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Preface

The Austrian Robotics Workshop seeks to bring together researchers, professionals and practitioners working on various topics in robotics to discuss recent developments and challenges in
robotics and its applications. The 2014 edition of the workshop series will be held at Johannes
Kepler University in May 2014. The organizers envision strengthening the cooperation between
academia and industry. Therefore, the contributions and participation from industry is encouraged. The topics cover a wide range from industrial robots to mobile and service applications. A
student session is dedicated to ongoing or early work to encourage Master students to present
and discuss their research topics.
We would like to thank all authors, reviewers, presenters and speakers for their contributions
to the workshop. Furthermore, we would like to thank IEEE Robotics and Automation Austria
Section for their support to the workshop. Dedicated thanks go to the Linz Center of Mechatronics for generous support.
Program Chairs
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Linz, May 2014
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Swevers: Optimal path following for robot systems

This talk presents an overview of our research at the Mechanical Engineering Department (KU
Leuven, Belgium) on optimal path following for robots. Optimal path following for robots considers the problem of moving along a predetermined Cartesian geometric path, while some
objective is minimized: e.g. motion time or energy loss. This presentation first focusses on timeoptimal path following. For simplified robot dynamics and convex constraints, the time-optimal
path following problem transforms into a convex optimal control problem that can be solved
efficiently up to a global optimum. A recursive log-barrier based solution method is derived
for on-line path following that solves this convex problem in real-time by generating approximate solutions and hence yielding a trade-off between time-optimal behaviour and smoothness
of actuator torques or energy efficiency. Next two extensions of this convex problem are discussed. A first extension considers constraints such as velocity-dependent torque constraints or
torque rate constraints that destroy the convexity. An efficient sequential convex programming
(SCP) approach is presented to solve the corresponding non-convex optimal control problems
by writing the non-convex constraints as a difference of convex (DC) functions, resulting in
convex-concave constraints. A second extension is the tube following problem. In practice it is
often not required to follow a path exactly but only within a certain tolerance. By deviating
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from the path, within the allowable tolerance, one could gain in optimality. In our research the
allowable deviation from the path is defined as a tube around the given geometric path, and the
motion inside the tube is optimized. This transforms the path following problem to a tube following problem, which is not convex. However, a solution method is derived that can solve this
non-convex problem efficiently. The presented approaches are illustrated by means of numerical simulations and experiments with a seven DOF robot. This research has been performed
in cooperation with Professor Moritz Diehl (now at the Institute of Microsystems Engineering
(IMTEK) University of Freiburg, Germany) within the framework of OPTEC (KU Leuven’s
Center-of-Excellence on Optimization in Engineering: http://www.kuleuven.be/optec)

4.2

Siciliano: Grasping and Control of Multi-fingered Hands

The talk reports some recent results achieved within the framework of the European project
DEXMART. An important issue in controlling a multi-fingered robotic hand grasping an object
is the synthesis of the optimal contact points and the evaluation of the minimal contact forces
able to guarantee the stability of the grasp and its feasibility. Both these problems can be solved
online if suitable sensing information is available. In detail, using images taken by a camera
mounted in an eye-in-hand configuration, a surface reconstruction algorithm and a grasp planner evolving in a synchronized parallel way have been designed for fast visual grasp of objects
of unknown geometry. On the other hand, using finger tactile information and contact force
measurements, an efficient algorithm was developed to compute the optimal contact forces,
assuming that, during the execution of a manipulation task, both the position of the contact
points on the object and the wrench to be balanced by the contact forces may change with time.
Another goal pursued in DEXMART was the development of a human-like grasping approach
inspired to neuroscience studies. In order to simplify the synthesis of a grasp, a configuration
subspace based on few predominant postural synergies of the robotic hand has been computed.
This approach was evaluated at kinematic level, showing that power and precise grasps can be
performed using up to the third predominant synergy. The talk concludes by outlining active
trends and perspectives in the field.
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An Analytical Solution of the Inverse Kinematics Problem of Industrial
Serial Manipulators with an Ortho-parallel Basis and a Spherical Wrist
Mathias Brandstötter1 , Arthur Angerer1 , and Michael Hofbaur1
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Abstract— An efficient and generic method to compute the
inverse kinematics of common serial manipulator arms up to
6 DoF is shown in this work. The main focus lies on using only
essential design dimensions provided in most manufacturing
data sheets instead of tediously deriving the Denavit-Hartenberg
parameter set. The simplest description of manipulators with
an ortho-parallel basis with offsets and a spherical wrist can
be accomplished by 7 geometrical parameters. We show how to
compute all possible joint angles analytically from a given endeffector pose. A fast and general algorithm has been established
based on this slim parameter set.

I. INTRODUCTION

1 Mathias Brandstötter, Arthur Angerer, and Michael Hofbaur are
with the Department of Biomedical Computer Science & Mechatronics, Institute of Automation and Control Engineering, UMIT,
6060 Hall in Tirol, Austria. {mathias.brandstoetter &

arthur.angerer & michael.hofbaur}@umit.at
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Serial 6R manipulators have at most 16 solutions to the
inverse kinematics problem to ensure a desired position and
orientation of the end-effector. If the last three axes intersect
in a point, the manipulator is characterized as decoupled and
thereby the maximum number of solutions is reduced to 8.
To position this point (denoted by C in Fig. 1) of a decoupled
manipulator in space there are up to 4 different postures of
the first three axes. For each positioning solution there exist
two possible solutions for the last three axes for a specified
end-effector orientation. [1]
In this work we confine ourselves to industrial robots
with 3R ortho-parallel basis structure and spherical wrists.
This type of robot structure is by far the most common
one for industrial serial manipulators. A scheme of the 6R
manipulator with an ortho-parallel substructure is shown in
Fig. 1. By definition of ortho-parallel 3R manipulators (see
Fig. 2) and [2], axes g1 and g2 are orthogonal to each other
when a1 is set to zero and axis g2 is parallel to axis g3 . The
joint with axis g2 is the so-called shoulder and the joint with
axis g3 is referred to as elbow. Robots with a spherical wrist
are decoupled manipulators due to the property that their last
three axes intersect in point C. A spherical wrist is shown
in Fig. 5 and the wrist axes are denoted by g4 , g5 and g6 .
Pieper [3] showed that the position and the orientation
problem of the end-effector of this type of articulated robots
(decoupled manipulators) can be independently solved. Thus
the inverse kinematics calculation can be split up into a
position and an orientation problem which simplifies the
calculation [1].
The conventional method to describe the structure of a
serial manipulator was introduced by Denavit and Hartenberg [4]. Hence, most of the calculation methods for the

O0

O0
x0
(a) Side view

y0
(b) Back view

Fig. 1. The two typical views in data sheets of serial robot manipulators
and our defined home position in this work with the 7 essential geometrical
parameters. The coordinate system for the basis and the end-effector are
predefined.

inverse kinematics are based on the notation of the DenavitHartenberg parameters (DH-parameters) and thus on matrix
multiplications (see e.g., [5], [6], [7]). Küçük and Bingül [8]
derived the closed solution of sixteen types of industrial
manipulators in a geometrical form, however, they do not
include offsets in the robot structures. Craig solved the
inverse kinematics of the Puma 560 algebraically and the
Motoman L-3 partially algebraic and partially geometric [9].
However, using DH-parameters for inverse kinematics calculation in practice can be inconvenient. The DH-parameter
notation is not unique and different DH-parameters can be
found for the same robot structure which makes it difficult
to compare robots to each other. The coordinate frame
orientation of the base and the end-effector and the joint
angle offsets are also not known in many cases and the
relation of the robot structure and the corresponding DHparameters has to be derived tediously.
In the following sections we describe how the inverse
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TABLE I
OPW-PARAMETER COLLECTION

[mm]
a1
a2
b
c1
c2
c3
c4

KUKA
youBot Arm
[10]
33
0
0
147
155
135
217.5

Katana
450 6M180
[11]
0
0
0
201.5
190
139
188.3

Schunk
Powerball
[12]
0
0
0
205
350
305
75

Stäubli
TX40
[13]
0
0
-35
320
225
225
65

Unimation
Puma 560
[5]
0
-20.32
149.09
660.4
431.8
433.07
56.25

kinematics can be calculated using only seven robot design
parameters that are provided in most manufacturer’s data
sheets. With this set any ortho-parallel manipulator with
spherical wrist can be described. Almost all industrially
available serial 6 DoF manipulators show such a kinematic
structure.
II. ORTHO-PARALLEL MANIPULATORS WITH
SPHERICAL WRIST
A. Notation of Parameters
The schemes in Fig. 1 show a spacial 6 DoF manipulator
with the notation of the link and joint parameters in the
base coordinate system (O0 , x0 , y0 , z0 ). The end-effector
coordinate system can be noted by (Oe , xe , ye , ze ). We call
the main arm lengths c1 , c2 , c3 , and c4 and the armoffsets a1 and a2 . The lateral offset of the third arm in
y0 -direction is denoted by b, see Fig. 1(b). The six joint
angles are defined as θ1 , . . . , θ6 . The home position of the
manipulator is given by the position of the end-effector E as
ex0 = a1 + a2 , ey0 = b, ez0 = c1 + c2 + c3 + c4 , as can be
seen in Fig. 1. The joint angels are defined as zero in this
configuration (θi = 0 for i = 1 . . . 6).
B. Examples of Popular Industrial Type Robots
In Tab. I the parameters for ten commonly used industrial
manipulators are listed. Only seven parameters are needed
to describe the geometry of ortho-parallel manipulators with
spherical wrist (OPW-parameters). The Kuka youBot Arm
and the Katana 450 6M180 are 5 DoF manipulators lacking
joint axis g4 which results in orientation limitations in the
workspace. The remaining manipulators provide a 6 DoF
structure. All of them geometrically differ only in link
lengths c1 , . . . , c4 , shoulder offsets a1 , elbow offsets a2 or
lateral offsets b. The sign of a parameter corresponds to the
direction of the respective coordinate axis, e.g., a1 is positive
and a2 is negative in Fig. 1(a).
III. KINEMATICS
The kinematics problem can be solved by numerical or
analytic methods. Here we show a geometry based technique
which covers the most popular industrial robot arms. The
arrangement of the links and joints is also named as 321
kinematic structure with offsets [3]. The special design
allows to separate the problem into a 3R ortho-parallel and
a 3R wrist subproblem.

Epson
C3
[14]
100
0
0
320
250
250
65

ABB
IRB 2400/10
[15]
100
-135
0
615
705
755
85

Fanuc
R2000iB/200R
[16]
720
-225
0
600
1075
1280
235

KUKA
KR 6 R700 sixx
[17]
25
-35
0
400
315
365
80

Adept
Viper s650
[18]
75
-90
0
335
270
295
80

The desired pose of the end-effector in the coordinate
system (O0 , x0 , y0 , z0 ) can be specified by a 3×1 position
vector u0 = [ux0 , uy0 , uz0 ]T and a 3×3 rotation matrix R0e :

e1,1
R0e = e2,1
e3,1

e1,2
e2,2
e3,2

A. COORDINATES OF POINT C


e1,3
e2,3 
e3,3

(1)

For the calculation of the inverse kinematics of the 3R
ortho-parallel substructure the position of point C in the
base coordinate system has to be known. The coordinates of
point C are obtained by moving from the desired end-effector
position u0 into the negative ze -direction of the end-effector
coordinate system (Oe , xe , ye , ze ) for the length c4 :
   
 
cx0
ux0
0
0
cy0  = uy0  − c4 Re 0
cz0
uz0
1
where R0e is the orientation of the wrist defined in (1).
B. 3R ORTHO-PARALLEL SUBSTRUCTURE
At most four different postures are possible to position
the manipulator end-point C of a spatial 3R manipulator to
a desired point in space.
The scheme in Fig. 2 shows the 3 DoF manipulator with
the notation of the link and joint parameters in the base
coordinate system (O0 , x0 , y0 , z0 ). Omitting the rotation at
the manipulator’s base (θ1 = 0), one obtains a partial
structure of the 3R serial robot manipulator and deals with
a planar configuration. The kinematics of the projection of
the substructure in Fig. 3 onto the x1 z1 plane is analogue to
a planar 2 DoF manipulator with offset a1 . The axes of the
revolute joints in the side view (Fig. 3) are defined as points
G2 and G3 . The coordinates of point C in (O1 , x1 , y1 , z1 )
are denoted as
cx1 = c2 sin θ2 + k sin(θ2 + θ3 + ψ3 ) + a1

(2)

cy1 = b

(3)

cz1 = c2 cos θ2 + k cos(θ2 + θ3 + ψ3 )
p
where ψ3 = atan(a2 /c3 ) and k = a22 + c23 .
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(4)
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z1

zc

ψ3

yc

C
a2

c3

xc

c3

c2

θ3

θ2
g3

ψ2

θ3

O1

a2

x1

G2
nx1

a1

c2

G3

g2
θ2

a1
g1

c1

z0

θ1
cx 0

y0

O0

Fig. 3. Side view of the 3R serial ortho-parallel manipulator and its 2R
substructure.

c z0
cy0

x0
Fig. 2. Scheme with parameters of a serial ortho-parallel 3R manipulator.

1) Forward Kinematics: The coordinates cx0 , cy0 and cz0
of point C in (O0 , x0 , y0 , z0 ) as a function of the joint angles
θ1 , . . . , θ3 can be computed by
cx0 = cx1 cos θ1 − cy1 sin θ1 ,

whereas the second pair shares axis g̃2 . The difference
between the first and the second pair regarding to joint 1 is
given by θ̃1 . Figure 4(b) shows this geometrical description
by the top view. We also note the simple correlation between
the two posture pairs:
(11)

ñx1 = nx1 + 2 a1

(5)

cy0 = cx1 sin θ1 + cy1 cos θ1 ,

(6)

cz0 = cz1 + c1 ,

(7)

)
ront
der f

y1

using (2) to (4).
2) Inverse Kinematics: To find all possible joint angles of
the 3R substructure for a given point C in space the following
geometrical correlations are needed.
The component of the distance G2 C in direction x1 is
given by
nx1 = cx1 − a1 ,
(8)

p
ﬁrst

tu
f pos
air o
g̃ ’3

g̃ 3

g2
θ1

x0

res
tu g̃ 3
os )
p
of a!
ir
b
pa der
d
l
n
u
o
o
sec (sh

θ̃ 1

g̃ 2

C

x1
g̃ ’3

G1

see Fig. 3.
Furthermore, we define s1 as the normal distance between
axis g2 (point G2 in Fig. 3) and point C and calculate it by
the Pythagorean theorem and (8):
q
q
(9)
s1 = n2x1 + c2z1 = (cx1 − a1 )2 + c2z1

(a) A schematic top view of an ortho-parallel manipulator.

C

y1

y0

nx 1
ψ1

a1

Substitution of cx1 and cz1 with (2) and (4) and some
simplifications yield
q
s1 = c22 + k 2 + 2 c2 k cos (θ3 + ψ3 ) .
(10)

If s1 and all design parameters are given, two possible
solutions of θ3 can be found.
It is useful for our further considerations to group the four
possible postures of the 3R substructure into pairs. Variables
which belong to the second posture pair are marked with a
tilde in contrast to the first pair. A schematic top view with
all four postures of the manipulator is given in Fig. 4(a).
The first pair of postures shares the same axis g2 for joint 2,

y0

l
shou
res (

θ̃ 1

b

G1

x1

θ1
nx 1

a1+

ñ x 1

x0

a1

(b) The geometrical representation of the schematic top view.
Fig. 4. Geometric construction of the two pairs of postures configurations.
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To compute s2 similar to (9) we get the normal distance
between axis g̃2 and point C for the second possible pair of
postures using (11):
q
q
(12)
s2 = ñ2x1 + c2z1 = (nx1 + 2 a1 )2 + c2z1
Substitution of nx1 in (12) gives
q
s2 = (cx1 + a1 )2 + c2z1 .

c4
yc

θ4

(13)

y0

θ2,i = atan2 (nx1 , cz1 ) − ψ2

(14)

 2

s + c22 − k 2
ψ2 = acos 1
2 s1 c2

(15)

θ2,ii = atan2 (nx1 , cz1 ) + ψ2 .

(16)

a2

O0
x0

Fig. 5.

From now on, we define the notation of the joint angles by
θAxis;Solution(s) . The second alternative of θ1 can be found
by

π
− ψ1 = θ1;i + 2 ψ1 − π .
θ1;ii = θ1;i − θ̃1 = θ1;i − 2
2
The first element of the set of possible solutions of the joint
angle θ2 can be found geometrically with the help of Fig. 3
(elbow down configuration):

θ5
g5

g3
z0

and the joint angle θ1;i (see Fig. 4(b) again):

θ1;i = atan2 (cy0 , cx0 ) − atan2 (b, nx1 + a1 ) .

xe
θ6

g4

ψ1 = atan2 (b, nx1 + a1 )

hence

zc
g6

xc

By comparing (9) and (13) it follows that the two distances
s1 and s2 are equal for every point C if a1 = 0.
The projection of the rotated point C about the z0 -axis
to the x0 y0 -plane can also be calculated by the sum of a
constant rotation due to the geometrical structure

where

C

c3

atan2 (cy0 , cx0 ) = θ1;i + ψ1

ze

ye

Scheme with parameters of a 3R spherical wrist.

where R0e describes the desired wrist orientation. Rce includes a zc -axis rotation followed by a yc -axis rotation and
a rotation about the new zc -axis:


−c4 c5 c6 − s4 s6 −c4 c5 s6 − s4 c6 c4 s5
Rce =  s4 c5 c6 + c4 s6 −s4 c5 s6 + c4 c6 s4 s5 
−s5 c6
s5 s6
c5
where

si = sin(θi ), ci = cos(θi ), for i = 1 . . . 6 .
R0c

is represented by a matrix of the form


c1 c2 c3 − c1 s2 s3 −s1 c1 c2 s3 + c1 s2 c3
R0c = s1 c2 c3 − s1 s2 s3 c1 s1 c2 s3 + s1 s2 c3  .
−s2 c3 − c2 s3
0
−s2 s3 + c2 c3

The remaining solutions (θ2;iii and θ2;iv ) result from the other
pair of postures, i.e., the posture dependent variables have to
be replaced: s1 → s2 in (15), and nx1 → ñx1 in (14) and
(16). The same applies to θ3;iii and θ3;iv in (10).

