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In order to make multirotor unmanned aerial vehicles (UAV) compose a desired dense formation and improve the practicality of
UAV formation, a distributed algorithm based on fuzzy logic was proposed. The airflow created by multirotor UAVs was analyzed
according to the structure of themultirotor UAV and the characteristic equation of the fluid.This paper presented a dynamic model
for the process of formation of and path search algorithm based on this model. The membership function in this model combines
the factors of position, flow field, and movement. Integrating the dynamic model and its desired position in formations, each UAV
evaluates the surrounding points and then selects the direction for step motion. Through simulation, this algorithm was improved
by a by-step formation approach, and the effectiveness of this method in dense formation of multirotor UAVs was proved.

1. Introduction

1.1. Development Status. The improvement of communica-
tion abilities and the distributed systems have led researchers
to pay increasing attention to multiagent systems [1, 2].
Among them, the control of movement and fuzzy control
methods have also been widely applied in the multiagent
field [3, 4]. At the same time, in recent years, a wide range
of applications of unmanned aerial vehicles (UAVs) flying
in formation has emerged in both the military and civilian
environments. Compared with a single UAV, a UAV system,
especially a distributed multiagent UAV system, has many
obvious advantages [5, 6]. And for multirotor UAVs, owing
to its advantages of simple control and hovering flight, it has
an irreplaceable role in application [7].

However, research on distributed control drones is often
used in fixed-wing drones to study how to make the
formation well maintained in high-speed movement and
achieve rapid convergence after avoiding obstacles [8–10];
and multirotor UAV formations often use centralized control
to plan flight routes in advance according to the expected
formation. It is the high-precision positioning based on
visual and advanced communication technologies that often

determines the formation complexity and completion [11, 12].
For example, at the 2018 Winter Olympic Games, a number
of multirotor UAVs are designed to carry out light show. The
show used many small multirotor UAVs according to show
needs. The smaller volume of UAV makes it easier to avoid
collisions, and the lighter weight reduces the effects of the
drone flow field. It is precisely positioned by high-precision
GPS, using the ground station to plan the route of each UAV.
The related technology has been well verified in the show, but
the following points need to be considered in order to make
multirotor UAVs become real agents for formation.

1.2. Influence of Flow Field. Unlike fixed-wing drones and
other intelligent robots,multirotor drones rely on the rotation
of rotors to generate power, which will generate powerful
airflow. Especially for drones those weights are not so light;
strong airflow will be generated, affecting the flight safety of
other drones. In applications, the space between drones is
maintained at a sufficiently large safe distance. And if we want
to reduce the spacing as much as possible, it is necessary to
consider the effect of flow field according to the character-
istics of the UAV. In addition, the improvement of control
technology provides technical support for further narrowing
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the safety distance, while reducing the distance between
drones can enhance the performance of UAV formations.
Therefore, the impact of airflow determines the minimum
distance when carrying out dense formation.

1.3. Limitations of Control Methods. Although the centralized
control of the UAV can easily achieve the collaborative flight,
however, in practice, there are many limitations in this way.
Without the control of the base station, UAVs will lose
control. The route must be planned in advance and cannot
be controlled in real time. And, with the increase in the
number of drones, as well as the increase in algorithm speed
and computational complexity, control bottlenecks will be
encountered.

Distributed control can get rid of these restrictions in
application and make multirotor UAVs into true intelligent
agents. In recent years, the intelligent agent system based on
distributed control has been rapidly developed. Various types
of robot formation technology had gradually improved [13].
The behavior-based approach is widely used in distributed
control. This approach is based on the correspondence
between purpose and action. Its input can be a signal
collected by a sensor or an output of other behaviors in the
system. Accordingly, its output is either the action of the
UAV or input consisting of other behaviors. This method is
effective for cluster control. However, mathematical quantita-
tive description and analysis are difficult using this approach
[14, 15].

