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Abstract
Considering the shortcomings of current methods for real-time resolution of two-aircraft flight conflicts, a geomet-
ric optimal conflict resolution and recovery method based on the velocity obstacle method for two aircraft and a
cooperative conflict resolution method for multiple aircraft are proposed. The conflict type was determined accord-
ing to the relative position and velocity of the aircraft, and a corresponding conflict mitigation strategy was selected.
A resolution manoeuvre and a recovery manoeuvre were performed. On the basis of a two-aircraft conflict resolu-
tion model, a multi-aircraft cooperative conflict resolution game was constructed to identify an optimal solution for
maximising group welfare. The solution and recovery method is simple and effective, and no new flight conflicts
are introduced during track recovery. For multi-aircraft conflict resolution, an equilibrium point that maximises the
welfare function of the group was identified, and thus, an optimal strategy for multi-aircraft conflict resolution was
obtained.

Nomenclature
V Spatial scope of the exclusion zone
RCC The set of relative speeds at which two aircraft collide
VOτ

AB The velocity obstacle cone
l The distance between the two aircraft
�θ The change of heading angle
x, y, z The location of the aircraft
v The speed of the aircraft
α, β, γ , ε, ϕ, θ The various angles between two aircraft
t The flight time of the aircraft
W(j) The alliance welfare of strategy combination
Ssafe The safety interval of the two aircraft
Q The fuel consumption
u The utility function for conflict avoidance

1.0 Introduction
Current implementations of air traffic control (ATC) are typical human-in-the-loop decision-making
systems. Because the load that can be placed on controllers is limited and human error is unavoidable,
controlling air traffic is difficult, and flight conflicts must be resolved in advance. Conflict detection
and resolution (CD&R) is a key technology for air traffic management systems. These systems identify
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aircraft encroaching on safe separation limits and provide an efficient resolution scheme; thus, they
are crucial for ensuring aircraft flight safety. Constructing effective conflict resolution methods is key
for improving these systems [1]. Research in this field is relatively mature, and various methods have
been applied to this problem. The artificial potential method [2,3], optimisation algorithm [4,5], opti-
mal control [6–8] and game theory [9,10] are widely used methods. The most widely used method in
engineering is the geometric one [11]. This paper describes a CD&R model based on the geometric
optimisation method for conflict avoidance applications.

A geometric optimisation approach was proposed by Bilimoria [12] in 2000 and used in the Future
Air Traffic Management Concepts Evaluation Tool project [13], but it was used only as an iterative
process to solve complex situations. In 2007, Hwang et al. [14] introduced a geometric approach that
required shared knowledge of the entire situation. This method undermines autonomous conflict res-
olution. Several researchers [15,16] have considered the problem of conflict avoidance between two
aircraft by using current positions and velocities with geometric and collision cone approaches. Omer
and Jérémy [17] modelled the problem by considering the key points of the planned trajectories, includ-
ing the points at which trajectories intersect. The velocity, acceleration and yaw rate limits were used
to solve the indicated conflict and minimise fuel consumption. Some researchers [18–21] have focused
on track recovery after resolution, redirecting the aircraft to its original destination without causing new
conflicts. However, the turning angle, time and distance of the aircraft are not given, and thus this method
is unsuitable.

Geometric approaches involving automated coordination were introduced by Van den Berg et al.
[22] in Reciprocal Velocity Obstacles, and then the optimal reciprocal collision avoidance (ORCA)
method was proposed in Ref. [23]. Because the velocity obstacle method is simple to implement and
geometrically straightforward to understand, it has been commonly applied in UAV autonomous obsta-
cle avoidance methods. The problems of the ORCA method in an ATC context were first demonstrated
by Durand et al. [24]. Durand et al. applied a self-separation algorithm used by robots in a flight envi-
ronment. The position and velocity information of the intruding aircraft was acquired (for example, with
ADS-B) to resolve potential flight conflicts. An analytical method based on position and speed was also
proposed in Ref. [25,26].

The velocity obstacle method [27–29] is primarily used for autonomous obstacle avoidance in UAV
systems. The velocity obstacle method determines the collision probability at a future time by using a
geometric model and the relative velocities of the aircraft. The velocity obstacle method defines a relative
collision cone (RCC), and when the relative velocity enters this cone, a flight conflict is indicated. To
resolve this conflict, the relative velocity is modified to exit the conflict cone along the shortest vector.
In this method, aircraft trajectory predictions are based on linear projections of current aircraft states.
Linear projections can be computed efficiently and, moreover, prediction errors are negligible during
short look-ahead times. However, the method still has the following shortcomings:

(1) The algorithm is complex, and the step size for changes of aircraft speed and headings is the
calculation period.