Evaluation of element (3,3) of matrix equation (17) delivers one joint angle solution for θ5 ; from the elements (1,3)
and (2,3) the related joint angle for θ4 can be obtained;
and from (3,1) and (3,2) the appropriate joint angle for
θ6 can be calculated. The second solution for the wrist
angles can be easily computed from the previous solution.
In inverse kinematics summary the finally obtained equations
are shown.
For solving the orientation part of the forward kinematics
problem, matrix R0e can be computed by evaluating R0c and
Rce in (17).

C. 3R WRIST SUBSTRUCTURE

D. SUMMARY

Using the four previously obtained positioning solutions
for the calculation of direct kinematics the resulting orientation of the coordinate frame of point C with respect
to the base coordinate system can be computed. For each
positioning solution the three joints of the spherical wrist
(see Fig. 5) have to be adjusted to get the desired orientation
of the end-effector. Therefore the coordinate frame R0c has
to be rotated by an unknown rotation described by rotation
matrix Rce which can be computed by composition of the
rotations

In this subsection, we will merge the partial joint solutions
previously derived in the subsections 3R Ortho-Parallel
Substructure and 3R Wrist Substructure. For the calculation
of the inverse kinematics, the elements of the base-endeffector transformation matrix R0e , and the OPW-parameters
are necessary. All eight possible solutions of the joint angles
are collected in Tab. II on the next page. It can be noted that
the orientation part is independent of OPW-parameters.
If a serial manipulator with less than 6 DoF is considered,
the absent axes in respect to the 6R manipulator must be
kept constant at zero by choosing a correct input.

using the cosine formula. The second solution (θ2,ii ) arises
from the elbow up configuration, we get

T

Rce = R0c R0e

(17)
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Positioning Part

IV. CONCLUSION

T

T

[cx0 cy0 cz0 ] = [ux0 uy0 uz0 ] −

c4 R0e

[0 0 1]

T

θ1;i = atan2 (cy0 , cx0 ) − atan2 (b, nx1 + a1 )
θ1;ii = atan2 (cy0 , cx0 ) + atan2 (b, nx1 + a1 ) − π
 2

s1 + c22 − k 2
+ atan2 (nx1 , cz0 − c1 )
θ2;i,ii = ∓acos
2 s1 c2
 2

s + c22 − k 2
θ2;iii,iv = ∓acos 2
−
2 s2 c2

θ3;i,ii
θ3;iii,iv
where

− atan2 (nx1 + 2 a1 , cz0 − c1 )

 2
s − c22 − k 2
− atan2 (a2 , c3 )
= ±acos 1
2 c2 k
 2

s − c22 − k 2
= ±acos 2
− atan2 (a2 , c3 )
2 c2 k
nx1 =
s21
s22
2

=

q

Denavit-Hartenberg parameters are a common method to
describe the geometric structure of serial manipulators in
kinematic calculations. However, the notation of this convention is not unique. Hence, for identical industrial robots
different DH-parameter sets may be stated. Furthermore,
they cannot be specified intuitively nor verified quickly. We
therefore proposed a simplified description of the robots
structure with a strong focus on practicability and applicability. The presented method allows to map all serial 6R
manipulators with an ortho-parallel basis and a spherical
wrist (321 kinematic structure with offsets). Based on these
so-called OPW-parameters a generic analytical solution for
the kinematics problem was given. For an easy and rapid use,
an efficient and straightforward procedure for calculating the
forward and inverse kinematics was presented.
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Orientation Part
θ4;p = atan2(e2,3 c1;p − e1,3 s1;p ,

e1,3 c23;p c1;p + e2,3 c23;p s1;p − e3,3 s23;p )

θ4;q = θ4;p + π
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OVERVIEW OF ALL POSSIBLE S OLUTIONS .

Joint
θ1
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θ5
θ6

1

2

3
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θ5;i
θ6;i

θ1;i
θ2;ii
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θ5;ii
θ6;ii
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θ6;iii

Solution
5
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θ6;iv
θ6;v
4
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8
θ1;ii
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Joint Trajectory Generation Using All Solutions of Inverse Kinematics
of General 6-R Robots
U. Kuenzer1 and M. L. Husty2
1) How can the solutions for different joint angles be separated such that a continuous path for each joint angle
and each of its different solutions can be generated?
2) How can the discrete solution set be transformed into
curves that have some desired properties, like stable
behaviour at the end points for at least three orders of
differentiability?
3) How can the data be used to distinguish the different
solutions in order to find out which joint trajectory path
is optimal according to some optimizing criteria.
Within this paper the first two items are addressed. In
Section II the algorithm to separate the joint trajectories
will be discussed and in Section III quintic splines will be
computed that fulfil the requirements to be stable at the
endpoints. The paper finishes with some conclusions and
the hint how the optimization of the joint trajectories can
be done.

Abstract— In the paper we present an algorithm that allows
to transform all solutions of the inverse kinematics of a general
6-R robot into continuous joint trajectories. For this purpose the
motion is discretized and at each instant the inverse kinematic
is computed using a fast algorithm developed in [1] and [2]. In
the set of resulting joint angles continuous paths are determined
and the resulting sets of points are interpolated with quintic
splines. Different boundary conditions for the constructions of
the splines are discussed.

I. INTRODUCTION
The inverse kinematics of general serial 6-R robots was
in the 80ies of the 20th century considered to be one of
the most challenging problems in robot kinematics. The first
solution to this problem was given by Lee and Liang [3].
Many papers followed, the most popular being [4], a solution
that is mostly cited in textbooks when the inverse problem
is discussed. An overview of the existing literature can be
found in the thesis [1] and [2], where a new approach to the
inverse problem was developed. This solution uses the Study
parametrization of the Euclidean displacement group SE(3)
and needs much less equations than Raghavan’s algorithm.
Furthermore the starting equations are such that they can be
formulated completely general, i.e. without specifying the
Denavit-Hartenberg parameters, making the algorithm applicable to any thinkable robot architecture without reformulation. Study parametrization is an algebraic parametrization
of SE(3), using eight parameters, that can be interpreted as
homogeneous coordinates in a seven dimensional projective
space P 7 . To meet the dimensions of the Euclidean displacement group the coordinates have to fulfill a quadratic
equation, corresponding to a quadric in P 7 , the so called
Study quadric. A detailed information on this parametrization
and its use in kinematics can be found in [5]. Within a
software developing project called Kinsoft this algorithm
was implemented in C# and this package allows to compute
all inverse kinematics solutions also along a given motion
trajectory at as many instances of the trajectory as specified.
With motion trajectory a curve on the Study quadric is meant.
Mathematically this is an eight dimensional vector function
encoding position end orientation of the end effector (EE). At
any instant the algorithm returns all solutions of the inverse
kinematics. Having all solutions of the inverse kinematics at
many instances the following problems arise:

II. S EPERATING THE JOINT PATHS
When the Denavit-Hartenberg parameters of a 6-R robot
are specified and a desired trajectory of the EE in position
and orientation is given then the Kinsoft program [6] will
return a text file that graphically processed yields an output as
shown in Fig. 1. On the axis of abscissae of this plot one can
see that 1000 points on the EE trajectory have been used to
compute the inverse kinematics. On the axis of ordinates the
corresponding joint angles are displayed in different colours
in the range of −180◦ . . . 180◦ . Although it seems that there
are continuous curves the program can only return discrete
sets of joint angles at each instant.
Remark: The trajectory in this example had been chosen
such that the manipulator hits its boundary which can be
seen clearly because of the gap in all joint trajectories.

1 Ulrich Kuenzer is with Inst. f. Basic Sciences in Engineering,
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Geometry
and
CAD,
University
Innsbruck,
Austria,
ulrich.kuenzer@student.uibk.ac.at.
2 Manfred Husty is with Inst. f. Basic Sciences in Engineering,
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Geometry
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Innsbruck,
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manfred.husty@student.uibk.ac.at

Fig. 1. Joint angle values resulting form inverse kinematics along an EE
trajectory
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In the following the different steps are described which are
followed to separate the joint angle paths. In the first step
the data are imported from the text file. θlm denotes the lth
real solution of the inverse kinematics at time step m. It is a
m
vector with six entries which are denoted θl,k
, k = 1, . . . 6.
Furthermore let nm be the number of real solutions at time
instance m. Moreover it is assumed that the number of points
on the motion trajectory is known.
The data are stored in two different arrays. One array has
dimension 16×6×m and the other one has dimension 16×m.
In the first array the returned angle values are stored and the
second is used to store the places of the first array which
contain values. With this procedure false interpretation of
zero lines as solutions can be avoided. Lines in the array
which do not contain solutions (i.e. when the solution is
complex) are discarded. The remaining array, containing the
real solutions of all joint angles at all instances is called θ.
The second step in the algorithm separates the different
solution paths for each joint angle. Note that according to the
well known solution algorithm of general 6-R robots up to 16
different solutions for each joint angle at each instant of the
given trajectory may exist. Looking for a continuous path in
a joint angle one may observe that only so many continuous
paths can exist as the minimal number of solutions in one of
the points of the motion curve. Joint angles are recorded in
degrees and vary between −180◦ and −180◦ . The boundaries
of this interval are identified. In the following a distance
between different sets of angles is needed:
Definition 1: Let a, b ∈ [−180◦ , 180◦ [6 be two vectors.
Then the difference between the two sets of angles is defined
as


min(|a1 − b1 |, 360 − (|a1 − b1 |))
min(|a2 − b2 |, 360 − (|a2 − b2 |))


min(|a3 − b3 |, 360 − (|a3 − b3 |))


ka − bkW
:=
p
min(|a4 − b4 |, 360 − (|a4 − b4 |))


min(|a5 − b5 |, 360 − (|a5 − b5 |))
min(|a6 − b6 |, 360 − (|a6 − b6 |)) p

Regular
In case a path has no continuation the corresponding entry
in ExW is set to zero. In the next time step this solution is
no more taken into account. In all following time steps the
solution is linearly approximated and that solution is selected
which has the smallest distance to the approximation solution
and additionally is below the error bound. It can happen that
there is no continuous path then the algorithm terminates.
This means that the robot cannot perform the desired task.
A pseudo code of this algorithm is shown in the following
An implementation is done in matlab.
program path separation
m
m×16×6
Input parameters:m ∈ N, n ∈ N , θ ∈ R
,

#input: number of time steps m, number of solutions in each
#time step n, array of solutions of the inverse kinematics
# and an error bound epsilon
temp = zeros(m, n1 , 6)
#generate temporary array in which all solutions are listed
temp(1, :, :) = θ

1

# in the first step all solutions exist
for LI1 = 1, · · · , n1
[Dif f, k] =

2 W
min
ktemp(1, LI1, :) − θi k2
i=1,··· ,n2

if Dif f <  then
2
temp(2, LI1, :) = θk
else
ExW (LI1) = 0
endif
endfor
# paths in point 2
for LI2 = 2, · · · , (m − 1)
for LI1 = 1, · · · , n1

if ExW (LI1) then
[Dif f, k] =

LI2+1
ktemp(LI2, LI1, :) − θ
k
min
i
i=1,··· ,nLI2+1

if Dif f <  then
LI2+1
temp(LI2 + 1, LI1, :) = θ
k
else
ExW (LI1) = 0
endif
endif
endfor
endfor
AnzW eg = 0
for LI1 = 1, · · · , n1
AnzW eg = AnzW eg + ExW (LI1)
endfor

where on the right side any p-Norm from R can be used.
Furthermore we denote the continuous, already separated
paths with Ψ. Ψm
l describes the l − th path at instant m.
Ψm
l,i , i = 1, ..6 denotes the paths of the different joint angles
at instant m.
An upper bound of solutions is given by the number of
solutions n1 in the first point of the motion curve. In order to
find a continuation of the first solution of the first point θ11 ,
the differences k|θ11 − θi2 k|W
2 , i = 1, . . . , n2 are computed.
If the minimum of these differences is smaller than an error
bound , then the solution is added to the path. To collect
which solution in a point has a continuous path an additional
vector ExW is introduced. This vector bears the information
if a starting solution has a continuous path
 
1
1
 
n1 ×1

ExW = 
.
(1)
. . . ExW ∈ {0, 1}
1
1
6

# AnzWeg is the number of paths that have in all
#points a solution
Φ = zeros(m, AnzW eg, 6)
i = 1
for LI1 = 1, · · · , n1

if ExW (LI1) then
Φi = temp(:, LI1, :)
i = i+1

endif
endfor
return:Φ, AnzW eg.

A. Error bound
Defining a meaningful error bound is a challenging task.
This error bound defines when a path has no continuation.
But this error bound must depend on different issues. First
of all it must depend on the number of points on the motion
trajectory m, because with the number of points in which
the inverse kinematics is computed the distance between the
data points diminishes. Furthermore the error bound should
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be adapted to the used norm. In the algorithm different values
of the error bound are tested to find out in which range the
error bound has to be chosen such that all paths are found. It
is clear that the most difficulties arise when a path has a big
slope and the error bound is small. On the other hand this
phenomenon causes a big increase of joint velocities and may
mean that the manipulator approaches a singularity1 . The
problem in determining a meaningful error bound is that the
mathematical properties of joint paths are not known. There
is no easy connection between the motion curve and the
joint paths because the mapping between these two kinematic
objects is non linear. According to our experience in the
most cases we have investigated it happens that two solutions
which do not match have the property that they disagree in
at least two angles.
In case that more than one subsequent solution is closer
to the preceding solution than allowed by the error bound
then the solution with the smallest distance is chosen. Were
there always the same number of solutions then no error
bound would be necessary because then always a solution
with minimum distance would exist. The error bound is only
necessary to decide when a path terminates.
It should be noted that there exist special situations,
depending on the parametrization of the joint space, where
all angles have the same value. In such cases it is useful
to find the next point on the joint trajectory with linear
approximation, thereby taking into account the dynamics of
the manipulator. It is assumed that the path should have
a “tangential” continuation and the approximated point is
chosen on the computed line and then compared with the
values returned from the inverse kinematics. This yields a
continuation of the path. Note that identical values for all
joint angles do not automatically mean that the manipulator
is in a singularity.

Regular
IV. E XAMPLE
In the following a classical example from the literature is
used to test the algorithm. It is example nr.7 from WamplerMorgan [9]. Therefore it is called CW7 in the following. The
Denavit-Hartenberg parameters of the manipulator are given
in Tab.I.
a

3
10

1

0

3
2

2
10
π
2

0

0

0

π
18

π
2

π
18

d

0

0

α

π
2

π
18

0

0

TABLE I
DH-PARAMETER OF EXAMPLE CW7

The motion which has to be performed is given by the
matrix:


1

−1.14017500 − t

BC = 
 0.13333300 − t

t
2

0

0

0

−0.76011700

−0.64168900

0

0.99107100

−0.63595900

0.76696500




0.10226200





(2)

0.08555800

It can be seen that the trajectory of the end effector follows
a linear path without changing the orientation. The algorithm
is evaluated in the interval t ∈ [0.2, 1.2], using four different
sets of discrete points on the motion trajectory. In all four
cases four continuous paths are found. Only on very few
points the algorithm does not detect all four solutions. In
these case linear continuation is used to complete the data.
Fig.2 shows all paths for all six joint angles.

III. I NTERPOLATION OF JOINT TRAJECTORIES
After path separation the joint paths are interpolated using
quintic splines. Boundary conditions are given by the first
two derivatives on the interval boundaries. The system of
equations used is classical and can be found in any textbook
on spline interpolation (see.e.g. [7] and in the thesis [8]).
The derivatives at the boundary of the interval are not
given explicitly, they have to be estimated. Discrete estimation using the first two points of the data did not yield
satisfying results, the resulting splines showed unwanted
oscillations in the derivatives of the curves near the boundaries. To obtain better results smoothness of the curves was
used. The data which have to be interpolated result from the
solution of a polynomial system of equations. If the solutions
are not complex then they have to describe a smooth C ∞
curve in R6 . Using this fact the derivatives in the boundary
point were approximated. To do this the first six and the last
six points of the data were used to construct a quintic spline.
The derivatives of these two splines were used as boundary
conditions for the interpolation of the path splines.
1A

Fig. 2.

Joint angles of the four continuous paths of example CW 72

Figs.3 and 4 show the paths 1,2 resp. 3,4 separately.
A more general example is taken from Manocha and Zhu
[10]. This example takes a PUMA 762 robot and has the
DH-parameters listed in Tab.II.
In this example the starting pose of the end effector is
given by the matrix



 13

 40
 13

 40

detailed discussion of this issue is subject to further research.
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EELM =
1
√
+ 41
2
200
√
79
+
2
200
13 √2
40

0
1
4
1
−1 + √
4
2
1 √2 + 1
4
2

0
1
−1 − √
4
2
1
4
√
−1 2 + 1
4
2


0

1 √2 − 1 
4
2 
.
√

1
1
−
2− 
4
2
1
2

(3)

Proceedings of the Austrian Robotics Workshop 2014
22-23 May, 2014
Linz, Austria

Regular
polynomial functions. Using four different sets of points on
the motion trajectory (25, 50, 100, 800 points) always eight
continuous paths are found.

Fig. 3.

Paths Nr. 1 und 2 of example CW 7

Fig. 5.

Fig. 4.
a

0

d

0

α

π
2

In all examples spline interpolation was performed. As
there is no given curve with which the resulting curves can
be compared, the resulting curves using 25, 50 and 100
discrete points on the motion trajectory were compared with
the curve resulting from the 800 point discretization. This
curve is used in the following as reference curve. In doing
this it is assumed that the curve which results from 800
points discretization yields the best interpolation of the joint
trajectories. The errors of the different paths are computed
as norm of the difference between the 800 point curve and
the other curves. The difference is computed component wise
using the L2 norm. For the computation of the integral in the
norm Gauss-Legendre quadrature rule is used. One problem
arises because the differentials in the boundary of the curves
are not known. They have to be estimated. Two possibilities
have been investigated: one can take the estimations for the
800 point curves also for all other curves or one estimates
each curve separately. The results for one path in the CW7
example are shown in Tables III and IV.

