H(k) of the ob-
servation model to measure the uncertainty in the inno-
vation.

Step 3　 The Kalman gain is determined as
K i k( ) = P k k - 1( )�HT k( )S -1

i k( ) (12)
The Kalman gain K i(k) is obtained from the pre-

dicted state covariance P(k k - 1) , the transpose of
the Jacobian �HT(k) , and the inverse of the innova-
tion covariance S -1

i (k) . This gain adjusts the impact

of the innovation on the state estimate update.
Repeat Steps 1 - 3 for i = 1,2,…,m ; where m is

the number of matched landmarks.
Step 4　 The estimated are calculated as

X︿ k k( ) = X︿ k k - 1( ) + 1
m∑i

K i k( )εi k( )( )

(13)
The state estimate X︿ (k k) is refined by averaging

the weighted innovations across all matched landmarks
using their respective Kalman gains.

Step 5　 The estimated state covariance is given by

P k k( ) = I - 1
m∑i

Ki k( )�H k( )( )P k k - 1( )

(14)
The state covariance P(k k) is updated to reflect

the new state estimate, thereby reducing overall uncer-
tainty. This incorporates the Kalman gain and the line-
arized observation model.

In the presented mobile stage location system, the
computational complexity primarily hinges on the land-
mark identification, the triangulation matching for ini-
tial positioning, and the distributed fusion Kalman fil-
tering for real-time updates. The landmark identifica-
tion process involves scanning the environment with a
two-dimensional laser radar and matching detected
points with predefined landmarks. The complexity of
this step can be approximated as O NlogN( ) due to the
need for sorting and searching within the set of N detec-
ted points. The initial positioning algorithm based on
similar triangles matching involves comparing multiple
sets of three landmarks to find the best match. The
complexity here is dependent on the number of land-
marks, with a potential complexity of O n3( ) for matc-
hing, where n is the number of landmarks considered in
the map. The Kalman filter’s computational complexi-
ty is generally O m3( ) for each update, where M is the
size of the state vector. However, in the distributed fu-
sion approach, this complexity is amortized over m
landmarks, leading to an overall complexity of
O m·M3( ) for the entire update process.

4　 Experiments and analysis

Seven landmarks are implemented in the experi-
ments, and the precise position of each landmark in
the global coordinate system is evaluated and stored in
the software system. A pracical mobile stage for the ex-
periment is designed as shown in Fig. 10, which is 1 m
long and 1 m wide. In the experiment, the velocity of
the mobile stage is kept between 0. 4 m ∙ s - 1 and
0. 6 m∙s - 1 . The laser radar is placed at the front of
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the mobile stage. The scanning frequency is set to be
10 Hz. Each detection frame contains 25 200 measure-
ment points. The scanning range is 0° - 180° . A
50. 0 mm wide reflective landmark covered with 3M re-
flective film is used in the experiment. The landmark
can be effectively recognized by the laser radar within a
distance of 60 m. During the experiment, the OptiTrack
3D motion capture system is used to capture the refer-
ence pose of the mobile stage, and the algonithm is de-
veloped by applying the pseudocode in Algorithm 3.
The OptiTrack system can provide the positioning pre-
cision of 0. 1 mm at a 120 Hz sampling rate.

Fig. 10　 The designed mobile stage in application

Algorithm 3　 Pseudocode for mobile stage positioning algo-
rithm

Inputs:
L - Set of landmark positions in the global coordinate system
O - Odometry data stream from the mobile stage’ s motion
control unit
Outputs:
X - Position and orientation of the mobile stage in the global
coordinate system

1: Initialize X(0) , P(0) / / Initial state estimate and co-
variance
　 / / Part 1: landmark extraction and identification algo-
rithm
2: for each time step k do
3: Scan environment with laser radar
4: Apply reflection intensity filter f(d) to extract landmarks
5: Compute landmark width Width_cal
6: Validate landmark with width error criterion
　 / / Part 2: initial positioning algorithm
7: if k = 0 then
8: for each set of detected landmarks j in M do
9: Match landmarks using similar triangles method
10: Compute pose of mobile stage using least squares meth-
od
11: Select correct pose based on landmark matching valida-
tion
12: X(0) ← Optimal initial pose of the mobile stage