1.4. Method of Movement. The multirotor UAV has the
characteristic of simple and flexible control and high degree
of freedom of movement, making it similar to the intelligent
robot [16].Manymethods for ground-based smart robots can
be used for multirotor drones. However, the multirotor UAV
movement is performed in a three-dimensional space and
can complete the motion combined every degrees of motion,
making the control method of the smart robot unable to be
used directly in multirotor drones.

Regarding problems mentioned above, this paper ana-
lyzed the characteristics of flow field of multi-rotor UAVs.
According to the characteristics of multirotor UAV, designed
membership functions in fuzzy logic, and a distributed
formation algorithm were proposed. The remainder of this
paper is organized as follows: the influence of multirotor
UAV flow field is introduced in Section 2. The distributed
formation algorithm for multirotor UAV is presented in
Section 3. Section 4 presents the simulation results. Finally,
Section 5 concludes the paper and discusses future work.

2. Influence of Multirotor UAV Flow Field

2.1. Theory of Flow Field Simulation. CFD (Computational
Fluid Dynamics) simulation is a common method of ana-
lyzing flow fields. Using finite element analysis method; the
continuous fluids is discretized. This method first uses the
fluid conservation equation to describe the discrete fluids
mathematically, forming a large algebraic equation group,
and then choose the transport equation to close the system

of equations and calculate it on a computer [17, 18]. The fluid
conservation equation is expressed as follows:𝜕𝜌𝜕𝑡 + 𝜕𝜕𝑥𝑖 (𝜌𝑢𝑖) = 0 (1)

𝜕𝜕𝑡 (𝜌𝑢𝑖) + 𝜕𝜕𝑥𝑗 (𝜌𝑢𝑖𝑢𝑗)
= − 𝜕𝜌𝜕𝑥𝑖 + 𝜕𝜕𝑥𝑗 (𝜇𝜕𝑢𝑖𝜕𝑥𝑖 − 𝜌𝑢𝑖𝑢𝑗) + 𝑆𝑖

(2)

𝜕𝜕𝑡 (𝜌0) + 𝜕𝜕𝑥𝑗 (𝜌𝑢𝑗0) = 𝜕𝜕𝑥𝑗 (Γ 𝜕0𝜕𝑥𝑗 − 𝜌𝑢𝑗0) + 𝑆 (3)

where 𝜌 is the density; 𝑢 is the flow velocity; 𝜇 is the fluid
viscosity; Γ, 0 is constant; S is the original item.

This paper selects the S-A model; the transport equation
is a function of the turbulent kinetic energy k:𝜕 (𝜌𝑘)𝜕𝑡 + 𝜕 (𝜌𝑘𝑢𝑖)𝜕𝑥𝑖 = 𝜕𝜕𝑥𝑗 [(𝜇 + 𝜇𝑡𝜎𝑘) 𝜕𝑘𝜕𝑥𝑗]

+ 𝜇𝑡 ( 𝜕𝑢𝑖𝜕𝑥𝑗 + 𝜕𝑢𝑗𝜕𝑥𝑖 ) 𝜕𝑢𝑖𝜕𝑥𝑗
− 𝜌𝐶𝐷𝑘3/2𝑙

(4)

where 𝜎𝑘, 𝐶𝐷 are empirical constant. 𝜇𝑡 is turbulent
viscosity.

2.2. Simulation of Multirotor UAV Flow Field

2.2.1. Flow Field When Hovering. Take the model in Figure 1
as an example. When hovering, the UAVweights are equal to
the lift force generated by the rotor. Therefore, the pressure
between the rotating circular surfaces of each rotor is

𝑃 = 𝐹𝜋R2 = 𝑚𝑔𝜋R2 (5)

where R is the radius of the rotor and 𝑚 is the weight of
the drone.

By pressure equivalent replacement method, we can get
the flow field when hovering, as shown in Figure 2.The color
represents the flow rate, and the arrows in the figure indicate
the direction of the airflow.