Paths Nr. 3 und 4 of CW 7
65
100
−19
100

0

0

0

0

0

6
10
π
2

0

0

0

π
2

π
2

0

TABLE II
DH-PARAMETER OF THE EXAMPLE OF M ANOCHA UND Z HU

The motion which has to be performed is given by the
matrix


BMM =
1


 1

t
 19


1

− 21 t


1 t
57

0

0

(1−t2 )2
(1+t2 )2
2t(1−t2 )
4t2 (1−t2 )
−
+
(1+t2 )3
(1+t2 )2
2
2
2t(1−t )
4t2
+
(1+t2 )3
(1+t2 )2

2t(1−t2 )
(1+t2 )2
3
(1−t2 )2
8t
+
(1+t2 )3
(1+t2 )2
2
2
4t (1−t )
2t(1−t2 )
−
+
(1+t2 )3
(1+t2 )2
−

0

(4)




2t


1+t2

.
2t(1−t2 ) 

−
(1+t2 )2 


2
2
(1−t )
(1+t2 )2
−

Joint angles of the Manocha-Zhu example

The motion matrix BM , which describes the motion of
the end effector is given by the product of the matrices
(3) and (4): BM = EELM BMM . In the example the
interval [− 12 , 1] was considered. In this motion position and
orientation of the end effector are changing with rational

Nr. points

θ1

θ2

θ3

θ4

100-800

0.000774

0.054505

0.002470

0.001306

50-800

0.000879

0.042282

0.002499

0.002719

25-800

0.007556

0.127886

0.010844

0.016427

θ5

θ6

0.000952

0.004246

0.001812

0.003829

0.011930

0.014531

TABLE III
D IFFERENCE BETWEEN THE CURVES OF THE 1. PATH WITH BOUNDARY
CONDITIONS OBTAINED FORM THE 800- POINT CURVE
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Nr. points

θ1

θ2

θ3

θ4

100-800

0.000768

0.054505

0.002463

0.001255

50-800

0.000569

0.042273

0.002106

0.001074

25-800

0.006157

0.127758

0.006232

0.003209

θ5

θ6

0.000920

0.004241

0.000729

0.003520

0.005375

0.010782

Regular

TABLE IV
D IFFERENCE BETWEEN THE CURVES OF THE 1. PATH WITH BOUNDARY
CONDITIONS FROM EACH CURVE SEPARATELY

Comparing Tables III and IV one can see that estimation
of boundary conditions for each curve separately yields
better results. This behaviour has been observed in several
examples. Detailed results of different examples can be found
in [8].

Fig. 6. Second derivative of a joint trajectory with discrete estimated
boundary conditions

The influence of different estimations of the boundary conditions on the results of the interpolation curve is discussed
now. Three different scenarios have been investigated:
1) Reference curve (800 point curve) with discrete estimated boundary conditions compared with discrete
estimated boundary conditions of the other curves.
2) Reference curve (800 point curve) with discrete estimated boundary conditions compared with polynomial
estimated boundary conditions of the other curves.
3) Reference curve (800 point curve) with polynomial
estimated boundary conditions compared with discrete
estimated boundary conditions of the other curves.
It turns out that in almost all cases the polynomial estimated
boundary conditions with the discrete estimated reference
curve yields the best results. This property is obvious because
the more points on the curve are given the better the discrete
estimation will be. Furthermore it can be observed that
discrete estimation of the curves with a smaller number
of points yield oscillation at the boundary when second
derivatives of the curve are discussed. A comparison of the
second derivatives of the joint path curves along a trajectory
is shown in Figs. 6 and 7. It can be seen clearly that the
curves with discrete boundary conditions show oscillations
at the boundary, whereas in case of polynomial estimates
of the boundary conditions smooth results are obtained. The
high accelerations at beginning and end of the trajectories
have to be handled in practical applications. They stem from
equidistant support points of the Cartesian trajectory and the
subsequent parametrization of the joint trajectories.

Fig. 7. Second derivative of a joint trajectory with polynomial boundary
conditions

V. C ONCLUSION
The inverse kinematics of a general 6-R manipulator yields
up to 16 solutions for the joint angles when the end effector
pose is given. Using a fast algorithm the inverse kinematics can be computed along a given end effector motion.
In the resulting set of joint angles continuous paths have
been detected and interpolated with quintic splines. Using
polynomial boundary conditions for the interpolation smooth
derivatives of these curves have been derived which yield
curves for joint velocities and joint accelerations. Having
polynomial curves for joint trajectories, velocities and acceleration and jerk it is relatively easy to apply an optimization
procedure to decide which of the possible solutions is optimal
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according to a given optimization criterion like e.g. minimum
overall change of joint motion.

Regular
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Abstract— This paper introduces a recently developed procedure for geometric calibration of an industrial robot. The
new method offers improved positioning accuracy with simultaneously reduced financial expenses. It thus represents an
alternative to conventional methods which generally involve
expensive measuring systems, e.g. laser trackers, as it depends
entirely on one laser pointer and several quadrant photo diodes.
The laser pointer is attached to the robot and the photo diodes
are placed at different positions within the room. Subsequently,
the robot is moving to various positions, allowing the laser beam
to detect one of the photo diodes. The acquired data forms
the basis for the calibration. This paper outlines the theoretical
background of this new procedure, as well as its implementation
and some experimental results.

I r0E (q, pn )
Iz

I r0E,M
Iy

O

Ix

Fig. 1. Robotic system under consideration; solid lines: real position;
dashed lines: nominal position.

I. INTRODUCTION

to evaluate the position of a laser point on a flat sensor
plane as shown in section II. Subsequently, the error between
two laser points is defined in section III. Furthermore, the
mechanism by which the modeled error is used for calibrating the robot is described. Section IV outlines the strategy
for solving the nonlinear problem and for identifying the
linear independent parameters. Finally, section V contains a
comparison between laser tracker calibration and laser point
calibration.
Usually, orientations of the robot are also measured and
used for the calibration. However, in this publication only
positions are considered.
In this paper the two abbreviations LTC and LPC are defined
as follows:
• L ASER T RACKER C ALIBRATION (LTC): A laser tracker
is used to measure the position of the tool center point
I r0E,M . This data forms the reference for the calibration.
• L ASER P OINT C ALIBRATION (LPC): Refers to the new
way of calibrating a robot, described in this paper.

The requirements for robots employed in industrial settings rise with the number of their areas of applications.
To meet these demands, modern industrial robots crucially
depend on high positioning accuracy. However, due to
manufacturing tolerances, geometric deviations between the
real robot and the ideal model, used to describe the robot,
do occur. Because of the relevance of this research area
geometric robot calibration is currently examined in many
articles e.g. [11] and [12].
The conventional procedure for a robot calibration involves
the following steps: A mathematical model of the robot
describes the nominal-position of the tool center point
I r0E (q, pn ) depending on the joint coordinates q and the
nominal parameters pn . A measurement system provides the
real-position I r0E,M . In most cases, deviations between the
nominal and measured-position exist (Fig. 1).
An exact calibration requires an enhancement of the robot
model with respect to a list of unknown error parameters
pe as described in section II. The goal is to determine a
set of values pe which allow for the nominal-position of the
robot I r0E (q, pn , pe ) to approximate the measured position as
closely as possible. This means that the joint coordinates q,
provided by the incremental encoders of the robot, and the
measured positions in world coordinates I r0E,M are known
and used to find the unknown parameters pe .
The new method of calibrating a robot, introduced in this
paper, requires an enhancement of the kinematics in order

II. SYSTEM MODELING
The basis for the geometric robot calibration is the
modeling of the kinematics with respect to the unknown
error parameters pe . At first, it is described how to handle
and include these error parameters, followed by the actual
calculation of the kinematics.
A. Type of errors
Table I, taken from [1], shows an overview of the errors
which have a negative effect on the position accuracy of
the tool center point. It is distinguished between ”geometric

*This work has been supported by the Austrian COMET-K2 program of
the Linz Center of Mechatronics (LCM), and was funded by the Austrian
federal government and the federal state of Upper Austria.
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Geometric errors
Joint offsets: 80 bis 90%
Length- and angle errors: 5 bis 10%
Temperature influence: 0 bis 10%

Regular
the rotation around an axis leads to minor rotations around
the two other axes. For a joint parallel to the previous joint
and rotating with an angle qx around the x-axis the overall
joint transformation is given by

Non geometric errors
Gear elasticities without load: 3 bis 4%
Gear elasticities with load: 5 bis 8%
Gear errors
(gear ratio, gear backlash, friction): 1 bis 2%
Stochastic errors
(eccentricity, resolution): 1 bis 2%

A = Aα |α =qx Aβ

β =pβ

Aγ

γ =pγ

.

(6)

The deviation of the parameters pβ and pγ from zero
describe the parallelism error of the x-axis. To simplify the
calculations and because the misaligned axes are expected
to be small, linearized rotation matrices are used.

TABLE I
I NFLUENCE OF ERRORS FROM [1]

C. Modeling of gear backlash
Within the here presented procedure not only geometric
errors but also a gear backlash is considered when modeling
the robot. This backlash is covered by adding a term to (4)
which yields

errors” and ”non geometric errors”. The table only lists the
relative influence of each error on the overall positioning
accuracy.

A = Aα |α =qx +pqx +pqxs sign(bl) .

B. Modeling of geometric errors

Thereby, pqx is the joint offset, pqxs the amplitude and
sign(bl) the direction of the gear backlash. While pqx and
pqxs represent unknown parameters ∈ pe which have to be
identified through the calibration, the sign of the backlash
must be known. It can be evaluated in two alternative ways:
1) If the masses and centers of gravity of all robot parts
are known, a calculation of its global center of gravity
is possible, see [3]. The sign of the global center of
gravity then leads to the sign of the gear backlash.
2) Since the evaluation of the calibration poses is done at
static positions, the motor torques correspond to the
holding torques. Thus, the sign of a specific motor
torque is equal to the sign of the backlash sign(bl).
The parameters used in (4)-(6) are split into the nominal
parameters pn , consisting of the nominal distances between
two consecutive joints and the error parameters

The most important geometric errors include joint offsets,
length errors and misaligned axes, see [2]. For a description
of these errors the following rotation matrices


1
0
0



(1)
Aα = 
 0 cos (α ) sin (α )  ,
0 − sin (α ) cos (α )


cos (β ) 0 − sin (β )


 and
0
1
0
(2)
Aβ = 


sin (β ) 0 cos (β )


cos (γ ) sin (γ ) 0



Aγ = 
 − sin (γ ) cos (γ ) 0 
0
0
1

(3)

{pqx , px , py , pz , pβ , pγ }i ∈ pe , i = 1 . . . n

describing elementary rotations around the main axis, are
used.
A joint offset describes the difference between the actual and
the theoretical neutral position (qi = 0) of an axes. It may be
caused by an encoder-offset or a permanent deformation of
the joint due to high load. For a joint rotating with the angle
qx around the x-axis the joint offset pqx is modeled as
A = Aα |α =qx +pqx .

(7)

(8)

where n is the number of joints.
D. Direct kinematics with error parameters for LTC
Direct kinematics returns for given joint angles q the
position of the tool center point E, represented in the inertial
coordinate system I I r0E (q, pn , pe ) and orientation of the tool
center point’s coordinate system with respect to the inertial
coordinate system AIE (q, pe ) of the robots end-effector. This
is achieved by means of sequential summation of the relative
connecting vectors

(4)

Because of manufacturing tolerances of the robot, the distance of two consecutive joints can differ in all three coordinate directions from the nominal values, leading to length
errors. For example, the distance l in the direction of the
x-axis is modeled as


l + px
(5)
r =  py  ,
pz

E

I r0E (q, pn , pe ) =

∑ [AI p

j=1

p r p j ] | p=p( j)

(9)

and a sequential multiplication of the relative rotation matrices
E

AIE (q, pe ) = ∏ A p j | p=p( j) ,

(10)

j=1

with three unknown length errors px , py , pz .
The misaligned axes describe the deviation from the parallelism or the orthogonality of two consecutive joints. Thus,

see e.g. [4] for details. Here p( j) represents the predecessor of the j-th joint.
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E. Direct kinematics with error parameters for LPC
In this case, the position of a laser point – emitted by a
laser pointer that is attached to the end-effector of the robot
– on a sensor plane must be modeled.
Firstly, the equation of a straight line of the laser beam has
to be derived. According to Fig. 2, it is
I rg (aLaser )

= I r0E (q, pn , pe ) + aLaser I dLaser (q, pe ),

are used simultaneously, where one is placed at point pl1
and the second one at point pl2. The distance between the
two sensors is known and described by the vector I r pl1pl2 .
To model an error, a virtual sensor plane is chosen which
contains the two points pl1 and pl2. Its orientation with
respect to the inertial coordinate system is chosen as well
and represented by ASenI . Additionally, the normal distance
of this plane to the inertial coordinate system ln must be
known. Figure 3 shows the setup.

(11)

with the mounting point of the laser pointer I r0E (q, pn , pe ),
and the unit vector of the orientation I dLaser (q, pe ) =
I z(q, pe ), being the third column of the matrix AIE (q, pe ).
By changing the value aLaser every point on the laser beam
can be described, see Fig. 2.
Secondly, the normal distance of the center of the inertial
coordinate system ln from the sensor plane and the plane’s
orientation must be known. The orientation is given by a
unit normal vector I nSen . Using the Hesse normal form, an
equation describing the plane as shown in Fig. 2 is
T
I nSen I re

= ln ,

Regular

pl2
virtual sensor plane
I r pl1pl2

Sen z

pl1

(12)
Iz

where I re is an arbitrary point on the plane. In order to
evaluate the intersection point of the plane with the straight
line, I rg is set to I re and (11) is inserted into (12), resulting
in
T
I nSen

[I r0E (q, pn , pe ) + aLaser I dLaser (q, pe )] = ln .

Sen x
Ix

Sen y

ln
Iy

(13)

Thus aLaser and later on, by using (11), the coordinates of
the intersection point I r0Point (q, pn , pe ) are calculated.
Fig. 3.
aL
Id
La

ser

as

er

In the first robot-position, described by the angles q pl1 , the
laser beam hits the first sensor pl1, while in the second
position, described by the angles q pl2 , the laser beam hits the
second sensor pl2. By means of I r0Point (q, pn , pe ), calculated
in section II-E, the measured values q pl1 and q pl2 can be used
to determine

(q
,p

e)
Laser

Sensor plane

I rg

I r0Point (q, pn , pe )

I r0E (q, pn , pe )

Iz

Measuring with two photo diodes

I r0Point (q pl1 , pn , pe ), I r0Point (q pl2 , pn , pe ),

which contain the unknown error parameters pe . Hence, the
modeled error described in the inertial coordinate system is

I nSen

I ∆zE

= I r0Point (q pl2 , pn , pe ) − I r0Point (q pl1 , pn , pe ) − I r pl1pl2 .
(15)
Finally, the vector I ∆zE is transformed to the sensor coordinate system with

Ix

ln
Iy

Sen ∆zE

which leads to
Fig. 2.

(14)

Sketch of the enhancement for the LPC kinematics

III. POSITIONING ERROR OF LASER BEAM ON
THE PLANE
A. The basic idea
The basic idea of a L ASER P OINT C ALIBRATION is the
following: Two quadrant photo diodes, see [5] for details,

= ASenI I ∆zE



0
Sen ∆zE = Sen ∆y .
Sen ∆z

(16)

(17)

Only the y- and z-entries of the error vector Sen ∆zE are used
for the calibration, because Sen ∆x = 0 since the points pl1
and pl2 lie in the virtual sensor plane.
Simulations show that the distance I r pl1pl2 between the two
sensors has considerable influence on the conditioning of the
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problem. If this distance approaches zero, the method gets
ill-conditioned and the results can not be used.
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measured. The optimization of the robot-positions is done
with the nominal kinematics as described in [6]. The different
poses for the chosen sensor points (pl1, pl2, pl3) and their
beams can be seen in Fig. 5. For further information about the
influence of positions on the calibration process see [7] and
[8]. Since the error parameters are unknown, the laser pointer
is positioned with the inverse kinematics using the nominal
parameters and thus the laser beam does not necessarily hit
the sensor surface. Hence, axis 5 and 6 of the robot are
manipulated so that the laser beam performs a spiral on the
virtual sensor plane to search for the photo diode. As soon
as the laser point is detected, the position is controlled to the
center of the photo diode. Figure 6 shows this procedure.

B. Realization of the LPC
This section delineates the application of the LPC for an
industrial robot with six degrees of freedom.
Firstly, the quadrant photo diodes have to be spatially distributed. According to Fig. 4, three photo diodes are placed
at various points within the room under the condition that the
lines and planes they span do not overlap. With the minimal
amount of three quadrant diodes the maximal amount of error
parameters pe can be identified. More diodes do not increase
the number of identifiable parameters. The positions of the
diodes are freely chosen and not optimized up to now.

quadrant photo diode
movement of the laser point

z in m

1

pl1
pl3

0.5
0

−0.5
1

2

pl2
2

0

Fig. 6.

3
x in m
Fig. 4.

4

−2

y in m

Finally, the measured values are used to evaluate (17); here
the three sensor planes are taken into account. The inertial
coordinate system is moved away from its original position
and placed at the intersection of the three planes. By doing
this, the normal distances of the planes from the center of
the inertial coordinate system (compare ln in Fig. 3) are zero.

Positioning the quadrant photo diodes

Secondly, three virtual sensor planes are defined as shown
in Fig. 5. The red sensor plane contains the points pl1 and
pl2, the green sensor plane contains the positions pl2 and
pl3, and the blue sensor plane contains the positions pl1 and
pl3.

z in m

1

IV. CALCULATION OF THE ERROR PARAMETERS
In section III, the modeling of the error in the case of
LPC to obtain a nonlinear set of equations for the unknown
parameters pe is outlined. The goal is to solve this set of
equations and determine pe . This system of equations is not
only nonlinear, but in general also highly over-determined.
To solve this problem, the least squares method, see e.g.
[10], is used, which implies that the sum of the quadratic
deviations between nominal- and measured-values should be
minimal. For that purpose, the problem is linearized at a
(0)
starting point pe and iteratively solved.

pl1
pl3

0.5
0

−0.5
1

2

pl2
2

A. Nonlinear optimization problem
The calculation of the unknown error parameters pe corresponds to a nonlinear optimization problem (numerical
determination of roots) [8]. The first step is to generate a
(0)
Taylor series expansion of (15) at the linearization point pe
and we get

0
3
x in m
Fig. 5.

