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Shared Control: Balancing Autonomy and Human
Assistance with a Group of Quadrotor UAVs
Antonio Franchi, Cristian Secchi, Markus Ryll, Heinrich H. Bülthoff, and Paolo Robuffo Giordano

Abstract—In this paper, we present a complete control frame-
work and associated experimental testbed for the bilateral shared
control of a group of quadrotor UAVs. This control architecture
is applicable to any task and allows to integrate: i) a decen-
tralized topological motion control (responsible for the mutual
interactions in the UAV formation), ii) a human assistance module
(allowing human intervention, whenever needed, on some aspects
of the UAV group behavior), and iii) a force-feedback possibility
(increasing the telepresence of the human assistants by providing
suitable haptic cues informative of the UAV behavior). We will
show, as worked-out case studies, how to specialize the topological
motion controller to the relevant cases of constant, unconstrained
and connected group topologies, and how to let a human operator
intervening at the level of single UAVs or of the whole group
dynamics. A detailed description of the experimental testbed is
also provided with emphasis on the quadrotor UAV hardware
and software architectures. Finally, the versatility of the proposed
framework is demonstrated by means of experiments with real
UAVs. Although quadrotors are used as actual robotic platforms,
the proposed framework can be straightforwardly extended to
many different kinds of UAVs with similar motion characteristics.

I. INTRODUCTION

As widely shown in the recent literature, robustness and
flexibility constitute the main advantages of multiple-robot
systems w.r.t. single-robot ones. The use of multiple Un-
manned Aerial Vehicles (UAVs) combines these benefits with
the agility and pervasiveness of aerial platforms [1], [2].
The degree of autonomy of the multi-UAV system should
be tuned according to the specificities of the situation under
considerations. For regular missions, fully-autonomous UAV
systems are often appropriate, but in general the use of
semi-autonomous groups of UAVs, supervised or partially-
controlled by one or more human operators, is the only
viable solution in order to deal with the complexity and
unpredictability of real-world scenarios as in, e.g., the case
of search and rescue missions or exploration of large/cluttered
environments [3]. In addition to that, the human presence is
also often mandatory for taking the responsibility of critical
decisions in highly risky situations [4].

In this paper, we describe a unified framework that allows to
(i) let the group of UAVs autonomously control its topology
in a safe and stable manner, and to (ii) suitably incorporate
some skilled human operators in the control loop. This way,
the human’s superior cognitive capabilities and precise manual
skills can be exploited as a valid support of the typical
autonomy of a group of UAVs. In fact, drawing from the well-
established field of bilateral teleoperation [5], our framework
includes the possibility of providing the operators with haptic
cues informative of the UAV-group and environmental state,

as in [6] for the single-UAV case. This will typically increase
the humans’ situational awareness, execution performance, and
ability to take the correct decisions as often demonstrated in
bilateral teleoperation systems, see, e.g., [7] and references
therein.

As for the UAV group behavior, rather than focusing
on a particular task to be executed (e.g., coverage, map-
ping, or surveillance), we address the general aspects typ-
ically shared in any operational scenario, that is, UAV
sensing/planning/motion-control, collective behavior during
navigation, and human interfacing. The term ‘shared control’
both refers to sharing the autonomy between humans and
UAVs, and to sharing the competences between two or more
human operators assisting the group of UAVs from different
perspectives.

The feasibility of our framework is demonstrated by illus-
trating several experiments run in our testbed, which includes
a group of quadrotors and two haptic interfaces integrated in a
flexible software framework. The explicit integrated possibility
of both autonomous quadrotor flight behavior and bilateral
interaction between human operators and a UAV-group can
be considered as a novel feature compared to existing (and
successful) testbeds for multiple-quadrotors [8], [9], [10].

II. UAV MODEL AND OVERALL ARCHITECTURE

We consider a group of N UAVs modeled as rigid bodies
in R3. The configuration of the i-th UAV is represented by its
position pBi

∈ R3 and rotation matrix RBi
∈ SO(3) w.r.t. a

common inertial frame. The rotation may be also described by
the usual yaw ψBi , pitch θBi and roll φBi angles.

With a special focus on the quadrotor platform, we assume
that the UAV is only able to track a smooth reference trajectory
(pi(t), ψi(t)) in the 4-dimensional space R3×S1. This is the
case, for example, for helicopter and quadrotor UAVs [11],
as well as for any other UAV whose position and yaw angle(
pBi

, ψBi

)
are flat outputs [12], i.e, algebraically defining,

with their derivatives, the state and control inputs of the UAV.

