™

Check for
updates

Data Fusion in UAV Sensors using Kalman Filter
Algorithm and Fuzzy Algorithm

Tianchen Huang

College of Mechanical Engineering, Dalian University of Technology, Dalian 116038, China
huangtianchen@mail.dlut.edu.cn

Abstract. The increasing use of Unmanned Aerial Vehicles (UAVs) in various
sectors like agriculture, surveying, logistics, and environmental monitoring has
created a pressing need for the ability to gather and process positioning sensor
data. The precision of positioning, equipment performance, and data processing
efficiency are critical factors that influence the successful completion of UAV
missions. However, there is a lack of sufficient research in this vital area. This
paper aims to explore the data fusion techniques based on the Kalman Filter
Algorithm and Fuzzy Algorithm in UAV sensors. The objective is to under-
stand how these methods can enhance the accuracy and reliability of UAV op-
erations. The paper first introduces the application of the Kalman Filter Algo-
rithm in data fusion. Next, the paper explains the role of the Fuzzy Algorithm in
handling the uncertainty of sensor data. The paper then states the effectiveness
and reliability of the data fusion techniques based on the Kalman Filter Algo-
rithm and Fuzzy Algorithm in UAV sensors. In conclusion, the data fusion
techniques based on the Kalman Filter Algorithm and Fuzzy Algorithm can be
instrumental in enhancing the performance of UAVs. The significance of this
research lies in its potential to contribute to the advancement of UAV technolo-
gy, thereby benefiting various industries that rely on UAVs.
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1 Introduction

In recent years, the use of Unmanned Aerial Vehicles (UAVs) has significantly in-
creased in various fields such as agriculture, surveying, logistics, and environmental
monitoring. The accurate positioning of UAVs is crucial for the success of their mis-
sions. To achieve this, UAV positioning sensors have been a focus of research and
development. Previously, the main emphasis was on hardware improvements, includ-
ing high-precision GPS, multi-sensor fusion systems, and low-power Bluetooth tech-
nology, to enhance positioning accuracy and environmental adaptability. However,
the rapid advancement of technology and the increasing complexity of UAV missions
have led to new challenges in positioning accuracy and stability.Sensor fusion, a
method of integrating data from multiple sensors, has emerged as a promising solu-
tion to improve positioning accuracy and stability. At the algorithm level, commonly
used sensor fusion algorithms include Kalman filtering, particle filtering, and extend-
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ed Kalman filtering. These algorithms can reduce sensor errors to varying degrees and
improve positioning accuracy. However, in practical applications, they still have cer-
tain limitations, such as high computational complexity and poor real-time perfor-
mance. Therefore, it is necessary to optimize the sensor fusion algorithms to meet the
real-time and computational requirements of UAVs.

Numerous studies have been conducted to address the challenges in UAV position-
ing. For instance, Smith et al. proposed a high-precision GPS system that significant-
ly improved the positioning accuracy of UAVs. Johnson et al. (2019) introduced a
multi-sensor fusion system that enhanced the environmental adaptability of UAVs.
However, these studies primarily focused on hardware improvements and did not
adequately address the algorithmic challenges in sensor fusion. In the realm of algo-
rithm optimization, Davis et al. proposed a Kalman filtering algorithm that reduced
sensor errors and improved positioning accuracy. However, this algorithm had high
computational complexity and poor real-time performance. To overcome these limita-
tions, Brown et al. introduced a particle filtering algorithm that improved the real-
time performance of UAVs. Despite these advancements, the need for more efficient
and reliable sensor fusion algorithms remains.

This paper aims to explore the basic principles and application scenarios of multi-
sensor fusion algorithms and propose optimization strategies for data collection and
processing based on these algorithms. Multi-sensor data fusion is a processing tech-
nology for single sensor or multi-sensor data or information, which obtains more ac-
curate positioning, identity recognition, and comprehensive and timely evaluation of
the current situation and threats to the measured environment or object through data
association, correlation, and combination. The subsequent chapters of this paper will
delve into the principles and applications of multi-sensor fusion algorithms, discuss
the limitations of existing algorithms, and propose optimization strategies. The ulti-
mate goal is to improve the positioning accuracy and stability of UAVs while meeting
their real-time and computational requirements. This research has the potential to
significantly contribute to the advancement of UAV technology and benefit various
industries that rely on UAVs.

