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Preface
The Austrian Robotics Workshop seeks to bring together researchers, students, professionals and
practitioners working on various topics in robotics to discuss recent developments and challenges in
robotics and its applications. Since its early days of the Austrian RoboCup workshop back in 2006 the
workshop has been a regional platform for getting in touch with new people and to exchange ideas and
expertise. We opened the workshop in 2012 in two new directions after the Austrian Robotics
Workshop became mature and a full-fledged workshop in 2011. First we particularly invited
participation from neighboring countries in the area such as Slovenia to foster cooperation and
exchange in the region. Second we envisioned strengthening the cooperation between academia and
industry in the context of robotics research by addressing in particular companies from industry and by
conducting special events like an exhibition and a panel discussion about the relation of academia and
industry. The program was rounded up by invited talks and a tutorial on multi-robot coordination.
The contributions for the 2012 workshop origin from five different countries and cover a very
interesting range of different topics. We arranged the contributions around three technical sessions.
The session Mechanisms and Control hosts contributions related to mechanical design and control
including walking and modular robots. The session Search and Rescue accommodates a great number
of contributions related to ground and aerial robots for search and rescue applications. The session
Intelligent Systems and Solutions comprises contributions ranging from computer vision for soccer
robots to new programming techniques for robots. In order to encourages students to present their
theses or early research work in 2012 we introduce a separated Student Track. The student session
includes contributions ranging from robot prototypes for various applications to simultaneous
localization and mapping.
We hope that the workshop will also work in the future as a community building tool for robotics in
Austria and its neighboring countries.
We would like to thank all authors, reviewers, presenters and speakers for their contributions to the
workshop. Moreover, we would like to thank all people from Graz University of Technology and the
University of Maribor who helped to organize the workshop. We would further like to acknowledge
the support of Knapp AG, the RS Verlag and the Distinguished Lecturer Program of the IEEE
Robotics and Automation Society. The workshop is supported by the Operational Programme
Slovenia-Austria 2007-2013 within the project Technology and Education for Search and Rescue
Robots (TEDUSAR) funded by the European Regional Development Fund (ERDF), the government
of Slovenia - Ministry of economic development and technology, Land Steiermark and Amt der
Steiermärkischen Landesregierung Abteilung 16 (Landes- und Gemeindeentwicklung).

Gerald Steinbauer and Suzana Uran

May, 2012

Contents
Invited Talks - Abstracts

1

Cognition-Enabled Control for the Realization of Home Chore Task Intelligence . . . . . . . . .
Prof. Michael Beetz

3

From industrial to humanoid robots and back . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Prof. Jadran Lenarčič
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Cognition-Enabled Control for the Realization of Home
Chore Task Intelligence
Prof. Michael Beetz
Technische Universität München, Germany

Abstract
This talk gives an overview of cognition-enabled robot control, a computational
model for controlling autonomous service robots to achieve home chore task
intelligence. For the realization of task intelligence, this computational model puts
forth three core principles, which essentially involve the combination of reactive
behavior specifications represented as semantically interpretable plans with inference
mechanisms that enable flexible decision making. The representation of behavior
specifications as plans enables the robot to not only execute the behavior
specifications but also to reason about them and alter them during execution. I will
sketch a complete system for cognition-enabled robot control that implements the
three core principles, demonstrating the feasibility of our approach.

3

From industrial to humanoid robots and back
Prof. Jadran Lenarčič
Jožef Stefan Institute, Ljubljana, Slovenia

Abstract
In the last three decades, the area of robotics has seen an increased interest in a wide
number of research disciplines from basic kinematics and dynamics of mechanisms to
artificial intelligence and advanced components. In eighties, the main motivation of
researchers was concentrated in industrial robotics and related applications, in
particular industrial manipulators and robotised mobile vehicles. Ten years later the
emphasis was given to the “factory of the future” which included completely
automatized and robotised industrial processes. In research laboratories the first
parallel robots and conceptually different humanoid robots began to appear. These
investigations have grown in the last decade in intensive research activities worldwide
motivated by an immense repertoire of new scientific and technological problems.
The applications are foreseen in service robotics but also in a new generation of
industrial robots.

4

Recent advances on Coordination for Multi-Robot
Systems
Dr. Alessandro Farinelli
Department of Computer Science, University of Verona, Italy

Abstract
Multi-Robot Systems are considered a central element for many emerging
applications such as surveillance, environmental sensing, emergency response etc.
Within this context the use of mobile robots to collect relevant measures (such as
temperature or gas concentration) or to detect the presence of human beings has been
frequently advocated.
Multi-robot systems designed for the above applications generally require some form
of coordination in order to achieve their goal, and recently, a number of advancements
have been made in the design of coordination procedures such as distributed
constraints optimization techniques among others.
In this tutorial, we provide a broad overview of issues related to coordination of
Multi-Robot Systems and discuss most promising solution techniques. Specifically,
we focus on the use of optimization techniques based on graphical models and
constraint processing to solve the coordination problem. We discuss how
decentralized optimization algorithms (such as the max-sum) can be used within this
context and present innovative approximate solution techniques discussing their
merits with respect to our reference application scenarios. Finally, we conclude by
highlighting open problems and possible future venues of research within this field.
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Development and Control of a Modular Biped
Walking Machine
Johannes Mayr, Bernhard Oberhuber, Hubert Gattringer, and Hartmut Bremer
Johannes Kepler University Linz
Altenbergerstr. 69, 4040 Linz, Austria
{joh.mayr,bernhard.oberhuber,hubert.gattringer,hartmut.bremer}@jku.at
http://www.robotik.jku.at

Abstract. This paper presents the development of a biped walking machine. As actuators only modular industrial components are used to allow
low development time and costs and high flexibility in structural changes.
A feed-forward control scheme for overactuated robots with unilateral
contacts to the environment by ground reaction force minimization is
discussed and applied to the robot to evaluate precedent simulations.
Keywords: Humanoid Robot Design, Robot Control, Biped Walking.

1

Introduction

In contrast to other walking machines like [10, 8, 6] the considered walking robot
(see Fig. 1) mainly consists of standard industrial components which are broadly
available. This allows a minimum development time and costs as it is not necessary to focus on the design of the components. Also, changes in the design can
easily be done, as it is only necessary to change some structural elements and
keep the rest as it is. All drive units, the central control unit and all sensors
except for the force/torque sensor and some structural elements are off the shelf

Fig. 1: System overview of the
walking machine
(1) central control unit
(2) drives
(3) force/torque sensor
(4) IMU
(5) DCDC converter
(6) wifi adapter
(7) battery*
(8) Microsoft Kinect*
* planned
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Fig. 2: Mechanical overview of the used
driving system Schunk PR70
(1) control board
(2) position sensor
(3) EC-motor
(4) Harmonic Drive gear
(5) brake
(6) connector
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components. The paper is organized as follows: First the mechanical design is
explained in Section 2. In Section 3 the electrical design is explained in more
detail before in Section 4 the control framework with feed-forward control with
ground reaction force minimization is discussed. Finally, Section 5 shows some
experimental results while Section 6 concludes the paper.

2

Mechanical Design

During the mechanical design a short development time, low system costs and
a modular approach were the key aspects. Therefore, the amount of newly developed hardware was kept as low as possible and mainly industrial components
were used.
2.1

Driving Units

Two different types of the rotary modules PowerCube from Schunk, the PR70
and the PR90, are used as actuators. The position of the different modules can
be seen in Tab. 1 and Fig. 3. Figure 2 shows a systematical sketch of the rotary
modules. Every module features an on-board electronic, a motor-side position
sensor, a brake, a Harmonic Drive gear and the EC-motor itself.
2.2

Kinematics

Inspired by the human locomotor system, the lower body of the robot consists
of six degrees of freedom per leg. This high number of degrees of freedoms is
necessary for the robot to maneuver in its environment and still maintain balance
by controlling its center of mass (CoM). As one can see in Fig. 3, the hip features
three joints. The knee consists of a single joint and the ankle has two degrees of
freedom. This joint configuration has proven to be successful in many different
bipedal robots [10, 8, 6]. The total weight of the robot is about 53kg with a height
of around 1.65m. This is close to a average human with the drawback that the
weight distribution is higher in the legs. For design purposes different scenarios
like walking with a desired speed and squat motions have been simulated to

9
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Joint
Hip P
Hip R
Hip Y
Knee P
Ankle P
Ankle R
Arm P

Unit
PR90
PR90
PR70
PR70
PR70
PR70
PR70

τ max
145Nm
145Nm
84Nm
84Nm
52Nm
84Nm
84Nm

q̇ max
150◦ /s
150◦ /s
150◦ /s
150◦ /s
240◦ /s
150◦ /s
150◦ /s

q min
−30◦
−90◦
−40◦
−115◦
−30◦
−20◦
−180◦

q max
90◦
90◦
40◦
30◦
120◦
20◦
180◦

3

Arm P

Hip P
Hip R
Hip Y
Knee P

Table 1: Drive specification and limits of the joints.
Ankle P
Ankle R

Fig. 3: Kinematic structure of the walking machine.

0.6

60

0.4

Joint position in °

CoM velocity in m/s

x−value
y−value

0.2

0

40
20
0
HIP R
KNEE P

−20
−0.2

2

4

6
t in s

8

10

12

0

150

2

4

6
t in s

8

10

12

20
Joint torque in Nm

100
Joint velocity in °/s

Fig. 4: Nominal walking trajectory for a
walking motion with
1km/h (3 steps acceleration, 4 steps nominal speed and 3 steps
deceleration).
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get an idea of necessary joint speeds and torques. An additional payload of 5kg
at the upper body was considered to allow further extensions of the system by
integrated power supply or an hand arm system. Work space trajectories for the
CoM have been generated according to [9]. Feet trajectories and upper body
orientation are defined as polynomials of fifth order. A Newton method was
used to calculate the inverse kinematics to gain joint space trajectories. To gain
nominal joint torques the multibody model according to Eq. 1 was derived and
used for inverse dynamics calculations. Figure 4 shows the desired center of mass
velocity and the joint angles, velocities and torques exemplarily for the hip roll
joint and the knee joint for a nominal walking motion with 1km/h. As one can
see all joint specifications are within the limits given in in Tab. 1.
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Electronic Design
Sensors

Beside the motor position sensors in the driving units some further sensors,
mainly for stabilization purposes, are added to the system. To derive the orientation of the upper body an inertial measurement unit (IMU) from XSense
is mounted on the upper body (see Fig. 1). For force control a three axes
force/torque sensor is measuring the vertical contact force and torques in the
contact plane on every foot.
3.2

Control System

As central control system an on-board computer is placed in the upper body
(see Fig. 1). To allow real-time control an out of the box Ubuntu is patched with
the Real Time Application Interface [1] (RTAI). For communication with the
drive units the CAN bus is used with two PCI CAN interface cards from PEAK.
Due to the limited bandwidth of the CAN bus four separate bus segments, two
for each leg, are used. This allows a sample time of 2ms for the joint units.
Communication with the force/torque sensor is also realized via CAN bus and
sampled every 2ms. Data from the IMU is provided over RS232. Controller design
is mainly done in Matlab/Simulink. Real-time code is generated using Matlab
Realtime Workshop. To interface the implemented control algorithms RTAI-Lab
and rtaiXML is used, allowing control of the robot via wireless lan and local
area network.

4

Control

The control of the proposed robot can be divided into two levels. On the one
hand there are low level decentralized controllers implemented on the electronics
of the drive units. On the other hand there is a central controller running on the
main control unit in the upper body.
4.1

Decentralized Low Level Control

As the original firmware implemented on the drive units did not support torque
and velocity feed-forward control and contained just a simple cascaded position
controller, the firmware was extended by mentioned feed-forward terms. Figure
5 shows the implemented decentralized cascaded low level position controller.
Subscript r refers to measured values, c marks commanded values from higher
control layers, i are interpolated values and d refers to internal desired values.
For the velocity feed-forward control term one can decide to use the internal
velocity approximation or an external input. Control errors could be reduced
significantly with the new controller, which is important for sufficient Cartesian
trajectory tracking and therefore for the higher level controller that stabilizes
the robot.
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ic

q̇c
q̇d

q̇i
qc
Fig. 5: Decentralized
cascaded low level position controller.
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Central Control

Due to the unilateral contact between the feet an the environment the set of
feasible movements leading to a dynamically balanced gait is drastically limited.
As discussed in [11, 12], the generated gait has to fulfill some stability criterions. Therefore the resulting contact forces in the contact area have to satisfy
constraints depending on the vertical contact forces, the foot geometry and the
limited friction between feet and ground. Several different approaches based on
the control of the trajectories for the center of mass (CoM) of a simplified lumped
mass model have been proposed [5, 7, 2, 9] to generate trajectories fulfilling the
above criterions. Once a set of trajectories in task space, commonly describing
the motion of the CoM, the legs and the orientation of the upper body, is found,
one can calculate the inverse kinematics to get trajectories in configuration space.
The inverse kinematics is calculated by a Newton method using the embedded
Jacobian J(q) which maps the velocities from the configuration space ṡ onto the
velocities in the operational space by ż = J(q)ṡ.
Due to the kinematic structure the system consists of n + 1 rigid bodies
aligned with n revolute joints as shown in Fig. 3. For the description of the
current state of the robot an upper body frame ΣB along with feet frames
ΣL and ΣR is introduced in addition to the inertial frame ΣI . The minimal
T

coordinates and non holonomic minimal velocities are given by q = rTB ϕTB qTJ

 T
T
and ṡ = ṙB ωB T q̇TJ . Here {rB , ϕB } ∈ R3 are the position and orientation of
the body frame ΣB , qJ ∈ Rn are the joint angles and {ṙB , ω B } ∈ R3 are the
translational and angular velocities of the body frame given in ΣB . Then the
equations of motion are given by
   




W
0
AdTTRB
AdTTLB
M(q)s̈ + g(ṡ, q) =
=
WR (1)
W L + λR
+ λL
τ
τJ
JTBR
JTBL
where M ∈ R(n+6)×(n+6) , g ∈ Rn+6 are the inertia matrix and an additional
term for further nonlinear terms. Additionally, τ J ∈ Rn and {WL , WR , W} ∈
R6 describe the joint torques, the ground reaction forces acting on the left and
the right foot (given in ΣL resp. ΣR ) and the summed up ground reaction
forces given in the body frame ΣB . Forces and torques are mapped into the
configuration space by the matrices AdTkB ∈ R6×6 and the Jacobian JBk ∈
R6×n . The scalars λL and λR describe the state of the contact and are equal to
one if the contact is active and zero otherwise.
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To gain the necessary contact forces and joint torques for a given q, ṡ, s̈ one
needs to calculate the inverse dynamics from Eq. 1. During single support the
contact wrench acting on the swing leg is equal to zero, which leads to an unique
solution of the inverse dynamics. In contrast the system is overactuated during
double support leading to an infinite number of solutions for the inverse dynamics. To find a solution during double support one needs to find a criterion, for
example the minimization of the contact forces. Solving a quadratic optimization
problem of the form
min

T
T
αWL
WL + βWR
WR

(2)

s.t.

λL AdTTLB WL + λR AdTTRB WR = W,

(3)

{WL ,WR }

with α and β as scalar coefficients weighting the single contact forces to allow
a smooth transition between single and double support, gives the optimal force
distribution that minimizes the Eucledian norm of the contact forces. As already
mentioned there is only an unilateral contact between a foot and the ground,
which limits the set of feasible contact wrenches. For a rectangular foot with the
origin at Σ{L,R} in the middle of the foot this can be considered in the quadratic
program by introducing constraints of the form
0 ≤ eT3 Wk

(4)

b
b
(5)
− eT3 Wk ≤ eT4 Wk ≤ eT3 Wk
2
2
a
a
− eT3 Wk ≤ eT5 Wk ≤ eT3 Wk ,
(6)
2
2
with k ∈ {L, R}, ei as the i-th unit vector and a and b as the length and
the width of the foot. As one can see, the vertical contact force (eT3 Wk ) must
always be positive, as the various contact points can only push on the ground.
The limitation of the horizontal torques (eT4 Wk and eT5 Wk ) according to the
vertical contact force is equivalent with the existence of the zero-moment point
(ZMP) [11] inside the support area and guarantees full contact between the foot
and the ground.
By limiting eT1 Wk , eT2 Wk and eT6 Wk according to a physical friction law,
slipping between the ground and the feet can be prevented as further constraints.
In this paper sufficient friction is assumed which has held for all tested walking
trajectories in simulations and in real world so far.
According to Eq. 1 the desired joint torques τ J can now be calculated from
the distributed ground reaction forces. If one would just use λL and λR to turn
the contacts on and off during single and double support this would lead to noncontinuous ground reaction forces and therefore to non-continuous joint torques.
This can be omitted by choosing appropriate distribution coefficients α and β.
A good choice can be made by the relative position of the zero-moment point
relative to the origins of the feet. The position of the zero-moment point can be
gained by transforming W into ΣI and then dividing the resulting torque by the
normal force. Figure 4 shows the desired joint torques for a walking experiment
with 1km/h gained utilizing this method.
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7

Biped Walking Controller
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Step Planner

Desired Ground
Reaction Force
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Trajectory
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Fig. 6: System overview of
the used high level control
scheme.
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Fig. 7: Walking experiment at 0.6km/h (3 steps acceleration, 4 steps nominal speed
and 3 steps deceleration).

To compensate for external forces and model uncertainties a zero-moment
point controller as proposed in [3] is implemented. This control scheme shifts
the trajectory of the center of mass according to the measured ground reaction
force and thereby stabilizes the ZMP inside the support polygon. Figure 6 shows
a system overview of the used high level controller.

5

Experiments

A similar experiment as done in simulations was reproduced on the real robot. As
before, after three steps acceleration, a nominal speed of 0.6km/h was reached
before decelerating the last three steps. Figure 7 shows the measured results.
The position of the ZMP and the CoM is shown in the middle plot. Position and
torque tracking in the knee is plotted to the right. To the left one can see some
snapshots taken during the experiment. The quadratic program from Eq. 3 was
solved with the open source solver qpOASES [4] in real-time every 2ms.
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6

Conclusions and Future Work

In this paper a feed-forward control framework with ground reaction force minimization was proposed. This allows to calculate feasable joint torques that fulfill
all stability criterions given by the unilateral contact between the robot and the
environment. Results have been applied to a bipedal walking machine consisting
of modular industrial actuators. Future work will focus on hardware extensions
and modifications and the exploration of different position and force based control algorithms. To allow full autonomy a vision system and an on-board power
supply will be added to the system in the future. Also, it is considered to redesign
the foot geometry and the force/torque measurement system as it currently suffers from some design issues concering stiffness and accuracy. Also, it is planned
to test different damping materials to reduce the impact at the beginning of double support. The three axes force/torque sensor will be replaced by a six axes
force/torque sensor. This allows to move the sensor into the ankle and therefore
more flexibility for the foot design. From the control point of view the proposed
scheme to calculate feed-forward torques will be extended to a more general one
to allow contact to the environment with a hand arm system and to consider
friction.
Acknowledgments. Support of the present work in the framework of the peerreviewed Austrian Center of Competence in Mechatronics (ACCM) is gratefully
acknowledged.
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Trajectory Control for 3RPR Manipulators
Johannes Karl Eberharter, Thomas Pfister, Markus Öttl and Robert Amann
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Abstract. A very natural way to control parallel manipulators is presented. The input is a trajectory from either a desired fixed trajectory or
an on-the-fly changeable velocity input of the end-effector, which is then
processed via an online trajectory generator. This trajectory is transformed via kinematical transformers to the actuator space, hence a decentralized and even flat control system was applied. A two-degrees of
freedom controller is developed with the inverse dynamics for the feedforward part. A Kalman observer is utilized to filter the signals and a
state-space controller is applied.
Keywords: 3RPR, kinematical transformer, feed-forward control, twodegrees of freedom controller, Kalman filter, flat systems, IT1

1
1.1

Introduction
Motivation

In robotics many times a complete trajectory is given. However, there are several
applications, where the input is an arbitrary velocity, more generally speaking a
twist. This paper presents a way to control such requirements by applying the
following theory at a parallel manipulator. A planar 3RPR was designed and
can be controlled via a joystick with three degrees of freedom.
1.2

Literature Review

In designing a trajectory control for parallel robots the general problem of trajectory tracking arises. Trajectory tracking is essential to enable good performance,
accuracy and guiding behavior of the parallel robot. Many control approaches
have been proposed and applied. In 2003, Atul [1] utilized PID control for a
3-RPR parallel planar robot. Zhang et al. [2] implemented a fuzzy based control
on a delta robot in Matlab. In both cases a steady state error remains. Gao
[3] and Caihong [4] proposed a sliding mode control. In comparison to the first
approaches the steady state errors were much smaller. Vivas, et al. [5] compared
a model based predictive functional control (PFC), a computed torque control
and a PID control on an H4 robot. The PFC approach obtained the best results.
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Pietsch, et al. [6] proposed an adaptive controller combined with a time-optimal
trajectory planning concept to achieve low cycle times at changing payloads. In
this paper we choose a different approach: The mechanism is considered from
a kinematical point of view. Therefore, the dynamics of the complete system is
not taken into account. However, the dynamics of the speed-controlled actuators
are included.

2

Control Structure

The control concept is based on the two-degrees of freedom control structure,
Horowitz [7]. First, from an arbitrary input velocity (twist) of the platform a
general trajectory is generated in the Cartesian space. This trajectory is then
transformed via a kinematical transformer onto the actuator spaces, see Fig. 1.
Utilizing the theory of flat systems (Zeitz [8]), the inverse dynamics of the ac-

Fig. 1. Control structure for a 3RPR manipulator.

tuator systems Σ −1 are used to pre-control the actuators Σ. Then, Kalman
observers [9] are implemented to get smoothened states of the real actuator systems Σ. Finally, state space compensators are designed to compensate the errors
of positions and velocities, resulting from non-perfect models, see section 6 and
section 7.

3

Kinematical Transformer

A kinematical transformer maps positions, velocities and accelerations from one
space to another, see Kećskeméthy [10]. In other words, the complete trajectory is transformed from the Cartesian space to trajectories of the coresponding
actuator spaces.
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3.1

Position

A sketch of the 3RPR with its design-parameters and a picture of the real 3RPR
can be seen in Fig. 2 and Fig. 3, respectively. The direct kinematics is symboli-

Fig. 2. Sketch of a 3RPR manipulator. Fig. 3. The real 3RPR manipulator.

cally written as:
p = T(q),
T

(1)
T

where p = (x, y, ϕ) is the pose, q = (q1 , q2 , q3 ) the leg lengths and T the
transformation. Within this concept, we don’t need to solve for it, since we control decentralized at actuator level. The indirect kinematics is trivial to compute.
It is utilized within the kinematical transformer block to compute the actuator
position for a given Cartesian position:
q = T−1 (p).
3.2

(2)

Velocity

The velocity needs to be transformed via the Jacobian transformation:
q̇ = Jt,

(3)

where t = (ẋ, ẏ, ϕ̇)T is the twist and q̇ the vector of leg (actuator) velocities.
The Jacobian matrix explicitly is:


y
x
0
q1
q1
 yb cϕ−xb1 sϕ+b1 B1 sϕ

x−B1 +b1 cϕ
y+b1 sϕ
J= 1
(4)
,
q2
q2
q2
A
q3

x−C1+c1cϕ−c2sϕ y−C2+c2cϕ+c1sϕ
q3
q3

where
A = yc1cϕ − xc2cϕ + C1c2cϕ − c1C2cϕ − xc1sϕ + c1C1sϕ − yc2sϕ + c2C2sϕ

and s, c stands for sin, cos, respectively.

19

3.3

Acceleration

Finally, the transformation of the accelerations can be computed as follows:
q̈ = Jṫ + J̇t.
The derivative of the Jacobian matrix is:

1 ẋ
0 q̇1 x+q
q12

B
J̇ =  qA2
q22
2
D
q32

E
q32

−q̇1 y+q1 ẏ
q12
C
q22
F
q32

(5)



,

(6)

with
A = −(b1 (q̇2 (ycϕ + (B1 − x)sϕ) + q2 (−(ϕ̇(B1 − x) + ẏ)cϕ + (ẋ + ϕ̇y)sϕ)))
B = (q̇2 (B1 − x − b1 cϕ) + q2 (ẋ − b1 ϕ̇sϕ))
C = (q2 (ẏ + b1 ϕ̇cϕ) − q̇2 (y + b1 sϕ))
D = (q̇3 ((−C1 c2 + c1 C2 + c2 x − c1 y)cϕ + (−c1 C1 − c2 C2 + c1 x + c2 y)sϕ +
+ q3 (−ẋ(c2 cϕ + c1 sϕ) + ẏ(c1 cϕ − c2 sϕ) + ϕ̇(c1 C2 + c2 C2 − c1 x − c2 y)cϕ +
+ (−C1 c2 + c1 C2 + c2 x − c1 y)sϕ)))
E = (q̇3 (C1 − x − c1 cϕ + c2 sϕ) + q3 (ẋ − ϕ̇c2 cϕ + c1 sϕ))
F = (q̇3 (C2 − y − c2 cϕ − c1 sϕ) + q3 (ẏ + ϕ̇(c1 cϕ − c2 sϕ))).

Another derivation to compute the jerk is not necessary in this case, since the
actuator is approximated with a system of second order, see the following section.

4

The Dynamic Model of the Actuators

The actuators are assumed to be IT1 (PT1+I) elements, so called ”low-pass
filter with integrator”. This can be done as an approximation of an e.g. electric
DC motor or hydraulic actuator. According to the lecture notes of Zeitz [8], such
an approximation of the model is valid for the pre-controlled path. The transfer
function for an IT1 system is:


H
Km
Σ : G(s) =
.
(7)
s 1 + sT1
Rewritten as the equation of motion for the dynamics of an actuator, we get:
Σ −1 :

T1 q̈
q̇
+
= u,
Km H
Km H

(8)

where u is the input and q the position of the actuator. Km is the motor constant
and H is the pitch of the spindle. Deriving the output y = q, which represents
the length of the actuator, it is easy to show, that the input appears at its second
derivative and hence, the relative degree equals two. This means, that the system
is flat, see Isidori [11]. The inverse dynamics can be easily seen at Eq. (8) and
utilized to pre-control the system.
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5

Trajectory Generation

A trajectory generation for online generation is required. A simple concept was
utilized, by using an integrator chain, because the numerical drift is not of importance for this application. Other methods like model predictive control (MPC)
would be possible, or a polynomial approach as it can be found in Knierim and
Sawodny [12]. However, the simple concept was applied, since the time consumption on a real time system needs to get some attention.

