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One challenge facing coordination and deploy-
ment of unmanned aerial vehicles (UAVs)
today is the amount of human involvement
needed to carry out a successful mission.
Currently, control and coordination of

UAVs typically involves multiple operators to con-
trol a single agent. The aim of this article is to invert
this relationship, enabling a single pilot to control
and coordinate a group of UAVs. Furthermore,
decision support is provided to the pilot to facili-
tate effective control of the UAV team. In the
scenario envisioned in this article, the human
operator (the pilot) is operating along-side a
team of UAVs. The pilot communicates with
the UAV team remotely and controls the UAV
team to execute a surveillance mission.

An important aspect of this is the question of
how much the pilot should interact with the
UAV team and how much aid should be provided
to the pilot without overloading the pilot with data
and support. We address this issue by allowing two
major modes of operations, namely autonomous
mode and pilot-controlled mode. In both of these
modes, the UAV team is controlled in a leader–follower
manner, and the leader UAV is assigned by the pilot, where
the followers are positioning themselves with respect to the
other UAVs in the network. In the autonomous mode, the
leader UAVexecutes the mission without intervention of the pilot.
At any time, the pilot is allowed to take over and directly control the
leader vehicle. Hence, the pilot can interrupt the mission to investigate
an area or avoid certain threats. The pilot can also release control of the UAV,
and the UAV team automatically resumes the execution of the given mission.

The problem of controlling multiple agents in a coordinated fashion to
achieve a set of goals, such as maintaining desired formations, ensuring coverage
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of an area, or selection of the best leader for a group of agents,
has received considerable attention during the last decade. In
particular, multiple approaches have been developed to allow the
inclusion of a human operator. In [1] and [2], the human opera-
tor provides commands to all the agents in the network either by
total control of the robot or supervisory control, which modifies
the behaviors of the robots. In either case, the same commands
are provided to all the agents in the network simultaneously.
Another work [3] developed a central interface to display the
information of a swarm of mobile robots. In [4], the effect of
information and decision aids provided to a human operator is
examined in an abstract setting to address the question of how
much interaction with the human should be provided.

The main novelty of the work in this article lies in the deci-
sion support aid provided to the pilot in the form of leader
selection mechanisms. During operation of the system, the
pilot can reconfigure the UAV network topology by assigning
a different leader vehicle. When the system is in autonomous
mode of operation, a desired leader selection is provided to the
pilot. This selection is computed by a receding horizon, real-

time optimal control algorithm that evaluates relative merits of
different leader selections toward execution of the mission. It
should be noted that we always insist on including the human
operator in the loop for making high-level control decisions.
Although this article focuses on a single-leader, multiple-
followers scenario, the system introduced here can be general-
ized to a system with multiple leaders and groups.

System Architecture
The support system developed here is designed with the philos-
ophy in mind that the aid and support are provided but not
forced. The mission implemented to demonstrate the pilot
decision-support system is a surveillance mission, and an a priori
mission plan is generated at configuration time using pilot input.
Once the mission is planned, it is executed autonomously. The
pilot can take control at any time, during which the mission is
paused. This is expected since the pilot may choose to investi-
gate an area of interest or avoid certain threats. The overview of
the pilot decision-support system is shown in Figure 1. The
arrows represent information and interactions between different
components of the framework.

Information and support is designed to be delivered to the
pilot in a way so that data can be understood and acted upon
quickly. Hence, the central component of the system is a
graphical user interface (GUI). An example of the GUI during
operation of a mission is shown in Figure 2. All data and infor-
mation are congregated and exchanged at the GUI, including
local information about the individual UAVagents and decision
support computed by the optimal control module. This inter-
face also provides the mean of interaction between the pilot
and UAVagents. The pilot selects and controls the leader vehi-
cle by interacting with the GUI. In addition, the GUI displays
data (location, altitude, etc.) of the network graphically so that
the information can be easily absorbed by the pilot. The back-
ground map shown on the GUI corresponds to the environ-
ment of the UAVs, which is a virtual three-dimensional (3-D)
world constructed in a Player/Gazebo simulation environment
[5], as shown in Figure 3. This simulation environment is
described more in detail in the next section.

The system supports autonomous mode and pilot-control
mode of operation. The pilot can switch the system between
these two modes at any time. For the majority of time in
autonomous mode, the autonomous controller is designed to
execute the surveillance mission. This mode of autonomous
operation is referred to as the mission-execution mode. There
may be situations when an imminent threat is detected by local
sensors on the UAVs, in which case the system switches to the
threat-avoidance mode, in which threat avoidance is carried
out in higher priority. Furthermore, the optimal timing con-
trol module is designed to provide decision aid based on state
information when the system is in mission-execution mode.
Every time the system switches to the mission-execution
mode, the decision aid is recomputed in a real-time fashion.

Autonomous Mode
One important goal of the proposed system is to provide auton-
omous operation of the UAV team for a given mission. In

Data

Commands

Pilot Interface

Leader
Selection
Control Input

Decision
Aid

Leader
Selection

Information

Pilot Control
Mode

Optimal
Timing
Control

fl� (t ) t +Tst

x(t ) x(s)�x
x0 Ts

Information

Autonomous Mode

Mission
Execution

Threat
Avoidance

Information

Pilot

�x = f (x,u)

�x = f (x)

Figure 1. Pilot decision-support system architecture and
different modes of operation.

The goal of the real-time optimal
control module is to update the
switching time vector at each
time-step, in such a way that
it gets incrementally closer to the
optimal solution.
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autonomous operation, it is vital to choose a proper forma-
tion and topology for the multiagent network in response to
changes in the environment or human intervention. For
example, [6] suggests using a spread-out formation in an open
space and a closely grouped formation in a tight area. In the
proposed framework, the UAV team is designed to be con-
trolled in a leader–follower fashion. This has been an increas-
ingly important approach to control multiagent network
systems, and it is proven to be successful for many tasks (see
[7] and [8], for example). Using the leader–follower control
approach, the topologies of the network depends on the
identity of the leader agent. After the pilot releases control, it
may be necessary to reevaluate the network topology so that
a better candidate vehicle may be chosen as the leader. To this
end, it is natural to characterize the network as a hybrid sys-
tem that switches among a number of topologies (see [9] for a
similar idea).

For the clarity of presentation, we consider a UAV team
consisting of three individual UAVs. One of the UAVs is desig-
nated as the leader vehicle, and the remaining UAVs act as fol-
lowers. Each follower maintains a proper distance with respect
to the leader and the other follower. Thus, in this UAV net-
work, it is possible for the pilot to switch between three dis-
tinct subsystems, each defined by designating a different agent
as the leader. At the planning level, the state of the system is
defined as x … ‰xT

1 , xT
2 , xT

3 �T, where xi 2 R3 is the position of
the ith robot in the network. Since the mission will be speci-
fied as evolving on the plane, it is useful to defined the operator
Pxi … ‰xi1, xi2�T.

The mission of the UAV network is defined as a surveil-
lance task, and the goal of the mission is to provide coverage
for an area. One way to achieve this task is to create a plan at
configuration time using either a path planner or input from
the pilot. The controller of the UAV network is designed to
navigate through this path. This path is denoted as p(t) 2 R2.
We let this path be generated by first laying down a set of
way-points on the map of the area, then computing a
smoothing spline curve based on the way-points. The

Figure 2. GUI of the pilot decision-support framework.

Figure 3. UAVs in Player/Gazebo 3-D simulation environment.
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