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•  Study ways to interface human operators and autonomous machines (robots) 

•  Many possible scenarios, e.g., 

•   Autonomous or “passive” machines ? 

•   What degree of autonomy ? 

•   Physical or remote/virtual interaction ? 

•  Human role: 

•  Pure supervisor or full control ? 

•  What feedback is best suited for the human side ? 

•   Which sensory channel ? 

•   What information (quantity and quality) ? 
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Human-Robot Interaction 
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•  Find a balance between direct control and full autonomy 

•  human assistance still necessary for decision-making (but robots 
are very precise/fast/expendable) 

•  human-robot cooperation may be an implicit requirement of the 
task (assistive robotics, human augmentation, cooperative 
transportation/manipulation) 

•  safety regulations may require presence of a human supervisor 
able to take over 
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Human 

Remote Mobile Robot(s) 
Mobile: more flexible and 
pervasive than fixed ones 
 
Multiple: more effective and 
robust than a single complex one 
 
Large number of applications: 
• coverage, exploration, mapping, 
surveillance, search and rescue, sensor 
networks, localization and tracking, 
mobile infrastructures, 
transportation,cooperative manipulation 

• modular robotics 
• nano-robot medical procedures 

Human assistance still mandatory: 
• in highly complicated environment  
(dynamic, unpredictable, cluttered)  
• whenever cognitive processes are 
needed  

Remote Mobile Robot(s) 
Robotic assistance needed 
to extend the human perception and 
action abilities 

A mutually-beneficial interaction 

Main Contributions 
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Planning/coordination for single/
multiple mobile robots 

Motion (flight) control and 
(active) visual state estimation 

Shared Control Architectures Human evaluation and user 
studies 

Main Contributions 
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4.9 Simulations and Experiments
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Figure 4.30: Simulation 4: generation of alternative paths. Snapshots of the phases of the proposed
algorithm.
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Flying Robots 
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Flying Robots 

! !
Smart!collaboration!between!Humans!and!ground4aErial!Robots!

for!imProving!rescuing!activities!in!Alpine!environments!
FP74ICT,!Integrated!project!

Grant!Agreement!no.:!600958!

 

!

SHERPA First Review Meeting  

Centro Congressi Federico II 

Via Partenope 36, 80121 Napoli 

 
Tuesday 20 May 2014 

!
Time Title Speaker 

08.30 – 08.50 Private meeting (Reviewers and Project Officer) !

08.45 – 09.00 Welcome CREATE 

09.00 – 09.30 
Introduction to SHERPA and summary of the 
main objectives achieved in the period 

UNIBO 

09.30 – 10.00 The SHERPA scenario CAI 

10.00 – 10.20 Coffee break  

10.20 – 11.00 Requirements, Specifications, Benchmark 
definition. Outcomes of WP2 ETHZ 

11.00 – 12.30 The SHERPA animals. Outcomes of WP3 UT, ATECH, BLUE 

12.30 – 13.50 Lunch 
 
 

13.50 – 14.30 The SHERPA functional (and Sw) architecture.  
Outcomes of WP8 KUL 

14.30 – 15.10 Integrating Delegation Framework into the 
SHERPA . Outcomes of WP6 LKU 

15.10 – 15.50 Constructing the SHERPA Dynamic Cognitive 
Map. Outcomes of WP4 CREATE 

15.50 – 16.30 Tools for abstract reasoning on the Dynamic 
Cognitive Map. Outcomes of WP5 UNIBR 

16.30 – 17.30 Short sightseeing tour and transfer to UNINA 
 
 

17.30 – 19.00 Visit to PRISMA Lab CREATE 

19.30 – 22.30  Social dinner  

!

!

EU FP7 Project Arcas: 6 M€ 

EU FP7 Project Sherpa: 11 M€ 
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Flying Robots 
•  Many possible real-world applications (and big interest from non-academic public) 

•  However, still many challenges to be solved, especially in unstructured environments 

•  Just to cite a few: 

•  Reliable flight control in harsh conditions 

•  Robust state estimation from (mainly) onboard sensing (e.g., vision) 

•  Mission control: where to go and what to do ? 

•  Task/resource allocation, decision making, etc. 
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Local autonomy 

Human assistance 
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•  Shared control of single mobile robots 
with visual/vestibular feedback 

•  Shared control of single and multiple 
mobile robots with visual/force feedback 

 

•  Algorithms for multi-robot coordination 

 

 

•  Novel mechanical design for quadrotor UAVs 

 

•  Active visual state estimation  

Outline 



  13 

•  Shared control of single mobile robots 
with visual/vestibular feedback 

•  Shared control of single and multiple 
mobile robots with visual/force feedback 

•  Algorithms for multi-robot coordination 

•  Novel mechanical design for quadrotor UAVs 

•  Active visual state estimation  

Outline 

F. Soyka 
MPI->Daimler 

C. Masone 
MPI 

4.9 Simulations and Experiments
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Figure 4.30: Simulation 4: generation of alternative paths. Snapshots of the phases of the proposed
algorithm.
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Planning/coordination 
for single/multiple robots 

Motion (flight) control 
visual state estimation 

Shared Control Architectures Human evaluation 
and user studies 
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•  Vestibular System: motion receptors present in the inner ear (~ 3+3 accelerometers – 3+3 gyros) 

•  Idea: exploit a motion simulator platform to provide the operator with 
“self-motion cues” representative of the remote robot motion 

•  Well-known concept taken from the airline pilot training industry 

•  Hexapods (Stewart platforms) typical mechanical device 

•  In our case, we exploited a 6-dof large industrial manipulator 
(CyberMotion Simulator) 

Visual/Vestibular Feedback 
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•  Design the control framework to realize a 6-DOFs closed-loop motion simulation 

 

•  Online control of the robot (inverse kinematics) 

•  Motion cueing: modify the desired vehicle motion while 
trying to keep the same motion perception 

