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Abstract A new type of distributed wireless network which
combines a laser range finder with binocular vision sensors is
developed to improve the accuracy of measurement along the
direction of optical axis. By obtaining the coordinate of the
target by the binocular vision sensor, the laser range finder
which is installed at a two-axes rotary table is able to measure
the distance between the target and the turntable of the current
position. Then, an adaptive weighted fusion algorithm of
multi-sensor information fusion is proposed to improve the
utilization efficiency of the multi-sensor information and to
make the results more accurate. Finally, the parameters of
the system are calibrated through the simulations and the ex-
periments show that the system is feasible and effective.

Keywords Distributed wireless network . Noncontact
positioningmeasuring . Adaptive weighted fusion

1 Introduction

As an important technology in the society, the target tracking
technology is initiated firstly during the Second World War.

Then with the development of various kinds of sensors, such
as radar, infrared and sonar, the target tracking technology has
been developing rapidly. The combination of data association
and Kalman filer in target tracking by Bar-Shalom in 1975
marked that the target tracking entered a new stage [1–5].

Nowadays, most of noncontact positioning measurement
researches focused on long distances beyond 1000 m. Also,
there are some works on short distances below 1 cm or 1 mm
taking advantages of high resolution photonic devices.
However, few measurement systems for medium distances
between 1 and 100 m are designed due to technology gaps
[6–8].With the increasing requirement of coordination among
vehicles in aerospace tasks, it is very important and necessary
to develop accurate and efficient medium-distance positioning
measurement systems [9–13], and the development of wire-
less sensor networks [14–17] makes this possible.

Cameras have been extensively used in positioning mea-
surements due to the advances in machine vision and image
processing technologies [18–20]. The binocular vision sensor
system is able to obtain the target position information by
target images which are taken with two parallel cameras.
However, the shortage of this method is the low accuracy in
the optical axis direction [21–23].

With the developing of the scientific technology, the
increasing detected target and the faster speed, the data of
measurement by the single sensor could not meet the re-
quirement. To obtain the measurement data maximum ef-
ficiency, the combination of multi-sensor is explored and it
is the emphasis of the multi-sensor information fusion and
target tracking [24–27].

In the multi-sensor information fusion system, the mainly
methods of aerial target tracking include: GPS navigation,
passive vision sensors, active vision sensors, etc. In [28], a
new combined system of a millimeter-wave radar and a
CCD camera is proposed. In [29], the multiple-camera system
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is developed with overlapping or non-overlapping views to
reconstruct the 3D trajectories of objects. In [30], a method
of the multiple-camera based tracking in the cameras surveil-
lance system to reconstruct 3D object position from 2D image
of the object is proposed. These methods are suitable for long-
distance tracking, but the airfoils and tail will hinder the GPS
in the medium-distance, although the visual sensor could be
used to this range, because of the influence by the weather and
the cloud, the errors along the optical axis direction are large.
The paper considers using laser range finder to modify the
binocular vision sensor errors along the optical axis distance,
then uses information fusion algorithm to make the target
tracking more accurate.

In early 1990’s, Kalmen and Sastry presented a novel ap-
proach to multiple target tracking based on symmetric mea-
surement equations in [31] and [32]. It laid the foundation of
information fusion. Then the Extended Kalman Filters (EKF)
was used to handle the nonlinearities system in [33, 34], and
Unscented Kalman Filter (UKF), introduced by Julier and
Uhlmann in [35, 36], was applied. So far numerous algorithms
of information fusion were proposed. Although the above al-
gorithms need complex computational process, the system of
this paper that has two sensor systems is a simple one and the
results are obtained quickly by the information fusion algo-
rithm necessarily. Based on this system, the multi-sensor
adaptive weighted fusion algorithm is proposed.

In this paper, a noncontact position measurement system is
designed by using a heterogeneous wireless sensor network
for improving the accuracy of the medium distance position
measurement. The heterogeneous sensor network is com-
posed of three nodes which are two camera sensors and a laser
range-finder and the information obtained by the sensors can
be exchanged from one to another in the network. By using
data fusion approaches, the accuracy of the target position
measurement can be greatly improved. Experiment results
have verified the performance of the designed position mea-
surement system.

The rest of this paper is organized as follows. In Section 2,
the coordinate system is established. Section 3 presents the
registration of systems. Section 4 presents the Fusion
Algorithm. In Section 5 and Section 6, the simulation and
experimental results are provided respectively followed by
the conclusion in Section 7.