4

−2

Searching for the sensor

y in m

Three virtual sensor planes

(0)

∆zE = ∆zE (z, q, pn , pe ) +

Thirdly, measurements have to be taken. For fifty pairs of
optimized robot-positions, in each the laser beam hits one
of the sensors, the joint angles and the motor torques are

∂ ∆zE
∂ ∆pe
| {z
Θ
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Since the error parameters are small, higher order terms in
(18) are neglected. Inserting the measured values for different
robot poses and setting ∆zE = 0, (18) follows to
  



(0)
(0)
∆zE z1 , q1 , pn , pe
Θ q1 , pn , pe
 


 


..
..
+

 ∆p = 0.


.
.





 e

(0)
(0)
∆zE zm , qm , pn , pe
Θ qm , pn , pe
|
{z
} |
{z
}

V. RESULTS
The LPC is tested with a Stäubli TX90L industrial robot
which is mounted on a 5 m long linear axis. The position of
the robot on the linear axis is maintained during the entire
process. Only the six rotatory degrees of freedom are used
for the calibration. The robot is modeled according to the
procedure outlined in this paper. A gear backlash is only
considered for the joints 2 and 3. This leads to fifty unknown
error parameters which shall be identified.
The solution of the proposed method is compared to the
reference of a laser tracker calibration. Furthermore, the laser
tracker is used to verify the determined position accuracy.
Details for the laser tracker calibration can be found in [11].

Θ

Q

(19)
The information matrix Θ and the vector Q contain the errors
pe . The cost functional which shall be minimized in the least
squares sense is
eT e (Q + Θ∆pe )T (Q + Θ∆pe )
=
.
2
2
It follows that
 T 
e e
∂
= ΘT Θ∆pe + ΘT Q = 0
T
∂ ∆pe
2

Regular

(20)

A. Error on the sensor plane
As can be seen in Fig. 8, the error as defined in (17)
decreases remarkably due to the calibration. Without a calibration, the maximal deviation is 161.2 mm, in contrast to
3.4 mm with a calibration.

(21)

and further, under the condition that enough measurement
values are available for a full rank, the solution of ∆pe leads
to

−1 T
∆pe = − ΘT Θ
Θ Q.
(22)

0.2

0.15

(1)

(0)

(0)

pe = pe + ∆pe .

kSen ∆zE k in m

The first iteration leads to

(23)

To solve the nonlinear equation (15) more iterations are
necessary
i−1
h
(n+1)
(n)
Θ(n) T Q(n) ,
(24)
pe
= pe − Θ(n) T Θ(n)

0.1

0.05

Figure 7 demonstrates the convergence of ∆zE . Since the
(0)
errors are small, pe = 0 can be used as a initial value.
Note, linear dependent error parameters have to be eliminated
before the numerical calculation. This can be done with the
help of a QR decomposition, see e.g. [2].
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Identification measurement nr.
Fig. 8. Error on sensor plane according to (17) before (blue) and after
(green) calibration

0.04

B. Comparison of identified parameters

k∆zE k2

0.03

Figure 9 shows the identified parameters, both those
obtained using the LTC and those resulting from LPC. A
quantity of 27 error parameters is compared. It shows a very
well concordance.

0.02

C. Comparison of position accuracy

0.01

The results of the calibration regarding position accuracy
are presented in Fig. 10. Without any calibration, the maximal deviation is 15.1 mm, LTC leads to 0.9 mm and LPC
to 1.7 mm. Thereby, 90% of the verification robot positions
have an error less than 0.5 mm with LTC, and with LPC
less than 1.4 mm. To get a significant statement, for the
verification, different poses than for the identification are
used.
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Fig. 7.

Convergence of optimization problem
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pe (1 : 13) in m / pe (14 : 25) in rad

0, 01
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Thus the calculation is carried out iteratively
q(n+1) = q(n) + J(q(n) , pn , pe )−1 ∆q(n) .

0, 005

(29)

Since we have very well starting values for q from the
previous time step, few iterations are necessary. Details of
the numerical calculation of the inverse kinematics can be
found in [9].

0

VII. CONCLUSION
−0, 005

−0, 01

0

5
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15

20

The L ASER P OINT C ALIBRATION is a new, highly economical procedure for calibrating robots which leads to a
well conditioned identification problem. The results show
that this method works and can be used to calibrate a robot.
The unknown error parameters of the LPC are similar with
those of the LTC. However, the overall position accuracy
with parameters identified with the LPC method is slightly
worse than for parameters identified with the LTC method.
Disturbing effects, such as the fact that all parts, e.g. the
mounting for the laser pointer, are plastic parts printed with
a low-quality 3D-printer leave room for improvements.

25

Parameter nr.
Fig. 9.

Parameters pe of LTC (blue) and LPC (green)

Error of the tool center point in m

0.02

0.015
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VI. I NVERSE KINEMATICS WITH ERROR PARAMETERS
The enhanced model including the error parameters of the
robot can be used to evaluate the inverse kinematics. The
inverse kinematics calculates the joint coordinates q(t) as a
function of the position of the tool center point I r0E (t), the
known pn and the unknown pe parameters.
The calculation of the inverse kinematics is carried out
numerically. For that, the Jacobian matrix of the end-effector
velocities is required. With


vE (t)
(25)
żE (t) =
ω E (t)
it follows
żE =

∂ żE
q̇ = J(q, pn , pe )q̇.
∂ q̇

(26)

On the basis of this, an iterative procedure can be used.
Linearization of (26) leads to
∆zE = J(q, pn , pe )∆q.

(27)

For the first evaluation we get
q(1) = q(0) + ∆q(0) .

(28)
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Identification of vibration-relevant parameters in robotic systems*
Rafael Eder and Johannes Gerstmayr1

Abstract— The time of very heavy robots with bulky and
almost rigid links has passed, both in industrial as well as in
service robotics. There are many reasons for this trend, like high
load/weight ratios, high dynamics, low costs and low energy
consumption. As the number of resonances of the robot, which
are placed in the frequency range of operation, increase, it
becomes more difficult to obtain high performance and high
accuracy at the same time. Particularly, customization of robots
for specific tasks, e.g. by adding sensors, actuators, pipes and
cables adds considerable mass to the light-weight robot, and can
totally change the overall performance. In the present paper,
some methods are compared for the automatic identification
of vibration relevant parameters. The parameter identification
can greatly simplify the customization (lot size one) and tuning
of robots, either by using the identified parameters for the
control design or by optimizing the performance of the robot
within a simulation model. In comparison to previous works,
the proposed approach of a genetic parameter identification is
compared to standard least squares identification techniques
as well as particle swarm optimization and to a Newton-based
method.

I. INTRODUCTION
In the present paper, different techniques for parameter
identification within a robotic simulation are evaluated. An
identification of parameters of a z-transfer or q-transfer
function is state of the art, see e.g. [5], [10]. Identification
techniques based on least squares are likely to be used in the
identification of robot parameters, especially of inertia and
friction parameters, see e.g. [8], [13]. The latter techniques
usually require a detailed modeling of the robot, e.g. based
on equations of motion with minimal coordinates.
In the present work, the objective is to find an identification method, which can be directly applied to a simulation environment, in which a robot is modeled, while no
specific equation-based modeling is necessary. Furthermore,
the identification method shall be applicable to non-standard
identification parameters, such as structural elasticities and
damping, and parameters of the embedded system (e.g. filters
and delays). In order to meet these goals, a genetic algorithm
for identification of parameters specified in a so-called virtual
robot simulation model has been suggested. As an extension
to previously published work, see [3], we present the results
of a comparison using different identification techniques applied to a high performance tripod. Similar to all of the tested
methods, a considerable number of simulations with different
sets of parameters needs to be performed in order to obtain
accurately matching parameters. Every single simulation *This work has been supported by the Linz Center of Mechatronics
(LCM) in the framework of the Austrian COMET-K2 programme
1 Linz Center of Mechatronics GmbH, Altenberger Str. 69, 4040 Linz,
Austria {rafael.eder,johannes.gerstmayr}@lcm.at

which corresponds to one evaluation of the cost function
- is the most costly part of each identification algorithm.
Thus, in order to assess different identification techniques,
the number of necessary cost function evaluations is counted
and additionally, for a certain number of function evaluations,
the obtained accuracies of the identified parameters are
compared. It turned out that the proposed genetic algorithm
is clearly superior to alternative methods.
A more comprehensive discussion of the presented results
is available in the thesis of R. Eder [4], which is currently
under submission.
II. IDENTIFICATION OF A LINEAR MECHANICAL
SYSTEM WITH LEAST SQUARES
The simplest mechanical model of a moving flexible robot
arm is given by a one-mass oscillator. In the present section,
the challenges of a standard least squares based identification
method are sketched in order to emphasize the need for
alternatives. The identification based on the discrete transfer
function is shown exemplarily as a very general approach,
which is used to identify general parameters of a robotic
system. Such a system could contain mechanical, electrical
and control parameters.
In the following, a one mass oscillator with mass m,
stiffness c, damping d and external (controlled) force F is
used, defined by the equation of motion for displacement x,
mẍ + dẋ + cx = F,

(1)

with initial conditions e.g. x(0) = 0 and ẋ(0) = 0.
We define the output y(t) = ẋ(t) to be dependent on
the velocity of the mass, which is usually available in a
robotic system (e.g. calculated from the output of the position
encoder). Thus, it is possible define a transfer function in the
Laplace domain,
ŷ(s) = G(s)û(s),

(2)

in which ŷ(s) and û(s) are the Laplace transformed output
and input, respectively, and G(s) is the transfer function. In
the present mechanical system, it reads
s
G(s) =
.
(3)
ms2 + ds + c
Many possibilities to identify parameters of a one-mass
oscillator exist, but here we seek for a general approach,
applicable to general multibody systems.
Standard identification methods are available for the discrete transfer function G(z), which results in
Gz (z) = V
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z−1
.
z 2 + a1 z + a0

(4)
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The parameters V , a0 and a1 , which depend on the parameters of the mechanical system as well as on the sample time
τ,
√

1

e− 2m (d−

V

=

a0

=

e− m τ ,

a1

=

−e− 2m (d−

− e− 2m (d+
√
2
d − 4mc

d

1

√

1

d2 −4mc)τ

√

d2 −4mc)τ

1

d2 −4mc)τ

√

− e− 2m (d+

,

d2 −4mc)τ

. (5)

Least squares methods for estimation of arbitrary transfer
function coefficients compute two independent coefficients
b̄0 and b̄1 for the numerator polynomial of the transfer
function,
b̄1 z + b̄0
G∗z (z) = 2
,
(6)
z + ā1 z + ā0
however, for the present mechanical system, these two identified parameters can be reduced to one parameter,
V̄ = (b̄1 − b̄0 )/2.

(7)

In order to identify the parameters V̄ , ā0 and ā1 , the input
of the system has to be chosen appropriately. After successful
identification, a major problem is to reconstruct the system
parameters m, c, and d. This step is important, because
the simulation model of the robot contains the mechanical
parameters in a set of nonlinear equations, which would be
difficult to write in terms of the z-transfer function.
In the case of the one-mass oscillator, and if the terms in
the square roots are positive, it is possible to give explicit
formulas, by using the abbreviations
q
√
A01 = ā1 ā0 + ā0 ā21 − 4ā20 ,


√
A01 ā21 A01
√ − A01 ā0 − ā1 ā0 ,
Dc = 2V ln
2ā0 2 ā0
A01
,
L1 = ln2
2ā0
L2 = ln2 (ā0 ).
(8)
The reconstructed system parameters follow then as [4]

√ 
01 ā1
−
2
ā0
τ ā0 A2ā
0
,
m =
A01 V ln A2V01
 √

01 ā1
ā0 ln ā0 2 ā0 − A2ā
0


d =
,
A01
A01 V ln 2ā0


√
A01
1
2
2
ā1 ā0 − 4ā0 + 2 ā0 A01 ā1 − √
L1
c =
τ Dc
2 ā0 ā31



√
√
ā2 ā0
A01 ā1 ā0
A01 ā31 ā0
+
ā20 − 1 −
+
L2 .(9)
4
2
8ā0

The latter formulas are provided in order to show the
complex relation of physical parameters to the identified
parameters. It is clear that every additional parameter, which
shall be identified, might bring in severe complexity in the
reconstruction of physical parameters from the coefficients
of the transfer function. In addition to that, robotic systems
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usually include nonlinearities which also need to be identified. Alternatively, the symbolic computation of physical
parameters from the coefficients of the transfer function,
can be replaced by solving Eqs. (3) and (5) by means
of Newton’s method. As the number of coefficients and
parameters is usually not the same, an underlying solution
of an overdetermined system needs to be involved in the
solution of the nonlinear problem, which is not straight
forward and difficult to automize.
III. PARAMETER IDENTIFICATION WITH
GENETIC ALGORITHM
A genetic algorithm for parameter identification with cost
function in time domain [11], [4] within the dynamic multibody simulation HOTINT [7] has been proposed. Special
techniques with cost function in frequency domain were
investigated in [12], [3]. The present section highlights the
most important changes to a standard genetic optimization,
which would not directly work for the identification.
The genetic algorithm uses an evolutionary strategy for
searching the minimum of a cost function which depends on
n system parameters. The vector of identified parameters is
defined as
T
θ = [θ1 , θ2 , θ3 , . . . , θn ] .
(10)
In order to obtain the simulation parameters from measurements with the real system, the cost function is defined by the
(possibly weighted) L2-norm of the difference of simulated
and measured quantities [11]. For the genetic identification
process, the user defines M -dimensional simulation outputs
y sim (θgc , tj ) and the corresponding measurement outputs
y mes (tj ). The cost function e = e(θgc ) depending on a child
parameter vector θgc reads,
v
M u
t −1
X
u 1 NX
1
t
(ymes,k (tj ) − ysim,k (θgc , tj ))2 .
e=
M
Nt j=0
k=1
(11)
The set of ms starting parameter vectors for the first
generation g = 1,

C s = θg,1 , θg,2 , . . . , θg,ms ,
(12)
is uniformly distributed in the parameter space. During
the selection process, a user-defined number of parameter
vectors with lowest cost function survives and the number
of generations g is increased. The surviving parameter sets
are selected based on the criteria:
• minimum cost function
• a minimal allowed distance is required between each
pair of surviving parameter vectors
With this strategy, it is guaranteed that the search is performed in a number of different locations, while otherwise in
functions like the Rastrigrin function, see Fig. 10 the search
would immediately end in one of the local minima if the
number of surviving parameters is very low. The selection
process with vanishing minimal allowed distance is depicted
in Fig. 1 and with enabled minimal allowed distance criterion
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in Fig. 2. The cost function values e dedicated to the surviving parameter vectors θgs of generation g may be lower
in case of vanishing minimal allowed distance, compared to
the cost function values dedicated to the surviving parameter
vectors θgs
∗ with enabled minimal distance,
gc
e(θgs ) ≤ e(θgs
∗ ) ≤ e(θ ),

θ max,2

θ

gs

θ (g+1)c

θ2

(g-1)
θ
max,2 θ min,2

θ
max,1 θ min,1

(g-1)

(13)

but more search space is explored with θgs
∗ , cmp. Figs. 1 and
2. This strategy increases the possibility to find a parameter
vector very close to the optimal cost function value.
θ max,2

θgc

θgc
θgs

θ2

^ θ)
A( )=e(

θ min,2
θ min,1

Fig. 3.

θ

1

θ max,1

Mutation of surviving (parent) parameter vectors θgs .

g = 2 resp. g = 7. Due to the latter described range
reduction factor ξ, and the increase of the generations g,
the distance of the children parameters is getting closer to
their parent parameter vectors. The vertical line is dedicated
to the optimal parameter value.
−4

x 10

generation g=2

10

θ min,2

Fig. 1.

θ

1

cost function

θ min,1

θ max,1

Selection process without minimal distance criterion.

8
6
4
2

θ max,2
θ

minimal allowed
distance

gc

2

θ g* s

Fig. 4.

θ2

^ θ)
A( )=e(

4

6
parameter θi

8
4

x 10

Minimization progress of GA: parameters of generation 2.

too close
−4

x 10

generation g=7

10

θ min,1

Fig. 2.

θ

1

cost function

θ min,2
θ max,1

Selection process with enabled minimal distance criterion.

Each set of surviving parameters creates a user-defined
number of normal distributed children. The surviving parameter vectors θgs are also considered in the selection
process. The number of the generations is increased until
a maximum number of generations is computed and the
optimal parameter vector with lowest cost function value is
the result of the optimization. However, the size of the distribution is smaller as compared to the previous generation.
This strategy enables a faster convergence to the optimal
parameter vector as compared to a pure random search. It
decreases the distance to the surviving parameter vectors
with increasing generation depending on a range reduction
factor ξ, see Fig. 3. The children parameter vectors θ(g+1)c
are normal distributed. Thus a few number of them may
be located outside this distance. In Fig. 4 resp. Fig. 5,
the progress of the minimization of the cost function with
respect to one example variable θi is depicted for generations

8
6
4
2

optimum
2

Fig. 5.

4

6
parameter θi

8
4

x 10

Minimization progress of GA: parameters of generation 7.