The Motion Control Problem 

Simulated/real 
vehicle dynamics 

Visual input 

Motion input 

Pilot in the loop 

Motion commands 

Motion 
cueing 

Inverse 
kinematics 

Tilt coordination 

ICRA 2010, ICRA 2011 



§  A lap on the Monza track... 
§  Forward (lateral) accelerations scaled by a factor 0.6 (0.15) and saturated at 
§  Video available at http://www.cyberneum.de/f1/ 
  

Piloting a simulated vehicle 

  16 ICRA 2010, ICRA 2011 
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Piloting a real vehicle 

 

 

•  Feedback about the forward and lateral components of gravity (quadrotor orientation) 

•  Clear correlation between “control effort” and presence of motion feedback 

•  Propensity to a more gentle control action 

•  Effect known as shared fate [J. T. Hing and P. Y. Oh, J. of Intelligent and Robotic Systems, 2009] 

•  UAV motion feedback gives more situational awareness 

•  Pilot behavior less erratic 

 AHS 2010 
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•  Shared control of single mobile robots 
with visual/vestibular feedback 

•  Shared control of single and multiple 
mobile robots with visual/force feedback 

•  Algorithms for multi-robot coordination 

•  Novel mechanical design for quadrotor UAVs 

•  Active visual state estimation  

Outline 
C. Masone 

MPI 
A. Franchi 

LAAS 
H. I. Son 

Chonnam Univ. 

C. Secchi 
Univ. Modena 

D. J. Lee 
Seoul Nat. Univ. 

Planning/coordination 
for single/multiple robots 

Motion (flight) control 
visual state estimation 

Shared Control Architectures Human evaluation 
and user studies 

4.9 Simulations and Experiments
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•   “Remote” coupling between two (or more) mechanical systems (robots) 
•  Master: local robot interacting with a human operator 
•  Slave: remote robot(s) interacting with the environment 
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Bilateral Teleoperation 



Human 
Operator Haptic 

Interface 

Communication 
Channel 

Multi-UAV 
System Remote 

Environment 

•  Remote multi-UAVs possess 
local autonomy 

•  Keep the formation  
•  Avoid obstacles 
•  Perform local tasks 
•  Gather a map 
•  Pick and place operations 
•  Cooperative Grasping 

•  Human operator gives high-level 
motion commands and receives a 
suitable force feedback 

Bilateral Teleoperation of Multiple Aerial Robots 
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Differences w.r.t. Conventional Teleoperation 
1. Kinematic dissimilarity 

Master side: 
limited workspace 

Slave side (UAVs): 
unlimited workspace 

2. No physical contact between environment and slave side 
•  avoid contact to prevent crash   
•  interaction forces must/can be designed 
(e.g., repulsive/attractive) 

E.g., the position of the master controls the velocity of the slave  

3. High motion redundancy of the slave 
•  large gap in the number of DOFs (master vs slave): 

virtual 
interaction 

master: usually  
3 trans. + 3 rot. DOFs 

slave: made of  
several Robots 
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Shared control with integral feedback 

  22 

•  Parametric path 

•  The human user can modify some global properties of the path 

•  An autonomous corrector takes care of dynamic feasibility and obstacle avoidance 

•  Haptic cues proportional to the integral mismatch between commanded (blue) and 
actual (red) paths 

•  Can inform about future consequences of human operator’s actions 

p̄i
p̄i

user
command

user
command

x1

x2

x3

x4

x5

x6

�S(x)

�S(x)

A
B

C

D E

IROS 2012, ICRA 2014 

Human Operator

planned
path

haptic/visual feedback

Autonomous Corrections
Robotmodified

path
Obstacle 

Avoidance

Path Regularity
Maintenance 

Replanning

Points of Interest



Shared control with integral feedback 

  23 IROS 2012, ICRA 2014 
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Two Group Teleoperation Approaches 

Constant Topology Unconstrained Topology 

•  General “tele-navigation” framework 
•  Basis for building any higher-level exploration or generic cooperative task 
•  In general, force feedback = mismatch between commanded “motion task” and 

its actual realization 



Possible uses: 
 
 
 
 
 
 
 
 
 
 

Inter-distances 
•  rotational invariant 
•  time-of-flight sensors, stereo cameras, sonar 

Constant Topology: Objectives and Measures 
In the constant topology case a desired shape is given and must be maintained 

•  taking precise measurements 
•  achieving optimal communication 

•  transportation 

Relative-bearings 
•  rotational and scale invariant 
•  monocular cameras 

A shape is typically placement-invariant and is defined by constraints 

  25 
ICRA 2011, IJRR 2012, 
RAM 2012, T-MECH 2013 



Constant Topology using Distances 

•  The human operator commands the collective motion (a common velocity vector) 

•  Obstacle avoidance is taken into account 

•  The instantaneous mismatch between command and executed motion becomes a 
force cue 

  26 ICRA 2011, T-MECH 2013 



Two Group Teleoperation Approaches 

Constant Topology 
(~ Semi-rigid formation) 

Unconstrained Topology 
(~ Fluid formation) 
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Unconstrained Topology 
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•  Range and visibility determine presence of inter-robot “interaction” (spring-like couplings) 
•  Force-feedback = instantaneous mismatch between commanded and actual leader velocity 

ICRA 2011, IROS 2011 
ICRA 2012, TRO 2012 
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•  Shared control of single mobile robots 
with visual/vestibular feedback 

•  Shared control of single and multiple 
mobile robots with visual/force feedback 

•  Algorithms for multi-robot coordination 

•  Novel mechanical design for quadrotor UAVs 

•  Active visual state estimation  

Outline 

A. Franchi 
LAAS 

C. Secchi 
Univ. Modena 

D. Zelazo 
Technion 

Planning/coordination 
for single/multiple robots 

Motion (flight) control 
visual state estimation 

Shared Control Architectures Human evaluation 
and user studies 

4.9 Simulations and Experiments
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Decentralization 
•  The local control/estimation complexity is related to: 