6

Simulation Results

To verify the behavior of the control, the velocity reference signal was chosen in
such a way that the end-effector of the platform moves along a circle of radius
50 mm. Fig. 4 shows the path of the desired (red) and the simulated (blue) endeffector in Cartesian coordinates. Fig. 5 shows the positional tracking error of
one simulated actuator. The control was designed with poles at -3 and -4 on the
real axis of the complex image plane. The time constant T 1 was assumed to be
0.2 seconds. As it can be seen in Fig. 6, the maximum error is only 0.1 mm. In

Fig. 4. Simulated circular path.

Fig. 5. Actuator error from simulation.

this control concept, the feedback controller eliminates disturbances and model
uncertainties while the feed-forward controller affects the guiding behavior.

7

Evaluation Results

To verify the results with a real device a model of a 3RPR manipulator with
linear actuators was built, see Fig. 3. Fig. 6 shows the desired (red) and the
real circle (blue) in Cartesian coordinates. At the real application the resulting
actuator error remains fairly small (0.165 mm), see Fig. 7. In comparison with
another parallel manipulator [5], moving along a circle we got less error. This
gives us confidence to be on the right track for speed controlled actuators. Using feedback control without pre-control leads to an unacceptable error in the
magnitude of millimeters.
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Fig. 7. Actuator error of real 3RPR.

Fig. 6. Real circular path.

8

Conclusion

In this paper, we proposed a control system for a 3RPR manipulator using kinematical transformers combined with the two-degrees of freedom control concept.
Both, simulation and real world tests show promising results. Compared to classical techniques, the use of kinematical transformers makes it easier to adapt
the proposed technique to other types of manipulators. Possible applications are
spatial parallel manipulators for milling machines or flight simulators.
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Abstract. Robotics has been successfully introduced into many applications,
especially as an indoor automation technology. However, outdoor production,
typically for the construction industry, still represents a challenge. The problems are associated with a constantly changing environment and a variety of object tolerances. For this purpose we developed an intelligent, multipurpose, endeffector system, which can be mounted onto the appropriate telescopic handler.
In the paper some of the common aspects that are important for the design and
implementation of robotics in the construction industry are outlined, followed
by a realization of the end-effector prototype with a short description of the
main components. The end-effector is designed to perform the grasping, manipulating, positioning and assembling of large and heavy objects with a precision
typical for the construction industry, either automatically or semi-automatically.
Keywords: Robot end-effector, manipulation, construction, assembly

1

Introduction

Robotic technology is widespread and has been successfully introduced in many application areas in production, especially as an indoor automation technology. However, this positive trend in indoor production is not reflected in the same results in areas
of outdoor production, for example, in the construction industry. In this type of work
many of the tasks are still performed manually. The reason for this lies in the fact that
automation in the construction industry is highly multidisciplinary and very complex,
which is why automation in the construction industry is documented by very few
successful applications [1]. Furthermore, the working conditions are not favorable,
when compared to the manufacturing industries. It is usually difficult to transfer solutions from a factory floor directly to a construction site. The working environment is
permanently changing, influenced by the weather, different temperatures, lighting
problems, etc. There are only a few notable examples where robot applications have
been established economically [2]. The use of robotics is more or less limited to remote-controlled excavators, bulldozers and dump trucks for rescue operations or for
robotic protection machines.
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Today's production industry is faced with cost pressures, time pressures, and a
lack of skilled labor. This applies particularly in the construction industry, for which
high material consumption is typical. This forces the traditionally labor-intensive
construction industry to make significant leaps in productivity, safety and quality [3].
The results from the practice show that improvements to these items can be achieved
by the introduction of automation. In such a case, robotics appears to be needed and
can play an important role.

2

Robotics in Construction

If we compare the robot applications in production with applications in the construction industry, it is clear that in production there are mostly stationary robots that
work on passing objects, for example, on a production line or within a production cell.
In the construction industry there are mostly stationary objects that are produced individually on site. The handling objects are large and heavy, and almost all operations
are performed outdoors. This is associated with the huge problem of the tolerances.
The consequence of this is that the positions or trajectories must be continuously observed, measured, and thus parts of the robot programs have to be adapted and
changed. Without sensor-based intelligence and software corrections robots are not
able to find their way or pose in the whole of the environment. In this sense, construction robots are defined as field robots, divided into different categories used for different purposes [4], which execute the commands in the dynamic environment, where
the structures, equipment, and operations change continuously. Therefore, the use of
an intelligent and powerful robot controller, with the integration of sensors, as well as
the use of remote-control devices in an automated system, becomes indispensable [5].
If we use a remote-controlled device, the human-robot interface is crucial. In such a
case, a force remote-control joystick [6], a camera system, or even a haptic system [7]
can be used advantageously. Finally, one of the most important factors for the success
of robotics in construction is the automation-suitable design of objects and working
procedures [8].
Studies and experiences from the practice of construction show that conventional
methods of manufacturing automation, for example, a universal robot placed on the
telescopic handler for a glass-wall mounting [5], are not suitable for the execution of
large structures with construction-specific features.
A typical application of automation in construction is the manipulation and assembly of prefabricated, large and heavy parts with a specially designed robot. In this
area there have been a number of successful and less-successful attempts [9]. The use
of an excavator as a handling device for macro-movements and an end-effector for 3D
micro-movements with the help of two operators has made the assembly easier. The
disadvantages lie in an excavator that could not meet the requirements of a robot designed for assembly, and in a lack of additional micro-movements to correct the macro-positioning inaccuracies [1].
Hydraulic telescopic handlers are widely used in construction due to their high
power-to-mass ratio. They are exclusively manually operated, via a joystick or with a
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radio remote control. While they cannot ensure the straight-line motion of the handler
end-effector, a closed-loop computer control was added [10]. For this case a standard
handler was equipped with two additional rotational axes on the top to achieve a
6DOF manipulation (Fig. 1). The results of the experiments show that the repeatability of the positioning is better than 7mm and the straight-line tracking error is smaller
than 63mm [11]. This means that a final positioning within the tolerances necessary
for applications in the construction industry cannot be achieved automatically without
the use of an additional, intelligent, end-effector, positioning system mounted on the
top of a hydraulic telescopic handler.
While there was no such fine-positioning system available on the market, the
company TRIMO d.d. from Trebnje, Slovenia, took the initiative and funded the development and realization of such an intelligent, multipurpose, end-effector system,
which could be mounted and operated with any appropriate hydraulic telescopic handler. In addition to the main member of the project, TRIMO d.d. Slovenia, there were
two other partners involved: the University of Ljubljana, Slovenia, and MOTOMAN
Robotec d.o.o, Slovenia.

Fig. 1: The 6D hydraulic telescopic handler [10]

3

Realisation of the End-Effector System

The main problems in robotic systems occur during the contact with objects [12].
These problems mainly appear on the peripheral equipment and as a consequence of
the unknown or continuously variable tolerances of the objects. In the construction
industry these factors are particularly exposed and specific. The periphery known
from the production industry is totally different. The tolerances are very rough, and
depend on the continuously changing environmental conditions. So the implementation and use of the sensors play an important role.
Another characteristic, typical for processes in construction, is that in most cases
there is no mass production, but repeated individual sections of applications. Therefore, we need an end-effector system with a very high flexibility.
The end-effector setup needs to perform several functional tasks, starting from the
collection and grasping of objects from the ground or truck, manipulation, placement
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or assembly of these objects
objects to the specific location, which could be horizontal, verve
tical, upwards or downwards. For this purpose we developed an end-effector
effector system
that consists of the following main subsystems (Fig. 2): modular
odular platform carrier with
handler interface, two
wo 2D fine-positioning
fine
units with vacuum grippers, central
entral vacva
uum unit and two vacuum fastening units and 3D SCARA robot with linear drive unit.
unit

Fig. 2: Main parts of the intelligent,
intelligent multipurpose, end-effector system
The whole assembly can be seen in Fig 3. The platform carrier with the handler ini
terface is completed modular for objects with a width of 1 m and a length of 4–12
4
m,
with a maximum weight of 700kg. Shorter parts could be handled with a single,
single
2DOF
DOF positioning unit with vacuum grippers and balanced with the linear movable
SCARA-robot
robot as a counterweight.

Fig. 3: CAD drawing and realized, intelligent, multipurpose, end-effector
ffector system
Since there were no suitable light-weight and water-resistant
resistant 3DOF SCARA robots
robot
for payloads of 25kg available on the market, we had
ha to develop an appropriate 3D
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SCARA robot according to the specified demands. The SCARA robot can perform
measuring, fixation and other tasks on different programmed positions. A linear drive
system allows movements of the SCARA robot along the whole length of the platform carrier, regardless of the changes in the lengths as a consequence of the modular
platform carrier. Energy and signals are transferred over a specially designed, selfsupporting, extendable, cable-carrier system. The SCARA robot has a workspace
diameter of 2000 mm and can reach positions that are 500 mm over the platform
edge. The top of the SCARA robot is equipped with a line laser sensor to detect the
object’s edges or mounting accessories. With regard to the tool-exchange system,
which is placed on the top of the SCARA robot, additional tools or other equipment,
for example, drilling and screwing tools, can be added.
Object grasping is, because of the safety standards, provided with redundant vacuum systems. These are mounted on two 2DOF linear fine-positioning units. The
units are computer controlled. The axes of these two fine-positioning units can move
simultaneously in the same direction (X=±125mm and Y=±100mm) to perform controlled linear displacements, or move in the opposite direction to perform small object
rotations. For the rotation the fine-positioning units are mounted over the rotary pins,
which can be rotationally released to perform a fine object rotation in the XY plane.
The fine-positioning units are equipped with additional pneumatic cylinders, which
cause a discrete shift of the vacuum grippers by 50 mm in the Z direction (to the object). All the actuators, sensors, inclusive of the SCARA robot are controlled over the
single controller that is integrated into the middle of the platform carrier.
The collision safety is provided by reading the number of ultrasound range sensors
mounted on the platform carrier that detect obstacles up to a distance of 2 m. Before
the actual contact, the area in the foreground is scanned with three laser scanning
devices. According to the pre-programmed poses and the data acquired from the laser
scanning devices, the handler is moved into the position where the special vacuum
fastening units like extendable arms are taken into the action in order to close the
kinematic chain between the handler and the previous fastening surfaces, if they exist.
If long objects are manipulated, a central vacuum unit is added, which can also be
discretely extended by 80 mm in the Z direction. The first experiments under the labor
conditions showed that the prototype of the intelligent end-effector is capable of
grasping, manipulating, positioning and assembling large and heavy objects with the
required precision, either automatically or with the minimum human intervention,
who takes only the role of the observer.

4

Conclusion

An intelligent, multipurpose, end-effector for a hydraulic, telescopic handler was
developed, realised and tested in the laboratory environment. The main objective was

to reduce the working time and costs, and the risk of injury, and to increase
the productivity and quality, while reducing the influence of weather on the
construction site. The end-effector is designed to perform the grasping, manipulating, positioning and assembling of large and heavy objects, with a precision typical
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for the construction industry, either automatically or semi-automatically. The next
step will be to transfer the results from the laboratory to the construction site and to
improve those parts that show weaknesses.
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Abstract. The paper presents development of two micro
and nano precision robot systems which were designed
along with grippers to serve as an automatic assembly
tool for micro machine building.
Keywords: robotics, control, micro and nano grippers

1

Introduction

The paper presents the development and research results of two types of robots:
micro-precision 2 DOF robot and 3 DOF nano-precision robot with different types of
grippers: one finger gripper used for gripping and releasing of objects dimensions
from 1 μm to 60 μm and two finger gripper for objects between 60 μm to 200 μm.

2

Micro-precision 2 DOF robot

The piezo actuated stage (PAS) consists of a parallel glass mechanism
(PGM) and two piezo electric actuators (PEAs). The PGM is similar to a parallelogram. It is designed to transmit the displacement of PEAs on the tip displacement of
the PAS, where the end-effector can be mounted. Due to its mechanical construction
with dual flexure hinges, the motions are limited with only the actuated DOF, i.e. the
axes of PAS are not coupled. The PEA A actuates the X-DOF and PEA B actuates the
Y-DOF of the planar robot mechanism (Fig. 1).
Two PEAs with dimensions 27 by 3 mm, with a thickness of 0.2 mm are
joined to the parallel glass mechanism (PGM). The driving voltages for the PEAs are
from -100 to 100 V. According to the maximum driving voltages, the displacement of
unloaded PEA is +/-3.3 μm. However the maximum displacement of the PEAs is not
reached when they are joined to the PGM, because PGM generates a reactive/opposite
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force similar to the spring force. So, when the maximum voltage of +/-100 V is applied, the maximal displacement of PEA is +/-1.1 μm only.

Fig.1. PEA with linear incremental encoders
Precise micro positioning of PAS is a relatively complicated task due to the
plant nonlinearities. In order to guarantee the precise micro positioning of PAS, the
voltage drivers, incremental position encoders and appropriate control processing unit
are developed as a close-loop control system. Fig. 2 shows the closed-loop control
system and the data flow between the components. The host computer is used as a
user interface for programming the control processing unit and for the user interaction
with the PAS. The Compact Vision System (CVS) from the National Instruments is
used as a control processing unit [1]. Voltage drivers are developed based on the operational amplifiers from the Apex Microtechnology [2] and the position measuring is
established based on the incremental encoders from NANOS Instrument GmbH [3].

Fig. 2. The close-loop control system of PAS
We have developed and tested several control strategies to fulfill control demands as: no position static errors, no overshoots and as short as possible rise time
[4]. By using only PI controller with the constant parameters (KP and Ti), the control
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performance of PI controller cannot be optimal (similar) over the whole workspace of
PAS. In order to avoid this problem, PI controller is combined with the NN compensation of plant (both PEAs) nonlinearities – especially the input/output (voltage/displacement) hysteresis [4] (Fig. 3).

Fig. 3. Proposed feedback control scheme
The following experiments show the step responses of the controlled system with PI
controller and step responses of PI controller with NN compensation for reference
positions on the working plane for X-DOF (Fig. 4a) and for Y-DOF (Fig. 4b).

Fig. 4. Comparison of step responses for PI controller and PI controller with NN
compensation

3

Nano-precision 3 DOF robot

The nanorobotic system is divided into two parts (see Fig. 5). The upper part of
the figure consists of a real-time target application with a nanorobotic cell: a development computer machine marked as 1, a real-time controller computer card marked
as 2, and a target computer application marked as 3.
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The usual notebook computer marked as 1 is used as the development computer for
control algorithms and user interfaces with an installed Windows XP operating system and a LabView 8.5 software package.
The PC computer, marked as 2, executes real time control algorithms using socalled Real Time Desktop Target software. This PC runs a LabView Real Time operating system, which is independent of all the other operating systems already installed
on the PC. Our real-time target PC is supported by a 7356 PCI motion-controller card
from the National Instruments Company. This card is used as an interface between the
control algorithm and the piezoelectric motor-power drivers. Its output has a separate
reference signal for piezoelectric motor drive in regard to each axis of the controlled
system for all 5 axes and is calculated by signals from the position of feedback and
desired position inputs using the control algorithm. The execution time of the control
algorithm is about 3 μs [5]. The micro/nanorobotic cell, presented as 3 (Figure 2), is
actuated by five linear piezo-motors produced by the PiezoMotor Upsala AB Company, where the motor movement steps can have lengths from 4 nm to 8 µm and can
achieve speeds of up to 12.5 mm/s using factory-delivered demo-drive electronics [6].
The construction of the nanorobotic cell is done in such a way that two of the piezomotors act as X/Y manipulators, and the other three are used as motion drivers for
three separate serving tables within the Z axis. Positional feedback values for all axes
are achieved using electro-magnetic linear encoders produced by the NANOS Instruments Company. Each encoder-set’s electronics are built using magnetic scale and
sensor electronics. The linear position instrument has a resolution of 61 nm with precision of +/- 0.15% [7].

Fig. 5. The nanoprecision robot workcell system
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The second part of the application, as presented in the lower part of Fig. 2, shows a
man-machine interface. It consists of a “remote computer” marked as 4, where a virtual model of the micro/nanorobotic cell, marked as 5 and a haptic-device, marked as
6, have been installed. The “remote computer” is a notebook, based on the Windows
XP operating system, supported by a Microsoft Visual C++ software package and
OpenHaptics software package from the Sensable Technologies Company. Both
packages with the PC hardware are used for developing and executing the micro/nanorobot application. A UDP protocol, marked as 7, is used to ensure the fastest
and reliable enough communication between the user and the machine.
A virtual VRML model of the micro/nanorobotic cell, marked as 5, is also included in the application, because the user does not see the target application - manipulation of the micro sized objects on all three serving tables with the naked eyes. The
user doesn’t have a real feeling of what is exactly happening within the target application.
The fuzzy position controller system is established on the 7356 PCI motioncontroller card [8] and was also succesfully tested on the 3 DOF nano precision robot.

4

Grippers for micro and nano objects

The nano-robotic cell allows implementation of different micro and nano-robotic
tip tools. A special two finger gripper (Fig. 6) is used for gripping objects of microscale sizes (60 µm to 200 µm). It is placed at the top of the Y axis. It is made of so
called structural glass, driven by a piezoelectric motor, which is situated horizontally
to the vertical fingers of the gripper. The piezoelectric actuator allows the fingers to
be moved approximately 140 μm. So, the gripping distance between fingers is between 60 μm and 200 μm. It was specially designed to grip and move optic fibre
glass-cables with diameters between 100 μm and 125 μm.

10 mm
Fig. 6. Close look of a real micro/nano-robot tip gripper
The developed one finger gripper with changeable geometry of a tip uses the van der
Waals force for gripping and releasing 1 - 60 μm the objects is shown on Fig. 7.
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Fig. 7. One finger gripper made by 50 μm cooper wire

6

Conclusion

The paper presents the development of two types of micro and nano precision robot systems which are used along with specially designed grippers for ultra-precise
manipulating (gripping and active releasing with repeatability: 4 nm to 61 nm) for
emerging technologies of micro machine building.
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{heiko.hamann, juergen.stradner, thomas.schmickl}@uni-graz.at

Abstract. As a contribution to the efforts towards robotic systems of
higher flexibility we present our concept of morphologically dynamic
robots. Within the projects SYMBRION and REPLICATOR, that focus on modular robotics, we have developed bio-inspired control techniques to achieve new concepts of dynamic, autonomous morphological
structures. We propose three modes of coupling between robot modules:
swarm, team, and organism mode. We demonstrate our concepts along
with simple robot experiments.

1

Introduction

One of the future challenges of robotics research is to aspire to higher flexibility
in robot systems. Higher flexibility in robot control is related to the challenge
of autonomously determining intelligent actions in dynamic environments that
might show unanticipated characteristics. Dynamic environments could also raise
a demand of different quality: flexibility in morphology. For example, the robot
might need to pass a narrow opening, a slippery surface might demand a lower
gravity center, or the robot might need a longish body form to overcome a hole
in the ground. Autonomous changes of a robot’s body-form at runtime, possibly
in rough terrain and as a reaction to unanticipated situations, constitute a big
challenge for the methods of today’s robotics.
1.1

Modular robotics

The research reported in this paper is allocated to the field of modular robotics.
The idea is to have autonomous robotic modules with docking mechanisms that
allow them to form physically connected ‘super-robots’. Within the projects
SYMBRION [9] and REPLICATOR [5] three types of such robot modules are
developed (see Fig. 1(b)): backbone bot (strong main single-DOF actuator to
move/rotate docked robots but also 2-DOF locomotion by a screw drive), scout
bot (flexible locomotion), and active wheel (omnidirectional drive, ability to
provide a lift for other robots). The robot modules possess actuators and sensors
to dock/undock autonomously. This hardware is designed to allow for many
morphological possibilities (cf. Fig. 1(a)) and is the necessary precondition to
achieve autonomous morphological flexibility.
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(a) simulation of backbone bots docked in
a cross formation

(b) all 3 prototypes docked together,
from left to right: backbone bot, active
wheel, and scout bot

Fig. 1. Simulation and prototypes of the modular robots from the projects SYMBRION
and REPLICATOR [9,5,4].

1.2

Switch of paradigms

According to our view a high degree of flexibility in robotics necessitates a switch
of paradigms. Our hypothesis is that standard approaches of robot control hardly
offer the potential for high flexibility and adaptivity. Instead we turn to systems
that already obtain high degrees of flexibility, that is, we turn to biological
systems for inspiration. Good examples of organisms, that show a special kind
of morphological flexibility as an aggregate, are the slime molds Dictyostelium
discoideum and Dictyostelium mucoroides [1]. These amoebas live as unicellular
organisms but also have the ability to aggregate into a form of ‘colony’ during
their life cycle. These colonies are aggregates of up to 105 amoebas that form the
‘slug’-state of slime molds. This slug is not a true organism according to biology’s
definitions but the amoebas take different roles such as stalk cells, spore cells,
and anterior cells [7]. The slugs themselves are formed in an aggregation phase
regulated by a chemical substance. In this phase the amoebas generate a trail
system with tree-structure by self-organization. We take the slime mold as our
leading example for our efforts towards high flexibility in robotics.
1.3

Modes of coupling and bio-inspired methods of control

Morphological flexibility and degrees of cooperation can be categorized by three
modes of coupling: swarm mode (physically separated, loosely coupled robots),
team mode (physically separated robots interacting via radio, all-to-all communication), and organism mode (physically connected robots interacting via wires,
e.g. communication bus). A group of robots can transition between these three
modes autonomously by interacting loosely as a self-organizing swarm, by establishing sub-groups as teams with all-to-all communication, and by physically
docking to each other forming robotic organisms. Robots in organism mode can
reconfigure themselves between body forms without leaving the organism mode.
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In addition, we try to achieve a high degree of flexibility concerning control
methods by applying techniques that are inspired by signaling networks of unicellular organisms. In particular that is our Artificial Homeostatic Hormone System (AHHS) approach [2]. An AHHS is defined by a set of virtual hormones and
a set of ordinary differential equations (ODE) that described their dynamics.
The parameters of the ODE are defined by a sophisticated system of rules.
Input from sensors triggers the secretion of hormones, hormones influence the
dynamics of other hormones, and the current hormone concentrations determine
the actuator control values. The underlying idea of the AHHS approach is to
automatically synthesize robot controllers by methods from evolutionary computation. The high evolvability of AHHS controllers is caused by the inherent
robustness to minor disturbances [3]. Furthermore, AHHS controllers are particularly adequate for modular robotics because hormones, that are diffusing
throughout the robot organism, establish an implicit, low-level communication.
In this paper, we summarize our approach on how to achieve a high degree of
flexibility in both controlling and morphology.

2

Three modes of coupling

We discuss the concept of the three modes of coupling: swarm mode, team mode,
and organism mode. Fig. 2 visualizes this idea schematically which is explained
in the following. As a very simple example scenario we refer to a docking process between two modules (video online1 and Figs. 3(a)&3(b)) which contains
conceptionally all three modes (start in swarm mode, docking process as team
mode, and organism mode after docking). Both robots are controlled by AHHS
controllers. The robots are virtually subdivided into 2 compartments between
which virtual hormones diffuse which introduces spatiality to AHHS allowing
for an embodiment (see [2] for more details). Once the robots are docked, the
hormones diffuse additionally between the robot modules as well.
Swarm mode: The swarm mode can be viewed as a natural initial state of
a robot group that was placed randomly in an area and activated. The robots
start to move randomly and encounter other robots by chance. In those situations they communicate loosely, for example, by infrared which might give an
additional directional information. Global communication, for example, via radio is to be avoided because it does not scale arbitrarily. Examples of AHHS
controllers without robot-robot communication are given in [8,6]. In our docking
example, the swarm-mode phase is represented by the experiment’s first third
(t < 1600 in Fig. 3(b)) until the backbone robot triggers the docking process.
Team mode: In contrast to the limited use of communication between members
in swarm mode, in team mode neighboring robots form sub-groups which exchange many (addressed) messages and share a lot of their information between
1

http://youtu.be/nYq47THMNLA
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swarm mode

team mode

organism mode

Fig. 2. Three modes of coupling: swarm mode (little communication via infrared, random robot-robot encounters), team mode (much communication via radio, coordinated
motion), organism mode (permanent communication via bus, physical coupling).

each other. They intensify their interactions, for example, by communication via
radio. They might implement sophisticated team strategies, such as, task assignment or motion in formation. In our docking example, the team-mode phase is
represented by the actual docking process (1600 < t < 2573).
Organism mode: The organism mode is of most interest in the above mentioned projects [9,5] because the hardware was mainly designed as modular
robots. The robot modules form a robotic organism by coupling to each other
physically. As shown in 3(a) the modules are able to dock autonomously. Once
docked, an ethernet connection is establish and the robots are able to share their
energy. The modules in such an organism have to agree on a common goal ideally
without central control which could be both a single point of failure and a bottle
neck (in terms of computation and communication).
Fig. 3(b) gives the dynamics of 4 virtual hormone concentrations: one in each
compartment of the backbone bot (BB), and one in each compartment of the
active wheel (AW). The hormone concentrations are arbitrarily restricted to the
interval [0, 1] and certain hormone concentrations trigger actuations based on
the defined rules of the AHHS. The gray areas give time intervals when sensor
input at the back of the BB is activated as a show case by hand (actual sensor
data used by the algorithm during docking not shown). The increase of the BB’s
hormones at t = 1000 are because of the activation of the robot and because of
a ‘base hormone production’ that triggers an independent hormone production.
Once the robots are docked (t = 2573) the hormone concentrations of the BB
decrease rapidly because they immediately begin to diffuse into the AW (implemented via ethernet). The ragged curve of one of the hormone concentrations of
the AW (2600 < t < 3800) is caused by the asynchronism between the microcontrollers of both modules. The hormone in the AW decays between incoming
‘hormone messages’ because AW achieves higher controller sampling rates. Furthermore, the sensor input triggered by hand at the BB’s back is communicated
via diffusing hormones to the AW (2nd gray area in Fig. 3(b)).
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swarm mode

organism mode

1

BB

H 0.5

AW
0
0

1000
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4000

t (controller ticks)
(a) Docking process, backbone bot (in the (b) Hormone dynamics, docking successful
at time step t = 2573.
back) docks to active wheel (front)
1

BB 0
BB 1
AW 0
AW 1

H 0.5

0
500

1000

1500

t (controller ticks)
(c) Collision avoidance, robotic organism (d) Hormone dynamics, sensor input vanishes at t = 1006, turning ends at t = 1326.
(right) and wall (left)
Fig. 3. Two example scenarios, upper row: docking process between a backbone
bot (BB) and an active wheel (AW), lower row: collision avoidance of an organism
consisting of 2 BBs and an AW. The hormone dynamics (right column) is given for two
robot modules each, 2 compartments per module, gray areas indicate sensor input.