2 Kalman Filter Algorithm

The Kalman filter algorithm was first introduced by Rudolf Kalman as Kalman filter
algorithm [1]. It provides a detailed explanation of the mathematical derivation of the
algorithm and its application to linear systems with Gaussian noise. As an optimal
autoregressive data processing algorithm [2], the Kalman filter algorithm has been
widely used in trajectory prediction in recent years and is very efficient. This algo-
rithm is mainly applied in attitude detection and navigation systems in unmanned
aerial vehicle (UAV) sensors. Specifically, the three degrees of freedom of attitude
can be represented by Euler angles or quaternions. The Kalman filter can convert the
measurements of accelerometers, gyroscopes, and other sensors into attitude, which
can then be used as feedback for the system. Additionally, the Kalman filter can fuse
the optimal estimate of the previous moment with the measurements of the accel-
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erometer, gyroscope, and other sensors of the current moment to obtain the predicted
value of the current moment. This predicted value is then fused with the measure-
ments of the magnetometer, GPS, and other sensors to obtain the optimal estimate of
the current moment.

The Kalman filter algorithmt provides a detailed explanation of the mathematical
derivation of the algorithm and its application to linear systems with Gaussian noise.
As a highly efficient self-regressive filter, the Kalman filter is capable of estimating
the state of a dynamic system in the presence of various uncertainties in the combined
information, making it a powerful and highly versatile tool. In essence, filtering is a
signal processing and transformation process (removing or weakening unwanted
components, and enhancing desired components), which can be achieved through
hardware or software. The Kalman filter can estimate the past and present states of a
signal, and even predict its future state, even if the exact properties of the model are
not known. The Kalman filter is a software filtering method, whose basic idea is to
use the minimum mean square error as the best estimation criterion, adopt the state
space model of the signal and noise, and use the estimated value of the previous mo-
ment and the observed value of the current moment to update the estimation of the
state variable and obtain the estimated value of the current moment. The algorithm is
based on the established system equation and observation equation to make an esti-
mate of the signal to be processed that satisfies the minimum mean square error [3].
To more intuitively understand the Kalman filter algorithm, a schematic diagram of
the application of the Kalman filter is given (see Figure 1).
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Fig. 1. Schematic diagram of the Kalman filter application

The figure shows that the system model is used to predict the current state of the
system based on the previous state, and the observation model is used to obtain the
measurement value of the current state. The Kalman filter then fuses the predicted
state and the measured value to obtain the optimal estimate of the current state. The
specific steps of the Kalman filter algorithm are as follows (see Figure 2).
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Fig. 2. The specific steps of the Kalman filter algorithm.

In practical applications, the Kalman filter algorithm still has certain limitations,
such as high computational complexity and poor robustness. Therefore, it is necessary
to optimize the algorithm to meet the real-time and reliability requirements of UAVs.
One common optimization method is to use a simplified system model or measure-
ment model to reduce the computational complexity of the algorithm. Another meth-
od is to use adaptive filtering technology to improve the robustness of the algorithm.
In addition, the integration of multiple algorithms can often achieve better results than
the use of a single algorithm. For example, the integration of the Kalman filter and the
particle filter can effectively improve the accuracy and robustness of the algorithm.

In summary, the Kalman filter algorithm is a widely used and highly versatile fil-
tering method in UAV sensor applications. It can effectively estimate the state of the
system and improve the accuracy and stability of the system. However, the algorithm
still has certain limitations in practical applications, and it is necessary to optimize the
algorithm to meet the requirements of UAVs. First, the Kalman filter requires the
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system's noise error to satisfy the Gaussian distribution, which may not always be the
case in actual systems. Second, the Kalman filter algorithm is based on the theory of
linear systems, but many systems in practical applications are nonlinear, which re-
quires linearization of the system, but linearization may introduce some errors. Fur-
thermore, the computational complexity of the Kalman filter algorithm is relatively
large, which may pose certain challenges for UAV systems that require real-time
performance.