•  the amount of needed information (sensed, communicated) 

•  the needed computing power and memory requirements 

•  Limited sensing/communication and limited computing power/memory -> need of 
decentralized (scalable) control/estimation algorithms 

•  Avoid measurement of the state of the whole group 

•  Keep a           complexity per neighbor 

•  However: decentralized (scalable) algorithms often require 
propagation of information within the group 

•  Need to preserve group connectivity 
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Connectivity Maintenance 

 

 

•  Group connectivity is a necessary condition for allowing a group 
or robots achieving a common task by resorting to only local 
information 

•  Extension able to enforce connectivity maintenance while still 
allowing (almost) arbitrary splits and joins 

•  Especially relevant when the graph topology is dictated by 
sensing constraints 

•  Based on (decentralized) “gradient control” of the 
connectivity eigenvalue      
(second smallest eigenvalue of the graph Laplacian    ) 
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Connectivity Maintenance 

RSS 2011, ICRA 2013, IJRR 2013 



•  Decentralization -> Lack of centralized facilities -> resort to only local and relative 
sensing 

•  Local sensing -> sensor limitations (e.g., field of view, range, occlusions, noise, delays, 
quantization) 

•  Local sensing -> partial measurements of the agent states (e.g., distance vs. relative position) 

•  Relative sensing -> measurements expressed in the agent body frame -> no absolute global 
frame (e.g., need to agree on a common orientation) 

 

•  Need to preserve formation rigidity (~ allow for cooperative localization in a 
common reference frame from onboard relative and partial sensing) 

Local Sensing 
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Fig. 1. Mutual Localization with Anonymous Position Measures. (a) Each
robot expresses its measures in an attached frame Fi (b-e) P1, . . . , P4
are the observations of the robots R1, . . . ,R4, respectively (f) with the
reference frame F chosen w.l.o.g. to be F1, the problem is to reconstruct
the formation (including orientations and identities) of the robots.

II. PROBLEM FORMULATION

We have a group of n single-body robots in a certain spatial
arrangement on the plane. Each robot is equipped with a
sensor that provides the positions (not the orientations) of
the other robots with respect to itself; these positions are
anonymous, i.e., they are not labeled with the identity of the
robots. We want to identify conditions under which the spa-
tial arrangement of the group can be uniquely reconstructed
(up to roto-translations) from the knowledge of all sensory
data. Below, we give a formal statement of this problem.

The i-th robot Ri, i = 1, . . . , n, is a planar rigid body with
an attached frame Fi (see Fig. 1a). The pose xi = (pi, ✓i) of
Ri is an element of R2⇥S1, with pi representing the origin1

of Fi expressed in a reference frame F and ✓i the orientation
of Fi w.r.t. F . Since R2 ⇥ S1 is homeomorphic to SE(2),
any pose may also be interpreted as a roto-translation.

A formation is a set of n poses {x1, . . . , xn} in F , with
xi assigned to Ri. Since we are interested in computing the
group formation up to roto-translations, we can set w.l.o.g.
F = F1, so that x1 = ((0 0)

T , 0). This means that all
formations will be expressed in the frame attached to R1.
Clearly, all results can be expressed in another frame F 0

provided that the pose of R1 w.r.t. F 0 is known.
Let R(�) 2 SO(2) denote the rotation matrix associated

to an angle �. As in [11] and [13], we denote by xa � xb

and xa  xb, respectively, the composition and the inverse
composition of two poses, defined by the following formulas:

xa � xb = (pa + R(✓a)pb, ✓a + ✓b)

xa  xb = (R(�✓b)(pa � pb), ✓a � ✓b).

Operators � and  are also used to compose two-
dimensional position vectors with three-dimensional poses.

1For simplicity, we use the same symbol (e.g., p) to indicate a point and
its Cartesian coordinates; the actual meaning will be clear from the context.

In particular, given the coordinates p of a point expressed in
Fi, whose pose w.r.t. F is xi, the operation xi� p gives the
coordinates of the same point expressed in F . Conversely,
given xi and the coordinates p of a point expressed in
F , the operation p  xi gives the coordinates of the same
point expressed in Fi, whose pose w.r.t. F is xi. These
operators may also be used with a set P of points, by letting
xi�P := {xi�p | p 2 P}, and P  xi := {p xi | p 2 P}.

An observation Pi is a set of n distinct points in R2,
one of which is always the origin. It represents the positions
of the robots as measured by the i-th robot, i.e., relative to
Fi. Apart from the origin, which stands for Ri itself, Pi

does not convey any information about the identity of the
robot located at a certain point (anonymity), nor about its
orientation. Note also that all the observations of a given
group are the same up to roto-translations. See Fig. 1b–e for
examples of observations.

Problem 1 (Mutual Localization with Anonymous Position
Measures). Given n observations P1, . . . , Pn, find all the

possible pairs of functions

p̂ : {2, . . . , n}! P1\(0 0)

T

ˆ✓ : {2, . . . , n}! [0, 2⇡),

with p̂ bijective, such that

P1  x̂i = Pi i = 2, . . . , n, (1)

where x̂i := (p̂(i), ˆ✓(i)).

Function p̂ assigns each point of P1 (with the exception
of the origin) to one and only one robot in {R2, . . . ,Rn},
whose orientation is then defined by ˆ✓ (see Fig. 1b). Note that
R1 is directly associated to the origin, with orientation equal
to zero, in all solutions to the problem. Stated differently,
Problem 1 consists in finding all the formations {x̂1 =

((0 0)

T , 0), x̂2 . . . , x̂n} that are compatible with the given
observations, i.e., satisfy (1) (see Fig. 1f).

In general, a solution to Problem 1 may exist or not. In the
following, we assume that each observation Pi, i = 1, . . . , n,
has been gathered by robot Ri with reference to the same
spatial arrangement of the group. This is sufficient to claim
that Problem 1 admits at least one solution.