In a second example we show a collision avoidance behavior of an organism
controller by an AHHS controller (see Figs. 3c,d, video online2 ). The two BBs
are lifted up by the active wheel which is moving forward towards the wall to
the left in Fig. 3(c). For this example, the sensors of the AW are turned off and
only the BB to the front is able to sense the wall. The front BB’s hormones
and those of the AW are shown in Fig. 3(d). The gray area indicates the time
interval during which the front BB perceives the wall by its proximity sensors.
A particular rule of its AHHS controller triggers a hormone production based on
this sensor input and the hormone concentration increases rapidly. This hormone
diffuses (communicated via ethernet) to the AW which, in turn, triggers the
turning behavior at t = 880. At t = 1006 the input to the BB’s proximity
sensors vanishes as the wall is out of view and subsequently the hormones drop
in the BB. They are conserved in the AW because it is programmed to pause all
hormone updates and to continue turning for ∆t = 320 time steps.
2

http://youtu.be/_Cx8-viiask
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3

Conclusion

In the projects SYMBRION [9] and REPLICATOR [5] we aim for a robot system
of high flexibility. On the one hand, modular robots provide the possibility of
dynamic morphologies but, on the other hand, it also comes with the challenge of
designing control methodologies which cope with this variability. The idea of this
work is to control all modes (swarm, team, organism) and dynamic morphologies
with our bio-inspired control approach of hormone systems.
Currently we extend our former research of offline evolutionary computation [2]
to online, onboard evolution of AHHS controllers at runtime on the robots.
The underlying reasoning is that the robotic system should be able to adapt
to unanticipated situations. This ability for flexible reactions not only to needs
of morphological change but also to needs of behavioral changes is a promising
approach for autonomous robotic systems and might help in developing robotic
systems that survive in dynamic environments.
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Abstract. We present the TAUROB tracker, a remote controlled, track driven
search and rescue robot. The vehicle is used where hazards to man can happen
through collapses, explosions, radiations or pollutants. Furthermore we present
a new steering assistance approach for unpredictable user steering behavior in
unknown off-road environment. We transferred the swarm behaviour rules to
the vehicle-user-environment which results in a subtle support of the user. After
discussing the conceptual derivation of the approach we describe the work in
progress.
Keywords. Mobile field robot, remotely operated vehicle, steering assistance
system, swarm behaviour.

1

Introduction

Due to international trends in construction engineering (urbanization, taller buildings,
longer tunnels) and transportation (share of dangerous goods increasing [1]), the challenges for fire fighters and rescue units are constantly increasing. In order to cope
with new mission scenarios resulting from these trends the use of robots becomes
increasingly attractive. The primary goal of a robot application in the domain of a
fire-fighting und rescue unit is to reduce the exposure risk of individual helpers. Additionally, robots provide access to areas that are off limits for humans due to the presence of hazards or confined space.
The most important requirement of rescue organizations as far as robots are concerned is "easiness of use". As each helper has to be able to work with a broad range
of equipment, learning and training time for new equipment is very limited. In order
to make the remote control of a robot as easy as possible, the robot’s internal system
should liberate the operator from tedious tasks such as constant observation of the
robot’s instruments and navigating the vehicle through narrow obstacles. Consequently, the operator would be able to focus on his main task, e.g. looking for survivors
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under time pressure. The operator merely has to push the joystick towards the desired
direction. The robot then will find the best way on its own.
The paper is structured as follows. In Section 2 we describe the TAUROB tracker,
a remote operated fire fighter vehicle. Section 3 outlines the Steering Assistance System. We conclude by providing an outlook.

2

TAUROB tracker

The TAUROB tracker is a remote controlled, track driven search and rescue
robot. The robot is used where hazards to
man can happen through collapses, explosions, radiations or pollutants. The
main goal is to support rescue units and
thus save the lives of rescue staff. The
TAUROB tracker is especially designed
for fire fighters, who are exposed to dangerous and life-threatening situations.
Fire fighters using the TAUROB tracker
receive location information of inaccessible and/or dangerous places. Based on
this information, they can locate injured
persons, carry out measurements or even
remove dangerous goods. The robot’s Fig. 1. - TAUROB tracker. A remote conarm is equipped with 4 degrees of free- trolled rescue robot.
dom to perform the above tasks.
Robots for search and rescue missions are facing many conflictive design parameters. They have to be lightweight and small in order to access confined spaces and
difficult terrain, and yet powerful enough to transport heavy objects. Fundamental
requirements for a rescue robot are absolute reliability, robustness and sustainability.
Additional features such as extra batteries, self-deployable radio beacons, air storage
bottles for ATEX compliance, etc. are considered beneficial. To prove those characteristics,
the robot has to go through a one meter fall test
without losing its functionality. Additionally a
rescue robot has to be water resistant and capable to be easily decontaminated. The TAUROB
tracker operates in any weather, rough terrain
conditions and on any topographic surface
including mountains, deserts, snow and ice.
Responsible for good traction are adaptive
grippers which allow a climbing performance
Fig. 2. - Adaptive variable gripper of more than 45° by adjusting the forward track
adjustment.
angle between +30° to -30°. Compression
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springs and a unique geometry ensure proper track tension. The rubber tracks provide
the required grip and are liable for the correct track guide, as well as for the damping
accomplished by the C-Fender-profiles on the outside of the tracks.

In order to simplify the control, the lower section of the robot is equipped with a front and a
rear camera as well as LED lights for lightless
environments.
To operate in dangerous zones, the robot must
not cause an explosion. To prevent an explosion,
all electrical parts have to be encapsulated and
all mechanical parts outside the protected area
need to show a low surface resistivity (< 1x109
Ω) [2]. The endurance of the robot is up to 3
Fig. 3. – TAUROB tracker in a rehours, which can be extended through additive connaissance mission.
batteries up to 5 hours.
The robot arm has an intelligent control-system, that makes it easy to operate. On
the top of the arm is a zoom camera, which is very useful for reconnaissance missions.
Figure 3 shows the compact and sophisticated system TAUROB tracker in a practical exercise with a professional fire department.
A Robot Operating System (ROS) enabled academic version of the robot is available for research and development projects with the need for a rugged outdoor platform.

3

Steering Assistance System

In the following section, we discuss the
design
goals
of
TAUROB
Steering
Assistance System (TSAS), how our implementation works
towards them, and
illustrate how T-SAS
handles a common use
case in mobile field
robotics.
As figure 4 illustrates, Fig. 4. The Assistance Systems System decides whether or not to
the assistance system alter the steering input from the user interface before forwarding it
receives and dynami- on to the robot (e.g. during obstacle detection).
cally adapts the control input of the user based on knowledge about the environment.
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The T-SAS was designed to meet a specific set of challenges the TAUROB tracker
encounters. This includes unpredictable user steering behavior in unknown labyrinthlike environments with extreme conditions (e.g. poor visibility, high temperature,
contamination, humidity). Furthermore the close entanglement of two contrary oriented aspects should be considered: the freedom of the user to control the vehicle completely unadvised and the tendency of the assistance system to take over control.
Taking all these issues into account, it turned out that it is not sufficient to directly
apply common solutions from autonomous robotics [3, 4]. Therefore we developed
the T-SAS based on a radically new approach: By regarding the interaction between
vehicle, environment and user as a strongly interconnected system we found striking
similarities to swarm behavior [5, 6] in nature. Inspired by this discovery we adapted
the 3 rules of swarm behavior [7] – attraction, repulsion and alignment. To our
knowledge, no existing solution has this set of mechanisms for assistance systems
integrated in remotely controlled mobile field robots. Figure 5 illustrates the analogy
between swarm behaviour and the environment-vehicle-user system.

Fig. 5. Left: the focal fish pays attention to all fish within a certain distance. Right: the Taurob
steering assistant of the remotely controlled vehicle (T-SAS) follows the same rules as the fish
except its alignment which refers to the steering direction of the user.

Current models of swarm behavior often implement the rules of attraction, repulsion
and alignment by means of concentric "zones" around each animal. In the zone of
repulsion, the focal animal will seek to distance itself from its closest neighbours to
avoid collisions. Slightly further away, in the zone of alignment, the focal animal will
seek to align its direction of motion with its neighbours. In the outermost zone of
attraction, the focal animal will seek to move towards a neighbour. This zone extends
as far away from the focal animal as it is able to sense.
Applied to a steering assisted vehicle, repulsion means that imminent collisions are
prevented by stopping the vehicle in front of very close obstacles. Following rule of
alignment the vehicle’s orientation is adapted in respect of the steering direction of
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the user. Thereby the vehicle will try to reestablish the previous intended driving direction. The rule of attraction adapts to the moving direction following the farthest
obstacles with the minimum size of the vehicle. In open spaces the farthest object will
be the maximum sensor range. The criteria of a minimum size guarantees that the
vehicle can come through.
Figure 6 illustrates which effects even emerge even in a simple test scenario when
a steering assisted vehicle is used which has implemented the adapted swarm rules.

Fig. 6. The first rule (repulsion) results in collision prevention by stopping in front of the obstacle (1). Following the first and second rule (repulsion and attraction) results in simple obstacle avoidance (2). Together with the third rule (repulsion, attraction and alignment) the vehicle
avoids obstacles and reestablished the intended driving direction of the user (3).

4

Outlook

To extend the navigational functionality of the TAUROB tracker we currently work
on several features. One goal is to save the perceived environment data to create an
internal map of the T-SAS. This data will be based on a 2D laser scanner and will be
updated in real-time. Once having this map we will implement the feature of autonomous navigation by giving the user the possibility to tag targets on the map displayed
on the user interface. This will give the user the possibility to control the vehicle easily (e.g. “move to point X”) or to give rather abstract commands (e.g. “explore room”).
Based on the map we plan to implement an autonomous decision-making process
which takes over control in absence of a working user-vehicle connection.
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Abstract. We describe a prototype of a professional service mobile
robot designed for execution of remotely controlled exploration and inspection tasks in dangerous environments. Built as a four flipper/track
robot equipped with sensors (cameras, thermovision cameras, temperature sensors, explosive gas detectors etc.), its aim is to explore buildings,
detect potential sources of danger (fire, explosive, poisonous gases, ruins,
shaky obstacles etc.), and locate people caught in the accidents caused
by flood, fire, earthquake or other natural and nonnatural disasters. The
robot maintains wireless video and audio communication with the operator. Having independently controlled single-drive tracks/flippers, the
robot construction and maneuverability allows easy overtaking of obstacles, including climbing the steps.
Keywords: Professional service robots; robot control; remote control;
fire-fighting robots; exploration robots; life-threatening missions; safety.

1

Introduction

In the last decade, the significance of professional service robotics has been growing rapidly, evolving to some very successful commercial products. According
to the official CARE-EUROP strategic research agenda for robotics in Europe
”Robotic visions to 2020 and beyond - 07/2009,” large breakthroughs are expected especially in the areas of professional and domestic service robotics (e.g.
security, space & undersea missions, medical diagnosis, therapy, rehabilitation,
household robots) [1], [2].
The laboratory where the authors come from was collaborating on several
R&D projects related to design and control of professional service robots with
industry partners. This has ranged from tracked humanitarian demining robots
and fire-fighting robots to robots for hydrodynamic treatment of concrete and
metal surfaces and autonomously guided vehicles (forklifts) in the automated
warehouses [3], [4]. The latest project, as reported hereafter, has dealt with the
development of an exploration robot for professional fire fighting units.
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Exploration and inspection (E&I) robots mostly operate in unknown and
non-friendly environments, executing tasks such as investigation of collapsed
buildings or inspection of disaster zones, as well as, for example, going into space
or undersea. Typically, E&I robots carry specialized inspection and surveillance
equipment, so their reliability and faultless operation become extremely important. The commercial E&I robots are still very costly, which partially explains
why they are usually teleoperated or controlled with very restricted autonomy.
In this paper we describe the design of a four-flipper tracked mobile robot
with excellent maneuverability and controllability characteristics. Compared to
similar robot designs, a presented robot structure is modular both componentwise and controlwise, with the significant portion of robot mass sitting in robot’s
four independently controlled flippers. This allows easy control of the robot’s
center of mass, which becomes crucial for movements on very rough terrains.
Robot’s single motor flipper servo drives ensure lively and energy-saving robot
motion with the recharging intervals long enough to finish most of its E&I tasks.
The paper is structured in the following way. First we describe a robot design
and the advantages coming from such design. Then we discuss robot’s maneuvering capabilities. Next we describe robot’s control characteristics and equipment
used for execution of E&I tasks. Finally, we show some experiments made with
the robot prototype and present ideas for the future work.

2

Robot design

When the analysis of motion concepts of existing E&I all-terrain robot platforms
is made, we can find wheeled robots having usually 4-6 wheels, legged robots with
4-6 legs (sometimes combined with wheels), tank-alike robots with tracks, and
finally, robots with tracks and flippers having one or two pairs of flippers [5],
[6], [7], [8]. The drives of tracks and flippers are mainly placed within the robot
body, although some robot designs keep drives within the flippers.
There are two dominant concepts of flipper motion:
- At each side, a robot has a centrally positioned longitudinal track transfering
motion directly to flipper tracks lying aside. The limitation of this concept
is that tracks at one robot side are always driven with the same speed and
the same control effort as requested by a ”higher of two” flipper load.
- A robot has two pairs of flippers with tracks rotating simultaneously. The
limitation of this concept is the absence of independent single flipper motion.
Recent E&I robot design efforts have been focused on getting omnidirectional
robotic platforms with independent motion of each wheel, track or leg, depending
on a particular type of robot configuration.
The main parts of the developed E&I robot construction (see Fig. 1) are:
- Four identical rotating flippers with circulating tracks,
- A robot body composed of a skeleton and three cylindrical modules,
- Add-on modules (housing) for control electronics, sensors and equipment.
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Robot parameters
Dimensions
700x600x1350
(WxHxL)
Weight
app. 90 kg
Load capacity
> 200 kg
Battery charging 3 hours
Max. speed
0.5 m/s

Fig. 1. Construction of the E&I robot.

Each flipper track is driven by a fully independent single motor drive (BLDC
servo) module that transfers power to the flipper track via the ”smart” reductor.
Each flipper can rotate using the same servo motor drive and a servo controlled
(DCM servo) coupling/brake section.
Cylindrical modules contain the space for stationary and replaceable battery modules. A skeleton can carry control electronics modules, sensor modules
(gases, CO, CO2, temperature, radiation), and communication modules (duplex
sound, telemetry, remote video transfer). In addition, it can carry a controllable
pan-tilt stand for mounting of thermovision and standard RGB cameras. Also, it
contains a basis for mounting of robot manipulators intended for bomb disposal,
bag handling, x-ray inspection, etc. Due to robot’s very firm construction, the
robot can carry a safe container for deposition and transport of collected explosive devices, as well as a carrier for transport of goods and wounded people.
The robot construction itself fully conforms to the ATEX norms. The ways of
wireless communication with the E&I robot are shown in Fig. 2.

Fig. 2. Wireless communication with the E&I robot.
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Thanks to these characteristics, e robot is able to perform versatile tasks
such as:
- Exploration in hazardous conditions (e.g. poisoned atmosphere, extreme
heat, radiation, and biological contamination),
- Scouting, i.e. collecting information about potentially dangerous environments (shivering and collapsed buildings, possible danger of explosions),
- Audio-visual communication with victims,
- Transport of goods and victims (e.g. in rescue operations).
In other words, potential end-users of a four track mobile robot are:
- Fire fighting units - detection of poisoning gases, areas of high temperature, positions of victims, detection of potentially explosive sources (gases),
communication with people in danger,
- Civil aid service - exploration of collapsed buildings, crisis management,
- Police squads - inspection of suspicious objects (e.g. bags with explosive),
collection of information in the hostage crises,
- Military units - removal and neutralization of explosive devices, scouting of
dangerous areas, rescuing of wounded people, using the robot as a remote
communication node.
The advantages of such E&I robot design are the following:
- Easier control of robot’s center of mass (CoM) since flippers are relatively
massive with respect to the robot’s body (each flipper contains its servo
drive, control electronics and an inclinometer),
- Better load control and better control of each flipper-ground contact force,
- More efficient conquering of obstacles due to better dispatching of power
to those flipper tracks which contribute more than others to robot motion,
which results with easier flipper rotation (max. 360o ) during the contact with
the ground,
- Wide range of robot operating configurations such as parking position (minimal dimensions), stretched position (crossing gaps, holes, rifts), walking position (flippers down like legs), driving position (flippers up with low friction
car-alike motion), working position (crossing over different prismatic, oval,
and amorphous objects),
- Possible turnover recovery (limited in the presence of robot equipment),
- Easier maintenance of the robot as each flipper is an independent module
that can directly replace any other flipper module,
- The elevated central part of the robot skeleton prevents robot from frequent
colliding or getting stuck on the outer (upper) edges of obstacles.

3

Control

The E&I robot is remotely controlled using a mobile operator control station (see
Figure 2). Because any flipper/track can operate either in flipper or track control
mode, this leads to sixteen different control modes from pure track control to
pure flipper control. The way of dealing with this control problem is described
in [9].
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Fig. 3. Steep climbing testing in the laboratory facility

4

Experimental validation

The robot test site was built using wooden pallets and wooden panels to create
complex stair widths and slopes, and slopes of different inclination (see Fig.
3). The testing polygon consists of three slopes which merge into the central
elevated plateau - one which simulates stair incline of 26 degrees, another which
simulates stair slope steeper than 33 degrees, while the third slope is made of
a large wooden plate (schoolboard) inclined by 17 degrees. It is important to
note that thanks to the materials used, the polygon can be easily and quickly
transformed into different test forms.
Functional tests were conducted during the exploration mission that took
place from the cellar to our lab on the 11th floor of the Faculty building. The
mission included a half-light movement in narrow spaces filled with lots of obstacles (old chairs, tables, bins), passing through narrow passages, climbing the
stairs all over to the lab, parking in the lab and going back to the cellar (see
Fig. 3). The total duration of this mission was little more than two hours, and
the battery had not been exhausted, which clearly indicates the benefits of the
use of single-servo drives.

5

Conclusion

Evolution of robotic systems goes in different directions. At one hand, there
are faster and more accurate systems designed for a specific purpose, while on
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the other, there are more ambiguous, flexible and versatile systems which are
characterized by more human characteristics. Professional service robots belong
to a category that stretches to both ends. The experience says that control of each
professional service robot has been specific and requirements put on control have
extended from pure remote control with no autonomy at all up to full autonomy.
In other words, a road to autonomy depends largely on the purpose of a
particular professional service robot. This involves HW & SW standardization,
increase of robot’s intelligence, robot awareness of complex environments, learning and adaptation, as well as integration of common safety rules that turn
robots into safe objects (subjects) within the working environment.
Goals of future development are reaching higher robot autonomy, better efficiency during time-critical operations, and improved performance during multiple robot missions.
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Abstract. A fleet of unmanned aerial vehicles (UAVs) is very useful in the rescue
management since it allows obtaining a frequently updated overview picture of a
disaster area. In case of using multiple UAVs for the continuous surveillance, a
human operator already cannot perform complex missions with a remote control.
Therefore, a new routing algorithm is required s.t. an area is covered the first
time as fast as possible and its continuous monitoring is performed afterwards
without constraints violation. Two new methods based on the Solomon’s insertion
heuristic (QI) and the Clarke and Wright algorithm (CW) are proposed in this
paper. Proposed algorithms provide good feasible solutions for difficult instances
with hundreds of points in a very short time.

1 Introduction
Unmanned aerial vehicles (UAVs) have already been employed for the observation purposes in the rescue missions, e.g. searching for survivors in the hurricane Katrina wreckage. However, drones are typically directed with a remote control by a human operator.
Such usage of UAVs is not sufficiently robust for the complex rescue operations. Therefore, route planning is vitally important for this domain.
When a team of first responders arrives at the disaster location, a fast overview
picture of an area obtained by the UAVs can be very useful. In addition, during the
rescue mission UAVs can perform the continuous monitoring of an area of interest.
The small-scale UAVs are especially popular because of their easy usage and low
costs. Due to the legal restrictions and their sizes the altitude of the flight and the weight
of the payload are limited. Therefore, an overview picture has to be composed of several
images taken by the drones. An input to our mission planning task includes the locations
where these pictures have to be taken (i.e. the picture points). Additionally, the input
information includes the data about multiple base stations with loaded spare batteries
and a fleet of UAVs. Battery capacity limits the flight time up to 40 minutes. Since
even a small area requires many picture points, e.g. several hundreds of points in our
application scenarios, each drone may have to perform multiple flights.
During the last decade numerous amount of research was conducted on UAV route
planning. However, to the best of our knowledge, none of the existing problems can
fully describe our specification. For example, one of the related problems, the MultiDepot Multiple UAV Routing Problem [1] (URP), requires exactly one visit at every
point and at most one route for every drone. Problems such as the Patrolling Task [2] and
Multi-Depot Multi-Trip Vehicle Routing Problem (MDMTVRP) [3] have no battery
capacity limitation. As URP, MDMTVRP allows exactly one visit at every point.
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We propose new methods based on the Solomon’s insertion heuristic [4] (QI) and
the Clarke and Wright algorithm [5] (CW). Computational results indicate that solutions
obtained by QI do not exceed the optimum by more than 27% on the small scenarios. In
addition, the mentioned heuristics solve large problem instances with over 400 points
in milliseconds.
The remainder of the paper is organized as follows. Section 2 provides a problem
description. In Sect. 3 we describe the developed algorithms. Computational results are
reported in Sect. 4. Section 5 presents the summary on our achievements.

2 Problem specification
Given a set of waypoints that consists of two subsets, a set of picture points P and a set
of base stations B, and a matrix T of flight times between waypoints. The flight time
matrix is symmetric, i.e. tij = tji . Additionally, between all triples of waypoints the
triangular inequality has to be satisfied, i.e. for any three waypoints i, j, k it holds that
tij + tjk ≥ tik . All base stations store a set of energy storage units E (aka batteries) and
a fleet of drones D. Every base station is a home base for the drones initially located
there. Mission should be finished at a predefined overall mission time mt.
We distinguish a route, a mission of a drone and an overall mission. A sequence of
waypoints where the first and the last elements are base stations is called a route. The
sequence of all routes performed by a drone forms the mission of a drone. The set of
missions of all drones represents an overall mission and a solution to the problem.
The specified problem has the following constraints:
1.
2.
3.
4.

An UAV can fly as long as energy is available.
The number of batteries and the number of UAVs are fixed.
A drone can change a battery only at its home base.
At the end of the overall mission all drones must be in their home bases.