A. Architecture of the Bilateral Shared Control

Figure 1 illustrates the proposed system architecture with
some details on the single-UAV module. One or more human
assistants are in charge of defining the current task for the
group of UAVs by means of suitable task interfaces (e.g., a
touch user interface) [13]. A task is a long/medium term activ-
ity that the group of UAVs is asked to carry on autonomously,
e.g., covering or exploring an area, navigating between via
points, surveilling a perimeter, or cooperatively transporting a
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Fig. 1: Overall system architecture as seen from the point of view
of the generic i-th UAV. The blocks in charge of the supportive
features are: the bilateral control device, the topological controller,
the obstacle controller, and the agent dynamics.

load. Our goal is to propose a framework that complements a
particular task algorithm with some general supportive features
of common utility in any supervised/shared operation, namely:
obstacle avoidance, inter-agent behavior, human-assistance,
and human telepresence.

A core component is the flat-output trajectory planner
(FOTP) providing the reference flat outputs (pi, ψi), and their
derivatives, to the flight controller (FC). The flight controller
of each UAV acts on the UAV physical control inputs (e.g., the
propeller speeds) in order to let the UAV outputs (pBi

, ψBi)
track the desired ones (pi, ψi). The FOTP of the i-th UAV
coordinates with the FOTPs of the other UAVs by using a
communication interface. This can either be the same used to
communicate with the human assistants or a dedicated (local)
one. The FOTP is designed so as to generate the quantities
(pi(t), ψi(t)) as the time evolution of two virtual systems
(henceforth unified under the name “agent”): one system for
the desired yaw ψi (the yaw-agent), and one system for the
desired position pi (the position-agent).

In this paper we only consider kinematic yaw-agents, as this
is in practice an acceptable assumption for many quadrotor-
like UAVs. This then results in

ψ̇i = wi, (1)

where wi ∈ R is the yaw-rate input. On the other hand,
we consider to steer the position-agent either at the kine-
matic (first-order) level, i.e., by commanding a linear velocity
ui ∈ R3:

ṗi = ui, (2)

or at the dynamic (second-order) level, i.e., interpreting the
command ui ∈ R3 as a force:

ṗi = vi (3)
Miv̇i = ui −Bivi. (4)

Here, vi ∈ R3 and Mi ∈ R3×3 are the velocity and
the (symmetric positive definite) inertia matrix of agent i,
respectively, and Bi ∈ R3×3 is a positive definite matrix
representing an artificial damping added to asymptotically
stabilize the behavior of the agent and also take into account
typical physical phenomena such as wind/atmosphere drag.
The meaning of ui (either velocity or force input) will be
clear from the context.

Modeling UAVs as kinematic agents is a common assump-
tion in the multi-robot literature (e.g., similar assumptions
have been made in [1], [2]). Due to their higher complexity,
dynamic agents are less commonly adopted. Nevertheless
dynamic agents provide a better approximation of the actual
UAV dynamics, and therefore are more appropriate whenever
the dynamical properties of the UAVs are more ‘stressed’,
as in, e.g., the case of intermittent interactions (see, e.g., the
variable topology cases in this paper). The interested reader
can also find in [14] a comparison of stability and performance
issues for a network of kinematic and dynamic agents.

The inputs (ui, ψi) will depend on the contribution of
4 terms: (ut

i, w
t
i), (uso

i , 0), (ust
i , w

st
i ), and (uh

i , w
h
i ). These

terms are generated by 4 individual subsystems whose mean-
ing and purpose is explained in the following sections, see
also Fig. 1 for a visual reference.

1) Task controller: By means of the task interface, a
human assistant is given the possibility to select an algorithm,
generically referred to as task controller (TC), for executing a
particular task. The internal description of specific TCs is out
of the scope of this paper. Any TC, however, will eventually
generate an input (ut

i, w
t
i) for the agent based on the sensorial

feedback and inter-UAV communication. Apart from being
responsible for the flat-output trajectory generation, the TC
may also be in control of additional specific task requirements
such as controlling the end-effector of a robotic arm attached
to the UAV, or regulating the tension of a rope used for
transportation. Finally, the TC is in charge of discriminating
which part of the environment should be considered as obstacle
by the obstacle controller (e.g., walls), and which part should
be considered as safe (e.g., an object to be grasped or pushed).
At the same time, the TC can also communicate the desired
inter-UAV behavior (e.g., desired formation) to the topological
controller, see the following points.

2) Obstacle controller: The obstacle controller generates an
input (uso

i , 0) as the gradient of an obstacle avoidance artificial
potential to ensure a collision-free navigation w.r.t. the obsta-
cles identified by the task controller. We do not consider an
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obstacle avoidance action on the yaw-rate input, as we assume
that it is always acceptable to virtually augment the UAV size
up to a yaw-symmetric shape (e.g., an ellipsoid).