III. UNIQUE SOLVABILITY, STRUCTURE AND NUMBER
OF SOLUTIONS

In this section we give a necessary and sufficient condition
for the unique solvability of Problem 1 (Proposition 1), an
associated test (Proposition 2), and a quantitative and quali-
tative characterization of the solutions (Propositions 3 and 4).
In particular, we show that the problem is uniquely solvable
if and only if the set of points represented by observation
P1 does not have a rotational symmetry (remember that all
observations are the same up to roto-translations). Further-
more, we show that in the case of non-unique solvability the
number of solutions increases factorially with n, the number
of robots. To establish these results, we first recall a few
basic concepts on rotational symmetry.
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Rigidity 

 
•  A “framework” (graph + agent poses) is rigid if it cannot be deformed “while 

preserving the pair-wise geometrical constraints” 

•  Complete graph: need to measure/control/enforce                     
                     constraints (the complexity is           ) 

•   However, framework rigidity is often possible with only a            set of constraints 

•  Distance constraints on the plane 

v1 v2

v3 v4

v1 v2

v3 v4

v1 v2

v3 v4

N = 4 6 5

3N = 3

N = 10 45 17

3

N(N � 1)/2 2N � 3

O(N2)N(N � 1)/2

O(N)
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Rigidity: what for ? 
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•  Formation control 

•  Regulation of inter-robot constraints =  
the desired robot positions (shape) can be reached 

•  Relative localization (in a common shared frame) 

•  Measurement of inter-robot constraints = 
 the current robot positions (shape) can be reconstructed 

•  And, again, no need of a complete interaction graph 

•  Linear complexity          vs. quadratic complexity O(N) O(N2)



Rigidity Maintenance with Distance Constraints 

•  Rigidity controller maintains formation rigidity 
•  Decentralized estimation of relative positions from 

measured relative distances  
•  Relative positions used by the rigidity controller 
•  Several extensions to cover the case of bearing formations 
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•  Rigidity Matrix 
(~ Laplacian matrix        ) 

•  “Rigidity eigenvalue” 

•  Gradient-like control 

•  Decentralized  implementation 
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•  Shared control of single mobile robots 
with visual/vestibular feedback 

•  Shared control of single and multiple 
mobile robots with visual/force feedback 

•  Algorithms for multi-robot coordination 

•  Novel mechanical design for quadrotor UAVs 

•  Active visual state estimation  

Outline 

M. Ryll 
MPI->LAAS 

Planning/coordination 
for single/multiple robots 

Motion (flight) control 
visual state estimation 

Shared Control Architectures Human evaluation 
and user studies 

4.9 Simulations and Experiments
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Scenarios 
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Overactuation in UAVs 
•  Standard VTOL drones (such as quadrotors) are underactuated 

 

 

•  The full 6-dof pose cannot be independently controlled  => Limited mobility 

•  E.g., need to tilt for moving forward 

•  Possible limiting factor when inspecting or interacting with the environment 

•  A way to overcome this limitation: increase the actuation capabilities  

  39 ICRA 2012, ICRA 2013, T-CST 2015 



First Prototypes 

  40 ICRA 2012, ICRA 2013, T-CST 2015 
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Results 

ICRA 2012, ICRA 2013, T-CST 2015 
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•  Shared control of single mobile robots 
with visual/vestibular feedback 

•  Shared control of single and multiple 
mobile robots with visual/force feedback 

•  Algorithms for multi-robot coordination 

•  Novel mechanical design for quadrotor UAVs 

•  Active visual state estimation  

Outline 
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•  Vision (cameras): extremely powerful but also complex sensing modality 
 

•  Many challenges to exploit vision in real-world robotics contexts 

•  Scene understanding/classification 

•  Visual tracking 

•  Robust image processing (e.g., light conditions) 

•  … 

•  sensor mapping (perspective projection) 

- nonlinear and non-injective 

 

•  Structure from Motion (SfM): recover the missing 3D structure from the observed images 

•  depth of points, distance of planes, size of objects, scale of multi-robot bearing formations 

•  Nonlinear estimation problem: performance/accuracy depend on the camera trajectory 

Active Visual State Estimation 

[Agarwal, et al. 2011] 

[Yao, et al., CVPR 2012] 
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[Petit et al, ICRA 2014] 
[Caron et al, RAS 2010] 
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point [CDC‘13, TRO‘14] sphere [ICRA‘14, TRO‘14] 

cylinder [ICRA‘14, TRO‘14] plane [CDC‘13, ICRA‘14, ICRA‘15] 

Active Visual State Estimation 

CDC 2013, ICRA 2014, 
ICRA 2015, TRO 2014 
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Coupling with Visual Control 

ICRA 2014, TRO 2015 (under review) 



•  Self-motion estimation from optical flow 

•   Linear/angular velocity           for closed-loop velocity control 

•   Planar scene 

•   Camera + IMU (accelerometer/gyros) onboard 

•  Decomposition of optical flow provides a measurement of 

•  Need to disambiguate    and 

•  Exploit accelerometer measurements   (specific force/acceleration) 

 

•  Estimation performance depend on camera inertial acceleration vs. the plane 

Self-motion estimation for quadrotors 
(v, !)

and illustrate the main feature of our solution. Afterwards, in
Sect. III, we will present our platform and report the results
of the conducted experiments, which will then be discussed
in Sect. IV. Section V will draw the concluding remarks and
line out our future work.

II. SELF-MOTION ESTIMATION FROM OPTICAL
FLOW

Estimation of self-(camera-)motion form optical flow is a
longstanding problem which has been extensively addressed
in the robotics and computer vision communities [14].

As opposed to more computationally expensive solutions
such as visual SLAM, whose broad aim is to recover the
3D structure of an observed local environment, use of
optical flow allows to obtain a direct (instantaneous) esti-
mation of the camera translation/rotation among consecutive
frames. This information is usually both exploited in more
sophisticated reconstructions such as the aforementioned
SLAM problem, but also as a direct feedback of the camera
displacement (velocity) w.r.t. the surrounding environment.
Indeed, many works have exploited this information in
building simple/reactive obstacle avoidance algorithms or
self-motion/velocity stabilization laws, see, e.g., [11].