(2) If the flight speed is constrained, and if aircraft with similar speeds converge at a small angle, the
algorithm tends to choose parallel trajectories for the aircraft that do not approach the destination
rather than resolving flight conflicts.

In this study, flight conflict resolution based on the velocity obstacle method was studied in detail with
the aim of avoiding numerous speed and direction changes, reducing the number of aircraft manoeuvres,
and ensuring flight safety. On the basis of previous work, a geometric model of flight conflict resolution
and track recovery was established based on geometric optimisation and minimal manoeuvres (a reso-
lution and a recovery manoeuvre). The model was applied to flight conflicts along a route, and it can
reduce the pressure and workload of controllers in practical operation.

https://doi.org/10.1017/aer.2021.67 Published online by Cambridge University Press

https://doi.org/10.1017/aer.2021.67


The Aeronautical Journal 347

Figure 1. Protection zone.

2.0 Conflict Detection
2.1 Model simplification
According to the characteristics of civil aviation flights and ATC operations, the model is simplified as
follows:

(1) Aircraft are assumed to have the same speed at the beginning of conflict resolution.
(2) The conflict scenarios studied are restricted to the horizontal plane. Avoidance and recovery

manoeuvres can involve changes in aircraft speed, track angle or height.
(3) The aircraft remains at its ground speed (GS) during climbs and descents.
(4) Changes in speed or track angle are assumed to be completed in a short time relative to the

duration of the overall avoidance or recovery manoeuvre. Hence, for the purpose of this study,
these changes in speed or track angle are assumed to occur instantaneously.

(5) The minimum safety distance between all aircraft must be maintained. Flight separation includes
vertical separation of 300 m and horizontal separation of 10 km. Aircraft must maintain at least
one of these safety separation distances. For conflict detection purposes, aircraft are assumed to
be surrounded by an avoidance region, which is typically a cylinder of radius 10 km and height
300 m. Therefore, a cylinder model was adopted in this study, as shown in Fig. 1.

A conflict is thus defined as the incursion of one aircraft into the exclusion zone of another aircraft.
The formula for the exclusion zone in the figure is given by

V = {
x2 + y2 ≤ dl

2 ∪ −dv ≤ z ≤ dv |x, y, z ∈ R
}

(1)

2.2 Velocity obstacle model
Let AC1 and AC2 represent aircraft A and B respectively, let dl represent the minimum separation dis-
tance, and let �v1 and �v2 represent the velocities of AC1 and AC2, respectively, relative to a ground-based
fixed-axis system, as shown in Fig. 2. Therefore, �vR = �v1 − �v2 is the relative velocity of AC1 and AC2. α

is one-half of the apex angle of the RCC. γ is the angle between �vR and AB.

Definition 1. The RCC is the set of �vR = �v1 − �v2 such that two aircraft will have a conflict.

RCC ={�vR |lRO∩ � B 	= ∅} (2)

lRO is a line colinear with the relative speed vector and �B is the exclusion zone about AC2.
The model only considers the positional relationship and the current state of the aircraft; if �vR ∈ RCC,

a conflict will occur; otherwise, no conflicts occur.
Therefore, we can make the following statements regarding flight conflicts between two aircraft:

• If α > γ , a risk of flight conflict arises;
• If α < γ , no risk of flight conflict arises.
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Figure 2. Relative collision cone.

Figure 3. Velocity obstacle model with time constraints.

The values of α and γ can be found by

sinα = dl

‖AB‖ (3)

cosγ = cos(∠(vR, AB)) = (vR · AB)

‖vR‖ · ‖AB‖ (4)

2.3 Velocity obstacle model with time constraints
The velocity obstacle model only considers the relationship between the relative speed and the RCC.
Any flight conflict between two aircraft in the airspace must be resolved. If the aircraft density in the
airspace is high and the velocity obstacle model has no constraints, the number of conflict resolutions
undertaken by each aircraft will be too substantial to resolve. Therefore, a time parameter τ was proposed
for the velocity obstacle model. That is, a conflict is only identified as such if it will occur within time
τ as shown in Fig. 3.

The velocity obstacle cone may be represented as follows:

VOτ

A|B = {v|∃t ∈ [0, τ ]::tv ∈ �B 	= ∅} (5)

�P is a circular area with PA−PB
τ

as the centre and rA+rB
τ

as the radius. �B is a circular area with PA − PB

as the centre and rA + rB as the radius. VOτ
A|B is the RCC of AC1 to AC2.