3) Topological controller: Formation control, requiring that
the UAVs maintain some preferred inter-distances or mutual-
poses, is a basic feature needed in almost all the multi-aerial
tasks. The formation constraints can be more strict or more
relaxed depending on the task. For example, in case of a simple
coverage, the constraints can be quite relaxed, while in the
case of precise sensor fusion (e.g., aerial measurements, inter-
ferometry), a particular fixed formation must be kept with high
accuracy. The topological controller is meant to implement the
desired task formation specifications by generating the inputs
(ust

i , w
st
i ). Section III provides a description of this controller

for some relevant scenarios.
4) Human assistance: In any complex situation, human

assistance cannot be limited to a generic supervision as in the
case of task assignment. In the real world, complex tasks are
made of a collection of activities, and some of them, usually
the more challenging ones, need a direct human control. To
this aim, the command (uh

i , w
h
i ), generated by the bilateral

control device, allows the human to finely act on partial aspects
of the task, e.g., by steering the centroid of the formation
(global intervention) or by precisely maneuvering only one
particular UAV (local intervention). This aspect is detailed in
Sec. IV.

B. Human telepresence

The nature of the task interface and of the bilateral control
device is meant to provide a suitable feedback to the human
operator(s) to increase his(their) telepresence. In particular, the
task interface can also be used to interactively monitor the
state of the task, e.g., by providing augmented video streams
from the remote site. In fact, in order to obtain an acceptable
performance in the direct assistance case, the human operator
needs to be constantly informed about the UAV/environment
state with a good perceptive quality. Because of this, in
our framework we decided to adopt the typical paradigm of
visual/force feedback for human-robot shared control tasks,
a paradigm known in the literature also as bilateral control.
Section IV-B is devoted to the description of this component.

III. TOPOLOGICAL CONTROLLER

The topological controller generates an input (ust
i , w

st
i ) in

order to implement a desired mutual interaction behavior, e.g.,
to reach a prescribed set of precise mutual configurations
or to approximately keep a given separation distance among
the UAVs. The collection of all the mutual interactions can
be described by an interaction-topology graph G = (V, E),
where the vertexes V represent the UAVs and the weighted
edges E ⊂ V × V represent the intensity of the interaction
between two UAVs. A non-zero weight models the presence
of interaction while a zero weight means no interaction and
is equivalent to the absence of that edge. We consider in
detail three possible classes of interaction graphs (see Fig. 2):
constant topology, when the task requires that the interaction
pairs are always the same; unconstrained topology, when the
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Fig. 2: The three topological behaviors: in the first sequence, the in-
teraction graph remains always constant regardless of the interaction
with the environment; in the second sequence, the graph is uncon-
strained, thereby changing due to the environmental interaction and
eventually becoming disconnected; in the third and last sequence, the
graph still changes but under the constraint of remaining connected.

topology can freely change over time, allowing the group to
even disconnect into several sub-groups; connected topology,
when the interaction graph can still freely change but with the
constraint of remaining connected at all times, i.e., to ensure
the group cohesion.

A. Constant Topology

The need for constant-topology (i.e., fixed) UAV-formations
naturally arises from the specifications of many UAV applica-
tions, e.g., for interferometry, transportation [2], for guaran-
teeing inter-UAV visibility or environmental coverage [1], [3].
The desired formation may be an output of the task controller,
or directly specified by the human operators.

Assuming an interaction-topology graph is chosen, a for-
mation is then commonly described by assigning the desired
relative behavior between every UAV pair (i, j) ∈ E . In
these notes we consider two typical cases: assigning either
the relative bearings β̄ij or the inter-distances δ̄ij ∀(i, j) ∈ E .

A formation controller only constraining the relative bear-
ings can be implemented by relying on sole relative bearings
as measurements, see [15]. This is an interesting feature since
relative bearings can be obtained using onboard monocular
cameras, that is, light-weight, low-energy, and cheap sensors
providing spatial information on the neighbors. Furthermore,
when constraining the relative bearings, the UAV formation
still possesses 5 DOFs, namely, translation of the centroid, syn-
chronized rotation about the vertical axis, and expansion [15].
These DOFs can then be used to give motion commands to
the whole formation.

On the contrary, the regulation of the relative inter-distances
cannot be achieved using only inter-distances, but one also
needs knowledge of the relative bearings, see [16]. In this case,
the formation can be shown to still possess 6 DOFs: translation
of the centroid and rotation about any axis in space.
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As for formation-control, the typical approaches are based
on artificial potentials that generate (ust

i , w
st
i ) as the gradients

of energy-like functions having a minimum at the desired inter-
agent value (see [16] for one of these cases). However, the
drawback of artificial potential approaches is the presence of
local minima. In this regard, the work in [15] presents an
interesting different strategy not based on artificial potentials
and almost globally convergent.