In this paper, we focus on this latter case and propose
an experimental validation of a self-motion estimation al-
gorithm based on optical flow extraction. Experiments are
carried on a typical UAV platform, a quadcopter carrying
onboard a camera and an Inertial Measurement Unit (IMU)
sensor. A relevant feature of our work, that distinguishes
it from most of the past literature, is that we build upon
the framework of continuous motion recovery, in particular
of the so-called continuous homography constraint [15]. In
fact, an often overlooked problem in self-motion estimation
from optical flow is that one assumes small but finite

camera displacements over frames. This gives rise to the
well-known reconstruction methods based on the (discrete)
epipolar/homography constraints whose aim is to recover
a finite relative camera translation/rotation. However, since
most cameras acquire images at high rates (30 � 60Hz),
in most robotics applications one is more interested in the
camera instantaneous linear/angular velocity rather than in
a finite displacement over time. Therefore, it seems more
appropriate to adopt a continuous estimation point of view
when trying to recover the camera self-motion.

In our experimental setup, we assume a downfacing cam-
era in an approximately flat outdoor or indoor scenario.
Features on the ground will be tracked between any two
consecutive frames to compute an optical flow field � =
((x1, u1), . . . , (xn

, u
n

)) as function of n pairs (x
i

, u
i

)
of detected features on the image plane x

i

2 R3 and
associated image velocities u

i

2 R3. In indoor hallways
as well as in many outdoor scenarios in open space, one
can safely assume that any tracked feature will be located
on the horizontal ground plane when using a downfacing
camera. This assumption will be exploited as follows: after
reviewing an algorithm to retrieve the linear and angular
velocities (v 2 R3,! 2 R3) of a moving camera (w.r.t. the

world frame and expressed in the camera frame) based
on the classical continuous four-point algorithm for planar
scenes [15], we will show how to extend it in the cases of
(i) known angular velocities from onboard gyroscopes, and
(ii) additional known direction of the ground plane normal
vector in the camera frame. This is motivated by the fact
that, apart from a measurement of !, typical IMUs are also
able to sense the local direction of gravity which, given our
assumptions, coincides with the ground plane normal vector.

We will then present an experimental validation and thor-
ough comparison of these three methods against a known
ground truth. Finally, we will show the experimental results
of using our proposed solutions as a feedback term for closed
loop control of a quadrotor UAV.

As a first step, we now review the classical reconstruc-
tion algorithm based on the continuous homography con-
straint [15].

A. Review of the continuous homography constraint

The apparent velocity of a point X 2 R3 in space because
of camera motion, and seen from camera frame, is

Ẋ = !̂X + v (1)

where !̂ 2 so(3) is the skew-symmetric matrix associated
to the vector ! 2 R3.

As discussed above, we assume that all features are located
on a plane of equation NTX = d where N 2 S2 is the unit
normal vector to the plane, and d 2 R the plane distance
from the camera frame. By rewriting the plane constraint as
1
d

NTX = 1, eq. (1) becomes:

Ẋ = !̂X + v
1

d
NTX =

✓
!̂ +

1

d
vNT

◆
X = HX (2)

H 2 R3⇥3 is known as continuous homography matrix.
Note that H encodes both the camera linear/angular velocity
(v, !), and the scene structure (N , d).

We define �x = X for a scalar depth factor �. Note that,
by definition, ẋ = u which implies Ẋ = �̇x + �u. By
using (2), we then get:

u = Hx� �̇

�
x. (3)

Here, the depth factor � can be removed by multiplying
both sides of (3) with x̂ to obtain the so-called continuous

homography constraint

x̂Hx = x̂u (4)

since v̂sv = 0 for any vector v and scalar s.

B. Classical 4-point algorithm

In order to retrieve H , we can stack the elements of
H into the vector HS = [H11, H21, · · · , H33] 2 R9 and
reformulate (4) as

aTHS = x̂u (5)

where a 2 R9⇥3 denotes the Kronecker product x ⌦ x̂.
This allows us to stack all a
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Visual Control of Quadrotor UAVs 
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Future Perspectives 
•  From “partially controlled” lab conditions… 
 
 
 
 
 

                 
                                                    …to real-world scenarios 

•  Address (complex) challenges on perception/decision making 

•  Rely on “own” skills such as local sensing/communication 

•  Avoid “global/centralized” aids (common ref frame, knowledge of global group properties) 

•  Sensory limitations (state-dependent constraints such as, e.g., occlusions, max range) 

•  Multi-robot redundancy for dealing with individual sensor limitations 
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Future Perspectives 
•  Example: shared exploration of “complex” environments with a team of ground/flying robots 

•  Use of onboard sensing (mainly vision) and inter-robot communication for:  

•  robust navigation (obstacle avoidance, state estimation, detection of other robots in the scene) 

•  formation control (keeping a desired spatial arrangement) 

•  flexible maintenance of global properties (connectivity, rigidity) 