3.0 Conflict Resolution
In this section, we present a conflict resolution and recovery method for two aircraft. Given the posi-
tion and velocity vectors of the two aircraft, a choice of manoeuvres is presented to the aircraft. Each
manoeuvre includes an avoidance segment followed by a recovery segment.
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Figure 4. Conflict resolution by altitude change.

3.1 Altitude change (AC)
Let (x1, y1) and (x2, y2) represent the position coordinates of AC1 and AC2, respectively, relative to the
ground-based fixed-axis system, as shown in Fig. 4. Altitude change is adopted for conflict resolution.
The aircraft must be separated either horizontally or vertically to avoid entering the exclusion zone
during a flight level change. The groundspeed (GS) of the aircraft is assumed to be constant during the
manoeuvre. A coordinate system is established with AC2 as the origin, and the altitude change rate is v⊥.

TCP1 → TCP2: The movement of the two aircraft and the safety separation are used to determine the
flight track during this stage:

t1 = dv
v⊥

l = vRt1 + dl

}
⇒ l = dv × vR

v⊥
+ dl (6)

When the distance between AC1 and AC2 is l, one aircraft begins to climb (TCP1) and maintain its
altitude (TCP2) after safe vertical separation has been established between the two aircraft.

TCP2 → TCP3: To maintain safe separation between AC1 and AC2 at all times, when the separation
in the horizontal direction is increasing and has reached dl, AC1 begins to descend (TCP3).

The flight time of AC1 at this stage is represented as follows:

t2 = 2dl/vR (7)

TCP3 → TCP4: AC1 descends to its original level at a given rate.
When using the altitude change strategy, the aircraft must maintain a distance of at least l in

accordance with the following formula:√
(x2 − x1)

2 + (y2 − y1)
2 ≥ l (8)

Substituting Equation (6) into Equation (8) gives√
(x2 − x1)

2 + (y2 − y1)
2 ≥ dv × vR

v⊥
+ dl (9)

3.2 Speed change
3.2.1 Conflict resolution
In Fig. 5, �v1, �v2, and �vR are the same as described in Section 2. According to the criterion of the velocity
obstacle method, a conflict arises between the two aircraft represented in the figure. In this scenario, a
speed change strategy is used such that the new relative speed (�v′

R) vector direction is the RCC boundary.
The speed of AC2 is constant, and AC1 accelerates to v′

1.
During conflict resolution, an inertial coordinate system is established by considering AC2 to be the

origin, and the vector from AC2 to AC1 lies on the positive x-axis.
In �OMN, the value of v′

1 can be given by the sine theorem:

v′
1

sin ε
= v2

sin ϕ
⇒ v′

1 = v2 sin ε

sin ϕ
(10)
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Figure 5. Conflict resolution with flight speed.

Figure 6. Aircraft position relationships.

In this case, the angle between the aircraft is trivially obtained through algebraic manipulation as
follows:

α − β = γ (11)
ε = θ2 + α (12)
ϕ = θ1 − α (13)

α = arcsin
dl

s
(14)

The modified value of �v1 is thus as follows:

�v1 = v′
1 − v1 = v2 sin (θ2 + α)

sin ϕ
− v1 (15)

The coordinates of AC1 and AC2 are (x1, y1) and (x2, y2), respectively.
Therefore, the distance between the two aircraft is as follows:

s =
√

(x1 − x2)
2 + (y1 − y2)

2 (16)

As can be seen from ‖�v1‖ = ‖�v2‖,

θ1 − γ = θ2 + γ ⇒ γ = θ1 − θ2

2
(17)

To simplify the calculations, the coordinate system is changed, as shown in Fig. 6. AC2 is located at
( d

tan α
, d).

The equations for lines GP, GQ, and PQ are as follows:

GP → y = tan (2α) x (18)
GQ → y = tan (α + β) x (19)

PQ → y − d = tan
(π

2
+ α + β

) (
x − d

tan α

)
(20)
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Figure 7. Recovery track and flight speed.