B. Unconstrained Topology

Some tasks require loose inter-UAV couplings, for example
the possibility of creating and destroying pairwise interactions
(splits and joins) at any time. Typical applications in this
context are: (1) navigation in cluttered environments, where
an unconstrained interaction topology is much more adaptable
than a fixed one; (2) multi-robot exploration, where UAVs
frequently need to divide or gather themselves into smaller or
larger groups.

In order to model this flexibility, [17], [18] consider the
presence of a switching signal for every pair of UAVs σij(t) ∈
{0, 1} meant to represent the status of the interaction among
agents i and j (with σij = 1 indicating presence of the
interaction, and σij = 0 otherwise). The time behavior of
σij(t) can model the effect of limited sensing capabilities
of the UAVs (e.g., maximum sensing/communication range,
occlusions of the line-of-sight), but can also be triggered by
the task controller to account for any additional task (e.g., in
order to split or join different subgroups).

In the unconstrained topology case, the topological con-
troller should only ensure some form of loose aggregation.
Therefore the control term ust

i is designed as the sum of
the local interactions over all the neighbor UAVs, i.e., only
those j-th UAVs s.t. σij(t) = 1. Each interaction force mimics
the nonlinear spring behavior depicted in the potential plot of
Fig. 3, i.e., a repulsive action if dij < d0, an attractive action
if d0 < dij ≤ D, and a null action if dij > D, where d0 < D
is a neutral inter-distance between the agents.

C. Connected Topology

As a variation of the previous case, we also considered
the possibility of allowing for time-varying topologies but
under the constraint of maintaining connectivity of the graph
G despite the creation or disconnection of individual links. In
fact, while flexibility of the formation topology is a desirable
feature, connectedness of the underlying graph is often a
prerequisite for implementing distributed control/sensing al-
gorithms.

The work in [19] shows a topological controller able to
account for connectivity maintenance by exploiting a decen-
tralized estimation λ̂2 of λ2, the second smallest eigenvalue
of the Laplacian matrix L associated to the graph G. In fact,
it is well-known that a graph G results connected if and
only if λ2 > 0. Exploiting the decentralized estimate λ̂2,
in [19] it is shown how to implement a decentralized gradient-
based controller that allows for a time-varying topology due to
loss/gain of visibility or maximum range exceedance between
agents while ensuring connectivity maintenance at all times.
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Fig. 3: Right: plot of the nonlinear spring potential modeling the
agent interaction. Left: when the UAVs split, the energy Esplit is
stored in the spring, while when they join the energy Ejoin > Esplit

is needed to implement the new desired coupling. In this case, without
proper strategies, an amount Ejoin −Esplit > 0 of energy would be
introduced into the system, thus violating passivity.

As an additional feature, this same controller is also proven to
implicitly guarantee inter-robot and obstacle collision avoid-
ance: this is achieved by suitably shaping the weights on the
edges of neighboring robots as functions of the inter-robot and
robot-obstacle relative distances.

D. Ensuring a Stable Behavior of the Agent Group

Guaranteeing passivity of the agent group is a sufficient
condition for guaranteeing a stable behavior in free motion
and when interacting with unknown (passive) environments.
In both the cases of unconstrained and connected topologies,
the controlled dynamic agents in (3–4) are equivalent to
floating masses with damping, so that their interconnection
can be considered as a mechanical elastic element. Thus, the
agents intuitively behave in a stable way, being essentially a
network of springs and (damped) masses. This can be formally
proven by showing that the system is passive, namely that the
energy exchanged with the external world (i.e., humans and
environment) is either stored in the form of (virtual) kinetic
or potential energy or dissipated, and that no destabilizing
regenerative effects are present.

However, the need for flexibility and connectivity mainte-
nance of the approaches reported in Sec. III-B and in Sec III-C
can possibly threaten passivity. In fact, both split and join
events, as illustrated in Fig. 3, and the use of an estimation
of the connectivity eigenvalue λ̂2 in place of the real value
λ2, can create extra energy in the agent group, see [18], [19].
On the other hand, passivity is preserved if and only if the
amount of energy dissipated by the agent group is higher than
the amount of energy produced. Thus, the amount of dissipated
energy is a good measure of the current passivity margin.