Due to the requirements of the rescue domain, the problem has two various objectives with different priorities. The task with top priority is to visit all picture points as
soon as possible in order to get a complete overview of the situation. Afterwards, the
drones should perform a continuous surveillance so that the time between revisits of
picture points is minimized. In other words, the goal function consists of two parts:
Top priority. The objective of the first coverage is to minimize the longest mission of
a drone.
Second priority. For the continuous surveillance, a penalty value is minimized. This
value is a sum of the penalties on every delay between the revisits of every point
until the end of the mission. The more any point stays unvisited the larger is a
penalty value. More precisely, it is calculated according to the following formula:


|P | |Vp |
X
X
 (tvp − tpv−1 )2 + (mt − tp|Vp | )2  ,
penalty =
(1)
p=1

v=2

where tip is an arrival time at point p at its ith visit. |P | is the number of picture
points and |Vp | the number of visits at point p.
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3 Methods
A solution for the first coverage task can be found with the already existing algorithms.
We used the standard Clark and Wright algorithm and clustering in combination with
the Christofides algorithm [6].
As far as we know, there exist no method for the problem of continuous monitoring.
However, successful heuristics introduced for the related problems can be efficiently
adapted to this task. Therefore, we focus on the Solomon’s insertion heuristic and the
Clarke and Wright algorithm.
Queue-based insertion heuristic In order to construct routes insertion heuristics add
points one after another to more profitable paths that are chosen by their evaluation
value.
During the first coverage every point is visited exactly once and has corresponding
arrival time. As an input to QI, points are sorted by arrival time in ascending order and
collected in a queue Q = q1 , q2 , ..., q|P | , where |P | is the number of picture points.
An algorithm starts from initializing solution R with routes from the first coverage.
Afterwards picture points are added to R sequentially as long as it is possible. For this
purpose the following steps are repeated until queue Q is empty:
1. Create a set of routes Rq1 ⊆ R such that the point at the head of the queue can be
added to any route rq1 ∈ Rq1 without violating battery capacity limitation.
2. If Rq1 6= ∅ then:
(a) For every route rq1 ∈ Rq1 calculate an evaluation value:
r

f (q1 , rq1 ) = α1 · tpl q1 · scale + α2 · tq1q1 ,

(2)

where tpl q1 is the flight time between the last point pl of route rq1 and point
r
q1 ; tq1q1 is the arrival time at point q1 if it would be added at the end of rq1 . The
weights α1 and α2 = 1−α1 balance the trade off between energy consumption
and time lag between revisits. Value α1 = 0.5 showed the best results for our
test cases. The scale coefficient is set to a value s. t. the order of magnitudes of
flight time between points and their arrival time are the same.
(b) Add a point q1 at the end of rq1 ∈ Rq1 that has the smallest value of f (q1 , rq1 ).
3. If Rq1 = ∅ and there are available batteries then:
(a) Choose drone d such that its home base has spare batteries and it can visit point
q1 earlier than others.
(b) Add a route with point q1 , drone d and its home base station to solution R.
4. If point q1 was added to R then move it to the end of the queue; otherwise, remove
q1 from Q as it cannot be inserted in a solution anymore.
Modified Clarke and Wright algorithm The CW algorithm constructs the solution by
connecting points with the largest possible savings value. A savings value s(pi , pj , b)
for points pi , pj ∈ P and a base station b ∈ B is the difference between lengths of
routes b − pi − b − pj − b and b − pi − pj − b.
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In this algorithm the first step is to calculate the savings value for every combination
of points pi , pj ∈ P and a base station b ∈ B as follows:
s(pi , pj , b) = dpi b + dbpj − dpi pj ,

(3)

where dpi b , dbpj , dpi pj are the distances between waypoints.
The obtained list of savings S is sorted by the savings value in descending order. The
solution R is initialized with routes from the first coverage. Afterwards the algorithm
repeats creating and merging routes until there is no available battery. Route creation
and merging should not violate limitation of the overall mission time. The steps of the
algorithm are as follows:
1. Initialize a set of routes Rc for the next coverage as an empty set.
2. For every savings s(pi , pj , b) from the savings list do:
– if both points pi and pj are not in any route of Rc and base station b has available batteries then add a new route with these points and base station b to Rc .
Assign a drone with the home base station b and shortest mission to this route;
– else if a) one of points pi , pj is not in any route from Rc (let us assume without
losing generality this is pi ) and b) another point is at the beginning or at the
end of route rc ∈ Rc (is an exterior point) and c) battery capacity is sufficient
to fly through points of rc and point pi then connect pi and pj ;
– else if a) both points pi and pj are exterior points of different routes rc1 , rc2 ∈
Rc and b) a drone can fly through both routes then merge rc1 and rc2 . From the
drones of these routes choose the drone with shortest mission and assign it to
the new route.
3. Add routes from Rc to solution R. If there are available batteries and Rc 6= ∅ then
go to step 1; otherwise, return solution R.
It is important to mention that the heuristics described here return feasible solutions.

4 Computational results
Heuristics do not necessarily find the optimal solution. Therefore, we made an evaluation of the proposed algorithms on deviation from the optimum.
Due to the problem complexity, the new heuristics cannot be compared with the
optimum on the real-life scenarios with hundreds of picture points. However, scalability
and efficiency can be estimated by a comparison of proposed methods.
We run all tests on an Intel Core i7 2.67 GHz system with 4GB RAM.

Estimation of the deviation from the optimum Since there is no existing benchmark for
the specified problem, we used 9 randomly generated benchmarks with 6 picture points
and 2 base stations each. At every base station 1 drone and 2 – 4 batteries are located.
The longest possible mission of a drone limits the overall mission time.
We described a model of the problem in the constraint modelling language MiniZinc
and found an optimum for every mentioned benchmark by solving it with the CP solver
Gecode.
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Figure 1 presents the performance of QI and CW. All instances were solved by these
heuristics in milliseconds whereas the optimal solutions were found in 4832.72 seconds
on the average.

Fig. 1. Deviation of the heuristics from the optimum. Sign “o” indicates that optimum was
reached

Results show that QI and CW return solutions that are on 26.9% and 41.41% far
from the optimum respectively. Hence, QI achieved better results than CW on smallscale instances.

Comparison of the heuristics on the large-scale scenarios For this test we use 20 reallife scenarios with 46 – 442 points. Every instance has 3 base stations that stores 1
drone each. Picture points are evenly distributed over the area. The area can be covered
at least three times with the given number of batteries (3 – 22 in total) that are evenly
distributed over the base stations. Mission time is equal to the longest possible mission
of a drone. An example of an instance name is “80p 1” where it is the first instance with
80 picture points.
Figure 2 shows the comparison of the construction heuristics. In spite of the fact that
QI outperforms CW on the benchmarks with number of points below 85, it achieves
worse results on larger instances. Since the size of the fleet of UAVs remains the same
and a number of points increases, every drone has to cover a larger area. In that case the
point to insert may be far from the positions of the drones on the moment it should be
added to the solution.
The feasible solutions for all the instances were found by QI and CW in 147 and 592
milliseconds respectively. Due to the short computational time, these heuristics satisfy
the time requirements of the rescue domain.
In conclusion, we suggest using QI for the problems with the number of picture
points less than 85 and CW for the other instances.
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Fig. 2. Comparison of the construction heuristics on the real-life scenarios

5 Conclusions
To the best of our knowledge, there exists no method for the specified problem. Therefore, in this paper we proposed the new methods based on the standard Clarke and
Wright algorithm (CW) and Solomon’s insertion heuristic (QI).
Since both our methods are heuristics, their solutions were compared with the optimum. Solutions obtained by the QI are at most 27% worse than the optimum. In addition, these heuristics were tested on the real-life scenarios where competitive feasible
solutions were found in milliseconds.
In summary, the developed heuristics are fast, efficient and scalable to the real-life
scenarios. We suggest using CW for the problem instances with number of points over
85 and QI for the smaller cases. Further research will be conducted on enhancing these
methods by one of the meta-heuristics.
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Abstract. Unmanned aerial vehicles (UAVs) are an emerging research
area. We equip them with high resolution cameras and build a wireless
network for wide area surveillance. The sensed data is processed on-board
and transmitted over the wireless network to generate an orthographic
mosaic.
In this work we present an image transmission scheduling and incremental mosaicking approach. Our experiments with up to four UAVs
demonstrate very short delays for the final mosaic, due to the prioritization of image resolution levels and the incremental mosaicking starting
from low resolution unconnected images.
Keywords: micro UAV, mosaic, incremental, online, disaster, bundle
adjustment

1

Introduction and Related Work

In various applications for wide area surveillance of inaccessible areas, such as
disaster scenarios where no pre-installed infrastructure is available, unmanned
aerial vehicle (UAV) systems present growing relevance for frequent and continuous monitoring. A very short launch phase and processing time for the output
is of outermost importance. Hence, expensive methods are not acceptable. Considering the given requirements, i.e., quick output response, low flight altitude,
among others, our mobile camera network is built from UAVs that are able to
place themselves autonomously forming a wireless network to transmit sensed
data, i.e., high resolution images, position and orientation data, cf. [1]. In this
work we present a UAV system with embedded processing capabilities and utilizing a wireless network to transmit images and mosaick an overview image.
We propose an UAV system implementing a custom network scheduling that
prioritizes images and meta data to utilize the limited communication channel
efficiently. Furthermore, the online generation of the overview image is executed
distributed on the camera nodes and incrementally on the ground station exploiting intermediate delivered results. During mission execution, processing results
are used to provide feedback to the UAV’s control to allow active interventions
on certain events, such as the absence of area coverage or bad image quality.
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Wireless camera networks on mobile platforms for disaster response introduce additional challenges in terms of bandwidth scheduling and resource planning. In [2] wireless sensor networks built from off-the-shelf cameras are able to
ubiquitously retrieve video and still images, among other sensor data, from the
environment. In [3] UAVs use two separated network architectures for control
data and sensor data communication. The overview mosaic is built offline and
with human interaction.
The dynamic placement, wide area coverage and the network communication
play central roles in our project, while various UAVs projects, cf. [4–6], dispose
offline processing with expensive global optimization methods to achieve an appealing mosaic. In addition to the online aerial mosaic generation proposed by
[7] we employ an incremental multi-stage refinement process.

2

UAV System Description

In our use case of wide area surveillance for disaster scenarios the available resources are very limited. The majority of human resources is required for other
tasks instead of operating the UAVs, as well infrastructural resources, such as
communications, are rarely available. Hence, our proposed wide area surveillance system works as unsupervised and autonomous as possible. Autonomous
operation allows the handling of multiple UAVs, from take-off to landing, with
a minimum of expertise and training of operators required.
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Fig. 1. System overview presenting multiple UAVs with their processing components
and the common communication layer.

Our proposed system for monitoring unknown wide areas compromises three
main components presented in Fig. 1:
Mobile Camera Nodes (UAVs): Each of the aerial camera nodes consist of
the UAV, sensors such as a high resolution camera, GPS and IMU sensors,
and two processing units, i) the Onboard Control unit for flight navigation,
ii) a mid-performance embedded processing unit as Imaging Unit
Network: A wireless network infrastructure is deployed for transmitting captured images and sensed meta data. Our proposed custom application layer
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protocol schedules the transmission of captured data whereas it does not
rely on any specific transport protocol.
Ground Station: Single images of different resolutions are merged to an overview image according to the preprocessed mosaicking data and incrementally
refined by additional received data. The result is presented to the operator
and frequently updated.

3

Distributed Image Acquisition and Processing

To allow an efficient mosaicking on the limited resources on the UAV the process
is split into acquisition, preprocessing and local mosaicking. Besides, the global
mosaicking is executed on the ground station comprising the combination of all
single mosaics and images to an overview mosaic.
Due to limits of the available network bandwidth and wireless network connectivity in the whole area, a complete transmission of high resolution images
may typically not be completed during flight time. Consequently, the mosaicking is started with a rough placement of low resolution images by metadata
only and enhanced by higher resolution image data and structure data later. At
the ground station we employ such a hybrid mosaicking approach incorporating
multiple mobile camera nodes as proposed in our previous work [8].
Image Acquisition and Transmission

Full Size

Transport Queues
Qn P = n Background
Priority

Layer Lm

...

0 Byte
Meta data M

...

Image data

Layer L2

Q3 P = 3

Layer L1
Layer L0

Q2 P = 2
Q1 P = 1
Q0 P = 0

Mosaicking data T

Highest
Priority

Fig. 2. Resolution layers of one full size image are presented in the bit stream view.
The annotated metadata M , image layer L0 and mosaicking data T is enqueued to the
transportation queues with the highest priorities.

When the UAV approaches the target coordinates, for capturing an image,
it decreases its speed to reduce the likeliness of motion blur. Each captured
image is annotated with metadata from the onboard control, e.g., GPS and
IMU data, and preprocessed for transmission. Due to the high resolution camera
full sized images are too large to be transmitted directly. Hence, on the UAV
images are encoded with progressive JPEG2000 to gain different resolution and
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quality representations within one stream without additional overhead. A defined
number of layers in resolution-layer-component-position (RLCP) mode, cf. Fig.
2, are accomplished by the encoding process, annotated with different priorities
and enqueued for transmission accordingly. The lowest quality and resolution
layer and the metadata is enqueued with the highest priority for transmission.
Prioritized Data Scheduling
Our network protocol, cf. [9], conducts n = m+2 transport queues with different
priorities managed on the UAV, whereas m is the number of image resolution
layers. For every new image the metadata M is enqueued to the highest priority
queue Q0 , cf. Fig. 2, while image layers are enqueued for transmission according
to their resolution. Fig. 3 depicts the transmission of the individual data chunks
t0

M0

t1

M1

t2

M2

no network connection

T
I2 L0

continued

time

I1 L0

I0 L0

Fig. 3. The metadata packages and image data are shown as received at the ground
station from the camera node. In situations of bad network connectivity the data
transfer gets stalled, as presented in this example.

according to our proposed scheduling scheme in case of missing network connectivity. The first image is taken at t0 and the corresponding metadata M0 is
transmitted with the highest priority P = 0, followed by the lowest resolution
and quality layer I0 L0 with a lower priority P = 1. At t1 the next image I1 is captured and the metadata M1 interrupts the lower prioritized queue Q1 . After the
processing of at least two images on the imaging unit the computed mosaicking
data T , i.e., image transformations, camera poses, and selected structure data,
are transmitted with the priority level P = 2 subsequently after the image layer
L0 .
Incremental Mosaicking
The initial mosaic, by the simple projections on the ground plane according
the meta data and camera extrinsics is incrementally refined when more images are considered. By conducting bundle adjustment, cf. [10] for computation of the scene structure and camera extrinsics the mosaicking is improved.
Furthermore single and non-overlapping images are presented in the overall mosaic only by their metadata projection. For effectiveness overlapping images are
pre-determined based on a rough projection estimated from GPS and IMU data,
before applying the keypoint matching among them. In Fig. 4 such mosaics is
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Fig. 4. A rough mosaic from data of multiple UAVs, placed by metadata only (left).
The final mosaic after two complete flight rounds overlaid onto Google Maps, with
blending executed and visualized to the operators (right).

presented immediately to the operators, where images are blended with subjacent images according to the methods presented in [11] and [12] for an appealing
representation.

4

Results and Conclusion

In this work we have shown an incremental mosaicking approach for wide area
monitoring with scheduled data transmission. Immediate presentation to operators can be achieved due to the prioritized data scheduling over the wireless
network when transmitting the pre-processed data to mosaic the overview images on the ground station. The average flight time of one UAV is less than 15
minutes, and it is taking about 40 to 60 images depending on the planned route.
In one test, the first overview is received and visualized after a few seconds, when
four images (of resolution level L0 ) are received as shown in Fig. 4 (left). After
192 seconds, in total 12 images and image transformations are received to generate the overview mosaic, but with reduced resolutions. While after 960 seconds
the whole area is already presented in Fig. 4 (right), in the operator’s console,
and is increased by additional images and higher resolutions to the end of the
mission.
Furthermore, in this work we have evaluated that our image transfer scheduling outperforms the continuous transmission of fixed sized images over the wireless network and is able to utilize the available bandwidth is optimally. Low
resolution representations of all participating UAVs are transmitted with an acceptable delay and presented immediately. The distributed mosaicking process
could further be improved by dynamically arranging tasks and resources among
participating UAVs to exchange mosaicking data and enhance the local mosaicking.

63

6

Daniel Wischounig-Strucl and Bernhard Rinner

Acknowledgment
This work was performed in the project Collaborative Microdrones (cDrones)
of the research cluster Lakeside Labs and was partly funded by the European
Regional Development Fund, the Carinthian Economic Promotion Fund (KWF),
and the state of Austria under grant KWF-20214/17095/24772.

References
1. Quaritsch, M., Kruggl, K., Wischounig-Strucl, D., Bhattacharya, S., Shah, M.,
Rinner, B.: Networked UAVs as aerial sensor network for disaster management
applications. e & i Elektrotechnik und Informationstechnik 127(3) (2010) 56–63
2. Akyildiz, I.F., Melodia, T., Chowdhury, K.R.: A survey on wireless multimedia
sensor networks. Journal of Computer Networks 51(4) (2007) 921–960
3. Coopmans, C., Han, Y.: AggieAir: An integrated and effective small multi-UAV
command, control and data collection architecture. In: Proceedings of the 5th
ASME/IEEE International Conference on Mechatronic and Embedded Systems
and Applications (MESA09). (2009) 1–7
4. Daniel, K., Dusza, B., Lewandowski, A., Wietfeld, C.: AirShield: A system-ofsystems MUAV remote sensing architecture for disaster response. In: Proceedings
of the 3rd Annual IEEE Systems Conference. (March 2009) 196–200
5. Roßmann, J., Rast, M.: High-detail local aerial imaging using autonomous drones.
In: Proceedings of 12th AGILE International Conference on Geographic Information Science: Advances in GIScience, Hannover, Germany. (2009) 1–8
6. Rosnell, T., Honkavaara, E.: Point Cloud Generation from Aerial Image Data
Acquired by a Quadrocopter Type Micro Unmanned Aerial Vehicle and a Digital
Still Camera. Sensors 12(1) (January 2012) 453–480
7. Caballero, F., Merino, L., Ferruz, J., Ollero, A.: Unmanned Aerial Vehicle Localization Based on Monocular Vision and Online Mosaicking. Journal Of Intelligent
& Robotic Systems 55(4) (August 2009) 323–343
8. Yahyanejad, S., Wischounig-Strucl, D., Quaritsch, M., Rinner, B.: Incremental Mosaicking of Images from Autonomous, Small-Scale UAVs. In: Proceedings of the 7th
IEEE Conference on Advanced Video and Signal-Based Surveillance. (September
2010)
9. Wischounig-Strucl, D., Quartisch, M., Rinner, B.: Prioritized data transmission
in airborne camera networks for wide area surveillance and image mosaicking. In:
Proceedings of the IEEE Conference on Computer Vision and Pattern Recognition
Workshops (CVPRW). (2011) 17–24
10. Lourakis, M., Argyros, A.: SBA: A software package for generic sparse bundle
adjustment. ACM Transactions on Mathematical Software 36(1) (March 2009)
2:1–2:30
11. Gracias, N., Mahoor, M., Negahdaripour, S., Gleason, A.: Fast image blending
using watersheds and graph cuts. Image and Vision Computing 27(5) (April 2009)
597–607
12. Xiong, Y., Pulli, K.: Fast image stitching and editing for panorama painting on
mobile phones. In: Proceedings of the IEEE Computer Society Conference on
Computer Vision and Pattern Recognition Workshops. (June 2010) 47–52

64

Profiling IEEE 802.11 Performance on
Linux-based Networked Aerial Robots
Robert Kuschnig1 , Evsen Yanmaz2 , Ingo Kofler1 , Bernhard Rinner2 , and
Hermann Hellwagner1
2

1
Institute of Information Technology (ITEC)
Institute of Networked and Embedded Systems (NES),
Klagenfurt University, AUSTRIA
<firstname>.<lastname>@uni-klu.ac.at

Abstract. Continuous innovation in wireless technology, such as adaptive rate control and new antenna systems (beam forming, antenna diversity, and multi-input multi-output systems), enhances the performance
of wireless transmission systems at a cost of increased complexity. While
sensor networks operating at low data rates can do without these new
technologies, they are essential for aerial robot networks, where visual
sensor data (like high resolution images or video) are expected to be
transmitted. When the data rate requirements are coupled with the sensitivity of the wireless links between aerial robots to the position or the
orientation of the robots and as well as their motion, development of
high-capacity links can become a great challenge. An intuitive way to
achieve better link quality is to design the wireless transmission system
via profiling the wireless links in real-world measurements. This paper
shows how to realize and analyze IEEE 802.11 performance measurements on Linux-based platforms.
Keywords: 802.11, measurements, Linux, unmanned aerial vehicles

1

Introduction

In the last couple of years, unmanned aerial vehicles (UAVs) have gained great
interest. While the main driving force behind UAV development has been the
military, small-scale UAVs have recently become also available for the civilian market. Typical applications include aerial photography or surveillance, live
video streaming, which may be used to support the navigation of the UAVs, or
still image transmission for generating high resolution overview images of areas
of interest. All of these applications require a data downlink of the sensed data
from the vehicles to other vehicles or a ground control station.
While ground robots usually communicate on the same plane with other
robots or the base station, networked aerial robots (like UAVs) move in the three
dimensional space and are expected to require more sophisticated transmission
systems. The wireless links need not only support high data rates required by
the application, but overcome the limitations due to the positioning, orientation,
and motion of the aerial robots. The IEEE 802.11 standard, which provides high
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Fig. 1. Architecture of the Linux wireless subsystem [6].

data rates, is a typical interface deployed in wireless networks and, as an initial
step, we assume the UAVs are equipped with such wireless interfaces. Modeling
as well as handling the limitations due to the motion of the vehicles on the
other hand is a challenging task. As illustrated in [3, 7], collecting real-world
measurement data over an experimental testbed of networked aerial vehicles can
prove very useful to achieve this goal.
One possibility to gather information on the wireless transmission quality
is the use of the Linux wireless subsystem [6]. Even more detailed information
can be extracted from packet traces by utilizing the monitor mode in the Linux
wireless subsystem [4]. In this paper, we provide a methodology to profile the
wireless links for Linux-based networked aerial vehicles. We present two options
to collect link quality information and monitor the 802.11 wireless interface. We
illustrate the use of our approach via some real-world measurements between a
UAV and a ground control station.
The rest of the paper is organized as follows. Section 2 provides the architecture of the Linux wireless subsystem. In Section 3, two methods for Linux-based
802.11 measurements are introduced. The measurement results for a 802.11abased network are presented in Section 4. Section 5 concludes the paper.

2

Architecture of the Linux Wireless Subsystem

The Linux wireless subsystem [2] consists of several modules, which handle the
configuration of the IEEE 802.11 wireless hardware and manage the transmission
of the data packets [6]. Figure 1 depicts the architecture of the subsystem. In
the wireless subsystem (as of early 2012) the configuration is made in the user
space (e.g., associating to an access point or setting the transmit power) and the
Linux Netlink [5] interface nl802113 is used to access the cfg802114 module in
the kernel. The cfg80211 module implements configuration options which are
common in IEEE 802.11 platforms. It also performs active tasks like scanning
the network for access points (APs) and manages the encryption of the wireless
transmission channel.
The mac802115 module implements the medium access layer in software,
which can be used by wireless devices that expect the MAC-layer to be imple3
4
5

http://linuxwireless.org/en/developers/Documentation/nl80211
http://linuxwireless.org/en/developers/Documentation/cfg80211
http://linuxwireless.org/en/developers/Documentation/mac80211
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mented in the device driver (also called SoftMAC devices). Nowadays nearly
every chipset uses this SoftMAC approach, because it lowers the hardware costs.
Therefore, mac80211 handles the construction of the 802.11 frames and implements also the rate control algorithms (see mac80211 documentation). The
mac80211 module directly interacts with the IEEE 802.11 device drivers (e.g.,
ath9k) to transmit or receive data packets. The drivers have to implement the
ieee80211 ops interface for that purpose. For legacy reasons, the interfaces of
the old wireless driver framework are still supported by means of the wirelessextensions (wext).

3

Methods for Profiling the 802.11 Performance in Linux

The wireless subsystem of Linux offers two different options to gather information on the wireless transmission system. First, a snapshot of the wireless
connection status can be retrieved via the nl80211 interface. Second, by using the monitor mode of the wireless subsystem, it is possible to get detailed
information for each received and transmitted network packet.
3.1

Using Wireless Connection Status

The status of a wireless connection can be monitored by using the nl80211 interface to the wireless subsystems. The nl80211 interface describes all commands
which can be issued and information which can be retrieved. An example is the
iw tool6 , which is an nl80211-based command-line interface configuration utility
for wireless devices. On an access point the “station dump” option can be used
to print all information about the connected client. The information includes
average signal strength (SS) of the last received data packets and the sending
and receiving data rate. At the client, the “link status” option of iw can be used
to get information about the connectivity to the access point.
The standard nl80211 interface only reports the signal strength of the antenna used for receiving. But usually more than one antenna is used in the
wireless cards to enable diversity. To get an idea how the differnt antennas perform and which antenna is selected in the transmission process, the OpenWrt
project7 extended the Linux wireless subsystem and specifically the ath9k 802.11
driver8 to report the signal strength of individual antennas.
While gathering information on the wireless transmission quality by means
of the nl80211 interface is straightforward, there are still some open issues. To
continuously monitor the transmission channel, polling has to be used, which
is computationally expensive if the time interval between the samples is short.
The reported values are usually averaged, but the method how the values for
the single packet transmissions are aggregated is not documented. Also, the update frequency of the data is unknown. For that reason, the nl80211 interface
is usually only used to monitor the performance in static environments. In the
6
7
8

http://linuxwireless.org/en/users/Documentation/iw
https://openwrt.org/
https://dev.openwrt.org/browser/trunk/package/mac80211?rev=30753
https://dev.openwrt.org/browser/trunk/package/iw?rev=30753
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Fig. 2. Sample output of wireshark showing the radiotop header.

next section, a method for gathering information on the individual packet transmissions will be presented.
3.2

Using Wireless Packet Capture

In addition to the usual operation modes of a wireless interface (i.e., infrastructure or ad-hoc mode), the Linux wireless (IEEE-802.11) subsystem also provides
a monitor mode 9 . In this mode, all packets received by the wireless device are
handed over to the operating system, which is very useful when debugging a
wireless system. This monitor can be used in parallel to a normal operation
mode (like infrastructure mode), which helps to gather detailed information on
the wireless transmission.
In the monitoring mode, the wireless subsystem creates a new wireless device,
which can be used to capture the wireless network packets. While this is also possible with non-monitor devices, the monitor device adds a special header to the
IEEE 802.11 frames, which carries the information on the wireless transmission.
This so called radiotap header10 includes detailed information on each packet,
like the signal strength or the data rate of the received packet. For sent packets, the header includes the number of retransmissions needed and whether the
packet was successfully transmitted or not. Detailed information on the fields of
the radiotap header is listed in [1]. Since each captured packet also includes a
very accurate time stamp, other performance values such as throughput, packet
delay, and packet loss rate, can also be derived.
Because the Linux wireless subsystem is still work in progress and not all
drivers supply the same information, not all reported values are valid. For instance, in our measurements, we experienced that with the current ath9k driver
and the used hardware (see Section 4), the antenna used for receiving the packets is not reported correctly. Another issue when capturing at packet level is
the high data volume, especially when using MIMO (802.11n). To mitigate this
problem, the packet capture interface allows to capture only packet headers.
Apart from using the capture interface directly, also established software can
be used to capture and analyze the wireless packets. The most prominent tools
9
10

http://linuxwireless.org/en/users/Documentation/modes
http://linuxwireless.org/en/developers/Documentation/radiotap
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(a) Test area

5

(b) Test setup

Fig. 3. Test area (waypoints over campus, 150 m × 150 m) and test setup.

are tcpdump11 and wireshark12 [4]. Tcpdump is a command-line program used
to capture network packets and runs also fast on embedded devices. It offers
powerful filter capabilities to reduce the data volume. Wireshark is a graphical
tool, which can capture and analyze network packets. In addition, it can also
parse and decode the radiotap header (see Figure 2).