2 Establishment of the coordinate system

As shown in Figs. 1 and 2, the heterogeneous distributed
sensor network system is composed of three sensors which
include a laser range finder and two vision cameras, the laser
range finder is fixed on a two-axes rotary table, so that the
laser aiming direction can be changed. Each senor has its own
processor to process the algorithm. Awireless communication

system based on WiFi is employed, and the senor node can
communicate with each other through the wireless network,
which is considered to be secure since an unsecure wireless
network may result in system failure [37]. The targets which
have different colors or shapes are pasted on the surface of the
object to be measured by the sensors. If no less than three
targets are caught by the sensors, then the position and attitude
of the object can be calculated.

Figure 1 shows the principle of the measure method with
one target.

When the system is working, the target images are taken by
the two vision cameras, and the 2D coordinates of the
target(x1, y1) and (x2, y2) in each image can be calculated by
the processor of camera sensors. Then 2D coordinates obtain-
ed by each camera will be exchanged among the three senor
nodes. The 3D coordinates of the target(xc, yc, zc) can be ob-
tained by the Space Rendezvous algorithm in the processor of
each senor node using the following formula.

xc ¼ dx x1−u0ð Þ
x1−x2

yc ¼
dyax y1−v0ð Þ
ay x1−x2ð Þ

zc ¼ dxax
x1−x2

8>>>>>><
>>>>>>:

ð2:1Þ

where dx and dy are pixel size of x-axis and y-axis of the
camera, u0 and v0 are the optical center coordinates of the
camera, ax and ay are the normalized focal length of x-axis
and y-axis.
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Fig. 2 The heterogeneous wireless sensor network
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After getting the 3D coordinates of the target(xc, yc, zc), the
processor of laser range finder drives the two-axes rotary table
to aim at the target and measures the distance to target via the
laser range finder. The information of measured distance will
be sent to each sensor node of the wireless network, and the
accurate target coordinates will be calculated by using a data
fusion approach.

The structure of the heterogeneous wireless sensor network
is shown in Fig. 2.

As shown in Fig. 3, the coordinate systems are established.
O1、O2 represent the two cameras of binocular vision sensor,
A is the exit-point of laser range finder, which is installed in
the two-axes rotary table, and C represents the target. Two
coordinate systems are set up: coordinate system O1XYZ
and coordinate system AX′Y ′ Z ′.

Coordinate system O1XYZ: Camera O1 is the origin of
coordinates, the extension from O1 to another camera O2 is
X-axis, the vertical axis to O1O2 and the upward direction is
Y-axis, the right-hand rule can determine the direction of the
Z-axis.

Coordinate system AX ′Y′Z ′: point A is the origin of co-
ordinates, X, Y, Z axes are the same of coordinate system
O1XYZ. The coordinate of point C in the coordinate system
AX ′Y ′ Z ′ is (xc

′ , yc
′ , zc

′ ), the coordinate of point A in the coor-
dinate systemO1XYZ is (xA, yA, zA), the surface projection of
point C is C0. The included angle between AC0 and Y ′ axis is
α, the included angle between AC and X ′AY ′ is β.

3 The registration of systems

The registration of systems includes two parts: space and time.
The data of sensors is registered firstly in different space

when the multi-sensor data is fusing. The data of different
measurement coordinates must be converted to the same co-
ordinate system, it is the same to mean that the different mea-
surement data are transformed into public coordinate system
of the information processing center and the fusion center.
Information fusion in the public coordinate system compen-
sates the combined error of each sensor and takes advantage of
multi-sensors multi-source information sufficiently.

Meanwhile, the measurements are obtained asynchro-
nously, if the calibration of time domain is inaccurate,
the quality of information fusion will decline. In this
system, the measurement of binocular vision sensor
can be seen as real-time data. Due to the limited accu-
racy and distance, the frequency of the laser rage finder
is lower than the binocular vision sensor, while the oth-
er restriction is the mechanical property of the two-axes
rotary table, which cannot satisfy the real-time demand.
The frequency of laser range finder is far less than
binocular vision sensor, so it is set as the fiducial
frequency.