2.2.2. Flow Field When Moving. When flying, multirotor
UAV pitch angle changes coupling. The component of lift in
the horizontal direction is equal to the air resistance. The air
resistance received is the integral of air pressure on the surface
of the drone.Through the simulation, we can get pitch angles
at different flight speeds.

𝐹 = 𝑚𝑔
cos 𝜃 (6)

𝑓 = 𝐹 sin 𝜃 (7)

V ∝ 𝑓 = ∫𝑃d𝑆 (8)
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Figure 1: Model of multirotor UAV selected for analysis.
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Figure 2: Flow field of multirotor UAV when hovering.

where 𝑆 is the UAV surface, 𝜃 is the pitch angle, and V is
the moving speed.

In thisway, we can get the flowfield ofUAVwhenmoving,
as shown in Figure 3.

2.3. Summary ofMultirotor UAV FlowFieldCharacteristics. It
can be seen from the simulation results that, in the horizontal
direction, the disturbed area is approximately circular due
to the symmetrical shape of the multirotor UAV structure.
The radius of the disturbed area is slightly larger than
the drone radius. In the vertical direction, the disturbed
area of the flow field is mainly located below the UAV.
Overall, the area is approximately cylindrical.The intensity of
interference decreases with the distance to the UAV increase.
The tilt of the cylindrical air flow is opposite to that of
the drone’s movement, approximately perpendicular to the
plane of the fuselage. Due to the speed limitation when
carrying out dense formation, the tilt angle is generally not
greater than 10 degrees. In addition, the drone itself has a
certain degree of ability to resist wind, and it can resist the
interference of airflow with a certain intensity. Therefore, the
airflow generated by a multirotor UAV primarily affects the
area below it; the direction is slightly inclined according to
the direction of flight. And the horizontal spacing can be
significantly less than the vertical spacing.
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Figure 3: Flow field of multirotor UAV when moving.

3. Distributed Formation
Algorithm for Multirotor UAV Based on
the Concept of Fuzzy

According to the needs of distributed formations, this paper
adopts a behavior-based control approach. Each drone per-
forms calculations based on the information it receives and
chooses behaviors.

3.1. Selection of Input and Output. This article uses a point-
based formation method, that means, all drones have the
same set of global coordinates. And in a dynamic environ-
ment, the three-dimensional coordinates of the drone can
be provided with high-precision GPS. Taking into account
multiple drones, point-to-point communication expense is
too large. So we can use the blackboard to achieve com-
munication. Drones broadcast their own coordinates and
speeds, providing reference for other drones. With its own
coordinates, these can be set as input to the formation control
system.

Themultirotor UAV canmove to all directions because of
its control features. The output can be set to the step motion
in one of the directions to neighbor point.

3.2. Settings of Membership Function

3.2.1. Membership Function in Two-Dimensional Space. In
a dynamic environment, the drones have different motion
states. Therefore, it is necessary to introduce fuzzy concepts
to express this uncertainty [19, 20]. The position and motion
state of each drone and the flow field can be expressed
in fuzzy sets. The membership function of the multiagent
fuzzy control on the two-dimensional plane is often set as
a continuous convex function. The function 𝜇1 is a function
of the coordinate point on plane. It represents the degree of
membership of an agent at point (xc, yc) to the current coor-
dinate point. It takes the maximum value at the center of the
agent and decreases as the distance to the agent increases. Due
to the uncertainty in the dynamic environment, the influence
of areas outside a certain distance is difficult to determine, so
it is set to 0. At the same time, it can reduce the computational
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complexity and reduce unnecessary computational spend. So,
the membership function can be set to𝜇1 (𝑥, 𝑦)
= {{{{{{{

1 − √(𝑥 − 𝑥𝑐)2 + (𝑦 − 𝑦𝑐)2𝑅1 , √(𝑥 − 𝑥𝑐)2 + (𝑦 − 𝑦𝑐)2 ≤ 𝑅10, 𝑒𝑙𝑠𝑒
(9)

where xc =0 and yc =0; the function image is as shown
in Figure 4. 𝑅1 is the effective radius of the membership
function.