In order to understand if an energy producing action can
be implemented without violating the overall passivity, i.e.,
whether it is within the margin, the dynamics of each agent
is augmented as follows:

ṗi = vi
Miv̇i = ui −Bivi
ṫi = 1

ti
(vTi Bivi) + τi

(5)

where ti ∈ R is the state of an energy storing element, called
tank, characterized by the energy function Ti(ti) = 1

2 t
2
i . It is
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easy to see that Ṫi = (vTi Bivi) + τTi ti. Thus all the energy
dissipated by the UAV is stored in the tank, and one can still
inject/extract energy from the tank using the control input τi.
For each passivity threatening action, every UAV computes
the amount of energy Ei that would be produced by its actual
implementation. If Ei < 0, the action is dissipative and the
agent refills its tank by suitably acting on τi in order to inject
back the amount −Ei. On the other hand, if Ei > 0, the agent
can implement the action only if Ti(ti) > Ei. If this is the
case, the action is implemented and τi is exploited to extract
Ei from the tank. If Ti(ti) < Ei, the agent can still increase
the amount of energy in its tank (e.g., by artificially increasing
its damping) until the action can be implemented. Using this
strategy, flexibility, connectivity and passivity can easily and
elegantly coexists. A more formal and detailed illustration can
be found in [18] and [19].

IV. HUMAN ASSISTANCE AND TELEPRESENCE

We consider M (usually � N ) bilateral devices (i.e.,
with force-feedback capabilities) as human-robot interfaces for
allowing a human operator to intervene on some aspects of the
UAV motion while receiving suitable haptic cues. The devices
are modeled as generic mechanical systems

Mi(xi)ẍi + Ci(xi, ẋi)ẋi = τ c
i + τh

i i = 1 . . .M (6)

where xi ∈ Rdi is the configuration vector of the i-th-
interface, Mi(xi) ∈ Rdi×di its positive-definite and sym-
metric inertia matrix, Ci(xi, ẋi) ∈ Rdi×di represents Coriolis
and centrifugal terms, and (τ c

i , τ
h
i ) ∈ Rdi × Rdi are the

control/human forces acting on the device, respectively. As
usually done, we also assume that gravity effects are locally
compensated. In the following we describe two different
ways for interfacing a human operator with the UAV group
dynamics, namely, a local and a global intervention modality.

A. Operator Intervention
1) Local intervention: In the local intervention case, each

haptic interface influences the motion of a single UAV. A
straightforward application of this case is the leader-follower
modality: a group of follower UAVs can be guided through an
environment by a leader UAV which, in turn, is controlled by a
human operator. Another possibility is to exploit this modality
to let a skilled operator temporarily help a UAV to solve
conflicting situations. A final possibility (multi-leader/multi-
follower) is to cooperatively transport an object with a team
of UAVs of which only a small subset is driven by human
operators.

We assume that di = 3 for every i = 1 . . .M and consider
an injective map a : {1, . . . ,M} → {1, . . . , N} from the set
of force-feedback devices to the set of UAVs. The position of
the i-th haptic device will be treated as a (scaled) velocity
reference for the a(i)-th position-agent. In the case of a
kinematic position-agent, this results in either uh

a(i) = λixi,
or uh

j = 0 for all the j-th position-agents not in Im(a). In
the case of a dynamic position-agent, the local intervention
results in the following proportional controller

uh
a(i) = Bh(λixi − va(i)) (7)

where Bh ∈ R3×3 is a positive definite damping matrix.
Similarly to before, we also have uh

j = 0 ∀j 6∈ Im(a).
In the case, not considered here, of di = 4, one could extend

the very same concept to also control the yaw of the UAVs
with the additional DOF of the interface.

2) Global intervention: Global intervention allows the op-
erator to control some generalized velocities of the whole
group of UAVs by acting on the configuration of the avail-
able haptic interfaces. Among the many possible choices we
consider here the following cases: cohesive motion of the
whole group, synchronized rotation about any axis passing
through the k-th UAV, and the expansion/contraction of the
whole formation. Denote with xt,xω ∈ R3, and xs ∈ R, the
configurations of the devices in control of the desired group
velocity, angular velocity, and expansion rate, respectively. In
case of kinematic position-agents, the desired global interven-
tion action is implemented by setting

uh
i = λtJtixt + λωJωixω + λsJsixs ∀i = 1 . . . N (8)

where Jti, Jωi, Jsi are the i-th component of the map between
the desired global velocities (generating translation, rotation,
and dilation, respectively) and the velocity of the i-th agent,
and λt > 0, λω > 0, and λs > 0 are suitable scaling
factors from the haptic device configurations (xt, xω, xs) to
the desired global velocities.