IV. PARAMETER IDENTIFICATION WITH
PARTICLE SWARM OPTIMIZATION
In order to validate and to assess the performance of the
proposed genetic algorithm for parameter identification, a
standard method - the Particle Swarm Optimization (PSO)
[9] is compared to the proposed method.
The PSO has a large number of applications, e.g. the
tuning of parameters of controllers [6], [1], inverse control
and identification of distinct inertia parameters of industrial
robots [2]. In the field of robotics, the PSO is used in various
applications [15] like motion planning and control, control
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of robotic manipulators and arms, voice control of robots,
unsupervised robot learning, obstacle avoidance, unmanned
vehicle navigation, robot vision path planning, environment
mapping, swarm robotics and robot running. The broad range
of applications of PSO encourages us to test also the usability
to an identification problem of mechanical parameters, but
also measurement delay and controller parameters for virtual
robots.
The basic idea of this method is, to use swarm intelligence,
similar as nature does. A parameter vector - a particle is driven by two forces, where one is directed towards
the best food-source - also called cost function or fitness
- indicated by neighbor particles and the other is directed
in the ”best visited” position of the particle. The PSO
depends on following parameters: the number of particles,
the dimension of particles depending on the number of
identification parameters, the lower and upper bound of the
initial swarm positions, the maximum velocity, additional
learning factors, the stop condition and inertia weights. The
first PSO-population is initialized at random positions with
random velocities. Afterwards, the cost functions of the
initial particles are evaluated. The inertia weight changes
during every following iteration of PSO - algorithm. The
best position of the swarm is searched and compared with
the previous best position. After the update of the previous
best position to the actual best position of the swarm, the
velocities are limited to the maximum velocities and the
position of the swarm is updated. If the stop criteria is not
reached, the next iteration starts, otherwise, the PSO stops.
The stop criterion depends on the absolute tolerance and a
maximum number of iterations.
V. TEST EXAMPLES
In this section, we compare the results of a Newton search
[14], Particle Swarm Optimization (PSO), cmp. IV as well as
our Genetic Algorithm (GA), cmp. III. As extension to the
previous work [3], we also identify nominal parameters θnom
of a tripod (cost function e, see equation 15). The well-known
Newton search uses the gradient and the Hessian matrix
of the cost function. The Newton search for the optimal
parameters is performed only one time due to the high
number of cost function evaluations. One main difference
of the algorithms are the initial values. The PSO has only
two scalar values for the minimal and maximum range of
the initial parameters of the search. Newton search needs
only one start parameter vector θ0 . Our GA offers the
possibility to define intervals within each component of the
parameter value is searched. The PSO and GA are zero-order
algorithms. They do not need derivatives of the cost function,
like the Newton search, so those zero-order algorithms are
very adaptive and can be applied also to discontinuous
problems. We use default values and a swarm size of 10
for the PSO. The settings of the GA are shown in Tab. I.
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TABLE I
I DENTIFICATION OPTIONS OF GA.
Option

Value

Initial population size
Cardinality |S g | of surviving parameter set
Number of children of each survivor
Number of generations g
Range reduction factor ξ
Minimal allowed distance dmin,0
Initial random value1

20
20
20
15
0.5
0.0
∈]0, 1[

Multiple identifications with different values.
1

tained from the L2-norm of tripod model, depicted in Fig. 6,
with nominal parameters in Tab. II, cmp. [3]. The drive
inertia is defined as constant value JD = 80 × 10−6 kgm2
in order to identify only one inertia parameter, the mass
attached to the tool center point mt . We identify also a time
delay ∆T , which is considered in the nominal simulation. It
represents the delayed transmission of the drive torque signal
until it is written in measurement data. The controller circuits
are implemented as so-called IOBlock in the multibody simulation code. The reference trajectories are similar to signals
of the original industrial controller during a fast pick-andplace motion. The torque due to nonlinear dissipative effects
in the drive reduces the electrical drive torque. External
gravitation forces act on the rail masses and the tool mass mt
in the simulation. Massless rods connect the rail masses with
the tool mass with constraint equations. Each drive inertia
JD multiplied with the square of the gear factor leads to an
equivalent mass me , which is connected to the rail mass.
The relative gear damping ζG allows better insight into the
mechanical properties. The connection between equivalent
TABLE II
N OMINAL PARAMETERS AND PARAMETER LIMITS OF A T RIPOD ROBOT
DRIVE FOR IDENTIFICATION .
Parameter

symbol

θi,min

θi,max

nominal unit
value
θi,nom

Measurement
delay
Gear
stiffness
Rel.
gear
damping
Tool mass

∆T

0

0.1

0.02

s

cG

102
0

2 ×
105
0.3

N/m

ζG

3 ×
105
2

mt

1

2

1.5

kg

1

A. Tripod model
In order to compare different optimization techniques, we
minimize different cost functions. One cost function is ob-

Fig. 6.
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TABLE III
C OMPARISON OF GA AND PSO AT TRIPOD PARAMETER
IDENTIFICATION .

a

Results

GA

PSO

Computation time (s)
Number of simulations
Identified ∆T (s)
Identified cG (N/m)
Identified ζG
Identified mt (kg)
rel. parameter error ∆T (%)
rel. parameter error cG (%)
rel. parameter error ζG (%)
rel. parameter error mt (%)

49272
5620
1.93 × 10−2
200013
0.30085
1.508
3.04
-0.01
-0.28
-0.53

82990
10020
n.c.a
199900
0.2995
n.c.a
n.c.a
0.05
0.17
n.c.a

n.c.=not converged

Regular
lead without additional limitation of the parameter space
to extremely high computation times or not converging
solutions of the simulations).
The GA leads to more accurate results than the PSO. The
computation time of the GA is significantly lower than from
the PSO.
1) Comparison of PSO, Newton and GA: The first cost
function,
2
X
e1 =
θ2k ,
(16)
k=1

is the DeJong- or also called Sphere-function, see Fig. 8. Further, we compare the identification results from the Griewank
function,
e2 =

log(e1)

1
0

2
X

k=1

cost function
optimum

θ2k /4000 −

2
Y
√
(cos(θl / l)) + 1,

(17)

l=1

see Fig. 9 and the Rastrigrin function,

−1

2
X

e3 = 20 +

((θ2k ) − 10cos(2πθk )),

(18)

k=1

−2
4

0.1

2
ζG

Fig. 7.

see Fig. 10.

The absolute tolerance of the identification

0.05
0 0

DeJong

∆T

Tripod cost function e.

60

e1

40

mass me and rail mass mrail is implemented as spring
damper element with stiffness cG and gear damping dG ,
p
dG = 2ζG me mrail cG /(me + mrail ).
(14)

20
0
10
0

θ2

For the identifications, we define the cost function e the
torque of the first tripod drive as simulated ysim (θgc , tj ) and
nominal outputs ysim (θnom , tj ),
v
u
t −1
u 1 NX
t
e=
(ysim (θnom , tj ) − ysim (θgc , tj ))2 (15)
Nt j=0

2

0

4

θ1

DeJong (Sphere-) function.

Griewank
3
2

e2

The distribution the cost function e, with respect to the
relative gear damping ζG and the measurement delay ∆T
parameters is depicted in Fig. 7.
The computation with the GA and PSO with the cost
function e from the tripod simulation are shown in III. The
duration of the identification process depends on the duration
of one single simulation. The storing of the simulation data
needs aproximately 60 percent of the simulation duration.
Other techniques for reduction of the computation effort
deal with frequency domain methods, which lead to a lower
number of simulation needed for the identification process,
see e.g. [12]. Newton’s method did not converge due to
negative parameter values during the search. Normalized
seach intervals were used for the PSO (otherwise, the PSO
lead to completely wrong results). Furthermore, the PSO
needed an additional parameter limitation - otherwise the
PSO uses also negative parameters for the simulation (those
in a physical point of view not correct parameters would

Fig. 8.

−10 −2

1
0
10
0

θ

2

Fig. 9.

−10 −2

2

0

4

θ

1

Griewank function.

results is set to 10−4 . We set the start parameter vector of
the Newton search to θ0 = [4r, 6r]T , with different random
values r ∈]0, 1[ for each identification process, for the latter
cost functions. The lower bound of the components of the
initial Swarm of the PSO is -1 and the upper bound is
6 for the identification of e1 -e3 . For the GA, we use the
lower parameter limit θmin = [−1, −1.5]T and the upper
parameter limit θmax = [4, 6]T in order to avoid that the
optimal cost function value is exactly in the center of the
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Rastrigrin

e3

100

50

0
10
0

θ2

Fig. 10.

−10 −2

2

0

4

θ1

Rastrigrin function.

limited parameter space. The cost functions e1 - e3 are
standard test examples of the PSO. The mean values of
thousand identifications with PSO, Newton search, and GA
lead to the mean duration of identification process in Tab.
IV, the number of cost function evaluations in Tab. V and
the residuals, cmp. Tab. VI.
TABLE IV
M EAN DURATION OF IDENTIFICATION PROCESS ( MS ).

a

Algorithm

DeJong

Griewank

Rastrigrin

GA
PSO
Newton

24.5
46.1
4.30

23.8
113
9.22

57.8
63.4
n.c.a

n.c.=not converged

TABLE V
M EAN NUMBER OF COST FUNCTION EVALUATIONS .

a

Algorithm

DeJong

Griewank

Rastrigrin

GA
PSO
Newton

1982
2889
7

1780
6177
14

4219
4172
n.c.a

n.c.=not converged

TABLE VI
R ESIDUAL OF COST FUNCTION .

a

Algorithm

DeJong

Griewank

Rastrigrin

GA
PSO
Newton

3.96 × 10−5
5.96 × 10−5
6.25 × 10−8

5.10 × 10−5
2.69 × 10−3
3.0 × 10−10

0.33
0.019
n.c.a

n.c.=not converged

VI. CONCLUSIONS
In the present work, we tested different techniques for
parameter identification. An approach with least squares
identification with time discrete transfer functions of a very
simple one mass oscillator, which could represent the linearized dynamics of one robot link, showed that the algebraic
relations between physical parameters and the identified coefficients of the discrete transfer function are very complex.
An automatic solution for different, more complex systems,
is not very feasible - especially due to redundant parameters

Regular
in the transfer function coefficients which have to be regarded
in the least squares algorithm. As expected, the Newton
search did not converge for the given problems containing
multiple minima, cmp. Figs. 9 and 10. Nevertheless, if the
cost function distribution is simple enough and the starting
parameters are close to the optimum, e.g. in the Dejong
and Griewank function, see Figs. 8 and 9, the Newton
search needs a very low number of computations to find
the minimum.
Our proposed genetic algorithm showed better accuracy
and a lower number of needed computations in our tested
cases - even the search of nominal tripod parameters leads
to better results than the PSO algorithm. In addition to that,
the proposed method needs no algebraic manipulation of the
system equations and is therefore immediately applicable to
different problem setups. Further work will focus on a larger
set of identified parameters.
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allows the usage of nonlinear MPC (NMPC) for plants with
time constants in the lower millisecond range nowadays. In
[9] the trajectory tracking problem for a WMR is compared
for a linear as well as a nonlinear MPC approach using a
kinematical model without slipping conditions. An NMPC
approach based on a dynamical model of a unicycle-like mobile robot was proposed in [10]. The main drawback of such
MPC strategies shows up at high velocities in combination
with small curve radii. Therefore in this paper an adaptive
optimal path planning strategy in combination with NMPC
for an ultraflat overrunable (UFO) nonholonomic mobile
robot is proposed. In order to approach fast but smoothly
to the desired trajectory, a new curve based on B-Splines
serves as a reference for the NMPC. This new reference
trajectory is optimized with respect to curvature and fast
approximation. Nonlinear model predictive control is solved
using an efficient real-time iteration algorithm implemented
in C-code in the software package ACADO, presented in [11].
The paper is organized as follows: Section II describes the
robots application scenarios and the main drawback of the
current control approach. Section III explains the dynamical
model of the mobile robot in detail. In IV the NMPC
strategy is shown. Section V introduces the implemented path
planning method based on B-Splines. The proposed strategy
is applied to the ultraflat mobile robot in VI and results are
shown in section VII.

Abstract— In this paper an adaptive optimal path planning
in combination with nonlinear model predictive control is presented for trajectory tracking of an ultraflat overrunable mobile
robot. As a basis for nonlinear control, the dynamical model
of this nonholonomic robotic system, that is used particularly
for testing purposes of advanced driver assistance systems, is
derived. The aim of this work is to apply model predictive
control to minimize the lateral distance between a desired
path and the current robot position with respect to physical
constraints of the robot. In order to smoothly approach to
the desired track, in particular at high velocities, a new path
is planned at each sampling instant which heads the mobile
robot back on a desired path. This new reference trajectory for
the model predictive controller is based on B-Splines, whereby
the corresponding control vertices are calculated by means
of a quadratic program with respect to minimal curvature.
Implementation details as well as sufficient simulation results
are shown.

I. INTRODUCTION
In the last years the application of wheeled mobile robots
(WMR) in the area of automation industry and service
robotics was considerably increasing. Hence trajectory tracking plays an important role in order to improve positioning
accuracy and performance. As a basis for control, kinematical and dynamical modeling of nonholonomic WMRs have
been exhaustively investigated, see [1], [2]. In [3] a quasistatic feedback controller, that is based on differential flatness, see [4], for nonholonomic mobile platforms is derived.
Among many control concepts, there was strong research
towards sliding mode control (SMC) as well, see [5], [6],
for the use in the field of nonholonomic mobile platforms.
In [7] the trajectory tracking problem was solved based
on the exact discrete-time model. Besides the conventional
PD controller, model predictive control (MPC), also known
as receding horizon control, became an important control
strategy in petrochemical industry in the 1980s. Therewith
the trajectory tracking problem for a finite horizon can
be solved in an optimal manner in consideration of state
and input constraints. Due to its high computational burden
it was mainly used for applications with slow sampling
times. Development in processor technology and of efficient
numerical algorithms, see [8] for a comprehensive overview,

II. P ROBLEM FORMULATION
The UFO mobile robot is a drive system used for Advanced Driver Assistance Systems (ADAS) testing. It is a
platform able to move different objects on the road like car
or pedestrian dummies without the need of having the same
kinematic constraints, as shown in Fig. 1. The robot is driven
by two electric drives on the rear axle and one for the steering
and has four wheels. Furthermore, the robot has a settledown function which makes it possible to unload the wheels
in case of a run-over. These functions allow testing of precrash, crash and post-crash real world scenarios. In case of
an impact, the UFO can be overrun and the target is pushed
away. In Fig. 2, a typical junction test scenario is shown,
whereby the UFO moves a dummy car. Further scenarios are
lane changing or distance keeping. Before such a maneuver
starts, the operator specifies a desired path, the dummy car

*This work has been supported by the Austrian COMET-K2 program of
the Linz Center of Mechatronics (LCM), and was funded by the Austrian
federal government and the federal state of Upper Austria.
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torque Ms . For controlling the wheel and steering positions,
encoders and a potentiometer are used for measurement.
The mathematical model of the considered mobile robot in
Fig. 3 with N = 5 bodies is obtained with the Projection
Equation


(  ∂ R v c T T 
)
N
ω IR R p −R fe


R ṗ +R ω̃
∂
ṡ
= 0,
∑   ∂ Rω c T  R L̇ +R ω̃ω IR R L −R Me
i
i=1
∂ ṡ

i

(1)
˜ operator denotes the skew-symmetric matrix
see [12]. The ()
representing the cross product (ãb = a × b). This method
projects the linear p and angular momenta L, formulated in
an arbitrary reference frame R, with the Jacobian matrices
(∂ R vc /∂ ṡ)T and (∂ Rω c /∂ ṡ)T into the direction of unconstrained motion. In this formulation R vc and Rω c denote the
linear and angular velocities of the center of gravity of each
body i. The variables R fe and R Me denote impressed forces
and moments. Based on that, the equations of motion in
minimal description are obtained

Fig. 1. Adult, children, bicycle and dummy car objects used for crashscenarios

has to track. In order to standardize testing for ADAS, it
is very important to minimize the error between the desired
path and the robot position.
The current implementation of the steering control is based
on an optimization free, predictive control concept without
a sufficient path planning strategy. Hence input and state
constraints can not be considered and the robot is not able
to follow the track properly at high velocities.

M(q)s̈ + g(q, ṡ) = Bu
u = Mmot

(2)

with minimal coordinates q = [xch ych γch γv ]T and minimal
velocities ṡ = [vch γ̇v ]T . The variables xch , ych and γch describe
the position and orientation of the center C on the rear axle.
The speed of the mobile robot is given by vch . Terms due
to gravity and all other nonlinear effects like Coriolis and
centrifugal forces can be found in g(q, ṡ). Due to the fact that
dissipative terms like friction were disregarded, the mobile
robot moves with the assumption of pure rolling (without
slipping) between wheels and ground. The constraints for
the rear wheels are
b
ωwheel Rwheel = vch ± γ̇ch ,
2

(3)

whereby Rwheel denotes the radius and ωwheel the angular
velocity of the wheel. M represents the positive definite mass
matrix and B contains the gear ratios and maps the actuator
torques Mmot = [Md Ms ]T into minimal space.
Fig. 2.

Junction test scenario
Iy

γv

ch y

III. M ODELING & S ETUP
The overall system of the mobile robot is divided into two
parts. The control unit responsible for path planning, position
control and data processing on the one hand and the mobile
robot (Fig. 3) on the other hand. In order to ensure realtime capability of the implemented algorithms, a powerful
microprocessing system is used for the control unit. The
robot is divided into five bodies. Four out of five consist
of a wheel and an axle mounting, whereby the steering of
the front wheels is mechanically coupled. The fifth body
describes the chassis of the robot. The two drives for the
rear wheels that are responsible for the required torque Md to
move the WMR are mounted on the rear axle. The steering
angle γv is actuated by an additional drive generating the

ch x

vch
C

γch

b

a

ych

xch
Fig. 3.
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Using the kinematic model


cos(γch )
 sin(γch )
q̇ = H (q) ṡ = 
 1 tan(γv )
a
0
+



0  
0
 vch
0 γ̇v
1

A main drawback of MPC strategies is the computational
burden of the optimization process. The higher the number
of optimization variables, the longer it takes to find a solution
of (6).
In order to set up this optimization problem, a reference trajectory rk+ j is required. Therefore, in section V an adaptive
path planning which provides the necessary data is explained
in detail.

(4)

with the Moore-Penrose pseudoinverse H+ , the equations of
motion from (2) can be formulated in state space representation to


H+ (q) ṡ
ẋ =
M(q)−1 (Bu − g(q, ṡ))
(5)

V. PATH P LANNING
Due to unsatisfactory results by using the desired path as
reference path, an adaptive path is implemented which heads
the mobile robot back on the desired path. This shortcoming
is due to the fact, that the minimization of the orientation
error and the lateral distance of the nonholonomic WMR are
inherently contradicting.
Hence, at each sampling time tk a new path is planned which
has to satisfy the following constraints:
• Boundary condition of start pstart and end point pend of
the path.
• Boundary conditions of first derivative and curvature
p′start , κstart and p′end , κend .
• Continuity of first derivate and curvature over the whole
path.
• Path should be composed of a sequence of segments.
This leads to better path control (more inputs to steer
the path).
• Ability to describe line and curve segments.
Cubic basis splines (B-Splines) are able to consider these
definitions and are chosen as suitable functions.

y=x
T
with x = qT ṡT . The parameter a denotes the axial
distance.


