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DEVELOPMENT OF A DECENTRALIZED COOPERATIVE
CONTROL TECHNIQUE FOR COLLISION AVOIDANCE OF
UNMANNED HELICOPTERS
Ali Karimoddini∗, Mohammad Karimadini†, Hai Lin‡, and Abdollah Homaifar§
Collision avoidance is a safety mechanism essentially to be embedded in the control structure of a team of autonomous vehicles. This is particularly important
when the team is involved in cooperative tasks in which the team members should
move with a relatively close distance. This paper develops a decentralized control
structure for the collision avoidance of autonomous unmanned helicopters. Here,
collision avoidance is considered as a safety specification which will be cooperatively satisfied by the team members. This safety specification is decomposed into
local specifications, and then, local supervisors are designed to decentralizedly
control each helicopter while it can be guaranteed that the collision avoidance as
a global specification is achieved. The developed top-down control technique is
embedded in the control structure of unmanned helicopters that are involved in a
formation mission. Hardware-in-the-loop simulation results demonstrate the effectiveness of the algorithm.

INTRODUCTION
The control design of Unmanned Aerial Vehicles (UAVs) has emerged as an attractive research
area, due to various military and civilian applications such as terrain and utility inspections, coordinated surveillance, search and rescue missions, disaster monitoring, rapid emergency response,
aerial mapping, traffic monitoring, cinematography, and reconnaissance missions,1 ,2 .3
The capabilities of the UAVs would be expanded when they form a team. A team of robots,
taking a cooperative structure, is more robust against the failures in team members or in communication links,4 .5 Adopting a team of cooperative UAVs with a proper coordination and tasking
mechanism,,6 results in a more powerful, flexible and efficient set of functionalities compare to a
single sophisticated UAV.
Nevertheless, a cooperative team of UAVs is more complex to analyze and synthesize. Furthermore, for a safe operation, it is essential to consider a collision avoidance mechanism, particularly
when the team members move with a relatively close distance. There are different approaches for
collision avoidance such as geometry approaches, predictive control, probabilistic methods, and
invariant sets,7 ,8 ,9 and,10 which mostly suffer from high computation cost, and and difficulty in
decentralized implementation.
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In this paper we develop a decentralized control structure for the collision avoidance of autonomous unmanned helicopters, so that the team of UAVs as whole, can cooperatively satisfy
the collision avoidance specification as a global goal. The decentralized control structure helps us
to take the advantage of distributed computational load among the agents and to increase the reliability of the system against the possible failures. We consider the collision avoidance as a global
safety specification to be achieved by the decision making units of the UAVs, which can be modelled as discrete event systems (DES).11 This safety specification is decomposed into local event
sets, and then, local supervisors are designed to decentralizedly control each UAV. The proposed
top-down design technique can guarantee that the collision avoidance, as a global specification, will
be satisfied through this decomposition-based local synthesis of the supervisors. The developed
collision avoidance mechanism is then embedded in the control structure of unmanned helicopters
that are involved in a formation mission. Hardware-in-the-loop simulations results demonstrate the
effectiveness of the proposed algorithm.
PROBLEM FORMULATION
The decision making of autonomous systems can be effectively modeled by Discrete Event Systems where the sequence of events shows the behavior of the system. The events can be seen as
commands or discrete observations which cause changes in the operation mode of the system. A
capable tool to model such a discrete event system is automaton. An automaton can be formally
defined as follows:
Definition 1 (Automaton).12 A deterministic automaton is a tuple A := (Q, q0 , E, δ, Qm ) consisting of a set of states Q; an initial state q0 ∈ Q; a set of events E that causes transitions between
the states, and a transition relation δ ⊆ Q × E × Q (with a partial map δ : Q × E → Q), such
e
that (q, e, q 0 ) ∈ δ if and only if state q is transited to state q 0 by event e, denoted by q → q 0 (or
δ(q, e) = q 0 ). Qm ⊆ Q represents the marked states to assign a meaning of accomplishment to
some states. For supervisor automaton whose all states are marked, Qm is omitted from the tuple.
For an automaton, a sequence of these events forms a string. We use ε to denote an empty string,
and Σ∗ to denote the set of all possible strings over the set Σ including ε. The language of the
automaton G, denoted by L(G), is the set of all strings that can be generated by G, starting from
the initial states. The marked language, Lm (G), is the set of strings that belong to L(G) and end to
the marked states.
Now, consider two UAVs: U AV1 and U AVs . For U AV1 , the discrete model of the system can
be described by the automaton A1 = (Q1 , q0 1 , E1 , δ1 , Qm 1 ) whose set of discrete states is Q1 =
{N, C}, and its event set is E1 = {N O1 , CA12 , CA21 , R12 , R21 , stop1 , stop2 , RCA1 }. Each
UAV has two operation modes (states): N and C which stand for N ormal mode and Collision
mode, respectively. For the DES model of U AV1 , when there is no collision alarm, the UAV can
continue its normal operation which is captured by the event N O1 . But, when U AV2 enters the
alarm zone of U AV1 , or when U AV1 enters the alarm zone of U AV2 , the events CA12 and CA21
will appear respectively. In this case, a set of actions may need to be taken. For example, U AV2
might need to be stopped by the command stop2 so that U AV1 can move to exit to remove the
collision by the command RCA1 , or vice versa, U AV1 may need to be stopped by the command
stop1 , so that U AV2 can handle the situation. After handling the collision alarm, if U AV1 had
stopped, it can be released by the command R21 , and if U AV2 had stopped, it can be released by the
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Figure 1. (a) DES model of U AV1 . (b) DES model of U AV2 .