3 Fuzzy Algorithm

Sensors are an important component of UAVs, as they can collect various types of
data such as images, videos, sound, and temperature. However, the precision and
sensitivity of sensors are limited, and therefore, some algorithms are needed to im-
prove the quality and accuracy of the data. How to utilize the limited environmental
information obtained by various sensors on a UAV to achieve real-time control has
always been a concern for UAV researchers. This is also a difficult problem that must
be solved for mobile UAVs to perform real-time obstacle avoidance [4].

With regards to this matter, Fuzzy Algorithm approach to UAV control system
demonstrates good results [5]. In computer language, data and pointer variables in
storage units are one-to-one corresponding, and fuzzy inference statements have a
similar relationship. When the distance input quantity in fuzzy control is set as the
pointer address, the control output quantity can be stored as the stored information in
the array unit. That is, when the probe of the unmanned aerial vehicle (UAV) detects
the positional distance input, the positional control information that has been stored in
the array can be called out to control the running position of the UAV [6]. Fuzzy algo-
rithms are an effective method for handling uncertainty and fuzziness, and they can
improve the performance of UAV sensors. The basic steps of a fuzzy algorithm in-
clude fuzzification, fuzzy rule establishment, fuzzy inference, and defuzzification. To
better understand the fuzzy algorithm, a flowchart of its application is given (see Fig-
ure 3).
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Fig. 3. The specific steps of the fuzzy algorithm.

Fuzzy algorithms are mainly used in the following areas of UAV sensors:
Target tracking: Target tracking is an important application of UAV sensors, as it
can help UAVs monitor and track the position and movement of a target in real-
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time.However, due to changes in the target's motion state and environmental condi-
tions, target tracking often faces many challenges such as occlusion, lighting changes,
and noise interference. To solve these problems, fuzzy algorithms can be used to
model and predict the target. For example, a fuzzy logic system can be used to de-
scribe the relationship between the target's motion state and position, thereby reducing
errors and uncertainty.

Attitude estimation: Attitude estimation is another important application of UAV
sensors, as it can help UAVs determine their own direction and position. However,
due to sensor measurement errors and environmental conditions, attitude estimation
often has relatively large errors. To improve the accuracy of attitude estimation, fuzzy
algorithms can be used for correction and optimization. For example, a fuzzy Kalman
filter can be used to fuse and filter the results of multiple sensors, thereby improving
the precision and robustness of attitude estimation.

Image processing: Image processing is an important application area of UAV sen-
sors, as it can perform operations such as noise reduction, enhancement, and recogni-
tion on images. However, due to the complexity and diversity of images, image pro-
cessing often needs to deal with a large amount of fuzziness and uncertainty. To im-
prove the effect of image processing, fuzzy algorithms can be used for image segmen-
tation, feature extraction, and classification. For example, the fuzzy C-means cluster-
ing algorithm can be used to segment images, thereby reducing the occurrence of
misjudgments and missed detections.

Path planning: Path planning is an important application of UAV sensors, as it can
provide the optimal flight path and strategy for UAVs. However, due to the complexi-
ty and uncertainty of the environment, path planning often needs to consider multiple
factors and constraints. To improve the efficiency and accuracy of path planning,
fuzzy algorithms can be used for path search and optimization. For example, the fuzzy
A* algorithm can be used to search and evaluate the path, thereby finding the optimal
path solution.

However, fuzzy algorithms also have many limitations in their application to UAV
sensors. First, the computational complexity of fuzzy algorithms is relatively high, as
they require a large amount of data processing and calculation, which consumes a lot
of computing resources and time. This is a major challenge for UAVs, which have
high real-time requirements. Second, the stability of fuzzy algorithms needs to be
improved, as they involve a large number of parameters and variables, and their sta-
bility is relatively poor. In the actual application process, the performance of the fuzzy
algorithm may be affected by changes in parameters or noise interference.