For moving objects, the membership function should
include the speed of motion. The membership function can
be set to the following form:

𝜇1 (𝑥, 𝑦) = {{{{{{{
1 − √(𝑥 − 𝑥𝑐)2 + (𝑦 − 𝑦𝑐)2/𝑅1𝑓 (𝑉,𝐷) , √(𝑥 − 𝑥𝑐)2 + (𝑦 − 𝑦𝑐)2 ≤ 𝑅1 × 𝑓 (𝑉,𝐷)0, 𝑒𝑙𝑠𝑒 (10)

This formula introducing function 𝑓,𝑉 in this function
represents the velocity vector of the object, and 𝐷 is the
vector from the current point (x, y) to the center of the object
(xc, yc). 𝑓 can be set to

𝑓 (𝑉,𝐷) = 1 − 𝜃 ∙ cos𝛼 (11)

where a is 𝜃 constant and 0 ≤ 𝜃 ≤ 1 and 𝛼 is the angle
between 𝑉 and 𝐷. The image is shown in Figure 5. It can
be seen that by add function 𝑓, the attenuation of the value
of the membership function slows down in the area that is
consistent with the direction of motion of the object, whereas
the attenuation is faster in the area of opposite direction.
Although the environment is dynamic, the environment is
changing gradually, so, in the next moment, the direction
of movement is not usually so different from the current
direction of movement. Therefore, this membership function
can reflect the expectations for the next moment.

3.2.2. Membership Function of Multirotor UAV and Its
Flow Field in Three-Dimensional Space. Refer to the two-
dimensional membership function; the membership func-
tion in three-dimensional space is a function of the points
in space. According to the above analysis, the membership
function when the multi-rotor drone hovering should have
the following characteristics:(1) At the drone center, the membership function takes
the maximum value(2) When hovering, the central axis of the air flow is
directly below the drone, perpendicular to the ground(3) At the same height level, the function value decreases
as the distance to the intermediate axis increases(4)When at different height levels, as the height difference
to the drone increases, the function value gradually decays.
After many comparisons, the attenuation coefficient is set to
the cube of height difference, which can reflect the actual flow
field conditions well.

So the membership function can be set to

𝜇1 (𝑥, 𝑦, 𝑧) = {{{{{{{{{
(1 − √(𝑥 − 𝑥𝑐)2 + (𝑦 − 𝑦𝑐)2𝑅1 ) ∙ (1 + (𝑧 − 𝑧𝑐)3𝐿3 ) , √(𝑥 − 𝑥𝑐)2 + (𝑦 − 𝑦𝑐)2 ≤ 𝑅1 𝑎𝑛𝑑 𝑧 − 𝑧𝑐 ≤ 𝐿
0, 𝑒𝑙𝑠𝑒

(12)

where𝐿 is the length of the cylindrical area affected by the
flow field. When xc=yc=zc=0, the function image is as shown
in Figure 6.

The graph represents the value of the function by color
and evenly selects the slice for observation. As can be seen in

the figure, the value of the membership function can express
the degree of threat posed by the drone and the flow field
approximately.

For amoving drone, the area affected by the flow field will
be skewed.According to geometric relations, themembership
function can be set to

𝜇1 (𝑥, 𝑦, 𝑧)
= {{{{{{{{{

(1 − √(𝑥 − 𝑥𝑐 − (𝑧 − 𝑧𝑐) ∙ tan 𝛽)2 + (𝑦 − 𝑦𝑐)2𝑅1 ) ∙ (1 + (𝑧 − 𝑧𝑐)3𝐿3 ) , √(𝑥 − 𝑥𝑐 − (𝑧 − 𝑧𝑐) ∙ tan 𝛽)2 + (𝑦 − 𝑦𝑐)2 ≤ 𝑅1 𝑎𝑛𝑑 𝑧 − 𝑧𝑐 ≤ 𝐿
0, 𝑒𝑙𝑠𝑒

(13)
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where 𝛽 is the pitch angle of the drone, as is shown in
Figure 7.