If a constant-topology controller is also acting on the
UAVs, the global velocities should be orthogonal to the inter-
robot constraints enforced by the topological controller in
order to preserve the current inter-distances and/or relative
bearings. The relative bearings are preserved when all the
UAVs translate, dilate, or cohesively rotate around the vertical
axis, i.e., when xω =

(
0 0 zω

)
and wh

i = zω , with zω ∈ R.
The relative inter-distances are preserved if the group does not
dilate, i.e., when xs = 0.

Global intervention in the dynamic case is implemented by
using an approach similar to (7) in order to track the desired
agent velocity given by (8).

B. Telepresence

The force-feedback on the bilateral devices is designed in
order to provide haptic cues informative of how well the
real UAVs are executing the desired human commands, and
to feel the disturbances to which the UAVs are subject to,
like turbulences and wind gusts. Recalling Sec. II, we let
ṗBi
∈ R3 be the body-frame velocity vector of the i-th UAV,

and ψ̇Bi
∈ R its yaw rate. We stress, again, that these represent

real (measured) UAV quantities and not the reference (virtual)
velocities of the agent tracked by the UAVs.

In case of local intervention, we consider the mismatch
between the velocity commanded through the i-th interface
and its actual execution by the a(i)-th UAV. Therefore we set
τ c
i = −Bh(λxi − ṗBa(i)

). In case of global intervention, we
consider the mismatch between the commanded generalized
velocities and their average execution by all the UAVs.

Depending of the actual situation, the resulting forces can
provide different cues to the human operator. In case of
UAVs possessing large inertia (e.g., when the UAVs are
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cooperatively transporting a load), the operator would feel high
counteracting forces when asking for rapid changes of the
group velocity. In case of significant air viscosity, the force
would be proportional to the UAV velocity thus giving the
impression of pulling a load with some friction. Finally, if the
operator tries to push the UAVs against an obstacle as, e.g.,
a wall, the UAVs would remain still without following the
operator commands. Therefore, the force felt would be similar
to a spring-like obstacle repulsion. Along these lines, we also
refer the interested reader to some preliminary psychophysical
studies addressing the problem of human perception and
telepresence in such novel bilateral control scenarios [20],
[21].

C. Stabilization of the teleoperation system
Both in the cases of local and of global intervention, it is

necessary to consider the destabilizing effects (e.g., commu-
nication delay, packet loss, sample & hold) arising from the
interconnection between the bilateral control devices and the
agent group.

The PSPM framework [22] can be used as a general tool
for guaranteeing master passivity and, therefore, stability of
the closed-loop teleoperation system when dealing with the
aforementioned destabilizing effects, by acting on the signals
exchanged over the communication channel. We omit further
details here and refer the interested reader to [16], [22] and
references therein for a complete treatment and formal proofs
of these statements.

Another possibility is to use the two-layer approach [23]
that, enforcing passivity, guarantees a stable behavior. Loosely
speaking, this approach separates the exchange of information
between bilateral control devices and agents into two layers.
The passivity layer is controlled in such a way that a passive
energetic interconnection is established between the bilateral
control device and the agents. In this way, if the bilateral
control device and the agents are passive, a stable behavior
of the teleoperation system is guaranteed independently of
sampling, variable delays and loss of communication. The
transparency layer determines the inputs to be implemented
on the bilateral control device and on the agents in order
to obtain the desired performance (e.g., (7)). These desired
inputs are then elaborated by the passivity layer that, exploiting
the energy exchanged between local and remote sites, is able
to implement them in a passivity-preserving way. For further
details, the interested reader can consult [23], [24].

V. QUADROTOR-BASED EXPERIMENTAL TESTBED

A. Hardware Setup
1) UAV setup: We used quadrotors as UAVs because of

their versatility, robustness, and construction simplicity. Fur-
thermore, the quadrotor model perfectly matches our assump-
tions of Sec. II, i.e., ability to track the reference quantities
(pi, ψi) generated by the FOTP owing to the flatness of the
quadrotor outputs (pBi

, ψBi
).

Our quadrotor setup (QR) is a customized version of
the MK-Quadro1 open-source platform (see Fig. 4a). The

1http://www.mikrokopter.de
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Fig. 4: (a): The quadrotor setup (QR) with its parts; (b): The testbed
used for the identification of the motor/propeller dynamics.

QR frame spans 0.5 m, weights 0.12 kg, and is made by
4 aluminum rods joined together in a cross-shape by 2
plastic center-plates. Four brushless Roxxy 2827-35 motors
are mounted at the end of each rod. Each motor is driven
via a PWM signal by a BL-Ctrl V2.0 brushless controller
(BC) which can withstand an average power consumption of
160 W and peak current of 40 A. A propeller of diameter
0.254 m is attached to each motor. By means of a custom-
made measure testbed using a Nano17 force/torque sensor2

(see Fig. 4b), we found that the maximum force and torque are
9.0 N and 0.141 N·m respectively, and that the motor dynamics
can be approximated by a first order linear system with a time
constant of 0.047 s. For control design purposes, this can be in
first approximation neglected w.r.t. the mechanical dynamics
of the QR.