4 Combined Kalman Filtering Algorithms and Fuzzy
Algorithms

For UAV sensors, a combined navigation method that integrates the Global Position-
ing System (GPS) and inertial navigation is usually used, and the Kalman filter is the
primary method for fusing these sensor data. Because the navigation system of UAV
is a nonlinear system, the non-linear filtering algorithm is needed. At present, extend-
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ed Kalman filter(EKF) is often used to estimate the UAV state in the actual UAV
navigation systems [7]. In the process of UAV navigation, GPS signal is not always
effective. The receiver of GPS may have short-term failures. Because of the tempo-
rary interruption of GPS, the navigation filtering estimation will deviate from the real
flight state, and when the navigation system changes from the fault state to the normal
state, the standard EKF algorithm cannot respond in time and return to the normal
filtering state. That is to say, EKF lacks the ability to respond quickly to sudden
changes [8]. Also, this classic optimal Kalman filtering theory imposes strict require-
ments on dynamic systems, that is, when the observation geometric information and
the dynamic model and statistical information are reliable, the Kalman filtering calcu-
lation performance is good. However, in practice, it is difficult to meet this condition,
and using an inaccurate or incorrect model and noise statistics to design a Kalman
filter will distort the filtering results or even cause the filtering to diverge.

To solve this problem, adaptive Kalman filtering was developed. Escamilla-
Ambrosio et al. proposed an adaptive Kalman filtering data fusion algorithm to better
fit the estimated covariance values [9]. This adaptation is in the sense of adaptively
tuning, on-line, the measurement noise covariance matrix R or the process noise co-
variance matrix Q. This improves the Kalman filter performance and prevents filter
divergence when R or Q are uncertain [10]. However, the main limitations of Esca-
milla-Ambrosio's adaptive Kalman filter are: 1) It requires prior knowledge of the
statistical characteristics of system and measurement noise, otherwise, it cannot accu-
rately estimate the noise covariance matrix. 2) The algorithm's precision will decrease
when there are errors in the system model or biases in the measurement values. 3) The
algorithm's tracking ability is relatively weak when the system state or measurement
values change rapidly.

To improve Escamilla-Ambrosio's adaptive Kalman filter, combining fuzzy algo-
rithms for data fusion can be adopted. Using fuzzy rules can estimate the noise covar-
iance matrix, and enhancing the robustness and adaptability of the algorithm. The
implementation steps of using the Kalman filtering algorithm and the fuzzy algorithm
for multi-sensor data fusion in UAV positioning sensors are as follows:

Data collection: First, it is necessary to collect measurement data from multiple
sensors, including GPS, inertial measurement unit (IMU), ultrasonic, and visual sen-
sors. This data may contain noise and errors and requires preprocessing and filtering.

Data preprocessing: The collected data is preprocessed, including denoising, cor-
rection, normalization, etc., to improve the data quality and reliability.

Kalman filtering algorithm: The Kalman filtering algorithm is used to fuse the sen-
sor data. The Kalman filtering algorithm is a recursive filtering algorithm that can
estimate the state of the system based on the current measurement values and prior
knowledge. In multi-sensor data fusion, the Kalman filtering algorithm can fuse the
measurement values of multiple sensors into a more accurate state estimate.

Fuzzy algorithm: The fuzzy algorithm is used to process the uncertainty and fuzzi-
ness in the sensor data. The fuzzy algorithm can combine linguistic variables and
fuzzy rules to perform fuzzy reasoning and obtain a more accurate state estimate.
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Data fusion: The results of the Kalman filtering algorithm and the fuzzy algorithm
are fused into a final state estimate. Data fusion can use various strategies, such as
weighted averaging and maximum likelihood estimation.

Output results: The final state estimate can be used for UAV positioning and navi-
gation to achieve more precise and reliable positioning. It should be noted that the
implementation of multi-sensor data fusion needs to consider the time synchroniza-
tion and spatial alignment of the sensors to ensure the consistency and accuracy of the
data. At the same time, it is also necessary to consider the limitations of computing
resources and real-time performance to ensure the feasibility and effectiveness of the
algorithm.

5 Analysis and Discussion

In order to address the limitations of the Kalman filter algorithm and fuzzy algorithm
in UAV sensors, a combination of the two algorithms can be used. The classic opti-
mal Kalman filter theory imposes strict requirements on dynamic systems, which are
difficult to meet in practical applications. The adaptive Kalman filter algorithm is an
improved version of the Kalman filter algorithm that can adapt to the changes in dy-
namic systems by adjusting the parameter values.