With reference to the two-dimensional membership
function, the attenuation of the function in the direction

of motion can be reduced, and this can optimize the
dynamic characteristics of the model. We can also introduce
the function 𝑓; the membership function can be changed
to:

𝜇1 (𝑥, 𝑦, 𝑧)
= {{{{{{{{{

(1 − √(𝑥 − 𝑥𝑐 − (𝑧 − 𝑧𝑐) ∙ tan 𝛽)2 + (𝑦 − 𝑦𝑐)2𝑅1 ) ∙ (1 + (𝑧 − 𝑧𝑐)3𝐿3 ) ∙ 𝑓 (𝑉,𝐷) , √(𝑥 − 𝑥𝑐 − (𝑧 − 𝑧𝑐) ∙ tan𝛽)2 + (𝑦 − 𝑦𝑐)2 ≤ 𝑅1 𝑎𝑛𝑑 𝑧 − 𝑧𝑐 ≤ 𝐿
0, 𝑒𝑙𝑠𝑒

(14)

The function image is shown in Figure 8.
Through improvement, the value of the region where

the membership function takes a large value shifts toward
the direction of speed, reflecting the prediction of the next
moment.

3.2.3. Membership Functions of Position Points in Formations.
In addition, in order to let the dronemove to its own position
in the formation, target location needs to attract its drone.The
closer the distance to the target is, the more favorable it will
be to form a formation. Set function 𝜇2 as the target attraction
function, expressing the degree of beneficial formation:

𝜇2 (𝑥, 𝑦, 𝑧) = 1 − √(𝑥 − 𝑥𝑡)2 + (𝑦 − 𝑦𝑡)2 + (𝑧 − 𝑧𝑡)2𝑅2 (15)

In the formula, (xt,yt,zt) is the coordinates of the target
point; 𝑅2 is the radius of the flying range that forms the
formation.

3.3. Action Decision. The local search method is used in this
paper. Each drone selects the direction of movement only by
analyzing the conditions in its surrounding area.The analysis
of the surrounding environment has mainly two aspects:
the likelihood of a collision and whether it is conducive
to achieving desired formation. After considering these two
factors find the point with the highest evaluation around and
move to this point. In this article, the evaluation function is
set to: 𝑉 (𝑝) = 𝐴 ∙ 𝜇2 (𝑝) − 𝐵 ∙∑

𝑖

𝜇1,𝑖 (𝑝) (16)

where A and B are a constant and the value is positive;𝑝 is the adjacent coordinates point of the UAV’s current
coordinates; 𝜇1,𝑖 is the value of the membership function
of UAV 𝑖. The first item in the equation indicates the
target’s attraction to the coordinate point, and the latter item
indicates the effect of other drones on this point. At this time,
the best action can be selected to move a certain step to the
point which has the highest value.

4. Program Flow and Simulation

4.1. Program Flow. The method in this article belongs to
distributed control and program flow chart is shown in

Figure 9. Each drone acquires the coordinates and speed
direction of other drones through the communication device.
Through local search, the evaluation values of the surround-
ing coordinate points are calculated and the direction is
selected. In practical applications, the formation usually uses
the same kind of drone. Assuming drones have the same
motion characteristics and step speeds.

4.2. Simulation. In this paper, we set the triangular formation
as the desired formation. Set the initial position of the UAV
randomly and then carry out the formation. We repeat 50
tests and statistical simulation results. Table 1 shows the
results and the time steps when the number of drones is 3,
5, and 7, respectively.

