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The interested reader can find in [1] a more comprehensive
description of the system presented in this extended abstract.
I. I NTRODUCTION
Micro UAVs represent the ideal platform for many robotic
task, such as exploration, mapping, and surveillance. Their
unconstrained workspace and versatility allow to use them as
flying sensors and actuators to reach and operate on places
that are impossible to reach with ground mobile robots. On
the other hand many real-world tasks require that one or
more humans participate to the mission, e.g., in the case of
search-and-rescue missions [2]. Recent works have proven
that haptic feedback can be successfully used in order to
increase the operator situational awareness (see, e.g., [3] and
references therein) and thus have a positive impact on the
human decisions.
For the reasons mentioned above, haptic shared control of
UAVs is an emerging topic that attracted the attention of many
research groups in the last years. Concerning the single-UAV
case, the authors of [3] study the proper design of artificial
force fields for the haptic cue when bilaterally teleoperating
a UAV, while the design of an admittance control paradigm
from the master side with position feedback is presented
in [4]. Single-UAV teleoperation control based on the portHamiltonian approach is presented in [5] and extended in [6].
The design of a strategy to generate the haptic feedback as a
virtual force based on both telemetric and optic flow sensors
is presented in [7]. A novel force feedback user interface for
mobile robotic vehicles with dynamics is shown in [8], and
a novel force feedback algorithm that allows the user to feel
the texture of the environment is presented in [9]. Concerning
the more general and challenging, multi-UAV case, in [10],
[11], [12], [13] the authors present an extensive framework to
control a group of UAVs that can be interfaced with multiple
operators by means of haptic devices, e.g., to control some
generalized velocity of the group formation. In [14] the same
authors have shown how that framework can be applied in
the real world to perform teleoperation over intercontinental
distances.
At the best of our knowledge none of the previous
approaches dealing with haptic-teleoperation of UAVs have
been experimentally proven on a platform that uses onboard
sensors only. The majority of the works never addressed the
problem in a real world scenario, either employing simulation
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or using external motion capture systems. In [9] the obstacles
are detected through laser scanners, but the state for control
purpose is still retrieved by an external camera system. The
authors of [11] use onboard cameras to measure the relative
bearings, but the velocities are also obtained through external
motion capture.
The scope of this workshop contribution (which is a
preliminary version of the work presented in [1]) is to present
the preliminary results of an ongoing project aimed at the
design of a platform for RGB-D based haptic teleoperation
of UAVs. The proposed platform will be able to navigate
in unknown indoor environment relying only on its own
sensor perception, i.e., IMU and RGB-D measurements. This
sensor equipment, is relatively more rich with respect to the
standard IMU-camera integration setting. This choice brings
several advantages but also some drawbacks. First, the depth
measurements will be extremely useful because they will
allow a metric estimation of the velocity. Monocular camera
methods usually do not provide such information, or they
need accelerated motions to retrieve this information from
the IMU. In addition, the measurements coming from an
RGB-D sensor can be easily used to perform reliable obstacle
avoidance. On the contrary, RGB-D sensors as Microsoft
Kinect or Asus Xtion are usually sensible to natural light, so
the system is specifically designed for indoor navigation.
Velocity measurements of the quadrotor are obtained employing in our framework the Dense Visual Odometry (dvo)
algorithm presented by Kerl et al. in [15], and released in
the form of a ROS package. Preliminary experimental results
shows the effectiveness of our approach.
The rest of the paper is organized as follows. In Section II
we present our target hardware architecture, for which we
plan to have all computation exploited onboard. However,
at current stage of development some computation is still
performed on an external PC, although the measurements
used for estimation purpose all comes from onboard sensors. Section III introduces some notation and explains the
working principle of the system. Section IV presents the
current stage of development and preliminary results from
one experiment, while Section V concludes the paper.
II. H ARDWARE A RCHITECTURE
The target quadrotor configuration of this work comprises the
mechanical frame, actuators, microcontrollers, and inertial
measurement unit (IMU) of the MK-Quadro, a relatively
low cost platform developed by MikroKoper.1 Its actuation
system consists of four plastic propellers with a diameter of
1 http://www.mikrokopter.de/

Fig. 1: Left: the quadrotor setup at date (i.e., without the Odroid
board). Right: the haptic device and its frame of reference.