The coordinates of point P can be obtained using Equations (18) and (20):

tan (2α) xP − d = tan
(

π

2
+ α + β

) (
xP − d

tan α

)
⇒ [

tan (2α) − tan
(

π

2
+ α + β

)]
xP = d − tan

(
π

2
+ α + β

)
d

tan α

⇒ [tan (2α) + cot (α + β)] xP = d + cot (α + β) d
tan α

⇒ xP = d+cot(α+β)

tan(2α)+cot(α+β)

d
tan α

(21)

Substituting Equation (21) into either Equation (18) or (20) gives

yP = tan (2α)
y′

2 + cot (α + β) x′
2

tan (2α) + cot (α + β)
(22)

3.2.2 Recovery track
After arriving at the track recovery point P, AC1 decreases its speed, causing the relative velocity to turn
toward AC2 at angle 2β. AC1 then resumes its original course and flies directly to its destination. The
recovery speed is given as follows:

After reaching the track restoration point P, AC1 turns to the left, causing the relative speed to turn to
the left at an angle of 2β. After the relative speed cuts into the original course, AC1 resumes its original
course and flies directly to the destination, as shown in Fig. 7.

v′′
1

sin ε′ = v2

sin (ϕ + 2β)
⇒ v′′

1 = v2 sin ε′

sin (ϕ + 2β)
(23)

ε′ = θ2 + α − 2β = ε − 2β (24)

The modified values of �v′
1 is given as follows:

�v′
1 = v′ ′

1 − v′
1 = v2 sin (ε − 2β)

sin (ϕ + 2β)
− v′

1 (25)

In general, aircraft aerodynamic and propulsive considerations constrain the speed manoeuvres that
can be executed. Given a speed range of for AC1, if v

′
1 ∈ [v, v ] and v

′ ′
1 ∈ [v, v], a speed change strategy

can be adopted.

3.3 Heading change
3.3.1 Conflict resolution
Each parameter in the diagram of a conflict displayed in Fig. 8 has the same meaning as those in the
previous sections. In this scenario, heading change is used to change the relative speed (�v′

R) vector to lie
on the RCC boundary. AC2 maintains constant speed, and AC1 changes its velocity vector to v′

1.
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Figure 8. Conflict resolution with flight heading.

Figure 9. Recovery track with flight heading.

Because the speeds of the two aircraft are initially the same and only the heading of AC1 changes,
the speeds are constant:

‖�v1‖ = ‖�v2‖ = ‖�v′
1‖ (26)

Assuming that if relative velocity vector is tangent to the RCC boundary, the heading angle of AC1

changes by �θ1, and the change of θ1 is given as follows:

�θ1 = ε − ϕ = θ2 − θ1 + 2α (27)

3.3.2 Recovery track
The direction of the new relative speed vector for the heading change strategy is the same as that for the
speed change strategy. Therefore, AC1 also flies to point P in this case (as described in Section 3.2.1)
and will then change course, cut into the original track, and fly to its destination, as shown in Fig. 9.

The heading angle of AC1 during recovery changes by �θ ′
1:

�θ ′
1 = ε − (ε′ − 2β) = 4β (28)

The angle ε′ is given as follows:

ε′ = ε − 2β (29)

4.0 Conflict Resolution Strategy
During the flight process, three primary types of same-altitude conflicts can arise: same flight path
conflicts, cross flight path conflicts, and reverse flight path conflict. Different conflict types have multiple
resolution strategies. According to the least cost principle for flight paths, speed resolution is given first
priority followed by altitude resolution. Because a change of heading has a higher flight path cost, this
strategy is considered last.
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Figure 10. Algorithm flow chart.

The speed resolution strategy is not considered for flight conflicts between aircraft with the same or
reverse tracks, and the altitude resolution strategy can only be implemented after certain flight conditions
are met. If the conditions for altitude resolution are not met, heading relief can then be used as the conflict
resolution option of last resort. A flow chart for resolution selection is shown in Fig. 10.

4.1 Codirectional (0–30◦)

Definition 2. A conflict between aircraft with track intersection angles between 0◦ and 30◦ is called a
codirectional flight conflict.

If the speed of the rear aircraft is greater than that of the front aircraft and the distance between the
two aircraft s is greater than the manoeuvre distance l, the rear aircraft can fly over the front aircraft,
and thus, altitude change can be used for conflict avoidance.

If s < l, heading changes must be used to resolve conflicts. The heading resolution process only
involves the use of the speed and position relationships in the x direction:

vRx = v1x − v2x = v1 cos θ1 − v2 cos θ2 (30)

From Equation (6),

l = dv × (v1 cos θ1 − v2 cos θ2)

v⊥
+ dl (31)

4.2 Congestion (30◦–150◦)

Definition 3. A conflict between aircraft with track intersection angles between 30◦ and 150◦ is called
a cross flight conflict.

If AC1 can achieve the necessary speed (v′
1 ≤ v̄1 and v′ ′

1 ≥ v1), speed change can be used to resolve
such conflicts.

If AC1 cannot achieve this speed (v′
1 > v̄1 or v′ ′

1 < v1), heading change can be used to resolve such
conflicts.