From the simulation results and process, it is found that
when the number of drones is small, the success rate is
high. But when the number of drones increases, success
rate is not high and often falls into a local minimum due
to the limitation of local information. Since the range of
membership functions is larger than the real size of the
drone, when the formation is dense, each drone is limited by
local information, and sometimes it is difficult to bypass the
area affected by other drones, resulting in a local minimum
point.

For ease of analysis, we define the cost function 𝐽 as the
total distance of all drones from the target point:

𝐽 (𝑡) = ∑
𝑖

√(𝑥𝑖 − 𝑥𝑡)2 + (𝑦𝑖 − 𝑦𝑡)2 + (𝑧𝑖 − 𝑧𝑡)2 (17)

Figures 10 and 11 show one of the situations where
they fall into a local minimum. In the figure, the sphere
represents the drone, and the lines of different colors indi-
cate the flight routes of the drones. It can be seen that
one drone is surrounded by the flow fields generated by
several drones above and cannot move and falls into a local
minimum.

In order to solve the problem of low success rate caused
by local minimum, the by-step formation can be used, first
to form the formation with the same structure, but a larger
spacing between each other. As the membership function
area remains the same, relatively sparse formations make
formation easier. But at the same time, too large spacing
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Figure 5: Membership function of two-dimensional moving object.
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Figure 6: Membership function of multirotor UAV when hovering
in three-dimensions.

will increase the range of the entire drone group, which will
cause difficulties for communication, and it will also increase
the time for the formation to complete. Based on the above
factors, when the distance is set to 2 to 3 times the minimum
distance, the formation is well achieved. After that, reduce
spacing to complete the desired dense formation.

One of the simulation results is shown in Figures 12 and
13. From the results of many simulations, it can be seen that,
with this method, drones can increase the success rate of
forming a dense formation with similar time consumption.
In this way, the success rate of the formation can be greatly
improved in the case of a large number of drones. The
statistical results are shown in Table 2.

Table 1: Simulation result statistics.

Number of drones Success rate Average time step
3 82% 114
5 80% 137
7 56% 139
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Figure 7:Membership function of multirotor UAVwhenmoving in
three-dimensions.

−5

1

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0

0

−1

−2

−3

−4

2

2

10

0

−1−2
−2

Z

X

Y

Figure 8:Membership function ofmultirotor UAVwhenmoving in
three-dimensions after adding speed effect.

5. Conclusion and Future Work

This article designed a position-based formation method
in dynamic environment and added the factor of speed.
This method uses distributed control, using local search
to reduce the computational complexity and taking into
account the movement in three-dimensional space, collision
avoidance, and the influence of the flow field. Through the
above methods, dense formations of multirotor UAVs can
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Table 2: Simulation result statistics using by-step formation.

Number of drones Success rate Average time step
3 92% 133
5 90% 135
7 86% 156

No

Yes

End

Begin

Get dynamic information of
other UAVs

Calculate membership

Evaluate the surrounding

Action decision

Control the UAV’s

Determine whether the
UAV reaches the target

functions

movement

points

Figure 9: Algorithm flowchart.

be achieved with a high success rate. And the process of the
formation meets the common sense.

At the same time, the parameters in this algorithm are
difficult to set, especiallywhen the number of drones changes;
the optimal parameter settings in the algorithm will also
change. In addition, further increasing the success rate of the
formation requires the addition of more advanced sensing
equipment and faster computing equipment. Therefore, the
future work can find the optimal parameters autonomously
through related methods such as machine learning and
enhanced learning and try to sense more information to
improve the performance of the formation.
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Figure 11: Simulation results when falling into a local minimum.
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Conflicts of Interest

The author declares that there are no conflicts of interest
regarding the publication of this paper.



8 Mathematical Problems in Engineering

Step 1
Form the
sparse formation

Step 2
Narrow the gap
and complete
the formation

Figure 13: Simulation results using by-step formation.