　 / / Part 3: real-time positioning algorithm
13: else
14: Predict state and covariance
　 X(k | k - 1) = f(X(k - 1))
/ / State prediction function
　 P(k | k - 1) = F × P(k - 1 | k - 1) × F’ + Q
/ / Predicted covariance, F is the state transition matrix, Q is
process noise
15: for each landmark i in L do
16: Perform landmark detection and extract features
17: Calculate innovation and innovation covariance
18: Compute Kalman gain Ki(k)
19: Update state estimate X(k | k) with landmark i observa-
tion
20: end for
21: Update state covariance P(k | k) using the aggregated
Kalman gains
22: end if
23: end for
24: return X / / The final estimated position and orientation
of the mobile stage

By applying the designed filter, only the reflection
intensity of the landmark is greater than 0 among the
reflection intensity data collected by the laser radar.
According to this feature, the landmarks from different
distances can be recognized intuitively. As shown in
Fig. 11, some artificial landmarks are placed at differ-
ent locations in the corridor, and the laser radar is
used to scan the corridor to obtain the reflection inten-
sities at different locations. The filtering result is shown
in Fig. 12. From right part to the left part of the figure,
the distance gradually increases and the reflection in-
tensity decreases. When the distance increases to a
certain extent, the landmark reflection intensity is so
weak that it is close to the wall reflection intensity
which is collected at a close distance. After filtering,
the reflection intensity of the wall is normalized to 0 re-
gardless of the disturbance. Although the reflection in-
tensity of the landmark is weakened after filtering, it is
more obvious than the reflection intensity of the wall.

Fig. 11　 Testing scenarios

Fig. 13 shows the comparison between the trajec-
tory estimated by the proposed positioning method and
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Fig. 12 　 Comparison of the original reflection intensity and
the reflection intensity after filtering

the reference trajectory, and the estimated trajectory
error is shown in Fig. 14. It can be seen from Figs. 13
and 14 that the estimated trajectory basically coincides
with the reference trajectory, and the positioning preci-
sion is high where the maximum position error is within
20. 0 mm and the average position error is 6. 5 mm. It
should be noted that there is an installation error be-
tween the real center position and the center position of
the mobile stage captured by the OptiTrack system,
and this installation error will always exist throughout
the experiment. In some periods of time, the positio-
ning error fluctuates dramatically, which indicates that
there is still a lack of stability in the positioning system
and remains to be solved. The comparison between the
estimated angle and the true angle as well as the angle
error are shown in Figs. 15 and 16, respectively. It
can be seen from Figs. 15 and 16 that the proposed
method provides satisfactory angle estimation accuracy
of the mobile stage. The maximum angle error is within
1. 26° and the average angle error is 0. 28° . The re-
sults show that the proposed method manifests a high
level of feasibility and positioning accuracy.

Fig. 13　 Estimated trajectory and true trajectory

Fig. 14　 Trajectory error

Fig. 15　 Estimated angle and true angle

Fig. 16　 Angle error

To demonstrate the feasibility and superiority of
the proposed algorithm, it is compared with WiFi-
based positioning and laser rader odometry based posi-
tioning. Fig. 17 shows the comparison experiment
scene, and Fig. 18 shows the results of different algo-
rithms in recovering the trajectory of an intelligent robot
following the same motion path. As seen from the fig-
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ure, the ‘Mobile stage positioning algorithm’ obtained
by the proposed algorithm almost overlaps with the
‘Real track’, particularly in sections where the trajec-
tory is more complex, indicating a higher level of accu-
racy. In contrast, the trajectories estimated by the oth-
er two methods show some deviation from the real traj-
ectory, especially in areas with significant local path
variations. In conclusion, the proposed method has
high feasibility and can improve positioning accuracy.

Fig. 17　 Comparative experimental scenario

Fig. 18　 Comparative experiment

5　 Conclusions

This paper has designed a laser radar based mo-
bile stage location system to achieve a high level of po-
sitioning accuracy. Its contributions lie in the following
aspects.

(1 ) A novel landmark identification method is
presented based on the landmark reflection intensities
and shapes to address the complex background environ-
ment.

(2) A distributed fusion Kalman filtering algo-
rithm is applied to fuse multiple landmarks information
and the odometer information to achieve high positio-
ning precision of the mobile stage, and the initial pose
of the mobile stage is calculated by using the triangle
matching algorithm and the least squares method.

(3) Both hardware and software are designed to
achieve real-time control, positioning and monitoring of
the mobile stage.

The proposed positioning method has been used in
practical applications and the effectiveness of the sys-

tem has been evaluated through practical experiments.
The results show that the proposed method manifests a
high level of feasibility and positioning accuracy.
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