A 50 mm square electronic board is mounted in the middle
of the frame and hosts a 8-bit Atmega1284p microcontroller
(µC) clocked by a 20 MHz quartz. The µC can send the
desired motor speeds to the BCs by means of an I2C bus.
The small board also hosts i) 3D LIS344alh accelerometer
with a resolution of 0.0039g0 m/s2 and range of ±2g0 m/s2,
and ii) 3 ADXRS610 gyros with a resolution of 0.586 deg/s
and range of ±300 deg/s. These are all accessible by the µC.

A 72×100 mm Q7 electronic board3 is mounted underneath
the frame. The board hosts a Z530 Intel Atom processor, 1 GB
DDR2 533 MHz RAM, an 8 GB onboard Flash Disk and a
WiFi card. The power consumption of this board is 10 W.
The Q7 board communicates with the µC through a serial
(RS232) cable with a baud-rate up to 115200 bits/s. During
the debugging phase the Q7 board can also be dismounted
from the QR and operated as desktop computer. In this case,

2http://www.ati-ia.com/
3http://www.seco.it/en/, http://www.qseven-standard.org/
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Fig. 5: Haptic interfaces with the corresponding control PCs used in
the experimental testbed.

the cable is replaced by a wireless serial connection XBee-
PRO 802.15.4.

An adapted low-cost monocular camera is mounted on
top of the µC board. This is connected to the Q7 board
through USB, and has a horizontal/vertical field-of-view of
about 88/60 deg and a weight of less than 50 g. A set of
reflective markers is used by an external tracking system in
order to retrieve the position and orientation of the QR. A
single colored ball is instead tracked by the cameras of the
QRs in order to measure their relative bearing βij .

The QR carries a 4 cell 2600 mAh LiPo battery underneath
the Q7 board which powers the whole system by means of a
custom power-supply board, allowing to handle the diversity of
supplied components. The autonomy provided by the battery
in full-configuration is about 10 minutes. All the electronic
can also be supplied by an AC/DC socket adapter, e.g., while
the battery is replaced.

2) Haptic Interfaces: The bilateral devices used in our
testbed are an Omega.3 and an Omega.64, as shown in Fig. 5.
The Omega.3 has 3 fully actuated DOFs, while the Omega.6
is a 6DOF device with 3 actuated translational and 3 passive
rotational DOFs. Each device is connected to a mini PC by
means of USB connection and can be controlled at 2.5 kHz.
The workspace of the devices is approximately a cube with
edge of 0.12 m, and the maximum provided force is about
10 N.

3) Additional components: Our hardware setup includes
also additional components that, however, are not described
in detail here: these consist of the network infrastructure, the
motion capture (MoCap) system5, and other human interfaces
(e.g., joypads, screens, etc.).

B. Software Setup

The distributed software implementation of the whole sys-
tem involves several processes interconnected through custom-
developed interfaces, see Fig. 6. A custom C++ algorithmic li-
brary provides the control and signal processing functionalities
needed by each process, such as force-feedback algorithms,
topological controllers, obstacle avoidance techniques, flight
controllers, signal processors and filters.

4http://www.forcedimension.com
5http://www.vicon.com/
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Fig. 6: The software setup.

1) UAV Software: The Q7 board runs a GNU-Linux OS
and hosts the High-level UAV Controller process (HLUC) that
implements the FOTP and part of the FC. The µC board
runs a single process, the Low-level UAV Controller (LLUC),
which implements the remaining parts of the FC and interfaces
directly with the IMU and the 4 motor controllers through the
I2C bus. The FC is a standard cascaded controller similar to
the one used in [9].

The HLUC can use WiFi to communicate via Socket IPC
with several other processes hosted by different machines,
like the HLUC of other UAVs, haptic-device controllers, a
Matlab instance, a MoCap system (using the VRPN protocol),
sensor modules (which may be also hosted on the Q7 board),
and input-output interfaces (e.g., using the TUIO6 protocol,
a touchpad or a smartphone). A similar interface allows also
direct communication between haptic-device controllers and
a Matlab instance, if needed. The communication frequency
changes for each interface (e.g., it is 120 ÷ 240 Hz for the
MoCap System, and 25 Hz for the camera sensor module).