0.254 m, and a total span and weight of the frame of 0.5 m
and 0.12 kg, respectively. The onboard electronics consists
of:
i. a single board mini PC Odroid U22 for high level
estimation, control, and interfacing purposes (this board
is not installed yet but will be integrated soon);
ii. a low-level 8-bit Atmega1284p microcontroller connected to the mini-computer through two RS232 serial
ports and a MAX232 converter.
iii. four brushless controllers connected to the low-level
controller through a standard I2C bus;
iv. three 3D LIS344alh accelerometers and three
ADXRS610 gyros, connected to the microcontroller;
v. a pressure sensor MPX4115A.
In addition, we have retrofitted the MK-Quadro frame with
an Asus Xtion3 RGB-D sensor, from now on referred to
simply as ‘camera’, to obtain exteroceptive measurements
of the environment. The camera is rigidly attached to the
frame through three 5 mm diameter plastic bars, heading
approximatively at 45° on the right of the quadrotor and
tilted by approximatively 30° downward, vertically mounted
to increase the field of view on the Z axis. In Fig. 1 (left)
we report a picture of the whole system at date.
The whole system is powered by a 2600 mAh LiPo battery
which guarantees an endurance of around 10 min of flight
in normal regimes. The complete system has a weight of
approximately 1.000 kg.
At current state of development, the Odroid board is
still not integrated in the system. Its role is temporarily
exploited by an external computer which communicates with
the quadrotor through two XBee channels instead of wired
serial connectors.
III. F LIGHT C ONTROL AND T ELEOPERATION
Let be W : {OW , XW , YW , ZW } the inertial (world)
frame defined with the North-West-Up (NWU) convention,
hence with ZW pointing in the opposite direction of the
gravity vector, and let be Q : {OQ , XQ , YQ , ZQ } a frame
attached to a representative point of the quadrotor (ideally
its center of mass), which conforms to the North-East-Down
(NED) convention as common in the aerospace field. In
general, we will denote with A pB the position of the origin
of a frame B in another frame A and with RA
B ∈ SO(3)
the rotation matrix expressing the orientation of the frame
B in A. With reference to the frames W and B we then

define W pQ ∈ R3 and RW
Q ∈ SO(3). Finally, denote
with φ, θ, ψ respectively the roll, pitch and yaw angles that
represent the orientation of the quadrotor in W, i.e., such
that RW
Q = Rx (π)Rz (ψ)Ry (θ)Rx (φ), where Rx (·), Ry (·),
Rz (·) represent the canonical rotation matrices about the
axes X, Y, Z respectively.
It is convenient to introduce the (NED) horizontal frame
H : {OH , XH , YH , ZH } such that OH ≡ OQ and ZH k
−ZW . Then, the rotation matrix between H and Q is
RQ
H = Rz (θ)Rx (φ). Finally, consider the camera frame C :
{OC , XC , YC , ZC }. Since the camera is rigidly attached to the
quadrotor, Q pC and RQ
C are constant extrinsic parameters.
1) Human operator: The human operator interfaces with
the system through an haptic device4 shown in Fig. 1 (right).
The device provides three translational actuated degrees of
freedom (DOFs). Let be D : {OD , XD , YD , ZD } the NED
frame of reference whose origin is in the steady position of
the end effector of the haptic device, then we define D p =
(px py pz )T the configuration of the three translational DOFs
of the haptic interface in D. The commanded velocity for the
quadrotor, expressed in H, is then computed as:
ṽx = kv px cos(α)
ṽy = kv px sin(α)
ṽz = −kv pz

where kv is a positive gain and α is a parameter expressing
the direction of the desired forward motion of the quadrotor.
For safety reason, we want to force the quadrotor to move
only in the direction in which the operator can see through
the camera, hence α is selected as the yaw angle of the
camera in Q:
α = atan2(r21 , r11 )
(4)
where RQ
C = [rij ]i=1,...,3, j=1,...,3 .
Notice that the commanded velocities are computed in the
frame H instead of Q in order to let the command of the
operator be independent from the roll and pitch motions that
naturally arise when the quadrotor has to accelerate in the
horizontal plane.
Finally the commanded yaw rate is obtained as
˜
ψ̇ = −kψ py

(5)

where kψ is also a positive gain.
2) Obstacle avoidance and velocity tracker: We have implemented a simple obstacle detection and avoidance module
in order to guarantee safe navigation and avoid contacts with
the objects in the environment. In particular, the obstacles are
detected by finding the local minima in the depth-component
of the camera image. Then, a standard repulsive potential is
applied to the point in order to avoid contact.
The resulting desired velocity is provided to the flight
controller (referred to as ‘velocity tracker’ in the following) that uses also the current estimated velocity of the
robot to compute the tracking error. The velocity tracker,
described in [13], is a simple PD controller with gravity
compensation computing the required roll and pitch angles

2 http://www.hardkernel.com/
3 http://www.asus.com/Multimedia/

(1)
(2)
(3)

4 http://www.forcedimension.com/
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Fig. 2: A block scheme representation of the estimation system.
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vCk = RCCk0 (C0 pCk − C0 pCk−1 )/∆T

(6)

where Ck vCk is the velocity of the origin OCk of the frame Ck
expressed in Ck , and ∆T is the elapsed time between timesteps k−1 and k. Since this estimate is considerably affected
by numerical noise, a 1¤-filter [18] is used on the visual
odometry estimates to obtain a smoother estimate Ck v̂Ck of
the vehicle velocity. Since the velocity C vC of OC in C can
be expressed as
C

vC = RCQ Q vC = RCQ (Q vQ + Q ωQ × Q pC )

we can compute an estimate of
Q

Q

(7)

vQ at time-step k as

Ck
v̂Q = RQ
v̂Ck − Q ω̂Q × Q pC .
C

(8)