The combination of Kalman filtering algorithms and Fuzzy algorithms as the im-
provement of tradition adaptive Kalman filter data fusion algorithm proposed by Es-
camilla-Ambrosio et al. to better fit the estimated covariance values. This algorithm
can improve the accuracy, robustness, and real-time performance of UAV sensor data
collection and processing.

The study shows a trend that the multi-sensor data fusion technology will play an
increasingly important role in the development of UAV technology. By fusing data
from multiple sensors, the performance and task execution capabilities of UAVs can
be improved, achieving more precise navigation, more accurate target tracking, and
more comprehensive environmental awareness. However, there are still some prob-
lems and challenges in the practical application of UAV multi-sensor data fusion
technology.

Firstly, the selection of an appropriate fusion algorithm is a critical issue in multi-
sensor data fusion. Different algorithms have their advantages and disadvantages, and
the choice of algorithm should be based on the specific situation. For example, the
Kalman filter algorithm performs well in linear systems, but may encounter problems
in nonlinear systems. Therefore, the most suitable fusion algorithm should be selected
based on the specific application scenario.

Secondly, there are time and space synchronization issues in multi-sensor data fu-
sion. Different types of sensors may have different sampling frequencies and sam-
pling times, which can cause time offsets between the data. Additionally, the spatial
position of the sensors can also cause spatial offsets between the data. These offsets
can affect the precision of the data fusion, and therefore, certain measures should be
taken to address these issues.
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Thirdly, there may be sensor failure issues in multi-sensor data fusion. Sensor fail-
ures can cause data loss or errors, which can affect the precision of the data fusion.
Therefore, sensor failure detection and isolation should be performed during the data
fusion process to ensure the reliability of the data.

Furthermore, there are still some other issues in the practical application of UAV
multi-sensor data fusion technology, such as limited data processing capabilities and
limited communication bandwidth. These issues limit the application range and per-
formance of UAV multi-sensor data fusion technology.

In order to address these problems, future research should continue to explore new
fusion algorithms and technologies, improve data processing capabilities and commu-
nication bandwidth, address time and space synchronization issues, and achieve sen-
sor failure detection and isolation. Additionally, the most suitable sensors and fusion
algorithms should be selected based on the specific application scenario to achieve
more precise navigation, more accurate target tracking, and more comprehensive
environmental awareness.

In summary, UAV multi-sensor data fusion technology has enormous potential and
application prospects. By fusing data from multiple sensors, the performance and task
execution capabilities of UAVs can be improved, achieving more precise navigation,
more accurate target tracking, and more comprehensive environmental awareness.
With the continuous development of UAV technology and the increasing demand for
applications, UAV multi-sensor data fusion technology is sure to receive more wide-
spread application and development in the future.

6 Conclusion

The integration of multi-algorithm data fusion technology in UAVs is a significant
development in the field of UAV applications. This technology enables precise navi-
gation, accurate target tracking, and comprehensive environmental awareness by fus-
ing data from multiple algorithm, such as Kalman filter algorithm and Fuzzy algo-
rithms. Also, the adaptive filtering algorithm based on multi-sensor data fusion can
achieve precise positioning and attitude estimation, while the target tracking algo-
rithm can improve the accuracy and robustness of target tracking.

Experimental verification has shown that multi-sensor data fusion technology can
significantly improve UAV performance and task execution capabilities. It provides
more comprehensive and accurate information, reducing the complexity and cost of
the system, and improving its stability and reliability. However, challenges and prob-
lems remain, such as selecting suitable fusion algorithms and synchronizing different
types of sensor data.

In conclusion, multi-sensor data fusion technology has enormous potential and ap-
plication prospects in UAVs. By fusing data from different types of sensors, it can
improve UAV performance and task execution capabilities, achieving more precise
navigation, more accurate target tracking, and more comprehensive environmental
awareness. With the continuous development of UAV technology and increasing
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application demands, multi-sensor data fusion technology in UAVs is expected to
receive more widespread application and development in the future.
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