Coordinate system O1XYZ is the fiducial coordi-
nate. The target’s information from the binocular vi-
sion sensor is in coordinate system O1XYZ, so it
needs to be converted to the coordinate system AX ′
Y ′ Z ′ and then the pitch and yaw angles of the rotary
table are obtained. The basic conversion formula is
shown as follows:

x
0
c; y

0
c; z

0
c

h i
¼ xc; yc; zc½ � � Rot x;mð Þ � Rot y; nð Þ � Rot z; kð Þ þ xA; yA; zA½ �

¼ xc; yc; zc½ ��
1 0 0
0 cos m − sin m
0 sin m cos m

2
4

3
5 �

cos n 0 sin n
0 1 0

−sin n 0 cos n

2
4

3
5 �

cos k −sin k 0
sin k cos k 0
0 0 1

2
4

3
5

þ xA; yA; zA½ �
¼ xcr; ycr; zcr½ � þ xA; yA; zA½ �

ð3:1Þ

Fig. 3 The structure and the geometrical relationship of the location
system
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where Rot(x, m) is the rotation matrix around the x
axis, m is the rotation angel, and other axes are in
the same way. [xcr, ycr, zcr] is the target coordinate after
the rotation of coordinate system AX ′ Y ′ Z ′.

The yaw angle α and pitch angel β are obtained by the
geometric vector:

α ¼ arctan
x
0
c

z0c

� �
¼ arctan

xcr þ xA
zcr þ zA

� �

β ¼ arctan
y
0
c

�� ��ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x02
c þ z02c

q
0
B@

1
CA ¼ arctan

ycr þ yAj jffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xcr þ xAð Þ2 þ zcr þ zAð Þ2

q
0
B@

1
CA

ð3:2Þ

The Algorithm can be summarized in Algorithm 1.

According to the yaw angle α and pitch angle β, the two-
axes rotary table can be adjusted so that the laser is guided to
target C, and l (the distance of AC) is got.

z
0
c ¼ l � cosα� cosβ ð3:3Þ

The z-coordinate in coordinate system O1XYZ which is
corrected by the Laser range finder can be obtained from
Eqs. (3.1) and (3.3).

zcl ¼ l � cosα� cosβ
Rot x;mð Þ � Rot y; nð Þ � Rot z; kð Þ ð3:4Þ

4 Fusion Algorithm

In this work, the multi-sensor adaptive weighted fusion algo-
rithm is adopted to combine the information of the binocular
vision and laser range finder. The model is shown in Fig. 4.
The measurements of binocular vision sensor and laser range
finder are X1, X2, respectively, and then the data are weighted.
The overall idea is under the condition of minimum variance,
according to the data from sensors and using the way of auto-

adapted, the optimal weighted factor is explored tomake the X̂
optimally.

4.1 The derivation of fusion algorithm

The variance of n sensors are σ1
2、σ2

2、…σn
2 respectively.

The truth-value is X. TheMeasured values of n sensors are X1,
X2 …Xn, respectively. The unbiased estimation is X. Each
sensor of the weighted factor is W1, W2, …Wn,respectively.

The fusion of X̂ satisfy the following relations [30]:

X̂ ¼
X n

i¼1
Wi X iX n

i¼1
Wi ¼ 1

8<
: ð4:1Þ

Total variance is σ2:

σ2 ¼ E X−X̂
� �2

� 	

¼ E
X n

i¼1
Wi X−

X n

i−1
Wi X i

� �2
� 	

¼ E
X n

i¼1
Wi X−X ið Þ

� �2
� 	

¼ E

X n

i¼1
W2

i X−X ið Þ2

þ2
X n

i ¼ 1; j ¼ 1
i≠ j

X−X ið Þ X−X j

 �

2
64

3
75

Because the X1、X2、…Xn are independent, and the esti-
mation of X is unbiased, we have

E X−X ið Þ X−X j

 ��  ¼ 0

i ¼ 1; 2;…; n; j ¼ 1; 2;…; n; i≠ jð Þ
σ2 ¼ E

X n

i¼1
W2

i X−X ið Þ2
h i

¼
X n

i¼1
W2

i σ
2
i

ð4:2Þ

Fig. 4 Multi-sensor adaptive weighted fusion model
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The formula (4.2) shows that total variance is a multiple
quadratic function of the weighting factor, which has the min-
imum value:

σ2
min ¼ min

X n

i¼1
W2

i σ
2
i

� �
X n

i¼1
Wi ¼ 1

8<
: ð4:3Þ

According to the extreme value theory ofmultivariate func-
tion, when the total variance is a minimum, it can be obtained
by the corresponding optimal weighting factor:

W*
i ¼ 1

�
σ2i

X n

i¼1

1

σ2
i

i ¼ 1; 2;…; nð Þ ð4:4Þ

σ2
min ¼ 1

�
∑n

i¼1
1
σ2
i

Like most of adaptive techniques based studies [38–44],
the proposed algorithm is adaptive in the sense that it can be
applied to other similar systems without repeating the com-
plex design procedure. The Algorithm is summarized in
Algorithm 2.