IV. M ODEL P REDICTIVE C ONTROL
The main idea of MPC is to minimize the control error
over a finite horizon using an optimization algorithm subject
to state and input constraints. Written in a discretized form,
in each sampling step k an MPC computes the optimal
control solution as a result of the minimization of a quadratic
cost function
#
"n
ph

min Vk = min
u

u

∑

j=1

rk+ j − ŷk+ j|k

2
+
Q

nch −1

∑

j=0

ûk+ j|k

2
R

(6)

Q ≥, R > 0
dependent
on ithe
optimization
variable
u =
h
T
T
T
with ûk+ j|k = [Md,k+ j|k , Ms,k+ j|k ]T .
ûk|k , . . . , ûk+n −1|k
ch
The notation Md,k+ j|k describes the predicted value Md
at time tk+ j in sampling instant k. For the evaluation of
the objective function in (6), the future system outputs
ŷk+ j|k = [x̂ch ŷch γ̂ch γ̂v v̂ch γ̂˙v ]Tk+ j|k are predicted based on
the current measured state xk , the future system inputs
ûk+ j|k , the finite prediction horizon n ph , the finite control
horizon nch and the dynamical model of the system from
section III. Then the error between the predicted values
and the reference trajectory rk+ j as well as system inputs
are penalized. The variables Q and R denote weighting
matrices, whereby high values in Q entail lower tracking
errors as well as high values in R result in lower input
values. The first of the nch optimal inputs is applied to
the system. Then the same procedure starts again at the
next sampling instant tk+1 with a new measured state xk+1
and the prediction horizon is shifted forward. Hence MPC
is also known as receding horizon control. In contrast to
PID control, MPC is able to anticipate future changes
and to react accordingly. In the application of trajectory
tracking with a WMR, this allows the mobile robot at
higher velocities to better approach to curve segments with
big curvatures. A further advantage of MPC is to consider
restrictions on inputs and states
umin ≤ u ≤ umax
xmin ≤ x ≤ xmax .

Regular

A. Derivation of cubic B-Spline basis functions
A cubic B-Spline curve is composed of local shape functions (basis functions) of degree m = 3 each. Hence, one
single point on the two-dimensional curve
!
!
3
kx, j+i−1
px,i (u)
= ∑ b j (u)
pi (u) =
0≤u≤1
py,i (u)
ky, j+i−1
j=0
(8)
is completely controlled by just m + 1 = 4 control points
for every direction (x and y), called vertices. Each vertex
kx/y, j+i−1 is associated with a scalar-valued parametric function
b3 (u) = (−u3 + 3u2 − 3u + 1)/6
b2 (u) = (3u3 − 6u2 + 4)/6

b1 (u) = (−3u3 + 3u2 + 3u + 1)/6
b0 (u) = u3 /6

(9)
(10)
(11)
(12)

that define a basis of cubic curves. A more detailed description to determine these coefficients is shown in [13] and leads
to basis functions of degree m = 3. As shown in Fig. 4, each
curve segment is controlled by 4 vertices and the associated
B-Spline. In Fig. 5 the main idea of the path planning scheme
is sketched. The B-Spline based path (black, dashed) guides
the mobile robot back on the desired path (black, solid).
This dashed path is composed of several curve segments

(7)
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p1

p1,end
p2

k1

k2

k3

p2,end p
3
k4

of nv = 2n path + 6 vertices. This is solved by means of an
optimization problem which can be rewritten into a standard
QP problem
1
minn kT Hk + kT g
v
k∈R 2
(14)
s.t. Ak ≤ b

p3,end

k6

k5

with the bound b as well as inequality and equality constraints determined in A. The matrix H is defined as the
Hessian matrix and g represents the gradient vector. The
reasons for determining the control vertices by means of an
optimization problem are motivated as follows:
• More equations nq = 2(n path − 1) + 10 (5 at start and
end, respectively) than unknown control vertices nv =
2n path + 6 (over-determined system of equations) are
given.
• It allows to influence the curvature κ on specified
trajectory points.
The linear constraints in (14) contain equations to fulfill the
continuity constraints pstart , p′start , κstart , pend , p′end and κend .
The Hessian matrix for the optimization problem in (14) to
minimize (13) is given exemplarily for the corresponding
path segment pi (u) with


1/36
0
1/9
0
1/36
0
 0
1/36
0
1/9
0
1/36 


 1/9
0
4/9
0
1/9
0 
.
Hd,i = 
 0
1/9
0
4/9
0
1/9 


 1/36
0
1/9
0
1/36
0 
0
1/36
0
1/9
0
1/36

1

Fig. 4.

Composed curve with three path segments

each defined in (8). According to [14], it is not possible to
represent circle segments exactly with (8). Despite this fact,
the approach is sufficient enough for this kind of application.
ch y

p f ,1 p f ,2
df

dn path −1

d5

d4

d3

d2

d1
xp
df

dn path −2

ch x

xc p1,end p2,end

pn path ,end
p f ,n path

The linear part is defined as the gradient


−x f i /3
 −y f i /3 


 −4x f i /3 
.

gd,i = 

 −4y f i /3 
 −x f i /3 
−y f i /3

n path d f
Fig. 5.

Composed path with several path segments

B. Determination of the control vertices
Due to simplicity but without loss of generality, the following calculations are based on a desired constant velocity
vch,d of the WMR.
In order to determine the control vertices kx/y, j+i−1 , the
sum of lateral distances di between the B-Spline based and
the desired path is minimized by means of an optimization
problem

In order to avoid oscillations in the resulting paths, that
may lead to bad tracking behavior, curvature is minimized
additionally. Curvature κ of a two-dimensional parametric
curve is described by the nonlinear equation

κi =

n path−1

minn

k∈R v

∑

i=1

i[(px,i |u=1 − x f ,i )2 + (py,i |u=1 − y f ,i )2 ]

Regular

p′x,i (u)p′′y,i (u) − p′′x,i (u)p′y,i (u)
(p′x,i (u)2 + p′y,i (u)2 )3/2

.

(15)

Due to the fact that this can not be reformulated in quadratic
form, a direct implementation in (14) is not possible. The
choice of d f = 1 (distance between future points) and u =
1 (end of a path segment) limits the denominator of (15)
approximately to one and the slope terms between −1 ≤
p′x,i (u), p′y,i (u) ≤ 1. From the nominator, only the terms of the
second derivatives p′′x,i (u), p′′y,i (u) are used for minimization
because all other terms are already known in fixed areas. This
is equivalent to a decoupled bending minimization of the xand y-curve. Then the additional requirement to minimize
curvature is formulated

(13)

h

i
with k = kx,0 . . . kx,n path +2 , ky,0 . . . ky,n path +2 . Thereby p f ,i =
[x f ,i y f ,i ]T represent the n path future points on the desired
path in Fig. 5 (solid line). These are calculated equidistantly
starting at x p , that represents the current mobile robot
position xc projected onto the desired path. The claim of
an equal distance d f is necessary to constrain the curvature
κ as shown later.
The number of path segments n path , see Fig. 5, depends
on the desired velocity vch and the prediction horizon n ph .
In order to determine the path, it requires the calculation

n path−1

minn

k∈R v
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∑

i=1

p′′x,i |2u=1 + p′′y,i |2u=1 .

(16)
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optimization is based on a sequential quadratic programming
(SQP) method. This iterative method reduces the nonlinear
optimization problem to a quadratic problem (QP) which can
be solved with the software package qpOASES, see [16].
Furthermore, qpOASES is utilized to solve the quadratic
program defined in (13) and (16).

Again, the Hessian matrix is given exemplarily for the
corresponding path segment pi (u) with


1
0 −2 0
1
0
 0
1
0 −2 0
1 


 −2 0
4
0
−2
0 

.
Hκ ,i = 
4
0 −2 
 0 −2 0

 1
0 −2 0
1
0 
0
1
0 −2 0
1

B. Simulation flow
Figure 6 shows the control scheme. In order to check the
behavior of the closed loop, disturbed parameter values are
used for the NMPC model. At each sampling interval, the
simulation process can be divided into the following steps.
1) Project the mobile robot onto the desired path
2) Compute future points p f ,i
3) Set up the optimization problem
4) Compute the geometric path p
5) Compute the reference trajectory rk+ j
6) Set up the NMPC
7) Solve the nonlinear optimization problem
8) Start again from 1)
Steps 1 to 5 are computed within the optimal path planning
block in Fig. 6 while steps 6 to 7 describe the procedures
done by the NMPC block.

The overall Hessian matrix H and gradient vector g are
represented by
H = f (Hd,i , Hκ ,i )
(17)
g = f (gd,i ).
The resulting optimization problem can be solved with an
appropriate QP solver as mentioned in section VI. The obtained geometric path pi (u) is represented in dependence of
the parameter u. The only time dependence which influences
the path is given through the length of the prediction horizon
to t ph = n ph Ts with sample time Ts .
C. Reference trajectory
After computation of the geometric path pi (u), the necessary time dependence to obtain the reference trajectory rk+ j
can be deduced. Based on the desired velocity and acceleration of the original trajectory (remember the assumption of
constant desired speed), the distances
L(u j ) = vch,d Ts j

j = 1, 2, ..., n ph

Regular

(18)

Desired
Path

xch,d
ych,d
vch,d

xch , ych , vch
Optim.
Path

r

NMPC

u

Dynamical
Model

to the n ph reference trajectory points are found. With the
desired robot speed vch,d , the equation
n ph Z 1

vch,d Ts j = ∑

i=1 0

p′i (u j ) du j

Fig. 6.

y

Control scheme of the closed loop

(19)
VII. RESULTS

must hold and defines a relationship between the path parameter u and time. Unfortunately, this expression can not be
solved analytically with respect to u. Therefore, an advanced
numerical integration method like e.g. the Simpson’s rule
is required. Determining n ph curve parameters u j leads to
the necessary reference trajectory x j = px (u j ), y j = py (u j ),

The reference path starts at the origin xr = 0 m and
yr = 0 m. The initial condition of the mobile robot is x0 =
[0 0.2 0 0 10 0]T , whereby the lateral distance at t = 0 s
is 0.2 m and the start speed 10 m/s. The weighting matrices
are defined as Q = diag[102 , 102 , 103 , 102 , 102 , 1] and R =
diag[1, 1]. The prediction horizon is set to n ph = 10 and
the sampling time to Ts = 0.05 s. The steering angle is
mechanically limited to

p′ (u )

γch = arctan( p′y (u jj ) ) and γv = arctan(aκ (u j )).
x
Due to the minimization of κ within the optimization problem, the change of the curvature is slower. Therewith the
performance of trajectory tracking is increased.

−14
14
π ≤ γv ≤
π.
(20)
180
180
Figure 7 shows tracking results of the WMR when following
a desired path. For the first circle segment a higher steering
angle is necessary than limited in (20). Hence it is not
possible to follow the path exactly, but the NMPC chooses
the steering torque Ms appropriately to minimize the tracking
error over the whole horizon with respect to the limits of γv ,
see Fig. 8. As shown in Fig. 9, the initial lateral deviation to
the desired path is minimized immediately. During the first
circle segment a higher error occurs due to active constraints.
For the following trackable segments the error vanishes. Due
to numerical integration and the fact that cubic B-Splines are
not able to represent curve segments exactly, a neglectable

VI. A PPLICATION
A. Used software packages
The software package ACADO Toolkit [15] was used for
the realization of the NMPC. ACADO is an open source
software environment and algorithm collection. In order to
solve NMPC problems, it contains all necessary software like
• Hessian approximation methods
• Discretization methods (single- or multiple shooting)
• Different integrator types (Runge Kutta, Euler method,
Dormand-Prince)
Furthermore, it exports optimized, highly efficient C-code.
This allows simple implementation on embedded boards. The
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Steering angle

error always occurs on curve segments. On line segments at
the end of the path in Fig. 7 the error convergences to zero,
see Fig. 9.
VIII. C ONCLUSIONS
In this paper an adaptive optimal path planning approach
to lead a mobile robot on a defined reference path using
NMPC is introduced. Therefore a geometric path is planned
based on B-Splines and approached optimally to the desired
trajectory with respect to minimal curvature. This path is
transformed to a time dependent trajectory solving an integral
condition using the Simpson’s rule. The resulting trajectory
serves as reference for the cascaded nonlinear model predictive control, that steers the mobile robot back to the desired
path in an optimal manner considering state constraints. In a
last step the concept was applied to a nonholonomic mobile
platform, that demonstrates the good performance of the
proposed path planning concept as well as the benefit from
MPC with respect to prediction and constraint consideration.
Future work will focus on implementing this strategy to the
real robot.
ACKNOWLEDGMENT
This work was thankfully supported by Dr. Steffan Datentechnik Ges.m.b.H, Salzburgerstr. 34, 4020 Linz, Austria -

35

Proceedings of the Austrian Robotics Workshop 2014
22-23 May, 2014
Linz, Austria

Regular

Meta-Heuristic search strategies for Local Path-Planning to find
collision free trajectories
Markus Suchi, Markus Bader and Markus Vincze1
Abstract— Driving a mobile robot safely to target locations
is a vital task. Common approaches are dividing this task
in two parts, global and local path-planning. The goal of
the global planner is to find a feasible global path through
an environment based on previous obtained maps. The local
planner uses the current sensor readings and generates target
values for the motor controllers to steer the robot collision free
and consistent with the global plan. Most applied strategies
are sampling based - the control space gets sampled and the
resulting trajectories are geometrically tested for collisions.
Samples which are free of collision are further weighted using a
cost functions which is computational expensive. The proposed
method uses search strategies based on Meta-Heuristics to
reduce the expensive evaluation tests. This enables the local
path-planning to run with a higher update rate and to react
faster to changes in the environment, which allows the robot
to drive faster and safer. Results are obtained by a reference
implementation based on state of the art methods used within
the Robot Operating System (ROS) navigation stack and show
a significant performance boost.

global costmap
local costmap
local path

global path

detected obstacles
Fig. 1: This figure shows a Pionner3DX and its view of the
office environment while passing through a door. The blue
line shows the global path and the green line the selected
trajectory of the local planner.

I. I NTRODUCTION
Navigation and planning are essential for mobile robots to
act in out- and indoor environments. Uncountable articles are
describing approaches and applied solutions of autonomous
system driving safely in different domains, e.g. Stanley [17]
a self driving car that won the DARPA Grand Challenge by
driving 132 miles through the Mojave desert, or the mobile
robots of Kiva Systems [7] handling goods in distribution
centers and warehouses like Amazon. Articles like [17]
and [7] present the relationship between the environmental
complexity and the computational on-board power needed to
deal with it. Stanley has a six processor computing platform
sponsored by Intel whilst Kiva robots are using low cost
DSP’s for navigation and vision processing1 to drive within a
known environment. The robot shown in Figure 1 is used on
our institute. The robot is able to drive autonomous within
our lab/office environment and is equipped with one Intel
processor (i5@3,4GHz) running Robotic Operation System
(ROS)2 . While the application domain and computational
power varies strongly between the robotic systems, all of
them have to move safely and efficient from one location to
another.

A common strategy to deal with the complex planning
problem is the division into a global and a local planning
problem [12]. Global path-planning requires a simplified
representation, e.g. static map, of the search problem to
efficiently compute an optimal shortest path using variants
of Dijkstra’s [2] or A∗ [9] algorithm, ignoring kinematic
and acceleration constraints of the robot. In succession the
retrieved global path is used by a local planner for guiding
the robot through the environment. The local planner takes
sensor readings of the robot into account and is reactive
to changes within the sensor range. It chooses the best
values of available motor controls in respect to the kinematic
and dynamic constraints of the robot. The main task is to
avoid collision with obstacles, by generating feasible velocity
commands to produce a trajectory for the robot near the
global path. The heuristic strategy presented optimizes the
local planner.
One of the most popular local planer and reactive collision avoidance method is the Dynamic Window Approach
(DWA)[4]. Its based on evaluating a fixed number of trajectory samples in a reduced velocity space. A dynamic
window around the current robot fused with the current
sensor readings of the robot represents a so called costmap.
Trajectories are sampled into that costmap and weighted by a
cost function. Recent adoptions of this method can be found

Automation and Control Institute (ACIN), Vienna University of
Technology, Gusshausstrasse 27-29 / E376, 1040 Vienna, Austria

[markus.suchi, markus.bader, markus.vincze]
at tuwien.ac.at

1 Kiva Systems Uses "Smart" Blackfin-powered Robots for Warehouse Navigation | Analog Devices: http://www.analog.com/en/
content/kiva_systems_bf548/fca.html
2 Robot Operating System (ROS): http://ww.ros.org/
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in [15][14]
In this paper we propose a method which finds the best
velocity commands by using search strategies based on MetaHeuristics instead of evaluating a fixed number of trajectories
in a brute force manner. A combination of Iterated Local
Search (ILS) with different neighborhood structures, Variable
Neighborhood Search (VNS), and a Tabu list provides a
significant documented performance boost.
This enables the local planer to:
• run at a higher frequency
• simulate trajectories for a longer time interval
• moving the robot at higher speed
• investigate a larger amount of trajectories
• use a higher costmap resolution
The next section presents related work, followed by a
detailed description of the approach in Section III, and results
of the experiments are given in Section IV.

Regular
in [14] implements within the navigation stack of Robot
Operating System (ROS) local planner which incorporate
global plans.
One implementation is based on DWA. There is also
the option to use Trajectory rollout [5] as a local planner
which is very related to the DWA, but in contrast improves
in simulating the robots trajectory by accurately applying
acceleration limits over the whole simulation time. The
cost function maximizes characteristics like proximity to
obstacles, proximity to the goal, proximity to the global path,
and speed. Furthermore a number of escaping strategies try
to avoid the vulnerability to local minima.
Collision detection and cost calculation is performed by
using the footprint of the robot following the calculated
trajectory. Hence the discretized footprint, which is usually
given as a simple polygon, is projected on the costmap.
Bresenham’s Line algorithm [1] is used for ray-tracing the
contour of a robot in the discrete workspace. Figure 2a
shows the global view of the planning task. In Figure 2b the
corresponding local view is depicted, including all sampled
trajectories which are evaluated using a local costmap.