4.3 Head-on (150◦–180◦)

Definition 4. A conflict between aircraft with track intersection angles between 150◦ and 180◦ is called
a reverse trajectory flight conflict.
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If s ≥ l, and there is a conflict of reverse trajectory flight, altitude changes can be used to resolve
conflicts.

vRx = v1x − v2x = v1 cos θ1 − v2 cos θ2 (32)

From Equation (6),

l = dv × (v1 cos θ1 + v2 cos θ2)

v⊥
+ dl (33)

If s < l, heading changes can be used to resolve conflicts.

5.0 Conflict Resolution Strategy for Multi-Aircraft Flights
To extend the aforementioned methods of collision detection and resolution, this section proposes a
cooperative game as a model for multi-aircraft conflict resolution. The benefits of all parties are balanced
by an optimal solution for group welfare. The conflicting aircraft can cooperate to achieve a small overall
deflection angle, thus minimising the cost to the group, meeting fairness requirements, and reducing
costs for individual aircraft in a balanced manner according to their importance.

5.1 Cooperative game for conflict resolution
When an aircraft detects that a flight conflict may occur, possible escape strategies of player I = {i| i ∈
[1, N]} are applied to form a strategy space Si, sij ∈ Si where Sij represents the jth strategy of player I , and
each player plays against the others (under the constraint of exclusion zones) to achieve a corresponding
utility u = {u1, u2, · · · , un}. The utility function ui:S → R represents the income of the ith participant
under different strategy combinations. The benefits {u1, u2, · · · , un} corresponding to a strategy set
{s1, s2, · · · , sn} for each player are weighted and summed to obtain the alliance welfare function:

W(j) =
∑

i

ki · uij (34)

In the formula, W(j)is the alliance welfare of the jth strategy combination, ki is a weight coefficient
reflecting the importance of an aircraft, and uij is the payoff of player i under the jth strategy combination.
The strategy combination that maximises the welfare function of the alliance is the optimal solution of
the cooperative game

{
s∗

1, s∗
2, · · · , s∗

n

}
. The conflict relief process of cooperative game is presented in

Fig. 11.
The primary object of study is a group of aircraft that may have dangerous conflicts. Participants have

higher utility through group action, but the strategy chosen by an individual aircraft is not necessarily
that with the least cost. The optimal solution configuration is that which maximises alliance welfare
by ensuring the safety of the group and minimising total avoidance cost. Thus, the aircraft required to
performavoidance manoeuvres and their strategies are determined.Resolution strategies include altitude
resolution, speed resolution, and heading resolution. These resolution strategies have different costs,
and thus, when the resolution of a multi-aircraft conflict is being investigated, multi-aircraft conflict
resolution with minimum cost is the primary topic of study.

The model is simplified as follows with reasonable assumptions based on real-world flight:

(1) During free flight, except for take-off and landing, aircraft fly at a designated altitude. Therefore,
the model can be simplified as a conflict resolution on a two-dimensional plane.

(2) Owing to safety concerns, nonfighter aircraft do not conduct large-angle manoeuvres, and thus,
the change of an aircraft heading angle is within [–30◦, 30◦]. In actual flights, aircraft heading
manoeuvres are usually performed in 5◦ increments. Therefore, changes of the heading angle
separated by 5◦ are included separately in the strategy set.
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Figure 11. Flow chart of conflict resolution based on cooperative game theory.

(3) Aircraft are particles, the detection radius of an airborne radar is 100 km, the warning zone is
50 km, and the protection zone is 10 km.

When two aircraft enter each other’s warning zones, a potential threat of flight conflict arises; thus, the
resolution process begins. To prevent new conflicts with surrounding aircraft following the resolution of
the conflict, all aircraft in the detection range participate in the game to determine a strategy that avoids
a second resolution phase. If the distance between two aircraft is less than 10 km, flight conflict occurs
and avoidance has failed.

S = √
(xi − xj)2 = (yi − yj)2, , Ssafe (35)

Here, (xi, yi) and
(
xj, yj

)
are the coordinates of aircraft I and j on the plane, respectively, and Ssafe is

the safety interval of 10 km between the two aircraft. The resolution process begins when an aircraft
enters the warning area and concludes on leaving the warning area.

5.2 Utility function
The utility function, also known as the payment function, is the utility obtained by participants in the
game. In this case, utility represents the avoidance of costs. Aircraft gain higher utility if they have lower
manoeuvre costs during conflict resolution, and aircraft that make no manoeuvres therefore have the
greatest utility. The utility of each aircraft is investigated for the resolution process. For an individual
aircraft, the cost incurred in avoidance is mainly determined by flight range (route fee), flight time,
aircraft fuel consumption, and turning angle.
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The model assumes that an aircraft flies at cruising speed after entering its route, that its speed does
not change during avoidance, and that the range can be expressed as a function of time.