command R12 . A similar model can be provided for U AV2 . For simplicity, we assume that all of the
events are controllable, meaning that they can be enabled or disabled by an external supervisor. The
automaton models of these two UAVs have been graphically shown in Fig. 1. In these graphs, the
arrows starting from one state and ending to another state represent the transitions, labeled by the
events. The entering arrows stand for the initial states. Marked states are shown by double circles.
It is clear that the discussed model of UAVs requires a tight cooperation to coordinate the UAVs
to handle the collision alarms CA1 and CA2 in order to avoid collision. Through this paper, we will
develop a decentralized collision avoidance mechanism to safely drive the UAVs to their desired
position.
COORDINATION OF UAVS
Having the discrete model of the UAVs, it is possible to design the supervisor to achieve a desired
order of events to drive the UAVs to their desired position. For this purpose, the supervisor, S, observes the executed strings of the plant A and disables the undesirable controllable events. Here, we
assume that all of the events are observable, i.e., all are equipped with sensors. The generated language and marked language of the closed-loop system, L(S/A) and Lm (S/A), can be constructed
as follows:
(1) ε ∈ L(S/A)
(2) [(s ∈ L(S/A)) and (sσ
T ∈ L(A)) and (σ ∈ L(S))] ⇔ (sσ ∈ L(S/A))
(3) Lm (S/A) = L(S/A) Lm (A)
where s is the string that has been generated so far by the plant A, and σ is an event, which the
supervisor S should decide whether keep it active or not in the supervised system S/A.
Within this framework one can use parallel composition to facilitate the control synthesis. Parallel
composition is a binary operation between two automata which can be defined as follows:

Definition 2 (Parallel Composition12 ) Let Ai = Qi , qi0 , Ei , δi , Qm i , i = 1, 2, be automata. The
parallel composition (synchronous composition) of A1 and A2 is the automaton A1 ||A2 = (Q =
Q1 × Q2 , q0 = (q10 , q20 ), E = E1 ∪ E2 , δ, Qm = Qm 1 ×Qm 2 ), with δ defined as ∀(q1 , q2 ) ∈ Q, e ∈
E : δ((q1 , q2 ), e) =
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(δ1 (q1 , e), δ2 (q2 , e)) ,





(δ1 (q1 , e), q2 ) ,


 (q1 , δ2 (q2 , e)) ,


undefined,

if δ1 (q1 , e)!, δ2 (q2 , e)!,
e ∈ E1 ∩ E2 ;
if δ1 (q1 , e)!, e ∈ E1 \E2 ;
if δ2 (q2 , e)!, e ∈ E2 \E1 ;
otherwise.

Here, the parallel composition is used to combine the plant’s discrete model and the supervisor
as follows:
Lemma 1 13 Let A = (Q, q0 , E, α, Qm ), be the plant automaton and K ⊆ E ∗ be the desired
marked language.TThere exists a nonblocking supervisor S such that Lm (S/A) = Lm (SkA) = K
if ∅ 6= K = K̄ Lm (A) and K is controllable. In this case, S could be any automaton with
L(S) = Lm (S) = K̄.
Designing the supervisor for collision avoidance
Collision avoidance requires the cooperation of the UAVs. When U AV2 enters the alarm zone of
U AV1 , first, U AV1 asks U AV2 to stop, and then, U AV1 finds a way to safely get away from U AV2 .
After avoiding the collision, U AV1 releases U AV2 and both UAVs resume their normal operations.
Similar strategy is taken when U AV1 enters the alarm zone of U AV2 .
This specification, KC , is shown in Fig. 2 whose left side shows that after appearing CA12 ,
U AV1 releases that U AV2 has entered its alarm zone. Therefore, by event Stop2 , U AV1 requests
U AV2 to stop for a while to safely manage the situation. After removing collision, RCA1 , U AV1
releases U AV2 , and their normal operations can be resumed. Similarly, the right side of Fig. 2,
shows the case when U AV1 enters the alarm zone of U AV2 . If neither of collision avoidance alarm
events CA12 and CA21 happen, U AV1 and U AV2 can do their normal operations.
Since all events are assumed to be controllable, KC is controllable with respect to the language
L(A1 ||A2 ). Therefore, based on Lemma 1, there exists a supervisor Ac that can control the plants
A1 and A2 to achieve this joint specification. The supervisor is the realization of the specification
KC in which all states are marked.
Decomposed local supervisors for the collision avoidance
The collision avoidance supervisor, AC , is a centralized supervisor which manages both U AV1
and U AV2 . To make this supervisor decentralized and to achieve local supervisors, we will utilize
our proposed decomposition scheme introduced in.6, 14 Here, local supervisors can be achieved by
the projection of the global supervisor to each agent’s local event set. The projection of the global
supervisor AC to the event set of U AVi , Ei , is denoted by PEi (AC ), and can be obtained by replacing the events that belong to E\Ei by ε-moves, and then, merging the ε-related states. Once the
local supervisor automata are derived through the natural projection, the decentralized supervisor
is then obtained using the parallel composition of the local supervisor automata. Parallel composition captures the logical behavior of concurrent distributed systems by allowing each subsystem to
evolve individually on its private events, while synchronize with its neighbors on shared events for
cooperative tasks. This has been formally described in the following theorem:
Theorem 1 (Decentralized cooperative control using supervisor decomposition) Consider a plant,
represented by a parallel distributed system AP = AP1 k AP2 , with local event sets Ei , i = 1, 2,
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Figure 2. The specification automaton Kc for cooperative collision avoidance.