•  ANR JC Project SenseFly (2015-2018) Sensor-Based Flying Multi-Robot System 

•  Exploit group of quadrotors as “portable GPS/Vicon” system 

•  Provide flexible “localization services” 
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conditions.!And!this!gap!is!due!to!existing!methodological,!algorithmic!and!implementative!limitations!that!
still!need!to!be!overcome.!
!
The! goal! of! the! SenseFly! project! is! therefore! to! advance! this! state@of@the@art! by! contributing! to! the!
conception,!development!and!actual!testing!of!novel!algorithms!for!allowing!a!group!of!multiple!robots!to!
autonomously!navigate! in!unknown,!unstructured!and!cluttered!environments!by!solely!resorting!to!their!
“local!skills”!(local!sensing!and!local!communication).!!
As!actual!robotic!platform!and!technological!demonstrator,!SenseFly!will!make!use!of!a!team!of!quadrotor!
Micro!Aerial!Vehicles!(MAVs),!see!Fig.!3!@@!a!widespread!and!easily!customizable!mobile!robotic!platform!
with! low! cost,! high! agility! and! pervasiveness! in! 3D! space.! SenseFly! will! then! focus! on! the! design! and!
implementation!of!fully!decentralized!and!sensorKbased!collective!sensing/control!strategies!for!a!group!of!
quadrotor! MAVs! by! mainly! resorting! to! onboard! cameras! (visual! feedback),! IMUs! and! local!
communication!(e.g.,!bluetooth!communication,!wireless!networks),!thus!aiming!at!going!well!beyond!the!
current!state@of@the@art!in!multi@UAV!research.!!
!
!
!
!
!
!
!
!
!
As! a! concrete! application! of! the! project! results,! SenseFly! will! aim! at! exploiting! the! MAV! group! as! a!
versatile!and!mobile!localization!system!able!to!provide!localization!services!to!other!robots!in!visibility!of!
some! of! the! MAVs! by! only! exploiting! the! group! local! sensing! and! communication,! and! despite! the!
limitations! of! the! individual! onboard! sensors! (e.g.,! pair@wise! occlusions! or! limited! visibility! among! team!
members).! This! will! effectively! result! in! an! autonomous! flying! mobile! localization! system! ready! to! be!
deployed!in!complex/cluttered!indoor/outdoor!non@engineered!environments,!thus!freeing!from!the!need!
of!relying!on!complex!external!(Vicon@like)!facilities!or!possibly!unreliable!services!(GPS)!by!solely!relying!on!
the!group!skills.!
!
2.3. STATE-OF-THE-ART AND PROJECT PLANNED ADVANCEMENTS 
The!SenseFly!project!aims!at!demonstrating!a!fully!decentralized!and!sensor@based!multi@MAV!group!able!
to!autonomously!navigate! in!unstructured!environments!by!only!resorting!to! local!sensing!(mainly!vision)!
and!local!communication.!This!of!course!also!implies!the!ability!to!cope!with!all!the!unavoidable!hardware!
limitations! of! onboard! sensing! (e.g.,! limited! visibility,! occlusions,! delays),! as! well! as! the! algorithmic!
challenges! due! to! a! local! and! decentralized! design/implementation.! In! order! to! achieve! these! goals,! a!
number!of!steps!must!be!addressed!by!the!project.!!

Individual!flight!control!
A!first!requirement!is!of!course!the!basic!ability!for!a!MAV!to!autonomously!control!its!motion!in!space.!As!
flight!control!for!quadrotor!MAVs!is!nowadays!a!solved!problem!(at!least!in!indoor/controlled!settings),!the!
main!challenge!here!is! in!developing!robust!methods!to!recover!the!MAV!state!with!the!onboard!sensors!
(e.g.,! relative! position!w.r.t.! other!MAVs! or! obstacles,!MAV!orientation,!MAV! velocity! over! ground).! The!
problem!will!be!addressed!at!different!levels!of!complexities!by!trying!to!find!the!most!efficient!and!robust!
solutions! (e.g.,! by! avoiding,! as!much! as! possible,! complex! SLAM@like!methods).! For! instance,! in! order! to!
control!the!robot!self@motion,!use!of!a!downlooking!camera!has!widely!proven!to!be!a!viable!and!robust!
option! in! approximately! planar! environments! by! exploiting! decomposition! of! the! perceived! optical! flow!

Figure'3:'Three'examples'of'commercially'available'quadrotor'MAVs'differing'in'their'size'and'onboard'
sensing'capabilities'
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members).! This! will! effectively! result! in! an! autonomous! flying! mobile! localization! system! ready! to! be!
deployed!in!complex/cluttered!indoor/outdoor!non@engineered!environments,!thus!freeing!from!the!need!
of!relying!on!complex!external!(Vicon@like)!facilities!or!possibly!unreliable!services!(GPS)!by!solely!relying!on!
the!group!skills.!
!
2.3. STATE-OF-THE-ART AND PROJECT PLANNED ADVANCEMENTS 
The!SenseFly!project!aims!at!demonstrating!a!fully!decentralized!and!sensor@based!multi@MAV!group!able!
to!autonomously!navigate! in!unstructured!environments!by!only!resorting!to! local!sensing!(mainly!vision)!
and!local!communication.!This!of!course!also!implies!the!ability!to!cope!with!all!the!unavoidable!hardware!
limitations! of! onboard! sensing! (e.g.,! limited! visibility,! occlusions,! delays),! as! well! as! the! algorithmic!
challenges! due! to! a! local! and! decentralized! design/implementation.! In! order! to! achieve! these! goals,! a!
number!of!steps!must!be!addressed!by!the!project.!!

Individual!flight!control!
A!first!requirement!is!of!course!the!basic!ability!for!a!MAV!to!autonomously!control!its!motion!in!space.!As!
flight!control!for!quadrotor!MAVs!is!nowadays!a!solved!problem!(at!least!in!indoor/controlled!settings),!the!
main!challenge!here!is! in!developing!robust!methods!to!recover!the!MAV!state!with!the!onboard!sensors!
(e.g.,! relative! position!w.r.t.! other!MAVs! or! obstacles,!MAV!orientation,!MAV! velocity! over! ground).! The!
problem!will!be!addressed!at!different!levels!of!complexities!by!trying!to!find!the!most!efficient!and!robust!
solutions! (e.g.,! by! avoiding,! as!much! as! possible,! complex! SLAM@like!methods).! For! instance,! in! order! to!
control!the!robot!self@motion,!use!of!a!downlooking!camera!has!widely!proven!to!be!a!viable!and!robust!
option! in! approximately! planar! environments! by! exploiting! decomposition! of! the! perceived! optical! flow!