4.2 Calculate the weighted factor

Based on the proposed adaptive weighted algorithm, the
multi-sensor adaptive weighted fusion algorithm of our study
is defined as follows:

X ¼ W*
PX p kð Þ þW*

qX q kð Þ ð4:5Þ

In formula (4.5), X is the estimation of the moment k,
namely the final fusion value; Wp

* is the optimal
weighting factor of the laser range finder (hereinafter re-
ferred to as the p); Wq

* is the optimal weighting factor of

the binocular sensor (hereinafter referred to as the q); Xp

kð Þ and Xq kð Þ are mean values of sensor p and q in mo-
ment k respectively.

W*
p ¼ 1

�
σ2p

X n

i¼1

1

σ2
i

� � p ¼ 1; 2;…; nð Þ ð4:6Þ

The Formula (4.6) represents the optimal weighted factor
of the given algorithm, which are given, that is the minimum
mean square error corresponding weighting factor, σp

2 is the
variance of sensor p at moment k.

X p kð Þ ¼ 1

k

X k

i−1
X p ið Þ ¼ k−1

k
X p k−1ð Þ þ 1

k
X p kð Þ ð4:7Þ

Above equations are estimated based on the measured val-
ue of laser range finder at one moment. If the true estimate

value X is a constant, the estimation is obtained according to
the historical true values. The formula (4.7) gives the average
calculation at time k. Estimation of binocular vision sensor
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Fig. 5 The mean square error of
each sensor and fusion
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and laser range finder are same formulas. Calculating the op-
timal weighted factor of the laser range finder uses the follow-
ing formulas:

σ2
p ¼ E V2

p

h i
¼ Rpp−Rpq ð4:8Þ

Rpq ¼ Rpq kð Þ ¼ 1

n−1

X n

q¼1;q≠p
Rpq kð Þ

Rpp kð Þ ¼ 1

k

Xk

i¼1

X p ið ÞX p ið Þ
ð4:9Þ

¼ k−1
k

Rpp k−1ð Þ þ 1

k
X p kð ÞXp kð Þ ð4:10Þ

Rpq kð Þ ¼ k−1
k

Rpq k−1ð Þ þ 1

k
X p kð ÞX q kð Þ ð4:11Þ

Formula (4.8) to formula (4.11) give the variance of σp
2 of

laser range sensor; the same as the binocular vision sensor. Vp

is the error between true value and the measured value, the
Rpp(k) is the auto-covariance of sensor p, Rpq(k) is the covari-
ance of sensor p and q, Rpq kð Þ is the covariance mean value
and the estimation of Rpq(k), Xp(i) is the ith measurement of
sensor p. With multi-group measured values, the optimal
weighting factor can be calculated according to the above
definition of each sensor.

4.3 The computations of fusion algorithm

Because the vision sensor error in the X and Y directions is
very small, the XC(k) and YC(k) can take a mean value in the X
and Y direction, and the Z-coordinate of target can be obtained
at time k as follows:

X c kð Þ ¼ X q kð Þ ; Yc kð Þ ¼ Yq kð Þ ;

ZC kð Þ ¼ W*
PzZp kð Þ þW*

qzZq kð Þ ¼ W*
Pz

lk � cosαk � cosβk þ zAð Þ
Rot x;mð Þ � Rot y; nð Þ � Rot z; kð Þ

� �
þW*

qzZq kð Þ ð4:11Þ

where XC(k)、YC(k)、ZC(k) are target space coordinates
at moment k; WPz

* is the optimal weighted factor of laser
range finder in the Z-direction; Zp(k) is the measured
coordinate value of laser range finder at moment k; Wqz

*

is the optimal weighted factor of binocular vision sensor
in the Z-direction; Xq(k)、Yq(k)、Zq(k) are the measured
coordinate values of binocular vision sensor at moment k;
lk is the distance value of laser range finders at moment
k;αk,βk are the measurement of the pitch and yaw angle
values by binocular vision sensor at moment k; zA is the
space coordinates of laser range finder in binocular
vision sensor coordinate system.