4

Measurement Results for 802.11a-based
UAV-to-Ground Links

To illustrate how the methods for measuring the 802.11 performance can be used
for profiling the wireless links in real-world flights, we constructed a flight route
around our campus (as depicted in Figure 3). The test setup consists of one
UAV (AscTec Pelican), which is equipped with a board featuring an Intel Atom
processor (Ubuntu Linux 10.04) and a SparkLAN WPEA-110N wireless card
(Atheros AR9280). The access point is a Netgear WNDR3700 version 2 with
two Atheros AR9280-based wireless cards running the Linux-based OpenWRT
Backfire 10.03.1-RC5. On the access point and the UAV, two WiMo 18720.11
antennas are mounted, one being vertically and one horizontally mounted. For
this test we used profiling based on wireless packet capture.
Using the presented methods, we were able to measure the received signal
strength (RSS) and the achieved throughput in the described scenario. The distance and height values are obtained from the recorded GPS and IMU readings.
As shown in Figure 4, RSS for the downlink (DL) decreases with the distance
to the AP, but remains at an acceptable level. The high variance of the RSS is
mainly because of the UAV’s movements. The throughput follows the RSS and
decreases with the distance. Throughput drops can be noticed during the UAV’s
acceleration phases. Note that the different receiver sensitivity of the wireless
cards used on the AP and the UAV leads to a different baseline performance
in the uplink and the downlink. While this paper focuses on how to acquire information about the wireless transmission channel, more details and additional
results of real-world flights are presented in [7].
11
12

http://www.tcpdump.org
http://www.wireshark.org
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5

Conclusion

Profiling the communication performance of UAVs connected via an 802.11 wireless network is an ongoing research topic. The main issues are that the UAVs are
able to move arbitrarily in the 3D space and can change the orientation with respect to the ground station very fast. With the presented methods for measuring
the 802.11 performance, we can get new insights into the factors influencing the
communication performance of UAVs, as they enable profiling the performance
in a fine grained manner.
Acknowledgments. This work was performed in the project Collaborative
Microdrones of Lakeside Labs and was partly funded by the ERDF, the KWF,
and the state of Austria under grant 20214/17095/24772.
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Abstract. We present a visual servoing approach for controlling a micro aerial vehicle which is based on monocular camera input and a fuzzy
logic controller. Visual pose estimates are obtained using a state-of-theart visual SLAM approach combined with marker-based metrical initialization. In comparison to related work, we demonstrate that our system
tolerates quickly changing velocity measurements which are commonly
observed in visual pose estimation, and that it is well suited for autonomous inspection tasks because it does not require a nadir view onto
the scene.
Keywords: Visual servoing, micro aerial vehicle, fuzzy logic, non-nadir
camera, parallel tracking and mapping, MAV, PTAM

1

Introduction

Airborne image acquisition has a long tradition in photogrammetry, surveillance,
and inspection. Recent achievements in aerial robotics led to the development
of robust and easily usable micro aerial vehicles (MAVs) such as quad-rotor
helicopters, which are typically remote controlled but become increasingly autonomous. As an effect, robotic applications emerge in typical human-operated
service tasks such as monitoring of oil and gas pipelines, power lines [1], power
pylons or large crowds [2]. All applications of autonomous flight require sophisticated mechanisms for automatic take-off, hovering and landing, since these are
the critical flight phases.
A variety of algorithms for perception and control of autonomous aerial vehicles has been proposed, mainly because the most suitable technique highly
depends on the available sensors. The most common approach is to obtain pose
information based on external systems; the Global Positioning System (GPS) is
frequently used for outdoor scenes [3], and the Vicon tracking system for indoor
scenes [4]. Often, Inertial Measurement Unit (IMU) readings are fused to the
external measurement for stabilization and control of the MAV. However, for
applications in an outdoor environment such as the inspection of power pylons
the accuracy delivered by GPS is not sufficient, and high-precision systems such
as differential GPS are not feasible due to cost, weight, and handling issues.
Other approaches rely on sensors which move along with the vehicle and need
Simultaneous Localization and Mapping (SLAM) procedures. Autonomous vehicles often incorporate Laser Range Finders (LRFs) to perceive depth directly [5].
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However, in outdoor environments LRFs have a restricted perception distance
and either the time for scanning an entire volume is considerably high, or the
scanner is too heavy for an MAV. In comparison, visual sensors are light-weight,
deliver the richest representation of a scene, and can be used for indoor as well
as for outdoor applications. Related work in visual localization [6] has shown
that a single sensor is enough to estimate motion in 6 degrees of freedom (DoF),
and yields higher precision than low-cost GPS sensors. The only drawback is
that visual input requires the most computational power to process the data.
In this work, we present a system which provides robust visual servoing
for MAVs based on monocular camera input and a fuzzy logic controller. The
system is well suited for inspection tasks, because the camera’s pitch angle can
be arbitrarily defined and is not restricted to nadir views. The incorporation of a
fuzzy controller allows to quickly change payloads as no model knowledge about
the MAV is required, and it tolerates quickly changing velocity measurements
which are commonly observed in visual pose estimation.

2

Fuzzy Visual Servoing

Visual servoing techniques use visual input to control the motion of a robot.
In general, the goal is to minimize the error between a desired system state
and the noisy measured system state by controlling the system’s variables. For
MAVs such as quad-rotor helicopters, it is feasible to control the speed of four
rotors independently, or on a higher level to control the three system angles roll
Φ, pitch Θ, and yaw Ψ , as well as the thrust T . Given a 6 DoF visual pose
estimate, it is also possible to control the position of the MAV in space using
Position-Based Visual Servoing (PBVS). A position controller has four inputs,
namely the desired position (x∗ , y ∗ , z ∗ ) and the desired yaw angle Ψ ∗ . Roll Φ and
pitch Θ depend on the position commands, as the MAV has to nick or roll to
obtain a certain position. By changing the desired values accordingly, the position
controller is used to control an autonomous MAV during take-off, hovering, and
landing; in other words, the desired trajectory control for inspection applications
is implemented.
The following sections give an overview of our fuzzy visual servoing approach
and discuss the advantages with respect to related work. Subsequently, our approach to autonomous take-off and landing is introduced.
2.1

System Design and Overview

Our system design incorporates several properties of the flight hardware, the
visual perception methodology, and the application of airborne inspection. An
overview can be found in Fig. 1.
Many commercially available MAVs, such as the Ascending Technologies Pelican used in this work, already come with an attitude controller which translates
angular and thrust commands into rotational speeds [7]. Attitude control is based
on IMU and accelerometer readings and provides a good basis for robust and
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Fig. 1. Fuzzy visual servoing. Our system consists of a cascaded control loop with
an attitude controller and a position controller. Feedback is received using a camera
mounted on the MAV and subsequent processing by PTAM [8]. The position controller
consists of three independent PID fuzzy logic controllers and a simple proportional
controller to maintain the orientation of the MAV.

stable flight. However, due to the lack of exteroceptive sensors it is prone to drift
and bias, and depends on the accuracy of the system model.
Visual pose estimation overcomes this issue. We use a single monocular camera and an adaption of the well-known Parallel Tracking and Mapping (PTAM) [8]
algorithm to localize the MAV. PTAM is capable of estimating the current camera pose up to scale by simultaneously tracking image patches and maintaining
a bundle-adjusted map. Since visual navigation of an MAV also requires the
correct scale, we place a known ARToolKitPlus marker [9] into the scene during initialization. We thus recover a metrical baseline, which leads to correct
metrical scaling of the entire map.
In a local environment, PTAM typically delivers good pose estimates within
a range of a few centimeters, depending on the distance to the scene. However,
the position estimate can considerably jump within that range because of the
error propagation of quantized feature measurements. This has a major effect on
control: The derivative of the position, i.e. the estimated velocity, suffers from
heavy salt-and-paper noise.
Different approaches have been presented to resolve this issue with visual
pose input. Kemp [10] maintains a set of multiple smooth position and velocity
estimates, where the best is selected based on likelihood and processed using
simple PID control. This is similar to particle filtering and thus requires a lot
of additional processing power. Bloesch et al. [11] and Achtelik et al. [12] try
to accurately model the system in a Linear Quadratic Gaussian control design
with Loop Transfer Recovery (LQG/LTR). They incorporate additional sensor
information from IMU, accelerometers, and an air pressure sensor to cope with
pose estimation uncertainties. While this fusion is beneficial, it requires considerable system knowledge about the aerial vehicle and restricts the flexibility.
In contrast, our fuzzy control approach allows to interactively change payloads
based on the application, but also to change the set of rules based on the current
scene and the corresponding visual pose estimation quality.
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Table 1. Fuzzy logic rule-set for determining the output based on the current position
error ex and velocity error ∆ex .
∆ex \ex
NEG
CENTER
POS

BIG NEG
BIG POS
POS
CENTER

NEG
POS
POS
CENTER

CENTER
POS
CENTER
NEG

POS
CENTER
NEG
NEG

BIG POS
CENTER
NEG
BIG NEG

Finally, airborne inspection tasks require a camera which looks at the scene
rather than on the ground. It has recently been shown that this can be achieved
with a single camera by interleaving detailed and overview images in a stream [13].
In contrast to most existing approaches [11][12], we do not require a nadir camera
view; we do not even require a rigid transformation between the camera and the
MAV due to the cascaded controller. Our system only employs the 3D position
and the yaw with respect to the scene for control, so mechanical stabilization of
the camera is possible and the camera’s pitch angle can be arbitrarily defined.
2.2

Fuzzy PID Control

The position controller consists of three identical PID fuzzy logic controllers for
the individual axes and a proportional controller to maintain the orientation of
the MAV. In the following, the controller for the x axis is described.
Based on the desired position x∗ and the current position x, the error ex and
the error change ∆ex can be calculated. Thus, two variables serve as controller
input, whereas the output is the desired pitch angle Θ∗ . The error change
∆ex [n] = ex [n] − ex [n − 1],

(1)

where n is the current time, gives a rough estimate for the velocity error. The
desired pitch angle Θ∗ is obtained by integrating the relative change of the pitch
angle over time, i.e.
Θ[n]∗ = Θ[n − 1]∗ + ∆Θ[n].
(2)
The integration part is necessary to compensate MAV drifts along the roll angle.
Moreover, the temporal integration of the fuzzy logic output enables to cope with
external influences such as wind, battery drain or turbulences.
A typical fuzzy logic controller consists of three blocks, namely fuzzification,
inference and defuzzification. First, the two inputs and the output have to be
fuzzificated, meaning that the measured values are mapped to the truth values
of the fuzzy set. Then, the rule-set of the inference block as shown in Table 1 is
applied; it is defined in a way a human expert would control the pitch Θ when
manually flying the MAV. It can be read in a linguistic way as
IF ex is BIG NEG AND ∆ex is NEG THEN ∆Θ is BIG POS,
in other words if the position error is large and negative, and the velocity error
is also negative then the desired output is large and positive. Based on the five
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Fig. 2. (a) State machine for autonomous flight. (b) MAV trajectory during take-off
(green), drift compensation (magenta), hovering (blue) and landing (red).

membership functions of the first input ex and three of the second input ∆ex ,
fifteen rules exist to control the x-position of the MAV.
Finally, the last block of the fuzzy logic control is the defuzzification. The
truth values of the output membership functions are mapped to a real value for
the system input. In case of the x-position controller the change of the pitch
angle is computed. We use the Center-of-Area method for defuzzification, where
the center-of-gravity of the area of the composited output function is mapped
to the x-axis.
2.3

Autonomous Take-off, Hovering, and Landing

Visual servoing is especially beneficial when high positioning accuracy is necessary, namely during take-off, landing, and when hovering close to objects. A
state machine demonstrating the individual steps and a resulting trajectory is
shown in Fig. 2.
For autonomous take-off, we first acquire a sparse map of the area around
the starting point by manually translating the vehicle while looking towards the
marker. As the marker can be tilted, the reference coordinate system for navigation is set with an xy-plane parallel to the ground, based on the IMU readings
of the MAV. Finally, the first waypoint is set just above the starting point, and
the MAV increases the thrust until it starts climbing and receives the first valid
pose estimate. Typically, the missing accurate system model leads to a drift
compensation phase where the correct parameters are automatically estimated.
Afterwards, the MAV automatically hovers at the commanded waypoint until it
receives a new desired position. For landing, we decrease the thrust of the MAV
so that a visually supervised decline is initiated. Once the map is lost close to
the ground, the MAV continues to decline with the same thrust until it touches
the ground.

75

Table 2. Performance for outdoor hovering. The RMS and maximum error for the z
and xy-plane and in 3D space (xyz) are compared to [12].
Approach
Ours, 320 × 256 px
Achtelik et al.[12]

3

Distance [m]
10.0
3.3

RMS error [m]
z
xy
xyz
0.0643 0.1495 0.1627
0.11
0.44
−

Max error [m]
z
xy
xyz
0.2189 0.2716 0.3471
−
−
−

Experiments and Results

We performed several experiments to evaluate the accuracy of our visual control
approach which are discussed in the following. To obtain these results, we used
an Ascending Technologies Pelican quad–rotor helicopter equipped with a mechanically stabilized industrial camera. We streamed images with a resolution
of 320 × 240 px at 30 Hz via a wireless 802.11n link to the ground station. To
ensure a reliable connection for control commands, we send control commands
over a separate X-Bee wireless data link directly to the MAV’s autopilot.
Note that a fair comparison of our visual servoing approach to other work
would only be possible in a simulated environment. All results depend on the
scene, the distance to the scene and for outdoor experiments on the wind conditions.
3.1

Hovering Results

For measuring the hovering accuracy in an outdoor setting we hovered directly
above the take-off position at an altitude of 1.5 m and a horizontal mean distance
to the feature points in the map of about 10 m. As error measurement we use
the Root Mean Square error (RMS) in individual directions, and we compare
our results to the work of Achtelik et al. [12] in Table 2. It can be seen that
we are outperforming their approach, although we do not yet incorporate IMU
measurements and employ a non-nadir view with larger distance to the scene.
An example for the hovering trajectory is visualized in Fig. 2.
3.2

Trajectory Flight Results

Not only the accuracy at a fixed position is important, but also the trajectory
between defined waypoints is of interest. Therefore, we evaluated the accuracy
of flight trajectories during an indoor experiment. We defined a 2 × 2 m square
trajectory sampled in path lengths of 1.0 m at an altitude of 1.5 m as depicted
in Fig. 3 and measured the RMS error in individual directions. The results are
compared to those of Bloesch et al. [11] in Table 3. Our results can compete, and
we are not dependent on a wired connection between MAV and ground station.
Furthermore, we do not rely on a textured ground plane which is often not
available when flying above a road or grass, and our approach does not require
a system model of the MAV.
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Table 3. Performance for the trajectory flight. The RMS and maximum error for xyz
are evaluated by sampling along the trajectory in 0.5 mm steps.
Approach

RMS error [m]
y
z
0.1109
0.0663
0.0748
0.0423

x
0.0704
0.0995

Ours, 320 × 256 px
Blösch et al. [11]
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Fig. 3. MAV trajectory along a predefined 2.0 × 2.0 m square path. The first two
figures show the temporal change of the x and y coordinates and the third the spatial
representation of the trajectory in 3D space. Waypoints are defined in steps of 1.0 m.

Further results demonstrating our performance during take-off, hovering, and
landing, as well as during phases where occlusions of the scene occur, can be
found online1 in form of a video.

4

Conclusion

We have presented a robust visual servoing system for MAVs based on monocular
camera input and a fuzzy logic controller. The system is well suited for inspection
tasks, because the camera’s pitch angle can be arbitrarily defined and is not
restricted to nadir views. The incorporation of a fuzzy controller allows to quickly
change payloads as no model knowledge about the MAV is required, and it
tolerates quickly changing velocity measurements which are commonly observed
in visual pose estimation.
In future work we will focus on running the controller on–board by splitting
the tracking and mapping processes according to [14]. Additionally, we would
like to investigate the adaptation of the fuzzy rules based on the estimated visual
input quality.
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Abstract. Mobile autonomous robots are systems that on the one hand
are seriously constricted to processing power, energy consumption and
execution time, but on the other hand typically have to issue strict safety
guarantees. A robot must consume as little power and CPU cycles as
possible in order to maximize its sustainability but also its reactivity.
In addition, a robot has to operate under strict safety conditions as it
might inflict serious damage to the real world or even human beings.
Safety properties in robotic software are often proven at source code
or even model level. A well established methodology for improving execution time and energy consumption is that of compiler optimization.
When translating a given program into machine executable code, an optimizing compiler transforms the original program into an improved but
semantically equivalent one. Unfortunately, safety properties specified
and verified at source code level might be violated in a transformed program. Hence, aggressive compiler optimization is not suitable for stateof-the-art safety-critical robotic systems. This paper outlines ongoing
work on optimizing compilers that perform translation validation for all
executed program transformations. Consequently, the outcome of optimizing transformations is formally verified and therefore can be applied
to safety-critical robotic systems.

1

Motivation

Autonomous mobile robotic systems are steadily growing in terms of number
but also of importance. Rescue operations in hazardous areas, surveillance or
reconnaissance missions in hostile environments, but also less spectacular but
nevertheless highly important tasks like auto-piloting of vehicles in public traffic
or service robots have already found their way into reality. In all these usecases robots closely interact with their environment, the real world. Although a
robot’s application has a high benefit, it also introduces high potential for serious
damage or even casualties in case of faulty or erroneous behavior. In consequence,
software for safety-critical systems has to be certified, which implies verification
of the over-all system and especially its software.
As the level of autonomy and mobility increases, energy consumption becomes
an important concern for robotic systems. By bringing their own battery (and

79

2

Dietmar Schreiner

hence leaving stationary power supplies behind) robotic systems have to be resource saving and energy aware. To maximize the sustainability (the time of
operation) of a mobile robot, energy saving hardware as much as resource aware
software becomes mandatory. In consequence, software has to be executed on
rather slow but low-power hardware. Additionally, reactive systems like robotic
devices demand calculations to terminate within reasonable time. As one can
easily see, software for robotic devices has to close the gap between cheap (in
terms of energy consumption) hardware and expensive (in terms of complexity
and runtime) algorithms.
One technique to improve software performance (less energy consumption, less
CPU cycles) on a given hardware platform is that of compiler optimization. An
optimizing compiler not only transforms a given source program into machine
executable form but also modifies or even rewrites the program in order to be
more efficient.
Unfortunately, software certification is often related to source code. Static properties, like for example bounds of array indices or loops, are checked at source
code level. Any following transformation from source code to machine executable
code is assumed to be correct as either a verified compiler is used, or a widely
used compiler (typically open source) is applied which is considered to be correct. Both cases are not satisfactory. Existing verified compilers typically cover
only a reduced subset of languages like C or C++ and do exist for selected target
platforms only. Widely used compilers tend do be modified frequently and every
modification has potential to introduce new flaws.
The solution we aim at is a compiler framework that performs optimizations but
provides a proof of correctness for each transformation in terms of the original
source code. Hence, all properties certified at source code level are proven to be
present within the optimized machine executable binary.

2

Foundations for Correct Compilation

A compiler is a tool that translates a program from one representation into
another, typically from human readable source code into machine executable
binary code. In general two main directions for the verification of compilers can
be found in literature. One aims at a verified compiler, while the other aims at
verified translations.
Following the idea of a verified compiler [1–3], all algorithms used by the compiler
have to be formally proven. Then the compilers implementation has to be proven
with respect to the algorithms. As a result, a verified compiler is created and can
be trusted in terms of correct transformations. The down-side of this approach
is the rather high complexity in formalizing algorithms and sound theorems,
leading to high costs, little variability when it comes to distinct target platforms,
and little flexibility for future changes.
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The second approach does not aim at a verified compiler itself but at verified
results of a compiler run. This technique is called translation validation [4–6]
and verifies that the output of a compiler (the machine executable code) is a
correct translation of the source code fed into the compiler. The main difference
between these approaches is that in translation validation a valid proof can be
achieved even if the compiler is incorrect but performs the one correct translation that is validated. As the compiler is not subject to verification (typical for
translation validation) it might be altered without impact on costs and flexibility. However, there is a downside on translation validation: As only the result of
a specific translation/transformation is verified, the verification procedure has
to be applied to every single program transformed by the compiler.
Another approach to assure correctness of compiled programs is that of proofcarrying code (PCC) [7, 8]. Here, a compiler that has not to be verified transforms
the source program into machine executable code, and in addition generates
facts, which are used to reason about a program’s behavior before execution. In
that way, the execution environment is enabled to check if all constraints implied
by the source program’s semantic hold within the compiled program.

3

The C3Pro Approach

Within research project C3Pro1 (Correct Compilers for Correct Application Specific Processors) we merge the translation validation approach with the proofcarrying code idea. However, in our approach the concept of proof-carrying code
is applied to intermediate code rather than to the final machine executable code.
Hence, in our case PCC constraints are not checked by the execution environment but by subsequent compiler phases.
Results of the Verifix project [9, 10] show that a complex transformation like
the translation of source code to machine executable code can be partitioned
into a sequence of smaller sub-transformations in such way that correctness can
be shown for every single sub-transformation. The overall transformation’s correctness is guaranteed if every sub-transformation is correct [11]. Consequently
we isolated a series of relevant and promising compiler passes and optimizations
within an full fledge industry C compiler2 in order to reassemble them to a
translation validation and PCC aware compiler that does correct compilation.
The original industry compiler exhibits 84 different passes with a total of 25
mandatory ones.
Figure 1 depicts the workflow within a compiler as proposed by our approach.
Source code (Src Code) is translated into an intermediate representation (IR
Code) by a specific compiler pass (CPass n). In addition the compiler pass emits
PCC facts (Witness) for the generated code. In C3Pro we have developed the
1
2

http://www.complang.tuwien.ac.at/c3pro
http://www.catena.nl/
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Fig. 1. Workflow of Compilation

meta-language Hydra, which is used to hold both IR code and PCC facts. Every
compiler pass is followed by a verifier pass. The C3Pro verifiers check the correctness of the associated compiler pass taking the original program, the transformed
one, and the witness facts into account. This procedure is iteratively applied to
all passes. If all passes are correct, the over-all translation is correct.
By analyzing all passes of an industry C compiler, it turned out that only 4
types of verifiers, each representing one specific methodology, are needed for our
approach:
Graph Transformation: This type of verifier checks properties that are completely decoupled from a programs semantic. Specific nodes or even sub-trees
in a program’s abstract syntax tree are exchanged in accordance to predefined static rules. Arithmetic optimization is an example for a compiler pass
that can be validated by this type of verifier.
Fixed Point Iteration: Control flow or data flow properties can be calculated
and verified by calculating fixed points on a programs control flow graph
and abstract syntax tree. Loop-invariant code motion is an example for an
optimization that can be validated by this type of verifier.
Theorem Proving: Logic formulas typically derived from simulation traces in
state-transition systems are evaluated by a theorem prover. The SSA (static
single assignment) transformation is an example of a compiler pass that can
be covered by this type of verifier.
Abstract Execution of State-Transition Systems: By modeling the instructions’ semantic as abstract state machines, execution traces can be verified with respect to side effect freeness or semantic equivalency. Instruction
scheduling is one example of a compiler pass that can be validated by this
methodology.
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Most of these analyzers operate with almost linear complexity. However, those
that are not that nice in terms of run-time do not harm the usability of our
approach. Every single sub-transformation can be proven in isolation. A complete correctness proof has to be found only once after development is finished.
Therefore, time consuming verifiers can be run at the finalization phase of a
project, while all others can be calculated continuously.
A drawback of the proposed methodology is that we rely on the correctness of
verifiers and a theorem prover. Iff one of these tools is faulty, the result of the
verifiers becomes meaningless. Hence, those tools have to be considered ”trusted
code”. However, there is good reason to pursue our approach: Our trusted code
base contains rather simple and small tools that can be verified (even manually)
at rather low costs. In addition, these tools do not have to be verified if the
compiler is changed, rewritten, or even reworked from scratch. The trusted code
required for our approach is decoupled from the work pice, the compiler.

4

Conclusion

Within this paper we discussed the relevance of correct optimizing compilers for
safety-critical robotic systems and issued a position statement on correct compilation. We outlined a methodology for translation validation in combination with
proof carrying code for intermediate representations in optimizing compilers. As
this work is preliminary and in progress future work will include the implementation of all verifiers for the selected mandatory passes in order to prove the
validity of our approach.

References
1. Leroy, X.: A formally verified compiler back-end. Journal of Automated Reasoning
43 (2009) 363–446 10.1007/s10817-009-9155-4.
2. Strecker, M.: Formal verification of a java compiler in isabelle. In Voronkov, A.,
ed.: Automated Deduction-CADE-18. Volume 2392 of Lecture Notes in Computer
Science. Springer Berlin / Heidelberg (2002) 135–163 10.1007/3-540-45620-1 5.
3. Blazy, S., Dargaye, Z., Leroy, X.: Formal verification of a c compiler front-end.
In Misra, J., Nipkow, T., Sekerinski, E., eds.: FM 2006: Formal Methods. Volume
4085 of Lecture Notes in Computer Science. Springer Berlin / Heidelberg (2006)
460–475 10.1007/11813040 31.
4. Pnueli, A., Siegel, M., Singerman, E.: Translation validation. In Steffen, B., ed.:
Tools and Algorithms for the Construction and Analysis of Systems. Volume 1384
of Lecture Notes in Computer Science. Springer Berlin / Heidelberg (1998) 151–166
10.1007/BFb0054170.
5. Necula, G.C.: Translation validation for an optimizing compiler. In: Proceedings
of the ACM SIGPLAN 2000 conference on Programming language design and
implementation. PLDI ’00, New York, NY, USA, ACM (2000) 83–94

83

6

Dietmar Schreiner

6. Barrett, C., Fang, Y., Goldberg, B., Hu, Y., Pnueli, A., Zuck, L.: Tvoc: A translation validator for optimizing compilers. In Etessami, K., Rajamani, S., eds.:
Computer Aided Verification. Volume 3576 of Lecture Notes in Computer Science.
Springer Berlin / Heidelberg (2005) 273–286 10.1007/11513988 29.
7. Appel, A.: Foundational proof-carrying code. In: Logic in Computer Science, 2001.
Proceedings. 16th Annual IEEE Symposium on. (2001) 247 –256
8. Necula, G.C.: Proof-carrying code. In: Proceedings of the 24th ACM SIGPLANSIGACT symposium on Principles of programming languages. POPL ’97, New
York, NY, USA, ACM (1997) 106–119
9. Goerigk, W., Dold, A., Gaul, T., Goos, G., Heberle, A., Henke, F.W.V., Hoffmann,
U., Langmaack, H., Pfeifer, H., Ruess, H., Zimmermann, W.: Compiler correctness
and implementation verification: The verifix approach (1996)
10. Zimmermann, W.: On the correctness of transformations in compiler back-ends.
In Margaria, T., Steffen, B., eds.: Leveraging Applications of Formal Methods.
Volume 4313 of Lecture Notes in Computer Science. Springer Berlin / Heidelberg
(2006) 74–95 10.1007/11925040 6.
11. Goos, G., Zimmermann, W.: Verifying compilers and asms or asms for uniform
description of multistep transformations. In Gurevich, Y., Kutter, P., Odersky,
M., Thiele, L., eds.: Abstract State Machines - Theory and Applications. Volume
1912 of Lecture Notes in Computer Science. Springer Berlin / Heidelberg (2000)
281–297 10.1007/3-540-44518-8 11.