Acknowledgments

This work is supported by the National Natural Science
Foundation of China (Grants nos. 41775039, 41775165, and
91544230).

References

[1] R. Becker, A. Carlin, V. Lesser, and S. Zilberstein, “Analyzing
myopic approaches for multi-agent communication,” Interna-
tional Journal of Computational Intelligence, vol. 25, no. 1, pp.
31–50, 2009.

[2] W. Yu, G. Chen, and M. Cao, “Some necessary and sufficient
conditions for second-order consensus in multi-agent dynami-
cal systems,” Automatica, vol. 46, no. 6, pp. 1089–1095, 2010.

[3] J. Lagorse, M. G. Simões, and A. Miraoui, “A multi-agent
fuzzy logic based energy management of hybrid systems,” in
Proceedings of the 2008 IEEE Industry Applications Society
Annual Meeting, IAS’08, Canada, October 2008.

[4] Y. Hong, G. Chen, and L. Bushnell, “Distributed observers
design for leader-following control of multi-agent networks,”
Automatica, vol. 44, no. 3, pp. 846–850, 2008.

[5] D. W. Casbeer, R. W. Beard, T. W. McLain, S.-M. Li, and R. K.
Mehra, “Forest fire monitoring with multiple small UAVs,” in
Proceedings of the 2005 American Control Conference, ACC, pp.
3530–3535, USA, June 2005.

[6] B. D. O. Anderson, B. Fidan, C. Yu, andD. van derWalle, “UAV
formation control: theory and application,” in Recent advances
in learning and control, vol. 371 of Lecture Notes in Control and
Information Sciences, pp. 15–33, Springer, London, 2008.

[7] S. Salazar-Cruz, J. Escareño,D. Lara, andR. Lozano, “Embedded
control system for a four-rotor UAV,” International Journal of
Adaptive Control and Signal Processing, vol. 21, no. 2-3, pp. 189–
204, 2007.

[8] O. Cetin and G. Yilmaz, “Real-time autonomous UAV forma-
tion flight with collision and obstacle avoidance in unknown
environment,” Journal of Intelligent & Robotic Systems, 2016.

[9] Y.-b. Chen, G.-c. Luo, Y.-s. Mei, J.-q. Yu, and X.-l. Su, “UAV
path planning using artificial potential fieldmethod updated by
optimal control theory,” International Journal of Systems Science,
vol. 47, no. 6, pp. 1407–1420, 2016.

[10] T. Han, M. Chi, Z.-H. Guan, B. Hu, J.-W. Xiao, and Y. Huang,
“Distributed three-dimensional formation containment control
of multiple unmanned aerial vehicle systems,” Asian Journal of
Control, vol. 19, no. 3, pp. 1103–1113, 2017.

[11] S. Lange,N. Sünderhauf, andP. Protzel, “A vision based onboard
approach for landing and position control of an autonomous
multirotorUAV inGPS-denied environments,” inProceedings of
the International Conference on Advanced Robotics (ICAR ’09),
pp. 1–6, Munich, Germany, June 2009.

[12] E. L. Afraimovich, V. V. Chernukhov, and V. V. Demyanov,
“Updated ionospheric delaymodel to improve the performance
of GPS single-frequency receivers,” Radio Science, vol. 35, no. 1,
pp. 257–262, 2000.

[13] K.-K. Oh, M.-C. Park, and H.-S. Ahn, “A survey of multi-agent
formation control,” Automatica, vol. 53, pp. 424–440, 2015.

[14] F. Xiao, L. Wang, J. Chen, and Y. Gao, “Finite-time formation
control for multi-agent systems,” Automatica, vol. 45, no. 11, pp.
2605–2611, 2009.

[15] S. Kim, Y. Kim, and A. Tsourdos, “Optimized behavioural UAV
formation flight controller design,” in Proceedings of the 2009
10th European Control Conference, ECC 2009, pp. 4973–4978,
Hungary, August 2009.