Figure'3:'Three'examples'of'commercially'available'quadrotor'MAVs'differing'in'their'size'and'onboard'
sensing'capabilities'
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Future Perspectives 
•  Explore different shared control architectures 

•  Most of the results -> “differential paradigm”: feedback cue proportional to the instantaneous 
difference between commanded and actual motion 

•  Other choices are possible, e.g., use of “integral cues” 

•  Extend to multi-robot case 

•  Local autonomy to (also) optimize criteria of interest 

- Maintenance of global/architectural properties 

- “Exciting trajectories” to optimize cooperative state estimation (active perception) 

- Tools from MPC can be useful 

•  Exploit other sensory modalities (e.g., cutaneous) 

�XW

�YW

�XW

�YW

Figure 4: Top: some snapshots of the e↵ects of the reactive corrections in presence of obstacles and
PoIs, while the human operator steers the desired path by commanding translations (2 DoFs) and
scalings (1 DoF).

feedback to make the teleoperation system stable, since the
cutaneous force applied does not affect the position of the
master device (see Figure 1b). Furthermore, as in
(Prattichizzo et al., 2012), we expect the human operator to
perform the given tasks in an equally intuitive way, since
cutaneous stimuli provide the user with a rich and co-
located perception of the contact force. We analyze the
implications and outcomes of such an approach for two
peg-in-hole experiments, in virtual and real scenarios,
employing two novel 3-DoF fingertip cutaneous devices.
Each device exerts cutaneous stimuli at the fingertip by
applying forces to the vertices of a rigid platform.

With respect to the work presented by Prattichizzo et al.
(2012), we extended the evaluation and discussion to a
multi-DoF and a more challenging scenario, we carried out
one experiment in a real environment, and we employed a
novel set of cutaneous devices that show better dynamic
performance and higher peak forces.

The rest of the paper is organized as follows. The cuta-
neous device is presented in Section 2, together with its
kinematics and statics analysis. The experiment in a virtual
environment is presented in Section 3, while the experi-
ment in a real (teleoperated) environment is presented in
Section 4. Finally, Section 5 includes concluding remarks
and perspectives on the work.

2. A 3-DoF fingertip cutaneous device

To demonstrate the feasibility and performance of the sen-
sory subtraction approach, we designed a novel 3-DoF cuta-
neous haptic device. It is able to provide cutaneous stimuli at
the fingertip, and it can be easily attached to the end-effector
of commercial haptic interfaces. Figure 2a sketches the main
idea, while a prototype of the device is shown in Figure 2b
and Extension 1. It is composed of a static body (A, C–E in
Figure 2a) that houses three servo motors (B) above the
user’s fingernail and a mobile platform (G) that applies the
requested stimuli to the fingertip. Three cables (H) connect
the two platforms, and springs (F) around the cables keep the
mobile platform in a reference configuration, away from the
fingertip, when not actuated. By controlling the cables’
length, the motors can orient and translate the mobile plat-
form in three-dimensional space. The device fastens to the
finger with a fabric strap fixed to part D.

The actuators we used are HS-55 MicroLite (Hitec RCD
Korea, KR) servo motors. They are able to exert up to
120 N!mm torque. The mechanical support is realized
using a special type of acrylonitrile butadiene styrene,
called ABSPlus (Stratasys Inc., USA). The total weight of
the device, including actuators, springs, wires, and mechan-
ical support, is 45 g. The force applied by the device to the
user’s finger pad is balanced by a reaction force supported
by the body of the device (E). This structure has a larger
contact surface with respect to the mobile platform (G), so
that the local pressure is lower and the contact is thus
mainly perceived on the finger pad and not on the nail side

of the finger (Prattichizzo et al., 2013). More details on the
device’s technical specifications are shown in Table 1. This
3-DoF cutaneous device has been preliminary presented in
(Pacchierotti et al., 2012a).

2.1. Device model and control

This section summarizes the device working principles and
analyzes the range of forces the device can apply. For the
applicable forces, two types of constraints are considered:
the first one is due to the friction between the finger pad
and the platform, while the second one is due to the device
mechanical structure and actuation system. To define the
subspace of forces the device can generate, we assume that
the system, composed of the device and the fingertip, is in

Fig. 2. The 3-DoF fingertip cutaneous device. It is composed of
a static body (A, C–E) that houses three servo motors (B) and a
mobile platform (G) that applies the requested stimuli to the
fingertip. Three cables (H) and springs (F) connect the two
platforms. By controlling the cable lengths, the motors can orient
and translate the mobile platform in three-dimensional space.
The device fastens to the finger with a fabric strap fixed to part
D. The device can be easily attached to the end-effector of
different commercial haptic devices.

Pacchierotti et al. 1775
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Figure 5: An example of a 3-DoF fingertip cutaneous device taken from [31], which could be use
to complement the standard force feedback cues in implementing shared control architectures for
single/multiple mobile robots

motion in highly cluttered or di�cult environments. Figure 4 shows some preliminary results in
this sense taken from [28, 29, 30]. In this case, a single mobile robot is commanded by exploit-
ing the aforementioned integral shared control framework, with the operator a↵ecting some global
properties of a reference path, and the mobile robot (a quadrotor UAV) autonomously deforming
the commanded path in order to cope with local obstacle avoidance. While these results are, again,
promising, still much has to be done in order to port them to the case of integral shared control of
multiple robots. In this case, the autonomous component of the shared control architecture should
indeed plan a number of paths, one for each robot in the group, which should follow the overall
directives of the human operator, but also optimize some additional criteria of interest (such as
maintenance of connectivity/rigidity, and/or tracking of trajectories optimal for cooperative state
estimation).