The communication between the HLUC and the LLUC is
mediated by the Safe Module (SM) process, a very compact
and well tested program whose role is to check the inputs
generated by the HLUC and take full control of the UAV
in case of detection of some inconsistencies in the input
signals (e.g., erroneous frequencies, excessive jittering, etc.).
In addition to the SM, in emergency cases a human operator
may also bypass the Q7 board and manually control the UAV
using a Radio Remote Controller.

The LLUC provides an estimate of roll and pitch angles
(φBi

, θBi
) by fusing the IMU readings with a complementary

filter. The yaw ψBi
can be either measured with an onboard

compass, or retrieved by the MoCap system. A sensor module
processing the onboard camera signal is used to obtain the
relative bearings by detecting the spheres placed on top of the
quadrotors. Finally, every BC runs a P-controller in order to
regulate the motor speeds.

2) Other Software Components: The haptic device con-
troller implements the local control loop computing the forces

6http://www.tuio.org/
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Fig. 7: An experiment employing constant topology controller and
global intervention.

τ c at a frequency of 2.5 kHz, sends the needed quantities (e.g.,
x) to the HLUC, and receives the UAV measurements needed
to implement τ c. An instance of Matlab can also be interfaced
with HLUC for debugging and testing purposes (e.g., offline
post-processing), or for fast-prototyping of complex control
algorithms.

C. Illustrative Experiments

Figures 7 and 8a show two experimental sequences where
our bilateral shared control framework is exploited in order to
assist the flight of 4 quadrotors using one of the 3DOF haptic
interfaces described before.

In the sequence of Fig. 7, we used the constant topology
controller based on artificial potentials described in [16]. This
controller keeps the desired inter-distances constant and leaves
free 6DOF of the UAV group (3 for rotations and 3 for
translation). Note how the interaction links (in yellow) are
not changing over time because of the chosen fixed topology.
The resulting desired formation is a tetrahedron. The human
global intervention is applied only to the translational DOFs,
and the human telepresence is realized by applying a force
to the haptic device proportional to the mismatch between
the desired and current centroid velocity. From the reported
sequence, one can appreciate how the actions of the human
command and of the obstacle avoidance produce a rotation of
the whole formation, thus allowing to overcome the obstacles.

In the sequence of Fig. 8a, we used the unconstrained
topology controller described in [18], [25]. The controller in
this case does not overly constrain the topology: this is clearly
visible in the sequence since the interaction links are changing
over time. The human intervention is local and is limited to the
UAV highlighted with the red ball. The motion of the UAVs
leads to several split and rejoins, triggering in some cases
the tank/spring energy exchange needed to preserve passivity
of the slave side described in Sec.III-D. The force cue τ c

i

displayed to the human operator during the experiment is
shown in Fig. 8b: the peaks of τ c

i occur during the transient
discrepancies between uh

i and ṗBa(i)
. These inform the human

operator about the ‘lag’ between the connected UAV and its
velocity command. Figure 8c shows the evolution of the 6
inter-agent potentials (links) over time. At the beginning of
the motion, 3 links start not connected with their potential at
the ‘infinity’ value 0.5 [J] while, as time goes on, new links
are created/destroyed as can be seen from the various jumps in
the inter-agent potentials. Figure 8d shows the superimposition
of the external energy supplied to the slave system (blue solid
line) and the variation of the internal UAV-group energy (red
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Fig. 8: An experiment with unconstrained topology controller and
local intervention. (b): force displayed to the human operator on the
bilateral control device; (c): behavior of the 6 link potentials over
time; (d): Behavior of the external energy supplied to the UAV-group
system (solid blue line), and the internal UAV-group energy (dashed
red line).

dashed line). From this plot, it is possible to verify that the
passivity condition for the group of UAVs is always met.

We finally encourage the interested reader to watch
the videos of these and other experiments based on
the presented framework at http://www.youtube.com/user/
MPIRobotics/videos.

VI. CONCLUSIONS AND FUTURE WORK

In this paper we presented a control framework and its
associated experimental testbed for the bilateral shared con-
trol of a group of quadrotor UAVs. The control architecture
allows to integrate a topological motion controller, a human
assistance module, and a force-feedback possibility to increase
the telepresence of the human assistants. The versatility of
the proposed framework has been demonstrated by means of
experiments using a hardware and software architecture based
on quadrotor UAVs.

In the future, we aim at extending our testbed also to
outdoor scenarios, thus replacing the MoCap system with
GPS and/or other localization algorithms. We are also con-
sidering the possibility of combining bilateral shared control
with UAVs autonomously performing complex tasks, such as
cooperative transportation or exploration. Finally, we are also
running extensive user studies in order to better assess the
immersiveness and quality of feedback provided to the human
assistants during the operation of the UAVs.
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