Stotal = vcruise · ttotal (36)

In the formula, Stotal is the total voyage, vcruise is cruising speed, and ttotal is the total flight hours.
Because the escape strategies considered are only heading manoeuvres and do not include altitude

or speed changes, the fuel consumption can be expressed as a function of the total flight time.

Q = βttotal (37)

Q is fuel consumption and β is the fuel consumption rate, which is determined by aircraft type.
A close relationship exists between the indicators that influence the effectiveness of conflict reso-

lution and flight time. A function of time can be regarded as the utility function in the game, and the
corresponding solution is the time-optimal strategy.

u1(t) = 1

t
(38)

In this formula, t is the time from the beginning of the alarm process until the resumption of the route,
known as the release time.

The deflection angle of avoidance is also an important index for measuring the avoidance benefit,
and the solution strategy maximising to the utility function is the optimal angle strategy.

u2(θ ) = 1

1 + sin θ
(39)

In this formula, θ is the aircraft avoidance deflection angle. Higher deflections are more unfavourable
for flight safety.

Considering both time and angle, we present a comprehensive utility function for conflict avoidance:

u3(t, θ ) = 1

λ · t(1 + sin θ )
(40)

In this formula, λ is the adjustment parameter, and a greater λ indicates a greater weight of the time
index, whereas a smaller λ represents a greater weight of the deflection angle.

5.3 Conflict resolution based on the particle swarm optimisation algorithm
The particle swarm optimisation (PSO) algorithm begins with a random solution, iterates to an optimal
solution, and then makes a fitness evaluation of the solution quality. PSO is easy to implement, has high
precision, and has fast convergence; therefore, it is widely used.

In the conflict resolution model of a cooperative game, if the number of conflicting aircraft is large,
traversal of all strategy combinations is time-consuming and the requirement of resolution in real time
is difficult to meet. The PSO algorithm can be used to solve this problem quickly with the following
elements:

(1) Fitness function: The union welfare function is regarded as the fitness function for the algorithm.
(2) Coded system: The 13 strategies of S = {

θ | θ = − π

6
+ π

36
· n, n = 0, 1, · · · , 12

}
are coded accord-

ingly as strategies 1–13 with {x| x ∈ [1, 13], x ∈ N}.
(3) Constraint condition: An integer function is used to ensure that the particle position value in each

step of the operation is an integer and to ensure safe intervals. D =
√

(xi − xj)
2 + (yi − yj)

2 ≥ 10.

A feasible solution is reached by ensuring that the particles are within certain bounds and iterating
the position value of particles beyond the boundary. When the position value of the particle is less than
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Figure 12. PSO process.

1, the following processing is performed: {
p(i, j) = 1

v(i, j) = −v(i, j)
(41)

Particle position values greater than 13 are treated as follows:{
p(i, j) = 13

v(i, j) = −v(i, j)
(42)

A flow chart of the iterative process is displayed in Fig. 12.

6.0 Simulation and Analysis
6.1 Simulation of collision detection and resolution between two aircraft
Various conflict resolution manoeuvres, as presented in the previous sections, were investigated for spe-
cific conflict geometries. To verify the effectiveness of this CD&R strategy, we used MATLAB R2016a
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Table 1 Position information

Scenario Starting point/m Heading/deg Speed(km/h) Time step
1 (0, 200, 4,200) 90 800 0.001

(110, 200, 4,200) 90 700
2 (200, 200, 4,200) 90 800 0.001

(250, 200, 4,200) 270 800
3 (0, 60, 4,200) 90 750 0.001

(60, 0, 4,200) 0 750
4 (0, 100, 4,200) 60 750 0.02

(100, 0, 4,200) 30 750

Table 2 Strategy selection

Distance
Scenario Type (s)/km l/km Speed(v′

1) Judgement Resolution
1 Overtake 110 12.78 / s ≥ l EC
2 Heading 50 53.25 / s < l HC
3 Congestion 84.85 / down up v′

1 /∈ [600, 900] HC
469 1198.4

4 Congestion 141.42 / 672.5 836.8 v′
1 ∈ [600, 900] SC

(Mathworks, MA, USA) to simulate several scenarios. The starting positions of each aircraft were first
determined. For example, in Scenario 1, the three-dimensional position coordinate of AC1 in kilometres
was (0, 200, 4.2) with a heading of 90◦ and speed of 800 km/h. The aircraft is assumed to be in level
flight at 4,200m, and the time constraint is τ = 0.05 h.