84

Simplified Programming of Modular Robotic Systems
Based on Workflow Modeling
Matthias Plasch, Andreas Pichler, Martijn Rooker
PROFACTOR GmbH, Im Stadtgut A2, 4407 Steyr-Gleink, Austria
{matthias.plasch, andreas.pichler, martijn.rooker}@profactor.at

Abstract. Current industrial robots are optimized to “economy of scale” while
new business models demand customization, individualization and serviceorientation. The next generation of robotic workers will have to cope with more
complex tasks, rapidly adapt to new situations and provide high flexibility.
Such production equipment can be realized by introducing modular plug-andproduce components. A modular based toolkit is proposed to enable flexible
engineering as well as simplified configuration and programming of complex
robotic assistance systems. The introduced tools and methods allow the design
and reconfiguration of complex systems, which are composed of autonomous,
modular functional components. Based on component behavior modeling and
workflow modeling techniques, these systems can be programmed, simulated
and verified requiring less development time than conventional methods.
Keywords: Workflow, Behavior Descriptions, Human-Robot Interaction.

1

Introduction

Industrial production companies nowadays face the difficulties of fast changing
market trends, increasing market competition and rising costs. At the same time, customers demand product variations, small lot-sizes and high quality in short production
time. These requirements raise the demand for preferably user-friendly engineering
tools, which enable fast reconfiguration and maintenance of such robotic systems.
A method to enable simplified programming of a control application for modular
robotic systems is presented. The main idea is that the supervisory control application,
which coordinates the autonomous system components, is determined by means of a
process description that is expressed using a workflow modeling language. Section 2
provides an overview of other approaches to behavior modeling for robotic applications. In section 3 the workflow engineering process is introduced and explained in
detail. An example of how the workflow can be applied to a real-life application is
presented in section 4. Section 5 gives details about aspects that are being worked on
at the moment for the engineering process and concludes the paper.
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2

State of the Art

Many approaches have already been developed for describing the behavior of a
(robot) system. One of the earlier specification methods for behavior programming
was the Behavior Language by Brooks [1]. This is a rule-based real-time parallel
robot programming language based on subsumption architecture. The Behavior Description Language (BDL), introduced by Liang et al. [2] is a behavior based requirement modeling language with formal syntax and semantics. It uses a general purpose
requirements description language for modeling large and complex systems. The Extensible Agent Behavior Specification Language (XASBL) [3] is a C++ based language describing behaviors for autonomous agents based on hierarchical finite state
machines. XASBL was mainly developed to design the behavior of soccer robots [4].
Workflow modeling in the field of computer science started in the area of parallel
computing in multiple processing elements. Ackerman et al. introduced dataflow
languages [5] that use a petri-net to represent the dataflow in a program. Other studies
include scientific workflow management systems such as Kepler [6] and workflow
languages for business process modeling such as YAWL [7]. The design decisions for
the developed, graphical workflow modeling language have been chiefly influenced
by the standardized UML activity diagrams [9] and the concepts introduced by [7].
Eshuis [8] introduces concepts to enable reactive workflow modeling with activity
diagrams. In contrast to activity diagrams the proposed language uses strictly combined control- and data-flow channels to exchange data between activities. The connection between activity output parameters to input parameters of a subsequent activity is determined by setting up parameter mapping tables. This convention reduces the
complexity in graphical workflow models. Moreover, the commencement of an activity’s execution is clearly defined, resulting in an event-based execution scheme. An
event-based and reactive execution model eases the transformation of the workflow
model into a representative control application. The used workflow modeling language has been designed to meet the requirements for the proposed engineering approach. The novelty of this approach can be located in the generation of an IEC 61499
control application, whose behavior is initially described by a workflow model.

3

Engineering Process

This section presents an engineering process to enable simplified programming of
control behavior for a robotic system. In Fig. 1, the main components of the underlying system architecture are shown. The method assumes that the robotic system is
composed of a number of functional components which are modeled in a 3D simulation environment. Based on the modeled components and process knowledge, the
engineer uses a workflow editor to design a workflow specification which describes
the desired process. A code generator is then used to generate an IEC 61499 compliant control application [10]. The generated application can be executed either on
hardware resources, or coupled with the 3D simulation environment. In both cases the
support for an IEC 61499 compliant runtime environment is required.
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Fig. 1. Overview of the Engineering Process

3.1

3D-Model Design

Plug-and-produce system components can be modeled in a 3D simulation environment, for instance from CAD data, and are extended with a behavior description.
This behavior information is expressed by declaring Service Functions (SF) and corresponding parameters, which represent the functionality provided by the component.
The behavior information of a functional component can already be provided by the
components vendor, and does not always need to be declared manually by the engineer. The modeled components combined with the behavior information are henceforth denoted as Service Components (SC). For moving components, for instance
robot manipulators, kinematic equations can be added to the simulation model objects. This enables the components to make movements during simulation execution.
3.2

Design of the Workflow Specification

To enable workflow design for the robotic system, a graphical workflow editor has
been developed. The workflow editor connects to the 3D simulation environment and
reads the determined behavior information. This data is used to create a palette of
available workflow activities, each representing a defined SF. A collection of predefined activities are used to influence the execution sequence of the workflow activities. As a main characteristic, the developed workflow modeling language uses combined control- and data-channels. Execution sequence and data objects are therefore
represented by a single activity connection. The workflow specification is designed
by connecting workflow activities among each other, which results in a process description.
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3.3

Automatic Generation of the Control Application

Based on the modeled workflow specification, an IEC 61499 compliant control application can be generated automatically. The developed code generator firstly checks
the workflow specification for syntactical and structural correctness (e.g., specified
activity parameters; presence of start point; data type constraints). The code generation process builds on a data model, encompassing workflow language elements, activity transformation rules, and configuration parameters for the target platform. In the
first generation step, Function Block (FB) types representing the modeled workflow
activities are generated.
Secondly, instances of the representative FB types are created, and added to a new
control application instance. The activity connections provide information on which
event and data connections need to be created between the FB instances. This information is extracted by directly relating the connected activity interfaces and their
activity parameters, to events and associated1 data variables according to IEC 61499.
The interface to a SC is realized by generating a Composite FB type which is
called the Service Component FB type (SC FB type). An SC FB type handles several
SF invocations which concern the certain SC. Fig. 2 depicts an overview of the FB’s
Composite Network and illustrates the connection to the SC.
The first internal FB type constructs SF invocation commands and checks if the SC
is ready. Invocation requests for the modeled SF calls are represented by the event
inputs (1) and their associated input parameters (2). If the invocation request has been
accepted, the SF parameter values as well as the SF’s name are passed to the Communication FB (3) and submitted to the SC. While the SC processes the received invocation command (4), it cannot accept further commands. The processed data and
status information is returned to Communication FB (5) and forwarded. Based on the
returned status information, the subsequent FB type reports the successful or erroneous SF execution back to the supervisory control application. The corresponding
events (6) and parameter (7) outputs are forwarded to the SC FB type’s output interface. After that, the execution of the invoked SF is considered to be done and the SC
is ready to receive the next command.
Construction of Service-Function
invocation command

Communication
Function Block

Status evaluation based on
Service-Function return data

1

6
3

Service-Component
Implementation
Behaviour Implementation
(Service-Functions)

5

4
7

2

Communication Service

Interface to a Service-Component

Fig. 2. Schematic overview of a Service Component FB type and its interaction with the associated Service Component
1

The association between an event and associated data variables is called
WITH-construct [10].
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3.4

Simulation and Execution of the Control Application

Once the control application has been generated, it is mapped and deployed to
hardware resources, which support an IEC 61499 compliant runtime environment. By
coupling the runtime environment with the 3D simulation environment, the generated
application can be verified by checking the simulated behavior of the SC models. In
that way, the engineer can iteratively improve and check the interaction between SCs
before running the application on real hardware.

4

Example Application

The presented engineering approach is being applied in the research projects
LOCOBOT [11] and CustomPacker [12], to enable intuitive programming of modular
robot components. LOCOBOT aims to develop low-cost robot assistances, designed
to interact with human workers in production processes. CustomPacker focuses on the
development of highly flexible packaging assistants.
To demonstrate the usefulness of our approach a robotic cell is modeled at our lab.
The main task of the robotic cell is to detect objects in an unstructured environment,
grasp them and place them at a designated position. The cell is built up of different
SCs that need to be controlled. These include an Industrial Robot with a Gripper, an
Object Recognition system as well as a Path Planning software module.
The first modeling step in our process is the definition of the behavior description
for the different SCs. Based on the behavior description and the different components
available in the work cell, the system engineer can define the workflow for the system. The defined services of the SCs are automatically integrated as SFs in the workflow editor, so the system engineer only has to include them at the right point in the
workflow. By combining the different SFs together with the predefined workflow
elements the system engineer is able to design the complete sequence of events that
will happen inside the work cell. If the workflow is complete, the tool generates the
control application for the work cell, which can be validated first in the simulation
tool and afterwards be deployed to the real hardware.

Fig. 3. Workflow of the robotic Bin-Picking Cell
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5

Conclusion and Future Work

An engineering approach, as proposed, can help to reduce problems in programming
control applications for complex automation and interaction tasks. This method builds
on modular SC and software design, as well as application specific workflow modeling, leading to high flexibility. Iterative development of workflow specifications
based on prior simulation enables the early detection of design mistakes.
Future work includes the improvement of the definition of the various SCs. The integration of the SCs inside the simulation model, to enable effective simulation, is
another step in the development. Another aim is to enable code generation based on
other platform specific languages, like e.g. IEC 61131-3 compliant languages.
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Abstract. Recent rule changes in the RoboCup SPL (Standard Platform League) have resulted in a challenge to making goals uniform. Participating teams must now keep track of their playing direction during
the game. This poses a problem since the robots allowed are not equipped
with an electronic compass.
This paper presents a novel idea: Usage of the visual background that is
normally removed as an additional clue for robot localization. Multiple
colour histograms are used to describe the background in different areas in order to overcome the uniform goal problem. The paper presents
first approaches of the Austrian-Kangaroos RoboCup Team with some
preliminary results and will give the reader some insight as to how the
ongoing work in this research area has progressed.
Keywords: Localization, RoboCup, Computer Vision, Robotics, Background, Colour Histogram

1

Introduction

Removing or segmenting the background from objects of interest is the most
common first step of a computer vision system. This allows the computational
resources to focus on the area of interest.
A specific approach are employed in the RoboCup SPL (Standard Platform
League): Fast, internal angular sensors next to the camera are used by most
teams to find and project the horizon in the camera image. Computational cheap
vision algorithms are then used to predict a convex hull around the green playground in which all objects of interest are assumed [1, 2, 3]. But more recently,
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rule changes within the league are forcing teams to also consider the surrounding
when monitoring the playing direction. This season, keeping goals uniform is the
most dominant problem since the playground is fully symmetric and no artificial landmarks are allowed to determine the playing direction. In addition, the
robotic hardware used does not include any internal sensors including an electronic compass, which is used in the middle size league to estimate the playing
direction. Therefore, the system has to keep track of the surrounding environment in order to prevent own goals.
The league has to switch from a classical localization algorithm to SLAM (Self
Localization and Mapping) approaches [4]. This paper presents a method for determining the correct direction by segmenting the background into equally sized,
projected tiles and uses their colour histograms in order to distinguish the tiles.
The matching algorithm is similar to algorithms that are used in stereo vision
systems to compare observed tiles with the background previously observed and
learned. Our tests on real and simulated data shows that this approach will not
solve the localization problem, but it is sufficient to find the playing direction.
Fig. 1 shows a simulated robot and projected tiles in two different but similar
locations.
This paper is structured as follows: First, we give a brief introduction to the
background needed to understand our approach. Then Section 3 presents other
approaches to the uniform goal challenge and a similar method used for robot
localization. Finally, Section 4 describes our approach followed by preliminary
results and a conclusion in Section 6.

2

Background and Self-Localization

Commonly used localization techniques are based on particle filters [4] and/or
Kalman filters like those in [5, 6]. Both techniques are designed to estimate a
system’s state x at a creation time. Such an estimated xt is based on a measurement yt related to the state by the function h and on a state prediction x̂t .
The state prediction involves knowledge of the system F as well as the control
commands u. Since we are dealing with a real system, we have to integrate the
measurement noise v and disturbances on our model w. Therefore, we prefer
rewriting the classical form of a Filter [7] to Eq. (1).
xt = F (x̂t , yt , vt )

state estimate

(1a)

ŷt = h(x̂t , wt , vt )

measurement prediction

(1b)

state prediction

(1c)

x̂t = F́ (xt−1 , ut−1 , wt−1 )

A particle filter generates state hypothesis called particles with a predicted
measurement ŷt . Good particles with a ŷt near the perceived measurement yt are
updated by F́ for the next measurement comparison. Particles with a bad ŷt are
re-sampled on locations near the good particles and updated by F́ afterwards.
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(a) Projected tiles in view

(b) Simulated environment

(c) Opposite tiles to Fig. 1(a)

(d) Opposite view to Fig. 1(b)

3

Fig. 1. Simulated robot and robot view using the B-Human Code-Release 2011 [1].
Photos of our lab were used as background to make the simulation more realistic.

This leads to the accumulation of particles around the real state xt , in our case,
the robot pose [x, y, α]0 on the playground. Since the playground is symmetric,
at least two state would be valid for any measurement. The attentive reader will
discover the need for augmented measurements with additional features to solve
this problem.

3

Related Work

During the RoboCup WC 2011, multiple teams showed different approaches to
overcoming the uniform goal challenge. The approaches presented involve the
usage of the ball as a unique and additional dynamic feature [5] or, alternatively the recognition of team-mates with known locations [8]. All approaches
presented fail if the last player would lose their position knowledge.
Another possibility would be to use image features like SIFT [9] to recognize
unique objects within the surrounding area. In [10] it is shown that it is possible
to parallel track and map (PTAM1 ) image features such as SURF [11] and key1

PTAM: http://www.robots.ox.ac.uk/~gk/PTAM
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points to estimate a camera pose in real-time. This was possible by optimized
implementations of the 5-point pose estimation algorithm [12, 13]. But this algorithm would consume all of the computational power on our robot hardware
that is needed by other components.
A computationally more efficient method that is more related to the work presented was proposed by [14] that used colour histograms derived by an omnidirectional camera to recognize environments. This approach was also not sufficient
to estimate the robot’s exact pose but enabled the system to estimate the room
in which the robot was located and to load the correct, pre-known map for the
actual localization.

4

Colour histogram based orientation estimation

Our approach extends the particle filter used by an additional measurement to
favour particles with a certain orientation α. This is done by:
1.
2.
3.
4.
4.1

Projecting tiles onto a virtual surrounding wall.
Calculating colour histograms of each tile.
Matching the perceived colour histograms against the knowledge base.
Updating the knowledge base if possible.
Background tiles and segmentation

The first step in our approach is to segment the background into tiles by projecting rectangles on a virtual wall next to the playground. This can be done since
the localization converges into two maxima with different signs. The projected
tiles will be on the same projected image location in both cases see Fig. 1. Tiles
that are not completely in the current view are not taken into account.
It would also be possible to project tiles in more than one row or even onto the
ceiling, if needed. It should also be mentioned that the position of the tiles could
be adapted, and it could also be designed to create a dome to cover the entire
surrounding area.
4.2

Histogram

Our colour histogram has 14 pins, 12 for colours and two representing the black
and white components in the yCbCr colour representation. An inner cylinder
along the y-axis is used for the black and white components and the remaining
space is partitioned into three levels where every level is divided into four colour
classes. With this approach, it is sufficient to compare the signs of the Cb and Cr
components to determine the colour class. Fig. 2 shows the colour space and a
sample histogram. The circle in the colour space represents the area mapped in
black and white. The layer where y = 0 is the first layer (dark colours), y = 0.5
is the second layer and at y = 1 shows the third layer (light colours).
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Fig. 2. Colour space partitioned into three sections and a sample histogram

4.3

Matching

Instead of matching all particles with the current view we like to shorten the
measurement by just favouring particles with a certain orientation α. This is done
by matching the current tiles in view to the environment learned. The dynamic
programming approach used for this matching is similar to global stereo vision
matching techniques [15] and takes occlusions into account. It is also possible to
combine histograms which allows the use of hierarchical matches. The resulting
PDF (probability density function) covers 360◦ and can then be used to weigh
particles with a certain orientation α.
4.4

Training

During a normal game, visitors will come and leave the playground so the background will change too. Therefore, the knowledge of the background must be
kept current. A robot with a high certainty of its own location will utilize the
background tiles it observes to gain its knowledge.

5

Results

We tested the colour histogram based orientation system on the real world and
on simulated robots. Fig. 3 shows the robot’s perceived world state and the
colour histogram-based orientation that was estimated is represented by the
black arrow.
One can see clearly that the predicted angle matches the current orientation
of the robot quite well. Statistical data is currently not available, due to the
current ongoing preparations for the RoboCup, but they will be presented soon.
The current colour histograms perceived are shown in Fig. 3(a) and Fig. 3(c)
next to the colour histograms learned in the robot’s estimated viewing direction.
We would also like to mention that our approach is presently not yet included
as input for the localization, and that this will be realized until the WC 2012 in
Mexico.

95

6

An approach to overcoming the Uniform-Goal Problem within the SPL

(a) Simulated robots, world state

(b) Simulated robot and its current view
related to (a)

(c) Real robot, world state

(d) Real robot view related to (c)

Fig. 3. Simulated and real robot with drawn estimated viewing direction based on the
colour histogram approach, the real robot world state (c) includes also the current
predicted location.

6

Conclusion

We have presented a novel way of using multiple colour histograms as an additional source of clues for particle localization. Colour histograms are based on
wall tiles projected into the image that cover the surrounding area. The proposed matching algorithm provides a PDF of 360◦ which is used to augment the
current measurement. A particle filter can use the result to favour particles with
a certain orientation. The preliminary results on simulated and real data that
were presented showed the first signs of success, but these also open up issues
concerning matching and learning techniques. The approach presented can be
run in real-time on a NAO robot. Enhancement of the processes of on distributing and finding a common background during the game will still be an open
topic for more research. Finally, we like to mention that the colour histogram
based orientation estimation can also be of use in other mobile robotics topics
next to RoboCup.
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Carsten Könemann, Benjamin Markowsky, Ole Jan Lars Riemann, and Felix
Wenk. B-human team report and code release 2011, 2011. Only available online: http://www.b-human.de/downloads/bhuman11_coderelease.pdf.
[2] Markus Bader, Alexander Hofmann, Jens Knoop, Bernhard Miller, Dietmar Schreiner, and Markus Vincze. Austrian-kangaroos team description
for robocup 2011. In RoboCup 2011: Robot Soccer World Cup XV Preproceedings. RoboCup Federation, 2011.
[3] Somchaya Liemhetcharat, Brian Coltin, Junyun Tay, and Manuela Veloso.
Cmurfs 11: Carnegie mellon united robots for soccer. In Thomas Röfer,
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Abstract. This article describes the design of the DeWaLoP (Developing Water Loss Prevention) pipe-joint redevelopment mechanical system.
DeWaLoP project objective is to redevelop the cast-iron pipe-joints of the
over 100 years old fresh water supply systems of Vienna and Bratislava,
by building a robot that crawls into water canals of about one meter in
diameter and is able to apply a restoration material to repair the pipejoints. In order to redevelop the pipe-joint, the robot must be able to
reach any point inside the pipe. In the same way, the mechanism must
be precise, due that cast-iron is a fragile material and can be broken
easily. Hence, the mechanism designed is similar to a double cylindrical
robot, able to cover the inner pipe surface for different pipe diameters,
ranging from 800mm to 1000mm.
Keywords: In-pipe robot; cylindrical robot; pipe redevelopment;

1

Introduction

The state of the art for pipe cleaning mechanisms, do not include cleaning in
between the gap of the pipe-joint, however, these mechanisms removes impurities
only over the pipe wall. The GRISLEE (Gasmain Repair and Inspection System
for Live Entry Environments) is designed to be modular, so different kinds of
in situ repairs are possible. The cleaning system consists of flails, which expand
when they rotate and cleans the surface by impact abrasion method. The system
has a compact size, and is able to work in different pipe sizes. The modular
system makes capable of using different kind of repairing methods like patching
[1].
Another in-pipe mobile platform includes a structure able to increase its
height in order to adapt to different pipe diameters, while the cleaning system is similar to an umbrella kind open-and-close mechanism, which makes the
robot highly adaptable to different pipe sizes [2]. Consequently, conventional
pipe cleaning mechanism uses a rotating tool to remove impurities without considering detailed areas. For DeWaLoP project, the cleaning of detailed areas is
crucial, the cleaning mechanism must be able to clean pipe-joint gaps ranging
from few millimeters to 3 centimeters.
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Thus, the proposed mechanism, we called redevelopment tool system, consists
of a modified double cylindrical arm. On one end a cleaning tool and the sealing
material applicator are installed, while on the other end, a wheeled-motor rotates
the entire system. Moreover, the tool system is flexible, meaning it can adjust
to different pipe diameters, ranging from 800mm to 1000mm.

2

DeWaLoP In-pipe Robot System

The DeWaLoP robot system objective is to redevelop the cast-iron pipes of the
over 100 years old fresh water supply systems of Vienna (3000 km length) and
Bratislava (2800 km), by crawling into water canals of about one meter diameter
and applying a restoration material to repair the pipe-joints.
Attempts to redevelop these types of pipes included operators inside the onemeter pipe diameter, which creates a special situation that presents safety and
health risk [3].

Fig. 1. Operator inside the pipe, analyzing and cleaning a pipe joint.

The DeWaLoP robot is intended to be a low cost robot with high reliability
and easiness in use, the robot system includes the conventional inspection of the
pipe system, which is carried out using a cable-tethered robot with an onboard
video system. An operator remotely controls the movement of the robot systems.
The proposed solution consists of three main subsystems: a control station, a
mobile robot (similar to a vehicle) and a maintenance system:
Control Station / Remote Control. The control station is in charge of monitoring and controlling all the systems of the in-pipe robot. The main controller
is composed of a couple of SBC (single board computers), one is in charge of
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monitoring and displaying the video images from the cameras on a LCD display,
the second SBC is in charge of the robot systems remote control, which receives
the information from the physical remote control (the joysticks, buttons and
switches), in order to control the robot systems [4].
Mobile Robot. The mobile robot enables the in-pipe modules to move inside
the pipe, in the same way, it carries the electronic and mechanical components
of the system, such as power supplies, restoration material tank, motor drivers,
among others. It uses a differential wheel drive, which makes the robot able to
promptly adjust its position to remain in the middle of the pipe while moving.
Maintenance Unit. The structure is able to expand or compress with a Dynamical Independent Suspension System (DISS) [5]. By expanding its wheeledlegs, it creates a rigid structure inside the pipe, so the robots cleaning and
restoration tools work without any vibration or involuntary movement from the
inertia of the tools and accurately restore the pipe-joint; while, by compressing
its wheeled-legs, the wheels become active so the maintenance structure is able
to move along the pipe by the mobile robot.
The structure consists of six wheeled legs, distributed in pairs of three,
on each side, separated 120◦ , supporting the structure along the centre of the
pipe. The maintenance system combines a wheel-drive-system with a wall-presssystem, enabling the system to operate in pipe diameters varying from 800mm
to 1000mm. Moreover, the maintenance unit and the mobile robot form a monolithic multi-module robot, which can be easily mounted/dismounted without the
need of screws [8].

Fig. 2. DeWaLoP in-pipe robot.
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Vision System. The in-pipe robot includes in total four cameras, in order to
navigate, detect and redevelop [6]. For the navigation stage, two cameras are
required, one located at the front, to know the way in the pipe; the second
located at the back, to know the way out. For the detection stage, an omnidirectional camera is located at the front end enabling the pipe-joint detection
[7]. Finally, for the redevelopment stage, another camera is mounted on the tool
system enabling the operator to follow in detail the cleaning and restoration
process.

3

Redevelopment System Design

The concept of the DeWaLoP redevelopment tool system mimics a cylindrical
robot, as shown in figure 3, able to cover the 3D in-pipe space. Nevertheless, the
tool system modifies the standard cylindrical robot into a double cylindrical arm,
where both arms are connected to the central axis of the maintenance unit and
located 180◦ each other, as shown in figure 2. Thus, both arms rotate from the
center of the pipe with a linear-circular bearings arrangement. Moreover, the redevelopment tool system circular movement differs from the standard cylindrical
robot in the location of the angular motion actuator. In the common cylindrical
robot a motor is located in the central axis, enabling the circular movement,
while in the tool system, this circular movement is given by a wheeled-motor
located on one of the arms, opposite to the arm with the redevelopment tools.
Hence, this wheeled-motor rotates and with it the entire redevelopment tool
system.

Fig. 3. Cylindrical robot.