Finally, I also believe that it would be worth investigating the use of di↵erent haptic cues
besides the classical force feedback channel for implementing an e↵ective shared control architec-
ture, especially in the case of multiple mobile robots. In this sense, a recent exciting trend in
the teleoperation community is to rely on the idea of sensory substitution in which the standard
force feedback cues are replaced, or complemented, with vibrotactile cues. The use of cutaneous
feedback, provided by portable devices, is for instance gaining more and more ground in the re-
cent years [32, 31]. These devices are able to provide localized stimula by means of vibrations

8

[Pacchierotti et al., IJRR 2015] 
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Future Perspectives 
•  Run more extensive (and principled) user evaluations 

•  So far, design of feedback cues mostly heuristic (dictated by common sense) 

•  Some preliminary results in simulation and for a specific case (fixed topology) 

•  A much more thorough validation campaign is needed 

•  “best” cues according to the particular scenarios 

•  “perceptual optimization” (exploit models of human perception) 

force sensor

Graphical User Interfaces

Haptic Device
test

obstacle environment
reference

obstacle environment

4 UAVs

obstacle environment

multi-UAVs

reference path

tracking target

4 UAVs
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Future Perspectives 
•  Extend the results from navigation/exploration tasks to interaction with the environment 

•  Manipulation, transportation, grasping, etc.  

 

 

•  Some active groups (LAAS, DLR, SNU, ANU), however, still much to do… 

•  Apply these ideas to other robotics platforms/scenarios 
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A Force-based Bilateral Teleoperation Framework for Aerial Robots in
Contact with the Environment

Guido Gioioso1,2, Mostafa Mohammadi1,2, Antonio Franchi3,4 and Domenico Prattichizzo1,2

Abstract— In this paper a novel teleoperation framework
for aerial robots that physically interact with the environment
is presented. This framework allows to teleoperate the robot
both in contact-free flight and in physical contact with the
environment in order, e.g., to apply desired forces on objects of
the environment. The framework is build upon an impedance-
like indirect interaction force controller that allows to use
standard underactuated aerial robots as force effectors. Haptic
(bilateral) feedback from the master side enables the user to feel
the contact forces exerted by the robot. An automatic potential
field-based slowing-down policy is used by the robot to ensure
a smooth transition between the contact-free motion phase and
the force interaction phase. The effectiveness of the approach
has been shown in extensive human-in-the-loop simulations
including remote pressing of buttons on a surface and pushing
a cart until it touches a wall.

I. INTRODUCTION
Most of the applications designed for aerial robots, also

known as Unmanned Aerial vehicles (UAVs), concern in-
spection and surveillance of places inaccessible by humans
or grounded vehicles. The possibility of letting aerial robot
interact with the environment opens an additional wide set of
potential applications for aerial robots like, e.g., maintenance,
construction, cooperative grasping and transportation.

The problem of modeling and control of an aerial robot
interacting with objects and surfaces in the surroundings
has been faced in some very recent projects [1], [2]. In [3]
a delta-shaped structure has been mounted on a quadrotor
to apply forces on the environment using a passivity-based
controller. One-dimensional manipulation of a cart performed
by one or two quadrotors, equipped with rigid and passive
tools, has been studied in [4]. A hybrid force/motion control
for a quadrotor with a rigid tool attached on it applying
forces on external environment has been presented in [5].
A standard near-hovering controller has been used instead
in [6] to let a quadrotor UAV apply a desired 3D force on a
surface by means of a rigidly attached passive tool.

Most of the UAVs’ real applications, requiring or not
the physical interaction of the robots with the surrounding
objects, take place in unstructured, uncertain and unknown
environments. This could make the fully-autonomous control
of the UAVs practically unreliable. The human intervention
thus becomes advisable to handle uncertainty issues.

Moreover, providing the human operators with an intuitive
and natural interface to control the vehicle would open

1Department of Information Engineering and Mathematics, University
of Siena, via Roma 56, 53100 Siena, Italy. [gioioso, mohammadi,

prattichizzo]@dii.unisi.it

2Department of Advanced Robotics, Istituto Italiano di Tecnologia, via
Morego 30, 16163 Genova, Italy.

3CNRS, LAAS, 7 avenue du colonel Roche, F-31400 Toulouse, France
4Univ de Toulouse, LAAS, F-31400 Toulouse, France afranchi@laas.fr

Force feedback

Desired
contact force

Fig. 1: Schematic representation of the proposed teleoperation
framework.

the possibility of tele-operating UAVs also to users with
no particular piloting skills. Several possible bilateral tele-
operation schemes using haptic feedback to steer single or
multiple UAVs have been proposed in the last decade. In [7]
an impedance controller is presented that allows quadrotor
teleoperation with haptic feedback to the pilot that was able
to steer the vehicle, avoiding collisions with obstacles in
the environment. In [8] an admittance control mode, dual to
the impedance mode, has been developed. In [9], impedance
control was used for velocity control while a force feedback
was computed using the distance from obstacles.

In [10] a multi-layer architecture was developed to steer a
formation of UAVs while perceiving the state of all (or some)
of the robots along with the presence of obstacles in the
environment. A decentralized passivity-based approach was
used in [11] in order to cope with the presence of possible
destabilizing time-varying topologies. A reactive planning
approach to bilaterally teleoperate a UAV is presented in [12]
where the human modifies the future path and receives a
integral haptic feedback related to the path flyability.

To the best of our knowledge the problem of teleoperating
UAVs able to establish contact and apply forces on objects
in the surroundings has not been yet deeply investigated.
Our main contribution is to propose a novel teleoperation
framework based on the controller presented in [6], suitable
for both contact-free tasks and arbitrary 3D force exertion
on the environment using a rigidly attached tool. The user
is provided with a force feedback proportional to the force
applied by the vehicle at the contact point (Fig. 1). An auto-
matic slowing-down policy is introduced to ensure a smooth
transition between free motion and physical interaction.

The rest of this paper is organized as follows. In Sec. II
the models of the master and the slave systems involved in
the teleoperation are described. The adopted near-hovering
controller is presented in Sec. III along with the main results
obtained in [6]. In Sec. IV the teleoperation architecture is
described. The proposed framework has been validated in
simulations whose results are described in Sec. V, while in
Sec. VI conclusions and possible future developments of the
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