II. R ELATED W ORK
Of particular interest are local planning methods which
apply sampling and simulation of trajectories. Here the
maximization step can easily be substituted by the proposed
method. The next two section describe the recent developments of this family of planners and gives an introduction
to the used Meta-Heuristic algorithms.
A. Local Planning and Obstacle Avoidance
A well known method for local planning is the Dynamic
Window Approach proposed in [4]. The method discretely
samples the velocity space (v, w) of the robot, where v is
the linear velocity and w the angular velocity of the robot,
to create a set of feasible trajectories. The velocity space
is reduced to the reachable minimal and maximal velocity
in one control cycle, taken the acceleration limits of the
robot into account. For a fixed amount of velocity samples
the corresponding trajectories are created using a predefined
granularity by performing forward simulation for a short
period of time, starting at the current position of the robot.
Evaluating all trajectories with respect to a weighted cost
function (cf. Equation 1) identifies the best trajectory.
fc (v, w) = αfa (v, w) + βfd (v, w) + γfv (v, w)

robot

obstacle
global path

local map

(a) Path planning in global costmap.
driveable
collision

(1)

The function fa (v, w) judges the angle between the robots
heading and a given goal position. It is maximal if the
heading is a straight line to the goal. The distance to the
closest obstacle is calculated in the function fd (v, w). The
function fv (v, w) takes the forward velocity into account and
rewards faster movements of the robot. This method does
not use a global plan to guide the robot, so without further
changes it is subject to get captured in local minima.
Other applications of this approach in recent planning
systems, adapt the corresponding cost function. The excellent move_base3 motion-planning framework introduced

obstacle
trajectories (v, w)

footprint

global path

(b) Trajectory generation for linear, and angular velocities
(v, w) in local costmap guided by global path.

3 move_base planning framework: http://wiki.ros.org/move_
base

Fig. 2
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Concerning the optimization of the used cost functions the
most common approach for DWA and related local planner
is to evaluate all possible trajectories in a reduced discrete
velocity space. Examples of this approach can be found in
[11][14][15].
The Curvature Velocity Method in [16] considers approximation techniques like simulated annealing to maximize the
cost function using the whole velocity space, but abandoned
the idea due to still high computational costs. Instead of
using discrete samples of the velocity space, it divides the
space in sets of curvature intervals. Evaluation is performed
by evaluating over all curvature intervals.
The proposed method extends the DWA approach, by
using approximation algorithm to maximize the cost function
in a discrete representation of the velocity space.

Algorithm 2 Iterative Local Search (ILS)

B. Meta-Heuristic Search

Algorithm 3 Variable Neighborhood Search (VNS)

x0 ← initial solution
x∗ ← L OCAL S EARCH(x0 )
repeat
x0 ← P ERTURBATION(x∗ ,history)
x∗0 ← L OCAL S EARCH(x0 )
x∗ ← ACCEPTANCE C RITERION(x∗ ,x∗0 ,history)
until stopping criteria satisfied

the shaking phase the algorithm chooses a random solution
of the current neighborhood to avoid getting captured in
local minima. If the solution found by the Local Search does
not improve the next neighborhood will be considered (cf.
Algorithm 4).

The family of algorithms using Meta-Heuristics is extremely successful in solving combinatorial problems (e.g.
Traveling Salesman problem, MAX-Sat problem, scheduling
problems). These algorithms build on the idea of executing
multiple searches to find local optimal solutions in different
parts of the search space using randomization, which together
yield a global approximate optimal solution.
The basic Local Search (LS) (cf. Algorithm 1) finds a
local optimum according to a cost function cost(x) and a
fixed sized region around an initial solution in the solution
space. The set of solutions in this region is denoted as the
neighborhood of x. The necessary steps to get from the initial
solution to a solution in the neighborhood is called a move.

function VNS(x, kmax )
repeat
k←1
repeat
x0 ← S HAKE(x, k)
x00 ← L OCAL S EARCH(x0 )
N EIGHBORHOOD C HANGE(x, x00 , k)
until k = kmax
until stopping criteria satisfied
end function
Algorithm 4 Neighborhood Change
function N EIGHBORHOOD C HANGE(x, x0 , k)
if cost(x0 ) < cost(x) then
x ← x0
k←1
else
k ←k+1
end if
end function

Algorithm 1 Local Search (LS)
x ← initial solution
repeat
select a x0 ∈ N EIGHBORHOOD(x)
if cost(x0 ) ≤ cost(x) then
x ← x0
end if
until stopping criteria satisfied

Another successful Meta-Heuristic strategy is Tabu Search
(cf. Algorithm 5) proposed in [6]. To avoid local minima a
Tabu list keeps track of moves which are not allowed during
the exploration of the current neighborhood. In its simplest
form the Tabu list includes all visited solutions. This might
be too restrictive, or the list might grow too large, hence
one can restrict the list to a certain length, and delete e.g.
the oldest item in the list in each iteration. One advantage
of this method is, that it can be easily combined with other
Meta-Heuristic algorithms.

A nice survey of Iterative Local Search including the basic
algorithm (cf. Algorithm 2) can be found in [13]. The main
idea is to call a local search procedure iteratively, until a
certain stopping criteria is satisfied. In each iteration the
current solution might be perturbed by changing parts of
the solution. The following local search takes this altered
solution as a starting point and returns a new solution. If it
satisfies an acceptance condition (e.g. the best solution so
far), the process restarts with the new solution. In addition,
a history of already found solutions may be used to steer
perturbation and the acceptance test.
Instead of using a fixed neighborhood, the Basic Variable
Neighborhood Search (cf. Algorithm 3) as presented in [8]
uses a neighborhood structure of possibly nested neighborhoods Nk (x) = N1 (x), N2 (x), . . . , Nkmax (x) which together are guaranteed to explore the whole solution space. In

III. A PPROACH
The aforementioned trajectory selection for forward movements, evaluation and collision test are costly operations. The
focus lies on improving this part of the DWA algorithm.
The trajectory sampling and selection of the DWA are
implemented in python minimizing a simpler cost function

38

Proceedings of the Austrian Robotics Workshop 2014
22-23 May, 2014
Linz, Austria
Algorithm 5 Tabu Search

can use a 4,8, and 16-neighborhood with Best Improvement
heuristic for the Local Search.

T abulist ← 0
x ← initial solution
repeat
X 0 ← N EIGHBORHOOD(x) 6∈ T abulist
x0 ← best solution in X 0
T abulist = T abulist ∪ {x0 }
x ← x0
if x is overall best solution then
store x as best solution
end if
until stopping criteria satisfied

D. Variable Neighborhood Search (VNS)
For the VNS algorithm local search is performed in one
neighborhood until no improvement occurs. The shaking
chooses a random solution in the current neighborhood.
If the shaking does not yield any solution, because the
whole neighborhood is tabu, or does not include a collision free trajectory, the next neighborhood is chosen. An
ordering of neighborhoods according to their size yields
the neighborhood structure N0 (x) = 4-connected, N1 (x) =
8-neighborhood, . . . , Nk (x) = k-steps reachable neighborhood. Larger neighborhoods are too costly to evaluate. Therefore the neighborhood structure is bounded above by kmax =
8. If no improvement is made up to the Nkmax neighborhood,
a new initial solution is generated at random. The VNS
algorithm can be used with Best-, or First-Improvement
heuristic for the Local Search.

fc (v, w) (cf. Equation 2), where fg (v, w) is the distance of
the center of the robot in the end position to a predefined
goal position, and fo (v, w) is the maximal distance to an
obstacle on the trajectory path.
fc (v, w) = αfg (v, w) − βfo (v, w)

Regular

(2)

E. Experiments
To select a benchmark cost a brute force search is performed on random generated test instances, evaluating a
fixed number of trajectories. The time the algorithm needs
to find this benchmark solution is used to compare their
performance.
All algorithms are tested using different minimal, and
maximal velocities to account for different acceleration limits. The weighting coefficients of the cost function are fixed
to α = 0.01 and β = 1. The local goal is also at a fixed
location in the map. The step size of the collision test is
fixed to 0.015 meter. Forward simulation time is fixed to
one second.
The following 60 test instances include different obstacle
counts and random placement of quadratic obstacles:
• 15 instances with 1 obstacle and side length 1 meter.
• 15 instances with 3 obstacles and side length 1 meter.
• 15 instances with 5 obstacles and side length 0.5 meter.
• 15 instances with 25 obstacles and side length 0.1 meter.
Figure 3 illustrates three random instances. A generated
costmap together with a visualization of consecutive local
path planning steps in a simulation is shown in Figure 4.

Instead of performing an exhaustive Brute Force search
on all velocity samples, Meta-Heuristic algorithms are here
used to boost the search performance.
The reduced search space are all tuples of forward and angular velocities (v, w) within given limits vmin ≥ v ≤ vmax
and wmin ≥ w ≤ wmax and a step size for discretization by
fixing the number of samples.
A. Neighborhood and Local Search (LS)
The neighborhood of a solution is simply defined by
making a number of discretization steps to reachable regions
from the current solution velocity tuple. The 4-neighborhood
makes a step by either increasing or decreasing the current
linear and angular velocity by one discretization step (Manhattan distance = 1). The 8-neighborhood takes all neighbors
into account which are reachable in one discretization step
(Moore neighborhood). 16-neighborhood are all neighbors
reachable in two steps. This process continues until the whole
search space is the neighborhood.
Using Local Search the neighborhood is either exhaustively searched for the best solution (Best-Improvement
heuristic) or stopped after finding the first improving solution
(First-Improvement heuristic).
B. Tabu List
Instead of recording all steps made in a Local Search
run, all visited states are marked as tabu and will not be
considered as valid solution in future steps of the algorithm.
The Tabu list is used by the other Meta-Heuristic algorithms
during the Local Search.

(a)

C. Iterated Local Search (ILS)

(b)

(c)

Fig. 3: Figures (a)-(c) show 3 out of 60 random instances
for experiments. The instances differ in number and size of
obstacles and are used for local costmap creation.

The perturbation step is very simplified and just finds
the next random valid velocity tuple. Instead of altering the
current solution in each step, we make use of the history
and apply it after a fixed amount of iterations. The algorithm

The following list shows the tested algorithms:
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50 < γ

ILS16
ILS8
ILS4
VNSF
VNSB
Random
Brute Force

distance to obstacle (cm)

end-position
goal

iteration 2

t(sec)

invalid trajectory
iteration 1
best trajectory
drivable trajectory
start-position

t(sec)

Fig. 5: This figure shows the results of testing all 60
randomly generated instances. The top figure shows the run
time performance for 240 trajectories, and the bottom figure
for 2400 trajectories. Compared to brute force search, the
Meta-Heuristic algorithms show a significant improvement.

Fig. 4: This figure visualizes elements of the local path planer
in action over three iteration. The costmap (distances to
known obstacles) is shown in gray. Drive-able trajectories
are drawn in green, whereas red trajectories collide with
obstacles. In each local planning step possible trajectories are
weighted with respect to obstacle closeness and progression
towards goal destination. For example in the second step a
longer valid trajectory is rejected, while a shorter trajectory
which stays farther away from obstacles is selected for
execution. After three local planning applications the robot
safely reaches the goal destination.

•
•

•

stable performance than the ILS methods. Comparing the ILS
algorithms reveals the connection of the search space size to
the size of the neighborhood. A small number of trajectories
benefits smaller sized neighborhoods, whereas increasing the
number of trajectories benefits larger neighborhoods.
The following tests only include the VNSF, VNSB and
ILS4 algorithms. The algorithms are executed with specific
world instances, and repeated 50 times. The results in
Figure 6 show again that the VNS algorithms significantly
outperform the Brute Force method.
Analyzing the results of the ILS4 algorithm shows that
a too small environment will quickly degrade to random
search. Here the use of a neighborhood structure pays off
and the VNS approaches perform evidently better than ILS.
In addition, the results show that the algorithms perform good
independent of number and size of obstacles.
As for nearly all optimization problems, the No Free
Lunch theorems [18] apply to the local planning domain.
Looking at all the results, there is no clear winner among
the algorithms. Nevertheless using Variable Neighborhood
search with Tabu List and Best Improvement heuristic seem
to yields the best and most stable overall performance.
In general the run time of the python implementation is
not very efficient compared to tuned C++ implementations.
Therefore the absolute numbers of the run time evaluations
should be handled with care.

Random Search with Tabu List: A repeated random
guess of a velocity tuple (v, w) (RST).
Iterated Local Search: Performing Iterated Local
Search with 4, 8 ,and 16 neighbors and Tabu List (ILS4,
ILS8, ILS16).
Variable Neighborhood Search: Variable Neighborhood search with Best-,and First-Improvement heuristic,
and Tabu List (VNSB, VNSF).
IV. T EST RESULTS

All tests were performed on a 2.4 GHz, Intel Core 2 Duo
processor using 4 GB RAM.
In the first experiment the algorithms were applied to
all 60 instances to evaluate a broad spectrum of possible
environments. Figure 5 illustrates the results using 240
trajectories, and using 2400 trajectory samples.
The results show that all algorithms, including RST,
outperform the Brute Force generate-and-test method significantly. As expected increasing the number of trajectories
greatly favors the Meta-Heuristic algorithms, since they
benefit from larger search spaces. Notice that ILS and VNS
algorithms differ apparently from the RST by exhibiting
much smaller variance in their test results, indicating that
randomization alone is not enough to achieve very good and
stable performance. Furthermore the VNS exhibit a more

V. C ONCLUSIONS
Applying Meta-Heuristic search to trajectory selection of
local planners like DWA is a first step in using the power
of these search procedures in the context of local planning.
The results of our experiments in Section IV show, that
already the small selection using Iterated Local Search,
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ILS4
VNSF
VNSB
Brute Force

Regular
One of the next goals is to integrate this trajectory selection in existing planning systems for robots using ROS and
analyze the performance of the algorithms using state of the
art methods for costmap calculations and collision testing.
With the gained data a fine tuned local planner using MetaHeuristic based search methods can be tested under real and
simulated environments.
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Fig. 6: The results of 50 consecutively executions with (a)
240 and (b) 960 trajectories, on particular instances which
differ in number and size of obstacles. The blue line marks
the run time for brute force search, which is used as a
benchmark.

and Variable Neighborhood Search provide significant performance improvement. Therefore it would be of interest
to investigate related algorithms like GRASP [3], reduced
VNS, or Simulated Annealing [10]. In addition, developing
more sophisticated neighborhood structures, and extending
the tabu search method would also be valuable.
The proposed method is also applicable for robot models of higher degree of freedom, since dealing with large
trajectory samples is a particular strength of Meta-Heuristic
search.
The applicability to similar path-planning methods using
trajectory samples, like Curvature Velocity Method [16], or
the Trajectory Rollout method implemented in move_base,
are also subject of further investigations.
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Capturing Expected User Experience
of Robotic Systems in the Health Care Sector
G. Stollnberger, C. Moser, C. Zenz, M. Tscheligi, D. Szczesniak-Stanczyk, M. Janowski, W.
Brzozowski, and A. Wysokinski
Abstract— This paper reflects on capturing user experience of
anticipated use (i.e., expected user experience) from users, as
well as to investigate their design visions concerning robotic
systems in the health care sector. The robotic system should be
capable of performing remote examinations such as physical
examination with palpation (pressing patient’s stomach to
identify pain regions and stiffness of organs) and
ultrasonography. In order to raise the acceptance and trust in
such systems, which is especially important in the health-care
sector, a detailed user requirement analysis is inevitable. The
applied robot toolkit approach, in combination with focusgroups, showed great potential of capturing expected user
experience of systems at a very early stage of development, even
without an actual working system. The results indicate
implications on the system design, especially concerning issues
related to trust, perceived safety, and social presence.
Furthermore, a direction of how information should be provided
to the patients.

I. INTRODUCTION
There is a growing interest of the Human-Computer
Interaction (HCI) community in the field of User Experience
(UX) research. Although the term ‘User Experience’ is
widely used in the HCI and also in the Human-Robot
Interaction (HRI) community, there is still a lack of a shared
definition of UX (cf. Law et al. [1]). One attempt to define
UX comes from the International Organization of
Standardization [2], which describes UX as: “A person's
perceptions and responses that result from the use or
anticipated use of a product, system or service.” Law et al.
[3] valued this definition as ‘promising’ due to its
comparability to survey respondents’ view on UX. The
definition addresses the same objects of UX (product, system
and service) as in the survey.

qualities of a product interdepending with the anticipation. In
their work, they described anticipation as “the act of
anticipating an experience, resulting in the formation of
expectations, happens prior to any actual experience of use”,
which is closely related to the expected UX description given
by Roto [5]. For practitioners, it is beneficial to evaluate UX
already in the early phases of product development.
Therefore, approaches for studying the expected UX without
an actual working system are a very valuable support for their
work [3].
In the ReMeDi (Remote Medical Diagnostician) project,
a robotic system is developed that enables medical teleexamination of patients. Successful medical treatment
depends on a timely and correct diagnosis, but the
availability of doctors in rural areas is often limited.
Therefore, medical services performed remotely are
emerging. The ReMeDi system supports doctors to remotely
perform i) a physical examination, including palpation (i.e.,
pressing the patients stomach with the doctor’s hand and
observing the stiffness of the internal organs and the patient’s
feedback of discomfort or pain) and/or ii) ultrasonography.
The multifunctional robotic system will consist of a control
console with advanced interfaces, including a haptic device.
The doctor will operate this system at a distant location. The
robot with sensors and end effectors is located at the patient’s
side; supported throughout the entire procedure by an
assistant at the patient’s location (see Fig. 1).

Karapanos et al. [4] introduced three phases (orientation,
incorporation, and identification), which reflect different
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Figure 1: The concept of the ReMeDi system at the patient's location (robot,
assistant and patient) and the control console (upper right).

In a complex and sensitive context such as health-care, a
positive UX in terms of trust, perceived safety, and the
feeling of social presence is essential for such a system. For
patients, it is important to get a sense of the doctor being
present, although s/he is at a distant location. For the actual
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UX (during the interaction), the expected UX is an essential
aspect, as the quality of the actual UX will be rated against
the expected UX. Therefore, the expected UX should be
investigated at early stages of development to increase the
probability of patients to agree to remote examinations. It is
part of the user requirements analysis, to investigate the
following research questions (RQs):
RQ1: How do trust, perceived safety, and the feeling of
social presence influence the expected user experience of a
proposed medical robotic system?
RQ2: How can the robot toolkit approach be used in order
to reveal the users’ imagination of such a system?
In this paper, we present how we captured the expected
UX of a not yet existing robotic system and used the robot
toolkit as a method to investigate the design of this system
from the users’ perspective. For this purpose, different paper
robot parts, as well as plain paper, are offered in order to let
users design their vision about robotic systems. The two
focus groups were performed within the scope of the
requirements analysis for a robotic system, which should
enable doctors performing remote examinations.