The tool system can be configured as one level elevator system, in which the
redevelopment tool system can fit to pipe diameters ranging from 800mm to
900mm. Nevertheless, the spacing between the compress tool system to the pipe
wall for 800mm pipe diameter is only a few centimeters, creating a higher degree
of attention and handling care to the human operators when moving the robot
inside the pipe, so the tool system is not hit with the pipe, as shown in figure 4.
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For 900mm the spacing do not require operators extra care. Moreover, to reach
the 1000mm pipe diameter the mechanism must be replaced with a similar one
but longer.

Fig. 4. I. One elevator tool system isometric view (on top), front view (bottom). II.
Two elevator tool system isometric view (on top), front view (bottom). III. H-tool
system compress (on top) and expanded (on bottom), fitting into 800mm, 900mm and
1000mm pipe diameter.

Consequently, an improved design was implemented to protect the tool system from hitting the pipe wall, specifically, for the 800mm pipe diameter and
enabling the system to reach the 1000mm pipe diameter without the need of replacing the mechanism. This new approach to protect the tool system requires a
complex mechanism, enabling the tool system to compress more in order to make
its way into the pipe easier and safer. This new mechanism includes a double
elevator system, instead of one as the previously shown, enabling the tool system
to compress more and reach a higher range of pipe diameters, from 800mm to
1000mm. Nevertheless, the structure becomes wider, reducing the axial movement of the tools and fragile due to the double linear bearing arrangement, as
shown in figure 4.
The arrangement of linear and circular bearings in the center of the maintenance unit enables cylindrical mobility to the tool system. Nevertheless, it takes
considerable space, limiting the previous designs compress size. Hence, in order
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to protect the tool system and add flexibility to the system, a new design is
proposed.
This proposed design, called H-configuration due to the arm positions, which
are not mounted directly over the bearing arrangement, instead, are translated
to its left and right, as shown in figure 4. Thus, the arms can be arranged as
one elevator system with the maximal degree of compression, protecting the
tool system when moving into the 800mm pipe diameter and when expanding,
reaching the 1000mm pipe diameter.
Conclusion. The tool systems with elevator expansion are robust, able to handle forces and vibrations, due the position of the tool, which is perpendicular
to the pipe surface and perpendicular to the main axis of the maintenance unit.
Nevertheless, as single elevator system, the full range of pipe diameters can not
be reached, therefore, two different tool system are needed, one to cover the
800mm to 900mm pipe diameters and another longer to reach the 1000mm pipe
diameter. On the other hand, the two elevators configuration, enables the system to reach all required pipe diameters with only one system, nevertheless, the
system becomes wider, heavier and fragile.
The H-configuration locates the tool system in a safe distance from the pipe
(48mm) making itself portable and easier to be inserted in 800mm pipe diameters. It uses the maximum axial movement due to its single profile construction.
Nevertheless, the reaction forces are not directly transmitted to the center of the
maintenance unit structure.

References
1. H. Schempf, E. Mutschler, V. Goltsbergm and W. Crowley, GRISLEE: Gasmain Repair and Inspection System for Live Entry Environments, The International Journal
of Robotics Research 2003 22: 603, DOI: 10.1177/02783649030227009.
2. Z. X. Li et al., Development of the Self-Adaptive Pipeline Cleaning Robot, 2010, Advanced Materials Research, 97-101, 4482, DOI:
10.4028/www.scientific.net/AMR.97-101.4482.
3. Soon-Young Yang, Sung-Min Jin and Soon-Kwang Kwon. Remote Control System
of Industrial Field Robot. IEEE International Conference on Industrial Informatics
2008.
4. L. A. Mateos, M. Sousa and M. Vincze, DeWaLoP Robot Remote Control for
In-pipe Robot. ICAR 2011, pp. 518-523.
5. L. A. Mateos and M. Vincze, DeWaLoP Robot Dynamical Independent Suspension
System, ICMET 2011, pp. 287-292.
6. L. A. Mateos and M. Vincze, Developing Water Loss Prevention DeWaLoP Robot
Vision system, CET 2011, pp. 65-68.
7. L. A. Mateos and M. Vincze, DeWaLoPRobust Pipe Joint Detection, IPCV 2011,
pp. 727-732.
8. L. A. Mateos and M. Vincze, DeWaLoP - Monolithic Multi-module In- pipe Robot
System, ICIRA 2011, pp. 406-415.

106

Kombot - An Autonomous Mobile Order Picking Robot
Florian Ehrentraut2 , Christian Landschützer2 , Dominik Lechner1 , Christian Matt2 ,
Wolfgang Pichler2 , Bernhard Puchinger1 , Gerald Steinbauer1 , and Daniel Wimmer2 ?
1
2

Institute for Software Technology, Graz University of Technology, Graz, Austria
Institute of Logistics Engineering, Graz University of Technology, Graz, Austria

Abstract. This paper reports preliminary results on a students project dealing
with the development of an autonomous mobile order picking robot. The robot
is able to fetch container from shelves, to detect and grasp good in the container
and to deliver the order back to a drop-off point. The paper presents the principle
hardware and software design of the robot.

1

Introduction and Motivation

Order picking is a basic warehouse process and consists of collecting articles in a specified quantity before shipment to satisfy customers orders. Today order picking follows
basically three main concepts. Fully automatic dispensers for high-volume items, semi
automatic goods-to-person or manual person-to-goods solutions for medium- and lowvolume items. The semi automatic as well as the manual concept is based on humans
for the task of putting items from one container to another. Despite all novel technical
aids this kind of work is really stressful and monotonous. Moreover, these conditions
also lead to a certain level of picking errors. Fig. 1 (left side) shows an example.
The fully and semi-automatic versions are typically customer-specific special purpose solutions using high rack warehouses and state of the art conveyor techniques to
collect all the items of an order which makes these solutions expensive. Such invests
are only feasible for application domains with a high utilization. The idea of this paper
is to create a new concept for order picking using an autonomous mobile robot similar
to [1]. An autonomous mobile picking robot has been developed which can be used in
standard non-automatic warehouses with only a few modification to the infrastructure
either instead of or to assist human employees. The robot is able to navigate through
the environment fully autonomously using a laser-based navigation, and to automatically pick items from various containers stored in shelves previously requested by an
order.

2

Hardware

Fig. 1 (right side) shows an hardware overview of the prototype robot for order picking
from shelves. The robot comprises three main modules: (1) an omni-directional mobility module, (2) an apparatus to retrieve and return small containers from a shelf and (3)
?
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Fig. 1. Left: Manual Order Picking from Shelves (Photo courtesy of KBS Industrieelektronik
GmbH); Right: System Overview Hardware.

a sensor-equipped robotics arm for picking up good. At the current status we limited
the variability of goods to small pharmacy boxes. In the following section we describe
some components in more detail.
2.1

Locomotion

The mobility base of the robot consists of two independent parts. As drive the baseplatform from our RoboCup Middle Size soccer robot (Krikkit) is used [2]. This omnidrive guarantees a maximum of mobility and flexibility which is needed for both easy
positioning in front of the shelves and moving around obstacles. Because of the small
dimensions of the drive a self-supporting frame was designed which carries all the components needed for container and item manipulation, the sensors and the order bin. For
a minimum rolling friction and a maximum stability the whole frame rests on four ball
casters. The connection between the two parts is done using an adapter plate which is
mounted on the drive. This makes it easy to change the drive to another one because
only the adaptor plate has to be mounted on the new drive.
2.2

Container Manipulation

For the container manipulation two linear axis - one horizontal, one vertical - with
stepper motors and encoders are used. To get a container out of the shelf and in front
of the arm the manipulator is moved under the container, lifted up and moved out and
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driven down. Putting the container back is exactly the other way around. The stepper
motor control units use encoders to guarantee that no steps are lost during movement
so the lifting position relatively to the reference position is always known. The heights
of the different levels in the shelf are taught in beforehand.
2.3

Item Manipulation

Our robot is designed to pick cuboid-shaped boxes out of a container using a Katana
robotics arm. We decided that the most convenient and confidential way of picking up
such boxes is to use a vacuum exhauster. Its compact shape and angular tolerance allows
for easy and robust picking while the exhauster can always be hold upright. The vacuum
is strong enough to keep the boxes even in case of slight touches between the box and
other parts of the robot. A pressure sensor detects if the carried box is lost in order to
trigger a recovery procedure.
2.4

Sensors

The two main sensors on the robot are a laser range finder (Sick LMS 100) and a
Microsoft Kinect. The Microsoft Kinect is used for object recognition. It provides sufficient good RGB-D images and is rather cheap compared to other 3D scanners or cameras. The Kinect projects and detects infra-red patterns to generate a depth image from
the environment. This depth image is used to detect the items in the container and to
calculate an optimal grasping point for the arm. The laser range finder is used for navigation and localization on the map as well as for fine positioning in front of the shelves
and obstacle detection. It has a field of view of 270◦ with a range up to 20m which is
needed to achieve good localization results in wide warehouse areas.

3

Software

Fig. 2 depicts the overview on the robot’s software architecture. The main modules are:
(1) a warehouse management system, (2) a central robot controller, (3) a localization
and navigation module, (4) a robot arm controller, (5) an objects recognition module, (6)
a dedicated hardware controller and (7) basic hardware interface modules. The software
is implemented using the Robot Operating System (ROS) [3]. The communication paths
among the modules are also shown in the Fig. 2 and use either publisher/subscriber or
service mechanisms from ROS. The communication to the hardware modules runs over
different interfaces.
3.1

Localization and Navigation

The navigation of the robot between shelves and to a central drop-off point are based
on the navigation stack already provided by ROS. It uses a laser scanner and a 2D map
of the building to localize it self and to plan a safe path to the destination. For details
please refer to [4] and the references therein. In order to be able to retrieve a container
from the shelf the robot has to be positioned in front of the column very precisely.
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Fig. 2. System Overview Software.

Because the precision of the ROS navigation stack is not sufficient we added a local
reactive approach using a tracking of distinctive artificial landmark (triangles) with the
laser scanner.
3.2

Object Recognition

The recognition is designed to detect cuboid-shaped boxes. We aim for the uppermost
box because these are simple to grasp. It is assumed that the dimensions of the target
boxes are known and all boxes in the container are of the same type. The sensor used for
object recognition is the Microsoft Kinect. The steps of the Box-Detector-Service are
shown in Fig. 2. Fig. 3(a) shows the target container. First it fetches a depth image from
the camera (see fig 3(b)), starts the object recognition and returns information about the
detected objects for the following grasping process.
The recognition is based on the functionalities of the Point Cloud Library (PCL)
[5]. PCL provides a rich tool set for processing large 3D point clouds. As a first step the
content of the container is extracted from the depth image (see Fig. 3(c)). In a following
detection loop points which lie in the same plane are extracted and clustered. From the
convex hull of the biggest cluster the area and diameter are computed which are used
as decision criteria if the cluster fits or not. Clusters which are to small will be ignored
because this means that either it is the wrong type of box, a side surface or parts of the
box are hidden that it can not be grasped easily. If the cluster is too big a separation by
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(a) Container Image

(b) Input Point Cloud

(c) Container Content

(d) Detection Result

Fig. 3. Object Recognition Overview.

matching surface templates using the ICP algorithm is done. Such situations occurs if
boxes are too close together to be separated in multiple clusters. After all the detection
results especially the center points of the detected surfaces (Fig. 3(d)) are returned. The
surface center points will be used as grasping points in the following grasping task.
3.3

Grasping

For the grasping task the ROS arm navigation stack in combination with the ROS
Katana package is used for planning and executing collision free trajectories. To solve
inverse kinematics the OpenRAVE framework is used [6]. Receiving the results from
the Box-Detector-Service the Arm-Navigation-Service selects the topmost detected surface (brown dashed border in fig. 3(d)) from the list and starts planning a trajectory to
the center point of the surface, moves there, starts the vacuum pump to grasp the item
and moves on to put it into the other container. A pressure sensor detects if the item is
grasped successfully and also if it is lost during the move between the two containers.
3.4

Robot Control

The different services of the ROS-Service Layer for the subtask such as navigation, box
detection, arm navigation and so forth are called from the State Machine (see Fig. 2)
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which is written in Python using the ROS state machine architecture (SMACH). When
an order is received from the Warehouse Management the State Machine calls all the
services needed to navigate to the shelves, get the container out of the shelf, pick the
items and deliver the finished order to the drop-off point. The services in turn can also
contain their own state machines. For example the Mechatronics Controller contains
a state machine which takes the shelf level of the required container as an input and
then autonomously handles the whole process to get container out of the shelf. It also
offers a service to communicate with the stepper motor control units directly because
the vacuum pump and the pressure sensor (Sec. 3.3) are connected to their I/O ports.
3.5

Warehouse Management

A GUI is used to place orders in the Warehouse Management System. The System will
fetch additional information from the data base such as shelf places and box dimensions
of the items requested in the order and pass all these informations to the robot which
will start collecting the requested items. After the robot has finished the stock amount
will be updated according to the actually withdrawn items.

4

Conclusion and Future Work

A prototype of a concept and an implementation of a mobile order picking robot was
presented. Individual parts of the hard- and software are already implemented and work
as expected. The integration of the overall system is work in progress. Future work will
be to improve the reliability of the different hardware and software modules and the
overall system. There are also ideas for combining the container and item manipulation
using a robotics arm with a hand-like gripper. The integration of both tasks will increase
the system’s flexibility.
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Abstract. Fast and robust object classification for many classes and
easy learning of new classes for object class recognition are key capabilities in home robotics, especially when robots have to tackle object
manipulation or perform search tasks in unknown environments. The
goal is to have a robot autonomously searching for objects commonly
found in a typical household and classifying them at first occurrence in
a single view with a depth sensor. Learning new objects and categories
by showing examples to the robot is a tedious and time consuming work
when the number of classes increases or a large intraclass variance requires many training examples per class. Therefore we propose to use an
alternative and faster approach to manually teaching for learning new
categories. A semi-automatic, user-centric approach to utilize the Internet for acquiring the required training data in the form of 3D models
from the web is presented, which significantly reduces the time for teaching new categories. In this paper, we present our robotic head ”Eva”
which is designed for interactive human-robot-interaction for learning
new categories from the web and showcasing 3D classification. We give
an overview of the system which covers semi-automated training-data
acquisition from the web and real-time 3D classification with a depth
sensor and present promising results and ideas for a - not too far - robot
scenario in an internet-connected home-environment.

1

Introduction

For service robots to enter real-world home environments, they have to become
more adaptive to cope with changing environments and have to be able to transfer knowledge from one setting to another. One of the key elements for robots
to fulfill meaningful tasks for the user is object and object class recognition.
Human-robot-interaction, robot localization and mapping, and robotic manipulation can greatly benefit from a vision system that is able to categorize objects
and thereby not only assigns human-readable labels, but also provides additional
contextual and semantic information.
Teaching ones personal robot objects, specific places and the arrangement of
these objects with respect to rooms and typical locations in rooms is a tedious
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and time-consuming work if to be done by the user for every robot and every
home, unless its done automatically or semi-automatically by the robot itself.
Hence the proposition is made to grant a robot access to the Internet to boost
its understanding of the world by interactive and user guided learning from the
web.
Data from the Internet is error-prone and not easily readable by computers,
so a semi-automatic procedure is needed where the user is in the loop when
training new categories from the Internet. As the goal is to have a robot interacting with the user, the robot needs the means to communicate with the user
and provide the crucial feedback. In the case of learning visual categories, the
feedback information from the robot has to be of visual type like displaying text,
images and 3D data in addition to audio. Therefore a robotic head fulfilling these
requirements is being built to research interactive learning and classification of
categories as depicted in Figure 1.

Fig. 1. Eva, the presented low-cost robotic head, is being used for learning and recognizing categories of objects. The typical classification scenario is ”Eva, find a hammer”,
where the robotic head searches for the given class by scanning its environment and
classifying all objects around it.

Another important factor for service robots to enter real-world home environments – often overseen by scientists – is the cost for the robotics hardware,
which we personally find to be much too expensive. Our main contribution of this
paper is therefore the introduction and presentation of a low-cost robotic head,
built from off-the-shelf components, able to do the before mentioned learning
and classification with less than e500 worth of hardware, as depicted in Figure 2. The classification of objects is performed with ten frames per second and
learning of a new class can be done in less than five minutes. A database of
3D models is used as knowledge repository which can be generated and altered
semi-automatically by a non-expert with the presented robot. The source code
for the descriptors is available online within the Point Cloud Library PCL [3],
our collection of 3D models with more than two hundred classes is freely available at 3D-Net.org [4] together with the robot software as ROS packages and
additional videos of Eva doing active search and classification.
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Eva, a Low-Cost Robot Head

To successfully test and understand object classification and its limitations and
use guided interactive learning of object classes outside the predefined lab parameters, a robotic agent is needed. The requirements on a robotic agent, in our
case a robotic head, to be used in 3D object class recognition, active search, 3D
object learning from the web and human-robot-interaction are manifold but the
most important ones for the given task at hand are the following:
– Ability to pan and tilt the head: This is being used in active search and for
user interaction to follow the user’s head to have the robot’s face directed
to the user.
– A 3D sensor to acquire 3D data about the environment, finding tables and
other planes with objects on it and localizing the user.
– HRI via voice and imagery: Facial expressions are needed to give hints about
the current status of the robot. Images, 3D data and text as search results
have to be presented visually to the user in addition to speech synthesis.
– Pointing device: Not having a robotic arm to point to found objects requires
an alternative way to exactly mark objects.

Fig. 2. The proposed low-cost robotic head, Eva, constructed out of off-the-shelf products for less then e500 is depicted on the left representing the head in sleep state. The
main components of the head are a metal bowl acting as main corpus, a cake taker
where a LED beamer is used to project the face and imagery onto and a servo-based
pan-tilt unit together with a Kinect sensor build the actuation and sensing capabilities
of the head. On the left a schematic of the robot head is shown.

The presented robot head is made of low-cost standard consumer products.
The lower main corpus is made of a metallic bowl with a cake taker as upper
part representing the face of the robot head. The translucent cake taker is used
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to project eyes and images onto. As projection device a small LED beamer is
utilized. To increase the field of view and therefore get a larger projection area
for the visualizing the face, a wide-angle lens is mounted in front of the LED
beamer. As sensor, a Microsoft Kinect was stripped down and built into the
lower corpus to enable object classification, face recognition and tracking. For
evaluation purpose only, an additional stereo camera was also installed in the
base of the robot head. The head is actuated by a pan-tilt system made of servos.
Once an object is found, the user has to be informed about the object location.
As the robot head will look into the direction of the object, a red laser pointer
is calibrated to the sensor to project a red laser cross onto the object location
for feedback.
For speech recognition pocketsphinx is used and for speech synthesis – as
the robot head anyway has an active internet connection – Google Translate
is used as it is able to produce a smooth female voice and outperforms other
freely available speech synthesis software. With these few hardware components,
a cheap and fully functional robot head is being built to successfully perform
learning and classification of 3D objects.

3

Knowledge Acquisition

The input to our model acquisition system is the name of the new object class,
which can be entered by the user via voice or via keyboard. With this keyword,
we query the lexical database WordNet[1] to connect the visual class into the semantic hierarchy given by WordNet. To disambiguate the keyword, the different
meanings are presented to the user to select the appropriate one. Once the correct
meaning of the keyword is known, the synonyms and hyponyms (words sharing
a ’type-of’ relationship with the keyword) provided by WordNet are used for the
3D model search on 3D Warehouse ( sketchup.google.com/3dwarehouse ). After
download and conversion of the models, the user selects one of the models as
the reference model to enable a subsequent process of discarding wrong models
from the database using a similarity criterion to the reference model. A descriptor based on Osada’s Shape Distributions [2] is used as similarity descriptor. A
set of models is shown in Figure 3. Having a semantic meaning and an index
for the word in the hierarchy provided by WordNet enables further semantic

Fig. 3. Models acquired from Google’s 3D Warehouse. There is no common coordinate
system among the models or a common scale, but most of the mugs share a main
orientation. The intraclass variance of a common class like ’mug’ can easily be handled
given this large number of examples for this class.
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meaningful manipulation applications like pouring something into a containerlike object or sorting objects with varying granularity like sorting objects into
’fruit’, ’vegetables’, ’container’ or ’man-made objects’.
3.1

Model Preparation

One way of classifying objects is to view the problem as finding the appropriate
view of the most similar 3D model. This can be achieved by formulating the
problem as a partial-view to partial-view matching problem. To use the models from the web for depth image to depth image matching, we generate synthetic depth images by rendering the 3D models and sampling the z-buffer from
equally spaced views around the model and depicted in Figure 5. Finally, for
each of the views of the model the 3D descriptors are calculated and stored in
the database. The best partial-view out of the 3D models can be found by comparing the descriptors calculated from the depth image delivered by the sensor
to all descriptors in the database. As our approach handles orientation and is
scale invariant, we can detect objects in any pose and and any size, making no
distinction between toy-chairs and real-sized chairs.

Fig. 4. A subset of the views generated from a 3D model of a mug, representing a
partial view as seen by a depth sensor.

4

3D Object Classification

This stage is well suited for interaction with the proposed robot head, as the
design offers the possibility to not only show facial expressions representing status information of the robot head, but also to visualize images and 3D models
to the user. For object classification on the 3D data delivered by the RGB-D
sensor, the ESF descriptor [5] is used. The ESF descriptor is an ensemble of ten
64-bin sized histograms of shape functions describing characteristic properties of
the point cloud cluster. The descriptor can be efficiently calculated directly from
the segmented point cloud with no preprocessing necessary such as smoothing,
hole filling or surface normal calculation and handles data errors such as outliers,
holes, noise and coarse object boundaries gracefully.

5

Conclusion and Future Work

A low-cost robot head for object class recognition and learning is presented. The
utilization of off-the-shelf components keeps the cost of the robotic head low
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Fig. 5. Two applications of the presented system: Classification with user feedback
using Eva and the same system utilized for grasping of categories with markers for
calibrating the classification results to a robotic arm.

while using open source software and the Robotic Operation System is helps to
get all the needed functionality of a robot head out of these low-cost components
with manageable effort. We presented the use of the robotic head for learning
object classes from the web and classification of objects. Future work will include
an additional degree of freedom to have yaw movements to create more immerse
expressions with the head.
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Abstract. In this paper we address the problem of calculating attention
points using 3D saliency cues. These attention points can be further used
as seed points for segmentation or as indication of grasping regions. We
show that 3D saliency maps are better suited to pick up task-relevant
structures in robotic applications.
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1

Introduction

Real world scenarios containing a number of previously unseen objects are especially difficult for tasks such as segmentation and recognition. Nowadays robotics
has a strong demand for the use of attention as a significant part of visual systems
[20], in order to help robots concentrate on task relevant parts in complicated
scenarios.
Robotic tasks considered in this paper among others include manipulation,
grasping and tracking. The difficulties for these tasks arising for complex scenes
are unknown object classes, occlusion and clutter. We do however assume objects
to be situated on a supporting surface, e.g. table.
Our essential goal is to build a system, that is able to segment objects or at
least significant parts of the objects, that can be further used for classification
or identification of grasp points.
Recent state-of-the-art research in the field of segmentation suggests to use
seed points to guide the process [15, 12, 19]. This leads to the question of identifying good seed points. Seed points can be interpreted as attention points,
extracted from saliency maps, using winner-takes-all (WTA) algorithm [13].
Many well-known algorithms for computation of saliency maps, such as [8,
11, 10, 9, 1], exist. One of the obvious disadvantages of those algorithms for use
in robotics, as robotic tasks are often concerned with 3D structure and shape of
?
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Fig. 1. Example of labeled image from our database and attention points extracted
only from 2D saliency map.

objects, is the use of only 2D information about the scene[11]. Fig. 1 shows an
example where standard 2D approach do not work well in our typical scenario.
Several recent extensions to 3D take advantage of the increased availability of
3D sensing equipment, such as inexpensive laser or time-of-flight sensors and
RGB-D cameras [7, 14, 18, 2].
Classical bottom-up approaches for calculating saliency maps basically indicate popping-out regions in the scene, based on color and orientation contrasts.
In our tasks we require regions with specific task-relevant properties to stand
out. One can see this problem as the top-down attention task described in [17,
6], while our current goal is to build a bottom-up attention system tuned to
identifying particular properties of the visual search space.
Using the Microsoft Kinect depth sensor we have created an RGB-D image database, consisting of different types of table scenes which are challenging
for segmentation, owing to the presence of fully and partially occluded objects,
multi-colored objects etc. The database consists of four types of scenes: a) isolated free-standing objects (IFSO), b) occluded objects (OO), c) objects placed
in a box (BO) and d) a box containing objects and surrounded by other objects
(BOSO). For each type of scene multiple configurations of objects are presented.
In total there are 86 RGB-D images. Task regions were hand-labeled by outlining them with polygons. In our task relevant regions are whole objects. Labeling
was done by one person, whose task was to segment objects in the scenes as
precisely as possible. Fig. 1 shows an example of a labeled image.
The main novelty of this paper lies in the area of understanding how to
improve the quality of attention points using 3D information for segmentation
of graspable objects.