Finally, given the estimates φ̂Q , θ̂Q from the complementary
filter, we have
H
Q
v̂C = R̂H
(9)
Q v̂Q
which can be then used in the velocity tracker.
IV. I MPLEMENTATION AND P RELIMINARY R ESULTS
We have conducted preliminary experiments in order to
evaluate the performance of the implemented algorithms and
obtain useful data for their improvement.
5 https://github.com/tum-vision/dvo
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Fig. 3: Comparison between the estimated velocity (blue) with
the velocity measured by an external Vicon system (red) and the
commanded velocity (green). Spikes in the Vicon velocity are
expected and due to outliers in the position measurements.
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that are needed to properly accelerate in order to track the
velocity commanded by the human operator. Since it does
not include an integral term, we expect the system to be
affected by constant non-zero error in steady state, mainly
due to non-perfect knowledge of the model. Given the nature
of this work, the human operator will easily compensate
for this error with the haptic device. Nevertheless, we are
currently studying different controller strategies to eliminate
this undesired behavior.
3) Velocity estimation: Figure 2 represents the implemented estimation system. The IMU measurements are used
to compute estimates φ̂Q , θ̂Q of the roll and pitch angles
through a complementary filter (see [16], [17] for details).
Similarly, a noise-free estimate Q ω̂Q is obtained from the
angular velocity measurement Q ω̄Q from the gyros through
a low-pass filter. At the generic time-step k the dvo5 algorithm [15] provides C0 p̄Ck , R̄CC0k , which represent a drifting
estimate of the position C0 pCk and orientation RCC0k of the
camera frame at time-step k, denoted with Ck , w.r.t. the
camera frame at the initial time-step k = 0, denoted with
C0 . Even though these estimates are drifting, denoting with
Ck−1 the camera frame at time k − 1, it is possible to extract
a velocity measurement using:
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Fig. 4: Comparison between the measure yaw rate (blue) and the
commanded yaw rate (green).

As mentioned in the previous section, our platform uses
dvo as external tool in order to infer velocity measurements.
However, the main framework in which the platform is
developed is TeleKyb [19], a ROS-based project specifically
designed for the design of applications on UAVs and oriented
to multirobot execution.
At current stage of development not all computation is
performed onboard, being the camera directly connected
to an external PC which also hosts the execution of dvo
and TeleKyb. The connection between the microcontroller
and the PC is demanded to two pairs of XBee transmitters/receivers. Nevertheless, we plan to employ an Odroid
U2 mini-board to replace the PC, and make the system really
able to work in complete autonomy.
In the following, we present the results of a typical
flight, for which the ground truth is given by an external
camera system6 . A video of the flight is also provided in
the attached multimedia material and can be watched at
antoniofranchi.com/videos/onboard_hapteleop.html.
In Fig. 3 we show the plots of the estimated (blue), real
(red) and commanded (green) values of the three velocity
components (expressed in H). Commanded and measured
yaw rate are shown in Fig. 4. All plots shows that the
estimates are consistent with the real values of the velocities
velocities are very similar to the real velocities. In addition,
the quadrotor reproduces quite faithfully the commanded
velocity, although a constant drift is present as theoretically
predicted.
6 www.vicon.com
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Fig. 5: Real (red) and measured (blue) distance between the
quadrotor and the obstacle.

In order to test the obstacle avoidance module, we have
tried to drive the quadrotor straight against an obstacle.
We have performed this five times during the experiments,
and in particular at times 38 s, 40 s, 50 s, 56 s and 62 s. In
correspondence of those times, it is possible to recognize big
spikes in the real velocities, which also significantly differs
from commanded velocity due to the velocity correction term
added by the obstacle avoidance algorithm.
In Fig. 5 we show the plot of the measured and real
distances between the quadrotor and the surrounding obstacles. Note that as soon as the distance reaches the minimum
admissible distance (0.7 m), the quadrotor is pushed back
from the obstacle. This happens in correspondence of the five
spikes in the plots of the velocities. In the first phase, the
plot refers to the time before the take off when the obstacle
avoidance is deactivated because of the vicinity with the
ground.
V. D ISCUSSION AND O NGOING W ORK
The ongoing project to perform teleoperation in unknown
indoor environment is currently at a stage in which we
are able to drive a quadrotor without the help of external
navigation systems. However, not all computation is performed onboard, being the execution of dvo and TeleKyb
software demanded to an external PC. The main drawback
of the current system configuration is to have an USB
cable connecting the onboard Xtion and the external PC,
clearly limiting the motion of the quadrotor and disturbing
its dynamics. In fact, the microcontroller alone is not able
to acquire the output of the Xtion, nor to send it to the
base station. Nevertheless, in our goal configuration we plan
to connect the RGB-D sensor directly to the Odroid board,
hence removing this issue.
Other improvements will consider different filtering strategies for the angular velocities and for the whole state.
Once the platform is complete, we plan to employ it to
perform teleoperation experiments over the internet, hence
introducing significant delay on the commanded velocities.
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