5 The simulation

In order to verify the accuracy and effectiveness of the fusion
algorithm, we designed and built the simulation platform in
PC environment, and conducted many experiments based on
this platform. The experiment does not consider the effect of
environmental factors on the equipment. The experimental
parameters are shown as follows:

1) With calibrating the system for many times, the deviation
matrix of the origin from laser range finder coordinate
system to binocular vision coordinate system is obtained.

Slider Tabl

Target

e

Camera 1

Camera 2

Rot

&

2

tary Table 

& Laser

Fig. 6 The Experimental system

Peer-to-Peer Netw. Appl. (2017) 10:823–832 829



2) The different locations are measured by binocular vision
sensor and laser range finder using a least squares fitting

method to get the rotation matrix of the coordinate
system:

0:9734; 0:1056; −0:0018
−0:7175; −0:5381; −0:2010
−0:0457; −0:3264; 1:0270

2
4

3
5

3) X-direction errors are 0.15, 0.3 and 0.6 mm respectively,
Y-direction errors are 0.15, 0.3 and 0.6 mm, Z-direction
errors of measurement are 12, 20 and 31 mm of visual
sensor at 15, 17, 20 m.

4) The measurement error of the laser range finder is
1.5 mm.

5) The pitch and yaw angular accuracy of two-axes rotary
table is 0.02 degree.

The distances of 15, 17, 20 m were simulated respectively
using the fusion algorithm. Figure 5 is the RMSE (Root Mean
Square Error) of 15, 17, 20 m respectively. Through the

Table 1 Parameters of Experimental System

Parameters Value Unit

Slide table X-axis maximum speed 0.5 m/s

Slide table Y-axis maximum speed 0.5 m/s

Distance from sensors to targets 1.5 ± 0.2 m

Camera resolution 1920 × 1280 Pixel

Camera frequency 30 Hz

Laser sensor range 30 m

Laser sensor error 0.05 mm

2-axis turntable angular maximum speed 30 rad

2-axis turntable angular maximum speed 60 rad

2-axis turntable angular accuracy 0.03 rad

2-axis turntable angular accuracy 0.03 rad

Fig. 7 The experiment result of
X direction

Fig. 8 The experiment result of
Y direction
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RMSE, we can clearly find that after using the fusion algo-
rithm, the error of the Z-coordinate is further controlled, the
mean square error value is smaller than a single one’s, and the
measurement accuracy is greatly improved.

Because of the better accuracy of laser range finder that led
to its larger weighted factor, the tendency of RMSE change in
Fig. 7 conforms to the results of information fusion algorithm.
The RMSE values are increasing at 15, 17, 20 m gradually; it
means that the fusion error of the target movement distance is
increasing.

6 Experimental study

To evaluate the effectiveness of this position measurement
system, an experimental system shown in Fig. 6 is built. It
consists of a fight vehicle model, two cameras, a rotary table,
a laser-range sensor and 2-axis slider table. The 2-axis slider
table is used to simulate the fight mode of the fight vehicle.

The parameters of experimental system are shown in Table 1.
In this experiment, the slider table moves according to a

sinusoidal reference signal along both x(vertical to the optical
axis) and y(along the optical axis) directions, respectively.

It can be seen from the experimental results shown in Fig. 7
that the results obtained by the data fusion closely match that
outputted from camera as the slider table moves along X di-
rection. However, there exist time lags in the results obtained
by the data fusion as the movement of the turntable and laser-
range sensor takes time.

As is shown in Fig. 8, when the slider table moves along Y
direction, the results obtained by the proposed position mea-
surement system are much better than the results obtained
from cameras as the data fusion of laser distance and camera
outputs overcome the error along the optical axis and thus
improve the accuracy of the measurement.

7 Conclusions

Anoncontact positionmeasurement system using heterogeneous
distributed sensor networks is proposed which can be applied in
the complex space. Then, the adaptive weighted fusion algorithm
of multi-sensor information is used to improve the measurement
accuracy and to make the process more efficient. The improve-
ment of the accuracy is verified by the experimental results.

One of the future works is to improve the serious time-
delay by using a new mechanical structure of system which
is called scanning mirror to replace the two-axes rotary table.
The reason is that the scanning mirror has much higher dy-
namic characteristic than the two-axes rotary table. Another
future work is to design advanced algorithms to perfect the
system accurately and robustly and considers the impact of
cyber attacks.

The results given in this work have a strong guiding signif-
icance and reference value to the subsequent research.
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