According to ATC operation regulations and relevant provisions in the China Civil Aviation Flight
Rules, some restrictions on the resolution process were used to ensure applicability to real-world aviation
scenarios:

(1) To ensure the safety and comfort of passengers, a vertical speed of climb and descend is not more
than 3 m/s;

(2) For the speed change resolution strategy, the allowed speeds are [600, 900] km/h.

The simulation was run for test cases to verify the applicability of the methodology. By using the
aircraft position and speed information, the conflict type and the utility of various resolution conditions
were judged, and then a corresponding conflict resolution strategy was assigned. Table 1 displays the
position information for four pairs of aircraft:

For the aircraft position and speed information in each situation presented in Table 1, a determination
of the conflict type can be made, and a specific resolution strategy is given. The selection process is
presented in Table 2.

Scenario 1:
The first case is an overtake situation where AC1 and AC2 are some distance apart and at the same

heading. AC1 begins at (0, 200, 4.2) with a speed of 800 km/h and AC2 is at (110, 200, 4.2) with a speed
of 700 km/h (Fig. 13). During the conflict avoidance process, both aircraft satisfy at least one of the
horizontal and vertical separation conditions during both ascent and descent, as required by the process
presented in Fig. 11. AC1 completes the overtaking process and returns to the planned route without
causing a new conflict.
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Figure 13. Altitude resolution for an overtake conflict.

Figure 14. Heading resolution for an overtake conflict.

Scenario 2:
The second case is a heading situation where AC1 and AC2 are some distance apart and travelling

directly toward each other at the same speed of 800 km/h. AC1 begins at the origin (200, 200, 4.2) and
has a heading of 90◦, whereas AC2 starts at (250, 200, 4.2) and has a heading of 270◦, as shown in Fig. 14.
Due to insufficient distance for an altitude resolution, a heading change resolution was selected.

Scenario 3:
The third case was a track intersection of 90◦ with the two aircraft both travelling at 800 km/h. As

shown in Fig. 15 AC1 starts at (0, 60, 4.2) with a heading of 90◦, and AC2 starts at (60, 0, 4.2) with a
heading of 0◦. A heading change was also chosen for the resolution of this congestion conflict because
the required velocity for a speed change resolution was out of bounds (Table 2). The black line on the
conflict resolution plot represents the planned track.

Scenario 4:
Figure 16 displays a speed change resolution used for Scenario 4. The speed change can be observed

by the position markers for each time step. Note that for AC1, the speed is substantially higher during
resolution, lower during recovery, and then returns to its original value after conflict resolution.
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Figure 15. Heading resolution for a 90◦ intersection conflict.

Figure 16. Speed resolution for intersection conflict.

Table 3 Flight state change point

Scenario CRP/m TRP/m COP/m
1 (778.4,2,004,200) (960.8,2,004,500) (983.2,2,004,200)
2 (200,200,4200) (226.5,211.3,4,200) (253,200,4200)
3 (28.5,604,200) (68.1,79.7,4,200) (107.75,604,200)
4 (152.6,188.1,4,200) (244.7,241.3,4,200) (347.6,300.7,4,200)

To satisfy ATC requirements, the track points (conflict resolution point [CRP], track recovery point
[TRP], and cut-in original track point [COP]) where the flight status changed were also recorded during
the simulation (Table 3).

Table 4 displays the change of parameters in each scene during conflict resolution, where �v1, �v′
1,

and �θ1, �θ ′
1represent the modified values of the speed and heading for resolution and recovery, respec-

tively, and �l1 represents the additional distance travelled by the manoeuvring aircraft (the cost).
In scenarios 2, 3 and 4, the flight level was unchanged, and thus, only the horizontal interval between

the two aircraft is given. During these resolutions, AC1 required two manoeuvres to complete conflict
resolution and track recovery, and the horizontal interval between the two aircraft was always greater
than 10 km. Because of the introduction of time constraint τ , each pair of aircraft first fly according
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Table 4 Comparison of simulation results

Scenario �v1 (km/h) �v′
1 (km/h) �θ1/ deg �θ ′

1/ deg �l1/ km
1 / / / / /
2 / / 23.1 46.1 35.0
3 / / 26.4 52.8 26.4
4 86.8 -164.6 / / /

Table 5. Turning angle for three different strategies

Strategy
Aircraft Shortest time Minimum rotation angle Comprehensive optimisation
a 15◦ –15◦ –25◦

b 15◦ –25◦ –25◦

c 20◦ –10◦ –10◦

d 20◦ –5◦ –10◦

e 25◦ –20◦ –20◦

f 25◦ –30◦ –20◦

to the original route and manoeuvre only when a flight conflict occurs within the time constraint. The
aircraft flight course need not be adjusted prematurely, avoiding the excessive occupation of airspace
and shortening the time until release.