[16] A. V. Topalov and S. G. Tzafestas, “Fuzzy-Neural-Genetic
Layered Multi-Agent Reactive Control of Robotic Soccer,” in
Data Mining for Design and Manufacturing, vol. 3 of Massive
Computing, pp. 417–442, Springer US, Boston, MA, 2001.

[17] D. C.Wilcox, “Turbulencemodeling for CFD [M],” Turbulence
modeling for CFD, DCW Industries, 363-367, 2006.

[18] R. Steijl and G. N. Barakos, “Computational study of helicopter
rotor-fuselage aerodynamic interactions,”AIAA Journal, vol. 47,
no. 9, pp. 2143–2157, 2009.

[19] F. Marcelloni and M. Aksit, “Improving object-oriented meth-
ods by using fuzzy logic,” ACM SIGAPP Applied Computing
Review, vol. 8, no. 2, pp. 14–23, 2000.

[20] L. A. Zadeh, “Fuzzy logic,”The Computer Journal, vol. 21, no. 4,
pp. 83–93, 1988.



Hindawi
www.hindawi.com Volume 2018

Mathematics
Journal of

Hindawi
www.hindawi.com Volume 2018

Mathematical Problems 
in Engineering

Applied Mathematics
Journal of

Hindawi
www.hindawi.com Volume 2018

Probability and Statistics
Hindawi
www.hindawi.com Volume 2018

Journal of

Hindawi
www.hindawi.com Volume 2018

Mathematical Physics
Advances in

Complex Analysis
Journal of

Hindawi
www.hindawi.com Volume 2018

Optimization
Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Engineering  
 Mathematics

International Journal of

Hindawi
www.hindawi.com Volume 2018

Operations Research
Advances in

Journal of

Hindawi
www.hindawi.com Volume 2018

Function Spaces
Abstract and 
Applied Analysis
Hindawi
www.hindawi.com Volume 2018

International 
Journal of 
Mathematics and 
Mathematical 
Sciences

Hindawi
www.hindawi.com Volume 2018

Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2013
Hindawi
www.hindawi.com

The Scientific 
World Journal

Volume 2018

Hindawi
www.hindawi.com Volume 2018Volume 2018

Numerical AnalysisNumerical AnalysisNumerical AnalysisNumerical AnalysisNumerical AnalysisNumerical AnalysisNumerical AnalysisNumerical AnalysisNumerical AnalysisNumerical AnalysisNumerical AnalysisNumerical Analysis
Advances inAdvances in Discrete Dynamics in 

Nature and Society
Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com

Di�erential Equations
International Journal of

Volume 2018

Hindawi
www.hindawi.com Volume 2018

Decision Sciences
Advances in

Hindawi
www.hindawi.com Volume 2018

Analysis
International Journal of

Hindawi
www.hindawi.com Volume 2018

Stochastic Analysis
International Journal of

Submit your manuscripts at
www.hindawi.com

https://www.hindawi.com/journals/jmath/
https://www.hindawi.com/journals/mpe/
https://www.hindawi.com/journals/jam/
https://www.hindawi.com/journals/jps/
https://www.hindawi.com/journals/amp/
https://www.hindawi.com/journals/jca/
https://www.hindawi.com/journals/jopti/
https://www.hindawi.com/journals/ijem/
https://www.hindawi.com/journals/aor/
https://www.hindawi.com/journals/jfs/
https://www.hindawi.com/journals/aaa/
https://www.hindawi.com/journals/ijmms/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/ana/
https://www.hindawi.com/journals/ddns/
https://www.hindawi.com/journals/ijde/
https://www.hindawi.com/journals/ads/
https://www.hindawi.com/journals/ijanal/
https://www.hindawi.com/journals/ijsa/
https://www.hindawi.com/
https://www.hindawi.com/