2

Investigated 3D Saliency Cues

Inspired by findings from preattentive human vision [4, 3, 16] we investigated
several 3D cues, e.g. based on surface height (SH) and relative surface orientation (RSO) and combined them with cues obtained from 2D information (color,
orientation and intensity).
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2.1

3

Surface Height Cue

For the task of picking up objects in a cluttered scene, the simplest way to
start grasping is first to pick up all objects that stick out from the clutter.
These objects are good candidates for initial grasping attempts, and they should
therefore be considered more interesting than the rest. These objects can be
pointed out by attention points derived from the surface height cue, which is
based on a height map of the scene.
To calculate height we need to determine a reference, i.e. the supporting plane
on which objects rest (e.g. a table). We use RANSAC [5] to determine the plane
coefficients Ax+By+Cz+D = 0. Note that we can assume from the task context
of grasping objects from a table that such a single supporting plane exists. For
every point pij its distance to the supporting plane d(i, j) is calculated. We set
dmax to be the distance between the ground plane and the most remote point
in the point cloud. Values of the SH cue are calculated according to:
SH(i, j) = f (d(i, j))

(1)

We furthermore scale height values non-linearly according to f (x) = ax2 to
obtain more pronounced salient regions, where a is chosen such that f (dmax ) = 1
2.2

Relative Surface Orientation Cue

The surfaces of objects parallel to the supporting plane often present good candidates for first grasping positions, because they usually indicate top-surfaces
of simple objects that can be easily grasped. One of our 3D cues aims to identify top-surfaces based on surface orientation. We calculate relative orientation
between local surface normals and supporting plane normal.
With n the normal vector of the supporting plane and nij the local surface
normal vector determined from a plane fitted to the neighborhood of pij , values
of the RSO cue are calculated according to:
RSO(i, j) = |nij · n|
2.3

(2)

Cue Combination

The final saliency map SMS is equal to the sum of individual cues:
SMS (i, j) = w1 IKN (i, j) + w2 SH(i, j) + w3 RSO(i, j),

(3)

P

where
wi = 1 and we set wi = 1/3.
Fig. 2 shows example of saliency cues combination.

3

Extracting Attention Points

To extract attention points from the saliency map we used the Winner-Take-All
algorithm. One problem that we encountered with this approach for our saliency
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a)

b)

Fig. 2. Example of combination of different saliency cues.

maps is that it is applied on the down-scaled saliency map and attention points
can be situated on the border of the object or even in some cases outside the
object at all. Those factors can significantly decrease performance of the system.
We therefore applied a morphological opening operation to the final saliency
map, to be sure that after up-scaling attention points will be still situated inside
the object.

4

Evaluation and Results

To evaluate individual cues as well as the cue combinations, we calculated the
hit ratio (HR) of first five WTA [13] attention points from the saliency map being situated inside labeled regions of a hold-out set of training images. Averaged
results are presented in Fig. 3. Results indicate that especially for complicated
scenes with occluded objects 3D saliency cues based on surface height and relative surface orientation perform better than single 2D cues.
The distance from calculated attention points to the center point of the
respective object was evaluated using exponential weighting function. Attention
points situated closer to the center obtained larger weight than those situated
far away. Fig. 3 shows results for two investigated cases: WTA applied to original
saliency map and WTA applied to saliency map after morphological opening.
Results clearly show that 3D saliency cues improve average performance and
combination of 2D and 3D cues gives better results than the use of 2D cues only.
The idea of using morphological opening proved to be reasonable, due to the
fact that attention points were situated in better positions with respect to the
center of objects.

5

Conclusion and Future Work

In this paper we investigated the use of 3D cues to obtain attention points that
can be used as seed points for segmentation of objects or as initial guesses for
robotic grasping tasks. Scenes with growing complexity (isolated free-standing
objects, occluded objects, objects in a box, and a box containing objects and
surrounded by other objects) were evaluated against each cue and cue combination. We showed that height and relative surface orientation cues considerably

122

3D Information as a Way to Improve the Quality of Attention Points

5

Fig. 3. HR – The ratio of the first five attention points being situated inside different
labeled ROIs; WTA – The ratio of first five attention points being situated inside different labeled ROIs weighted with exponential distance from objects centers; WTA+MO
– The ratio of first five attention points being situated inside different labeled ROIs
weighted with exponential distance from objects centers, when morphological opening
was used

a)

b)

Fig. 4. Example of attention points extracted a) using WTA, b) using WTA after
morphological opening was applied.

improve performance in calculating attention points on potential objects for
grasping over the standard IKN model [11]. In the most complex cases the combination of both 3D cues gives clearly the best results. This indicates that 3D
cues deserve more attention when moving out into the real world with robots.
Our future work will lie in the area of implementing and evaluating more
types of 3D preattentive cues and using the results in actual grasping scenarios.
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Abstract. A successful Video-based Simultaneous Localization And Mapping (VSLAM) implementation usually requires a vast amount of feature
points to be detected in the environment, which makes the VSLAM problem s computationally demanding operation in mobile robot navigation.
This paper presents a VSLAM implementation that is based on a sparse
distribution of high-informative artificial landmark features. Additionally, our approach combines the video system analysis results and the
inertial measurement unit (IMU) measurements that define the orientation of the video camera. Successful implementation of the VSLAM system can enable autonomous quadrocopter navigation in the structured
environment without the presence of the additional external positioning
systems.

1

Introduction

A quadrotor helicopter or quadrocopter is an aerial vehicle propelled by four
fixed-pitch rotors, which makes it mechanically simpler than an ordinary helicopter and by using multiple smaller rotors arranged around the central base, the
rotors can also be protected against hitting obstacles. This makes the quadrocopter appropriate for indoor use. Small quadrotors with on-board stabilization
which can be bought off-the-shelf, like the Parrot AR.Drone, make it possible to
shift the research from basic control of the platform towards applications that
make use of their versatile scouting capabilities. Still, the limited sensor suite,
fast response rates along with the low inertia make it a challenge to fully automate the navigation of such platform. One of the prerequisites for autonomous
navigation is the capability to make and use the map of the environment[10].
The dominant approach to the SLAM problem was introduced in a seminal
paper by Smith, Self, and Cheeseman[8]. This paper proposed the use of the
extended Kalman filter (EKF) for incremental estimation of the posterior distribution over camera pose along with the positions of the landmarks. In the
last decade, this approach has found widespread acceptance in the field of the
mobile robotics and many variants of the SLAM algorithm have been produced
from the original idea (the OpenSLAM.org project lists more than 20 different
implementations of this algorithm).
Our study is focused on implementation of the FastSLAM algorithm[9,5] using the video camera observations of the high-informative artificial landmark features, distributed across the environment. Because the AR.Drone quadrocopter
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already contains two video cameras, inertial measurement unit and telemetry
via WiFi network[1], it was selected as a test platform for our research.

2

Computer-vision system

Video frames, captured by the AR.Drone vertical camera (observing the floor
under the vehicle) is wirelessly transferred to a personal computer, running our
custom video-recognition software. The software, developed in Visual C# using
the combination of ARDroneControl library, AForge.NET and Emgu CV frameworks for image processing and glyph Recognition library GRATF for glyph
extraction, estimates the optical flow vectors and extracts the glyph’s position,
which is used to calculate the position of the origin and the orientation of the
glyphs in regards to the quadrocopter current position.
The goal of the optical flow estimation is to compute an approximation of
the motion field from the time-varying position of the image-features. By measuring the angular velocity of the camera and the distance to the object by
other means, the feature velocity with respect to the camera can be accurately
estimated. Sparse optical flow vector field was produced using the combination of FAST corner detection algorithm [7] and the Lucas-Kanade differential
method[4]. The resulting motion field vectors were then averaged by the lengths
and the orientations, which were then used to identify all significantly different
vectors and label them as outliers. The remaining vectors were used to recalculate the average(∆xOF , ∆y OF ), which was then used as the estimation of the
optical flow due to the camera’s combined lateral and angular motion. The apOF
parent lateral motion of the camera due to the camera’s rotation (∆xOF
r , ∆yr )
can then be safely approximated by the circular motion of the features at the
radius z. By subtracting these approximations from the total observed motion,
the lateral motion of the camera can be expressed as
£ OF
¤
£
¤
OF
OF
∆xOF
∆x
− K2OF ωφ ,
∆ym
= zK1OF ∆y OF − K2OF ωθ (1)
m = zK1
where z is the distance from the camera’s origin to the ground plane, K1OF and
K2OF are constants that are obtained with the camera’s calibration and ωθ , ωφ
are the radial velocities about the x and y-axes of the quadrocopter.
2.1

Glyph recognition and the position determination

Graphical glyphs, represented by a black border and a square central grid with
the glyph code, were used as the artificial landmark features. Glyphs with their
bounding boxes were extracted from each video frame and used for determining
the position and orientation of the camera. Instead of determining the homography matrix between the glyph plane and the camera plane, we followed a more
specialized approach, taking advantage of the sensory data already present in the
system. In the first step we assume that the camera frame is levelled horizontally,
with the camera’s central axis directed straight down and that the projective geometry of the pinhole camera is modelled by a perspective projection [2].
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A point on the glyph plane (Tx , Ty , Tz ), whose coordinates are expressed with
respect to the quadrocopter, will project onto the image plane at a point Cx0 , Cy0 ,
given by
s
· ¸
· 0¸
∆Tx2 + ∆Ty2
λν Tx
aT
Cx
,
Tz = λν
(2)
=
= λν
0
2
2
Cy
T
Tz
∆Cx + ∆Cy
aC
y
where λ denotes the distance of the viewpoint origin behind the image plane [3],
ν is the pixel density (in pixels per millimeter) and Tz is the distance between
the viewpoint origin and the ground plane, perpendicular to the image plane,
calculated from the size of the recognized glyph (∆Tx , ∆Ty ) and the size of the
glyph in the image (∆Cx , ∆Cy ) (aT is the size of the target in millimeters and
aC is the size of the image of the target in pixels). The coordinates Tx and Ty
(3, left) can be obtained by combining equations (2). Coordinates of the glyph’s
top-right (Tx,0 , Ty,0 ) and the bottom-left (Tx,2 , Ty,2 ) corners can then be used to
define the camera z-axis rotation angle ψ (3, right).
· ¸
· ¸
aT Cx0
Ty,0 − Ty,2
Tx
=
,
ψ = arctan 2
(3)
Ty
aC Cy0
Tx,0 − Tx,2
To determine the true position of the quadrocopter with respect to the observed target, the effect of the video-camera tilt and orientation is compensated
using the angles measured by IMU unit. The point T is rotated about the x-axis
by the angle φ, about the y-axis by the angle θ and about the z-axis by the angle
ψ.
 
Tx
(Txf , Tyf , Tzf ) = Rz (ψ)Ry (θ)Rx (ψ)  Ty 
(4)
Tz
where Rx (ψ), Ry (θ) and Rz (ψ) are the standard rotation matrices about the
axes of rotation, x, y and z, respectively. The coordinates (−Txf , −Tyf , −Tzf ) finally define the position of the quadrocopter with respect to the observed target.
2.2

Estimation of the position covariance matrix

In order to implement robust localization and mapping, the position measurement must be supplemented with the measurement error covariance matrix. Let’s
assume that both the position of the camera pC = (pC,x , pC,y , pC,z ) and the position of the glyph target pT = (pT,x , pT,y , pT,z ) were successfully estimated in the
global coordinate system (the one that the map of the environment is referenced
to).
→
−
Let the v10 = pT − pC = (pT,x − pC,x , pT,y − pC,y , pT,z − pC,z ). Then the
→
→
→
vertical covariance matrix eigenvectors −
v1 , −
v2 , −
v3 are defined as
−
→0
v1
→
−
v1 = −
→0
| v1 |

£
¤ −
−
→
→
v2 = −
v1 × ( 0 0 1 × →
v1 )
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→
−
−
→
v3 = →
v1 × −
v2

(5)

and the eigenvalues matrix as



σx d 0 0
L =  0 σy d 0 
0 0 σz d

(6)

−
→
where d = | v10 | and σx , σy , σz constants that describe the shape of the 3dimensional ellipsis that is described by the error covariance matrix C defined
as
£− →
¤
£− →
¤T
−
−
v1 −
v2 →
v3 (2L2 ) →
v1 −
v2 →
v3
C= →
(7)

3

FastSLAM implementation

In the paper [5] authors approached the SLAM problem from a Bayesian point
of view and observed that the SLAM problem exhibits important conditional
independences. In particular, knowledge of the camera’s path renders the individual landmark feature measurements independent. Based on this observation,
the paper [5] describes an efficient SLAM algorithm called FastSLAM, which
decomposes the SLAM problem into a camera localization problem, and a collection of landmark feature estimation problems that are conditioned on the
camera pose estimate. It uses a modified particle filter for estimating the posterior over camera paths. Each of these particles estimates a camera pose and
possesses Kalman filters that estimate the landmark feature locations conditioned on the camera pose estimate. Unlike the traditional SLAM techniques
where sensors return the observed feature’s bearing and range or only the feature’s bearing (image-based features like SURF, SIFT, FAST or others), our
glyph-based features together with the measured tilt angles define both the 3dimensional position and 3-dimensional orientation of the camera. This enables
us to use far less artificial markers for successful localization and mapping.
Particle filter initialization. Without any information on position of the
camera and the features in the environment, particle filter is initialized with
randomly distributed particles over the environment, defined only by the initial
borders.
Particle filter propagation step. In the first step of particle filter evaluation, all particles are propagated using the optical flow-based prediction and
random noise. If the i-th particle position in the step k is denoted as pi (k) =
(pi,x (k), pi,y (k), pi,z (k)), the camera yaw orientation as ψi (k) and the random
noise for each of the component as np,x , np,y and np,z , then the propagation
step can be expressed as
OF
pi,x (k + 1) = pi,x (k) − pi,z (k)(cos ψi (k)∆xOF
m − sin ψi (k)∆ym ) · 0.01 + np,x(8)
OF
pi,y (k + 1) = pi,y (k) + pi,z (k)(sin ψi (k)∆xOF
m + cos ψi (k)∆ym ) · 0.01 + np,y(9)

pi,z (k + 1) = pi,z (k) + np,z
(10)
The measurement update step was divided into the following steps.
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1. Identifying the correspondences between features in the map and newly observed features is done by employing matching by the closest Bhatacharyya
distance, which is a generalization of the Mahalanobis distance.
2. Camera position is re-estimated based on the correspondences from the previous step and the matching is executed again to produce more accurate sum
of all distances in matched pairs. This sum is later treated as the particle
weight.
3. The correction step of the map features’ filters in each particle is executed
along with the correction step of the camera position filter.
Importance Weights. In order to evaluate each particle, a weight is assigned to each of them with the rule that all particle weights sum up to 1. In
the process of resampling, these weights are used to determine, which particles
will ”survive” and which particles will be replaced by newly generated random
particles. In our case, the sum of all distances between the observed features
positions and the positions of the same features in the map defines the particle
weight.
Adding of the new map features. For each observed feature that does
not have a match in the map, a new map feature entry is created. This comes at
a price of a greater particle weight, which in the end creates a particle filter with
a tendency for particles that do not add additional map features to the map.
This way, a map is generated with the least number of false features.
Resampling. One of the problems that appear with the use of the particle
filters is the depletion of the population after a few iterations. To solve this, the
particles are resampled once the measure named ESS (effective particle size)
goes below a predefined threshold (in our case, this threshold was set to 0, 5).
ESS is calculated from sample weights wi with the following equation
ESS =

1+

1
M

M
PM
2
i=1 (M wi − 1)

(11)

where M is the number of particles. For our implementation, we selected Select
with replacement resampling algorithm, described in the technical report by
Rekleitis[6].

4

Results and future development

The FastSLAM implementation was tested on in real-time on a video stream of
the quadrocopter’s camera (Figure 1a), moving along a path around our laboratory. The result is a map of the features on the floor of our laboratory (Figure
1b). The camera path estimate is based on the particle with the highest weight,
which corresponds to a particle with the highest probability.
Although the SLAM in the field of the mobile robotics is a widely adopted
approach, our team just recently started with the work in this field. This paper
presents the results of our approach that are encouraging for the future development. The final goal is a robust autonomous navigation of a small quadrocopter
in a structured environment using the artificial landmark features.
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(a) Captured video frame.

(b) Top-view overview of the real
environment with the feature map
overlay, built using the described
FastSLAM method

Fig. 1: One of camera frames (a) and a feature map overlayed over real environment (b).
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Abstract. In order to enable the application of an autonomous cognitive system
to the process of unloading of containers, the complexity of an industrial unloading scenario has to be simplified. In this paper is presented an approach
whose first step is the identification of all the factors that make this application
challenging. As the optimization of the unloading sequence is considered to be
the most important cognitive feature to be given to the system, in the second
step all those factors which are not concerned with such feature are cut out. The
presented result is a simplified scenario which will be used to develop and test a
first algorithm for the optimization of the unloading sequence. Next steps are
also planned in order (1) to test and make robust the algorithm and (2) to develop and test additional cognitive features.
Keywords : Cognitive System; Robotics; Logistics; Autonomous Unloading

1

Introduction

Complexity of scenarios in the process of unloading represents one of the main reasons for the application of cognitive robotics in the field of logistics. The development
of a system capable of unloading all kinds of items from containers would have a
huge impact on the logistic process of unloading [1]. Some single purpose solutions
with a low level of cognition, aimed to perform the process of unloading autonomously, already exist as a market ready product. These systems are the result of the synthesis of progress in adjacent fields of research such as sensing, perception, grasping and
planning. The Parcel Robot, an autonomous system developed to unload parcels from
containers, is an example of such synthesis [2]. The highest cognitive feature of this
system is the decision about which parcel is easiest to grasp for each step of the unload procedure, in order to have an efficient and collision free trajectory for every
movement of the robot. This feature stays however within the borders of the definition
of an autonomous robot system. This is indeed a robot able to perform tasks in an
unstructured environment; sensory inputs and actuators output allow such system to
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sense and modify the environment without continuous human guidance. This property, although necessary also for a cognitive system, it is not distinctive of it. Three
more properties, derived from cognition in humans, have to be fulfilled by a system in
order to be cognitive:
 learn from past experiences
 have long-term and short-term memory
 be able to modify and/or suppress reacting behaviors in order to reach future goals
[3].
The development of a system with such characteristics would enable the automatic
unload of goods which were previously manually unloaded. Recently results coming
from the progress in different fields of research have been synthesized and developed
aiming towards industrial applications. In the state of the art of cognitive robotics
there is however no branch yet which takes into consideration and develops specific
challenges due to the application of cognition to logistics. In order to apply the state
of the art it is first necessary that a simplification of the real scenarios is taken into
consideration; then basic research methods have to be developed to tackle specific
challenges that are due to the application in the field of logistics [4].
This paper presents an approach for the simplification of a real industrial unloading
scenario. The result is a simplified unloading scenario to which the state of the art in
cognitive robotics can be applied; this will also be the starting point for the development of further basic research concerning cognitive robotics within logistics. Choice
and positioning of items in the presented scenario will be explained in order to highlight how the simplified scenario selectively embodies challenges due to the application of cognitive robotics to logistics; guidelines for future steps are also given.

2

Approach to the simplification of industrial complexity

In this section first the reader will be introduced to the complexity of industrial unloading scenarios; then a two steps approach followed for the simplification of a real
industrial unloading scenario will be explained. The first step is the identification of
those factors that make it challenging to apply cognitive robotics in the unloading
process; in the second step the focus is put on those factors whose challenge concerns
a specific cognitive feature while all the other factors are cut out and not considered in
the design process of a new simplified scenario.
2.1

Industrial unloading scenarios

Complexity that is faced in the unloading process of containers is due to the unstructured environment and to the variety of goods whose unload has to be accomplished
[4]. The first one can be due to the necessity of minimizing the unused space in the
process of loading of containers, which means, for example, exploiting the characteristic of deformability of items to be loaded. Variety of goods can be instead due to
the necessity of mixing products. However as a result of the combination of these two
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factors, even two containers loaded in the same buffer and with the same homogeneous type of good might have a different packing pattern; this gives no a priori knowledge of the packing scenarios. Goods in a container can indeed be: (1) homogeneous
or heterogeneous, (2) with a neat or loose packing pattern and (3) with a stuck or
slack frame situation. An overview of such complexity is given in Fig. 1.

Fig. 1. Complexity in industrial unloading scenarios

2.2

Challenging factors and characteristics

Factors will be analyzed in two clusters, which will then be taken into account for the
presentation of the resulting simplified scenario. The fist one concerns the physical
factors of the items to be unloaded and it is presented in Table 1; the second cluster,
in Table 2, takes into account the positional factors of the items which generate occlusion and mutual dependency in movement [4].
Table 1. Physical Factors of Items
Factors

Characteristics

Dimensions

Small (max dim.<250mm)

Medium (max dim.<600mm)

Weight

Light (W < 10 kg)

Medium (W < 35 kg)

Shape
Surface
Resistance

Big (max dim.<1100mm)
Heavy (W < 70 kg)

Fixed

Variable

Smooth

Porous

Damaged

Robust

Fragile

Table 2. Positional Factors of Items
Factors

Case

Into

A into B

Stuck (into/ between/ among)
Onto
(Underneath)
In front of
(Behind)

A onto B
(B underneath A)
A in front of B
(B behind A)

Leant on

A leant on B

A stuck into B

Occlusion
A and B might be
occluded
A and B might be
occluded
B might be occluded
B might be occluded
A and B might be
occluded
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Mutual dependency
Movement of A might cause a
movement of B and vice versa
Movement of A will cause a
movement of B and vice versa
Movement of B might cause a
movement of A
Movement of B might cause a
movement of A
Movement of B might cause a
movement of A

2.3

Selection of factors concerning the cognitive feature to be developed

In order to design a simplified scenario to develop and test a particular cognitive feature, only those physical and positional factors that are concerned with such chosen
cognitive feature have to be considered. Some examples of cognitive features are: (1)
self learning of grasping points of different items, (2) handling of deformable items
and (3) optimization of the unloading sequence in order to have safe and collision free
unloading trajectories and a minimum overall cycle time. As feature (3) is considered
to be a key success factor that can be easily translated in cost savings, on (3) has been
put the focus. Factors that are therefore fundamental to be integrated in the simplified
scenario, in order to have a real test of the optimized unloading sequence, are the
positional ones; they indeed introduce the challenges of occlusion and mutual dependency in movement among items. All the characteristics of physical factors can therefore be set to simple levels such as: small/medium dimensions, light weights, fixed
shapes, smooth surfaces and robust resistances.

3

Simplified unloading scenario

In this section a simplified unloading scenario is presented. First the goods at play are
introduced, and then an example of their set-up is given. The final part of this section
highlights how the scenario embodies those challenges to be faced in order to design
and test a first algorithm for the optimization of the unloading sequence.
Form the selection of factors in the previous section, parcels seem to be the most appropriate goods to be put in the scenario according to their physical characteristics:
small/medium dimensions, light weights, fixed shapes, smooth surfaces and robust
resistances. Parcels could be indeed empty or filled with some homogeneous material
in order the center of mass to be invariable. What is most important is their position in
the scenario; all the positional factors have to be recreated in order to have occlusion
and mutual dependency in movement. The minimum number of parcels able to guarantee the presence of all positional factors has been chosen. Only the factor into has
been cut out for the moment as surfaces of parcels have to be smooth and not damaged. This factor will be reintroduced later on (see Future steps section). In Fig. 2 an
overview of a possible scenario that embodies challenges necessary to develop and
test a first algorithm for the optimization of the unloading sequence is presented.

Fig. 2. Front view (left) and back view (right) of the simplified scenario
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Hereafter the procedure to set-up the scenario according to the positional factors:
1. The Nintendo-Wii (1) parcel is put onto the floor
2. The cardboard box (2) is leant on the Nintendo-Wii parcel. It is held in such position by the heavier RobLog (3) parcel
3. The RobLog parcel onto the slanting top surface of the cardboard box. The RobLog parcel also leant on the Nintendo-Wii parcel. After the positioning of RobLog
parcel the cardboard box is stuck between the RobLog parcel and the floor
4. The Mini-PC (4) parcel put behind the cardboard box and onto the floor
The objective of such scenario is the development of an algorithm that can foresee all
the possible unloading sequence and behaviors of items for every step of the unloading, choosing the one in which items are less occluded, don’t fall drop weight and the
unloading cycle time is minimum. For example it should be able to foresee and judge
the two following behaviors, avoiding the most inconvenient and choosing the most
successful:
 Most inconvenient unloading sequence: first unload of the Nintendo-Wii parcel,
which would cause the fall of the RobLog and the cardboard box parcel. The MiniPC parcel would then be more occluded than before
 Most successful unloading sequence: first unload of the RobLog parcel that would
cause the fall of the cardboard box parcel with the consequent removal of the occlusion of the Mini-PC parcel.

4

Future steps

The future steps in order to design the whole software architecture of a cognitive system to be applied in the unloading process of containers have to be conducted at two
different levels: (1) step-by-step the scenario has to become more complex in order to
improve the algorithm for the optimization of the unloading sequence and make it
robust; (2) once phase (1) is concluded, challenging factors have to be put back in the
scenario in a step-by-step complexity increasing approach, in order to develop more
cognitive features of the system.
4.1

Increasing complexity within one selected cognitive feature

For optimizing the unloading sequence several strategies are possible. A simulation of
all possible sequences in each step of the unloading process, choosing the less timeconsuming one, might be an option. Another possibility is the self-learning approach,
modeling each step of the unloading process as a state of a Finite State Machine. Once
one of these strategies has been chosen, it has to be implemented in a first algorithm
and tested first with the presented scenario, then with a more advanced one in which,
for example, a higher number of parcel is considered. The positional factor into has
also to be put back in the scenario, for example by using a parcel without a face of the
cuboid, into which other parcels can be put.
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4.2

Increasing overall complexity to develop more cognitive features

In the second step of the approach presented in section 2, the optimization of the unloading sequence has been identified as the cognitive feature to be developed at first.
Other cognitive characteristics are however interesting to be studied and implemented, such as: (1) self learning of grasping points of different items and (2) handling of deformable items. Once the algorithm for the unloading sequence results
robust and reliable, physical factors will be selectively put back by changing the
goods in the scenario, in order to develop and test also these two additional cognitive
features.

5

Conclusions

An approach for the simplifications of the industrial complexity of unloading scenarios in logistics has been presented in this paper. It enables the application of the state
of the art in cognitive robotics to the field of logistics. In the first step of this approach
all the factors that make the application of cognition in logistics challenging have
been identified. In the second step all those factors which are not concerned with the
optimization of the unloading sequence have been cut out. The result of this approach
is the presented simplified scenario, which will be used to develop and test a first
algorithm for the optimization of the unloading sequence. Goods in the scenario have
been indeed chosen and positioned in such a way that occlusion and mutual dependency in movement are guaranteed. Future steps for increasing complexity in the scenario are also given at two different levels: (1) in order to test and make robust the
cognitive feature of optimizing the unloading sequence and (2) in order develop and
test additional cognitive features.
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