6.2 Simulation of CD&R for multiple aircraft
To verify flight conflict resolution based on the cooperative game, six-aircraft conflict scenes were sim-
ulated in MATLAB. The six-aircraft conflicts were resolved by PSO, and escape routes corresponding
to each of the three strategies were obtained. For example, for a resolution using the shortest time strat-
egy was compared with the track obtained by the ergodic method. The validity and stability of the PSO
results were verified by the two indexes of operation time and fitness.

In the conflict resolution model for the six-aircraft cooperative game, six players take part: A, B, C,
D, E and F. Each aircraft has 13 action choices, including left or right turning of 5◦, 10◦, 15◦, 20◦, 25◦ or
30◦, or no manoeuvring. The group welfare functions were W1, W2 and W3, corresponding to aircraft
A, B, C, D, E and F located at initial positions (20, 0), (80, 100), (80, 0), (20, 100), (100, 50) and (0,
50), respectively, and flying at 600 km/h.

For the shortest time strategy, the convergence and stability of PSO were tested through comparing
the results of the PSO and the ergodic method. The particle population number was N = 20, dimension
D = 6 and iteration times M = 50. Because few solutions meet the safety interval requirement, and to
improve the ability of the algorithm to leave local optima, a smaller learning factor c1 = c2 = 0.8 and a
larger inertia factor w̄ = 0.8 were adopted.

From an observation of the changes in the fitness value of the strategy by using convergence algebra,
the algorithm was observed to converge to a global optimum value of 0.008 6 in the 41st generation, the
convergence was stable, and the run time was substantially reduced. After PSO, the average run time
for resolving the six-aircraft conflict was 3.13 s; this approach is therefore suitable for real-time conflict
resolution.

The results of the PSO for the shortest time escape strategy, minimum rotation angle escape strategy,
and comprehensive optimal strategy are shown in Fig. 17.

The manoeuvring angle of each aircraft at equilibrium for each strategy is shown in Table 5.
The simulation results demonstrate that this method identified effective action choices for a six-

aircraft conflict. The action choices obtained for the three utility functions were all in the same direction
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Table 6. Turning angle and flight time for different strategies

Strategy
Aircraft Shortest time Minimum rotation angle Comprehensive optimisation
a 11′30′ 11′20′ 11′40′
b 11′30′ 11′40′ 11′40′
c 11′10′ 11′40′ 11′20′
d 11′10′ 11′30′ 11′20′
e 12′00′ 11′50′ 11′50′
f 12′00′ 12′10′ 11′50′
Total 69′20′ 70′10′ 69′40′

Figure 17. Conflict resolution track based on PSO.

(either all clockwise or all anticlockwise) and therefore were consistent with regulations and command
allocation rules. We also compared the flight time of each aircraft under different strategies (Table 6).

The results in Table 6 reveal that the minimum rotation angle strategy increased the flight time some-
what, but the total manoeuvre angle of the group was the smallest. The comprehensive optimal strategy
is a compromise strategy based on the two strategies. The avoidance time of each aircraft is within the
acceptable range for the optimal strategy. Compared with the genetic algorithm, this algorithm sacri-
fices some accuracy due to the discretisation of the escape angle, but course changes by 5◦ intervals
more accurately reflect actual flight scenarios, and the additional time and cost required are negligible.

7.0 Conclusions
A method of conflict relief and recovery for flights was proposed. First, the mathematical principles of
conflict resolution and track recovery were studied, and the effectiveness of the algorithm was demon-
strated. Three strategies of altitude resolution, speed resolution and heading resolution were described
in detail. For each conflict resolution strategy used, only one parameter of heading, speed, or altitude
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was changed; all aircraft recovered their tracks after resolution. Because the cost of heading resolution is
the highest, reducing heading changes could be a focus of further research regarding conflict resolution
and recovery strategies for multiple aircraft.

Next, cooperative game theory was applied to the problem, and a cooperative game conflict resolution
model was proposed. Group welfare was demonstrated to be a feasible optimal solution for flight conflict
problems. Three utility functions were proposed that effectively balance the benefits to all parties and
result in a fair set of relief actions that minimise the overall cost to the group. The running time was
effectively reduced by using PSO, and hence, real-time CD&R was realised.

Finally, the effectiveness of the method was verified by simulation analysis. The model described is
a straightforward and reliable method for detecting and resolving flight conflicts, and it can also be used
to identify the track points CRP, TRP and COP.
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