and let the global specification is given by a task automaton AS over E = E1 ∪ E2 . Furthermore,
suppose that there exists a deterministic global controller automaton AC ∼
= P1 (AC ) k P2 (AC ), so
that AC k AP ∼
= AS . Then, the entire closed loop system satisfies the global specification, in the
2

sense of bisimilarity, i.e., k (APi k Pi (AC )) ∼
= AS , provided the decomposability conditions in15
i=1

for AC .
The significance of this result is the decentralized implementation of the global supervisor, AC ,
given in Fig. 2, by decomposing AC , into local supervisors. As shown in Fig. 3, the supervisor
automaton AC is decomposable into AC 1 = P1 (AC ) and AC 2 = P2 (AC ), so that AC 1 k AC 2 ∼
=
AC .
IMPLEMENTATION AND INTEGRATION
We have integrated the proposed collision avoidance mechanism with the formation control of
the UAVs. Consider two follower UAVs, U AVk , k = 1, 2, following a leader as follows:
Vf ollower k = Vleader + Vrelk ,

(1)

where the k’th follower should reach the desired position with respect to the leader and maintain it
by controlling the relative velocity, Vrelk . Alternatively, one can consider a relatively fixed frame
for each follower UAV, in which the follower moves with the relative velocity, Vrelk . Then, the formation problem is to find Vrelk to drive the follower UAVs toward their desired position to form the
chosen formation. Sometimes the formation needs to be changed. In this case, the formation reconfiguration problem is to drive the follower UAVs toward their new positions. This process, reaching
the formation and formation reconfiguration, may cause collision, and hence, a collision avoidance
mechanism is an essential part of the procedure. For this purpose, when one UAV enters the alarm
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Figure 3. (a) The local supervisor for collision avoidance for U AV1 . (b) The local
supervisor for collision avoidance for U AV2 .

zone of the other one, it will be asked to stop moving in the relative frame, so that the other UAV
can manage the situation. Once the collision alarm removed, then the UAV can resume its normal
operation. This algorithm has been implemented through the proposed decentralized supervisory
control approach and has been verified through a hardware-in-the-loop simulation platform.16 In
this platform, the nonlinear dynamics of the UAVs have been replaced with their nonlinear models,
and all software and hardware components that are involved in a real flight test remain active during
the simulation so that the simulation results achieved from this simulator are very close to the actual
flight tests.

Figure 4. The schematic of a formation scenario with two followers and one leader

Consider two followers that should track a leader UAV with a desired distance, as shown in Fig.
4. The distance between the desired position of the F ollower1 and F ollower2 and the leader UAV
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are 4d 1 = (12, 10) and 4d 2 = (−12, −10), respectively. The follower UAVs initially are not at the
desired position. It takes 34.8 Sec for F ollower1 and 14.3 Sec for F ollower2 to form the desired
formation. After 50 Sec, the formation switches. For the new formation, the desired distances of the
followers from the leader are 4d 1 = (−30, −10) and 4d 2 = (0, 10). When the followers are trying
to reach the desired formation, at t = 55.8 Sec, F ollower2 enters the alarm zone of F ollower1 .
To avoid collision, F ollower1 asks F ollower2 to stop in the relative frame, and then it turns to
handle the situation. After removing the collision alarm, both followers have resumed their normal
operations to reach and keep the formation. The position of the UAVs in x-y plane is shown in Fig.
5. Further details of the implementation of this algorithm can be found in.14, 17
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Figure 5. The position of the UAVs in the x-y plane.

CONCLUSION
In this paper, a collision avoidance mechanism was proposed. The algorithm was developed
for the decision making unit of the UAVs where a discrete model of the UAVs are available. The
proposed algorithm employed the supervisory control of discrete event systems and provided decentralized local supervisors for the UAVs, so that local (decomposed) supervisors can treat the
distributed agents (UAVs) to achieve a globally safe and collision-free environment. The collision
avoidance algorithm was integrated with a formation mission involving two follower UAVs, the
efficiency of the algorithm was verified through hardware-in-the-loop simulations.
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