Regular
III. METHODOLOGY
Weiss et al. [11] argued that a focus group is able to reveal
foundational knowledge about UX of robotic agents [11]. It
is a data collection method typically used in requirements
analysis. A group of participants (in our case, with preexperiences in being examined by palpation or
ultrasonography) discusses several issues based on a semistructured guideline developed by the researcher. This
qualitative approach aims at gathering perceptions, needs,
problems, beliefs, expectations, etc. from a target audience
and enables to gain deeper insights into a topic. A focus
group is not only used to gather opinions and attitudes, but
also to explore different issues by giving participants small
tasks. An approach used in such tasks can be the toolkitapproach (cf. Fig. 2) introduced by Weiss et al. [11]. We use
the toolkit to capture user requirements regarding the
anthropomorphism of the robotic system and to raise the
future acceptance as well as to lower barriers of use.
Different robot parts, as well as plain paper, are offered to the
participants of the focus group so they may use their
imagination to design how a remote examination robot
should look like.

II. RELATED WORK
As time is an important factor for UX, Roto [5]
introduced three temporal phases to the concept of UX:
1) “Expected User Experience” phase occurs before the
actual interaction with a system, driven by experiences with
similar systems, expectations, advertisements, and also from
descriptions of other people.
2) “Beyond Interaction” phase describes that UX also
changes when not interacting with the system. For example,
the UX with a smartphone can change in a positive way, if a
movie star uses the same device, or in a negative way, if it is
revealed that the manufacturer exploits child labor.
3) “During Interaction” phase allows the identification of
features and components while interacting with the system or
device, creating a positive or negative UX change.
There are many methods available for capturing UX of
different systems. Vermeeren et al. [6] collected 96 methods
for UX evaluation from academia, as well as from the
industry. However, they stated that just one third of them is
suitable for the analysis in early development phases in order
to avoid failures that can become very expensive in later
development stages. They mentioned that just 5 out of 96
methods are proper for investigating UX before the actual use
of a system. They are relying on heuristics (playability
heuristics [7]), semantic differential techniques (product
semantic analysis [8], repertory grid and its variation multiple
sorting method [9]), or checklists (property checklist [10]).
All of these methods have their advantages, as well as their
drawbacks. However, the fact that there is no actual running
system to evaluate in our case, focus groups with a
combination of the robot toolkit approach introduced by
Weiss et al. [11] seem to be the most promising way for
answering our research questions.
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Figure 2: The robot building set [11]

IV. STUDY SETUP
In two countries (Austria and Poland), two focus groups
with patients using the robot toolkit approach were conducted
in order to investigate the expected UX in a remote medical
examination and imagined design of the robotic system. The
qualitative data was analyzed by investigating the following
UX factors, which should support a positive experience of
users.
A. UX factors
To be more concrete, the factors (1) trust, (2) perceived
safety, and (3) social presence were investigated, as they are
important for an agreement to remote examinations.
In health-care, the relationship between doctor and patient
is very important, whereas the robot in a remote examination
can be seen as a mediator between the two. Due to the
distance between patient and doctor, the factor social
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presence plays an important role. Social presence is
considered as one contributing factor, among others, for the
development of trustworthy relationships [12]. Biocca et al.
[13] define it as, “a sense of being with another person in a
mediated environment or as ‘the moment-to-moment
awareness of co-presence of a mediated body and the sense
of accessibility of the other being’s psychological, emotional,
and intentional states.”
The factor trust should be considered as robotic systems
are uncommon to most people. Trust is often distinguished
between trust in other people, as well as trust in technology.
Mayer et al. [14] provided one definition of trust in a specific
technology as, “Trust reflects beliefs that a specific
technology has the attributes necessary to perform as
expected in a given situation in which negative consequences
are possible.”
The concept of trust is closely related to perceived safety,
which is one of the key issues in human robot interaction. In
the proposed remote examination, there is an interaction
between the robot and the patient, i.e., they share a working
space, making perceived safety inevitable. It is described by
Bartneck et al. [15] as: “the user’s perception of the level of
danger when interacting with a robot, and the user’s level of
comfort during the interaction.”
B. Participants
In order to assess these factors, 9 participants were
recruited, aged between 18 and 73 years (average
age = 44.44 years; SD = 19.42), including four men and five
women from Austria and Poland. One focus group was held
with 4 participants in Poland, another with 5 in Austria. Most
of the patients were familiar with physical examinations and
palpation, except one (which had not experienced palpation).
On average, they have two to four examinations annually.
Generally, they agreed that it is important for them to be up
to date in terms of new ideas, trends, and developments and
that they are interested in new things. When asked whether
they want to try out new technologies, patients were evenly
divided between those who would and would not be willing.
C. Focus-group setup
At the beginning of the focus group, there was a warm-up
phase where the central goal of the focus-group was
described, as well as an introduction of the researchers and
participants was provided. The two examination techniques,
palpation and ultrasonography, were also introduced by
showing two short videos (provided by a project partner, the
Medical University of Lublin). Participants were then asked
to discuss which information is necessary and important for
them in such a situation.
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which remote examinations they would agree to allow and
under which circumstances. This was followed by a
discussion about the responsibilities of the different
stakeholders (doctor via the robot and the assistant) and also
communication issues between them and the patient.
In the last task of the focus group, the robot toolkitapproach was used in order to provide the participants with
the possibility to design the robotic system for the ReMeDi
project. Therefore, we extended the original toolkit with
additional parts in order to allow a higher flexibility in
creating sketches. We added more functional parts to avoid
the criticism that the traditional toolkit tends to create too
anthropomorphized results. In addition, it was necessary to
provide parts that could be needed for the specific
examination situation as, for example, the face of the doctor
or ultrasound image. All the added parts can be seen in Fig.
3.

Figure 3: Additional parts for the robot toolkit such as different bodies,
arms, and faces, as well as ultrasound images.

Each participant got a set of the robot parts and was
allowed to draw additional parts. They could develop their
idea and vision of the robotic system for a remote
examination. Half of the participants were asked to focus on
ultrasonography, whereas the other half were asked to design
a palpation robot (cf. Fig 4). Afterwards, each sketch was
presented and discussed.

After this discussion, participants were introduced to
remote examinations using robotic systems by a short video
of Medirob Tele 1 as an example. In this video, it can be seen
that a doctor conducts an ultrasonography over distance on a
patient by a robotic device. After the concept of remote
examinations was clear to the participants, they were asked
1

Figure 4: Participants of one focus group working with the robot toolkit.

Source: http://www.medirob.se/sv/hem.htm
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V. RESULTS
The patients in the focus group, in general, appreciated
the concept of remote examinations. The results were sorted
and assigned to their corresponding UX factors, driven by the
UX factor definitions given above.
A. RQ1: How do trust, perceived safety, and the feeling of
social presence influence the expected user experience of a
proposed medical robotic system?
Regarding RQ1, interesting insights were captured for the
UX factors. We found out that participants liked the idea of a
robotic system for remote examinations and were openminded (as they are familiar with examination devices such
as an x-ray). Therefore, they did not feel uncomfortable, if
they are alone with a machine knowing that the assistant is
close by.
In order to agree to such a remote examination, the doctor
has to be known or needs good reviews from other patients.
Otherwise, the perceived safety would be lower as there
would be a decreased user’s level of comfort during the
interaction. The examination room also plays an important
role and has to be in a trustworthy place. Following the
definition of perceived safety, these are all issues
contributing to this factor.
In case of an emergency, patients want to have an
assistant present who can react if something goes wrong that
may have negative consequences for the patient (e.g., handle
the technical equipment in case of a failure). This enhances
both the perceived safety and trust in such a system.
Furthermore, there should also be the possibility for the
patients to stop or cancel the examination at any time. The
health condition of the patient is another issue being strongly
connected to perceived safety. Patients would rather agree to
a palpation in a healthy condition (routine examination), as
otherwise they fear pain or less comfort from remote
examination.
During the examination, patients want to see the doctor’s
face for two reasons; 1) it is evident that the robotic system is
controlled by the doctor all the time and 2) eye-contact is
important to them. They do not want the doctor to always
look down at the control panel. Otherwise, patients would
feel uncomfortable and the doctor would be perceived
untrustworthy. Eye-contact is a very important aspect for the
feeling of social presence- which was defined as a sense of
being with another person, as it was found by Neureiter et al.
[16].
Participants pointed out that during such an examination,
they want to have the ability to communicate with the doctor
at all times. The doctor should explain the ongoing process,
implications, and next steps for the remote examination. The
possibility for asking questions should be available at all
times, which is also a matter of the position of the interface.
There is an obvious difference if patients are sitting or lying.
Participants in the focus groups strongly believed that they
will feel more comfortable when getting as much feedback
and explanations as possible from the doctor; this is an
indication for the importance of social presence but has also
an impact on perceived safety.
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One further outcome was that patients would not like a
private communication channel between the doctor and the
assistant (although some discussed technical aspects could be
meaningless for them, for example, changing the resolution
of an ultrasound image). The assistant should not be wearing
earphones (enabling a private communication) for two
reasons. (1) If the assistant, who serves as a second
communication partner wears earphones, the patient cannot
distinguish whether there is a private communication taking
place or not and (2) the assistant might not listen properly to
the patient and be distracted. In general, for most of the focus
group participants, the idea of a private communication
channel is frightening and negatively affecting the trust in the
doctor and assistant and, as a consequence, also in the robotic
system.
B. RQ2: How can the robot toolkit approach be used in
order to reveal the users’ imagination of such a system?
By providing participants with different robot parts to
design their own vision of a robotic system, they were able to
express their ideas and vision of such a medical robotic
system quite clearly, as they had previously discussed the
idea of such a system based on their experience of medical
examinations. The toolkit enabled the expression of their
ideas and imagination and also triggered creativity. The use
of the toolkit in combination with focus group allowed
researchers to investigate what participants meant by the
presentation and the sketches. Some risks with focus groups
(cf. [17]), such as a dominant person giving all the responses
and not allowing other participants to say something in the
focus group, could be mitigated by using this approach. An
advantage of the toolkit approach is that it offers various
design ideas and implications which make a system more
likely to create a positive user experience.
The different created sketches - using the robot toolkit
approach - indicated a tendency of a functional robotic
system with a multifunctional arm or different arms for
performing different tasks such as palpation or
ultrasonography (e.g., see Fig. 5).

Figure 5: A sketch created with the robot toolkit showing the robot, the
patient, and an external screen with an ultrasound image.

In the sketches, there was an additional monitor to be able
to see the ultrasound images and/or the examination results.
In order to enable eye contact, which is an important aspect
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for the feeling of social presence between the patient and the
doctor, the idea to place the monitor in the middle of the
robotic system resulted in place of using an external monitor
for communication. This means that the screen can be
flexible and positioned closely to the patient lying on the
examination table to always see the doctor.
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would like to thank all the partners from the project
consortium for their contributions.
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Quality Inspection performed by a Flexible Robot System
Martijn Rooker, Michael Hofmann, Jürgen Minichberger, Markus Ikeda, Gerhard Ebenhofer, Gerald
Fritz, Andreas Pichler

Abstract— Smaller lot-sizes and changing requirements
towards products requires flexibility and quick reconfiguration
possibilities for industrial inspection systems. This paper will
present a flexible quality inspection system with intuitive
configuration capabilities while guaranteeing a cost effective
setup and high precision during runtime.

I. INTRODUCTION
Quality control in an industrial context is predominantly
realized as an automated end-of-line inspection system that
checks certain specifications of the products. Inspection
systems cover various aspects and a broader field of
applications including functional analysis with respect to the
correct assembly of components as well as quality inspection
to assure flawless surface structure. This paper makes a clear
distinction between inspection and
measurement.
Measurement systems provide quantitative information about
a product part/piece in terms of physical units and focus on
high precision measurement methods. Contrary to inspection
systems, which usually generate qualitative information like
binary decisions or an assignment of the product to a certain
class, e.g. “accept”, “reject” or “manual-correction”. The
most important property of such systems is its classification
accuracy, since wrong decisions entail higher costs in
subsequent processes. In addition, robotic systems and
human workers need to able to complement each other and
compensate mutual weaknesses through useful work
separation. In earlier days, the interaction between human
and robot was separated by fences to guarantee absolute
safety. Nowadays, safety concepts exist allowing direct
interaction between human and robot. The developments in
the safety standards, like the new ISO 10218 [1, 2] since the
year 2011 are very positive and encouraging. The presented
work takes into account those recent trends and results are
described in the following.

Figure 1: Proposed inspection system using an UR5 from
Universal Robots® and the assembled sensor module by
ShapeDrive®.

assembly process and demonstrates the advances w.r.t.
flexibility and intuitive configuration. More precisely, the
robot examines the interlocking of plugs, respectively to
avoid the loosening of plugs during the assembly process.
The paper is organized as follows: Section II gives an
overview of related work in the field of assistive systems and
quality inspection systems. Section III outlines the overall
system and highlights requirements and limits. The
mechanical and software design of the system is described in
Section IV. Experimental results are presented in Section V.
Finally, Section VI summarizes and concludes the paper
including further research concepts.
II. RELATED WORK
A. Inspection Systems

A. Outline
We propose a flexible and cost effective robotic inspection
system and discuss one particular use-case in the area of an
automotive production system. Figure 1 shows the system
with the sensor mounted on the robotic arm.
We will highlight the flexible and intuitive configuration
of the system towards new products and will furthermore
present the individual components required for the system,
including the hardware and software applications. The
inspection system is setup for quality checks during an
All authors are with the PROFACTOR GmbH, 4407 Steyr-Gleink,
Austria. Corresponding author (e-mail: martijn.rooker@profactor.at).
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Machine vision provides various solutions for inspection
tasks utilizing different 2D/3D techniques according to the
problem statement [3]. Depending on the application the
robot may either handle the image acquisition system,
including the camera and the illumination or the product
itself. The system proposed in this paper is based on standard
industrial robots that guide a vision-based sensor system over
a part of complex geometry, such as those described in [4].
Furthermore the robot arm is operating the camera at a
sequence of predefined positions and an image is acquired
from that position. The system is able to manage various
inspection steps at different locations. Each task is processed
separately and the processing steps and parameters are set up
manually. A typical application is completeness inspection of
a complex assembly. The inspection system has to check
whether the assembly contains all components, whether the
correct type of component is mounted on the assembly and
whether the components are in their correct positions.
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B. Assistive Systems
Today’s applicatory human-robot collaboration is affected
by a separation of the human worker and the robot, usually by
fences. This applies especially in the context of industrial
production systems, to ensure safety requirements [5]. In the
automotive industry for instance, human workers are
completely excluded from the production lines where robots
execute assembly steps. Nowadays, cooperation between
humans and industrial robots is emerging more and more in
diverse research areas. Main topics are human-machine
interaction as well as safety requirements, issues and union
decrees [6,7,8]. In some industrial applications, mobile
platforms with a mounted industrial arm are used for robot
cooperation (e.g. welding processes) [9]. For the handling of
heavy work pieces in an automated production environment,
concepts of human-robot cooperation are developed, in which
an industrial robot hands over heavy loads (e.g. rear axle gear
unit) to the worker [10]. The robot Baxter [11] is also
designed to help in manipulation tasks and it can safely
interact with humans and can perform repetitive production
tasks very easily, but it is not capable of lifting very heavy
goods. Krüger et al. [12] provide a very exact overview of the
state of the art in human-robot collaboration. The following
section discusses how this work combines the assistive and
the inspection aspects into a complete system.

III. SYSTEM OVERVIEW
The proposed robotic inspection system allows a close
human-robot interaction useful during the setup and the
teach-in phase (depicted in Figure 2, top row). To
additionally ensure flexible and sustainable applicability of
the system a CAD model of the working cell is no
prerequisite for a proper installation. The immediate vicinity
of the robotic arm is modelled via the ReconstructMe module
[13] and off-the-shelf RGB-D sensor technologies.
ReconstructMe is based on the well-known KinectFusion
approach proposed in [14]. The result of the environment
modelling process is used during path planning, a subprocess within the module denoted as “Kinematic Teach-In”
in Figure 2. The configuration of new inspection tasks need
to be intuitive and fast. The creation of such a procedure
requires two basic steps.
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module is using the inspection positions in conjunction with
the previously calculated 3D environment model to calculate
collision free path from one inspection area to the next. The
method proposed in [15] is used for this problem and the
implementation in [16] is integrated into the system.

Figure 2 Different stages of the inspection system: (top) setup
procedure and teaching; (bottom) automatic positioning of the sensor,
part localization in 3D and decision making process.

B. Definition of the inspection task
The proposed CAD less approach requires the acquisition
of reference data during the configuration phase. This
reference specifies the ground truth data later used within the
decision module during the online phase. Although the
method described here is specific to the use case, we
emphasis that this inspection method does not limit the
overall system application area. The plug inspection, as
mentioned in Section I, assumes two distinct region of
interest, which have to be annotated via GUI. Such regions
are defined by adding bounding boxes to the data as depicted
in Figure 3. Since different inspection positions may have
different ground trough models, the system has to be able to
handle different 3D reference data according to the
corresponding inspection task.

A. Setup the inspection position of the sensor
For the robot movement the target position is required. This
position can be specified by moving the robot hand guided to
a position where the mounted sensor has the part for
inspection in the field of view. As estimating the field of
view is not a trivial task, the user interface provides a live
preview of the acquired data (2D image and 3D data) in the
user interface. This however assumes that the chosen sensor
provides such data as well as the data acquisition can be
finished within a reasonable time. Additional inspection
positions are configured in exactly the same manner. While
the sequence of inspection tasks is left to the user, a planner
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Figure 3: Intuitive Region of Interest (ROI) annotation using simple
bounding boxes within the 3D scan.

Once the offline process is finished and the inspection task
has been defined, the proposed robot system is able to
automatically execute the approach and localization step,

Proceedings of the Austrian Robotics Workshop 2014
22-23 May, 2014
Linz, Austria
which may also include compensation for small deviations
that may occur, e.g. in the positioning of the product to be
inspected. The second step is the classification w.r.t. the 3D
reference model. Both topics will be addressed in Section IV.
The next paragraph summarizes the assumptions and
limitations of the proposed inspection system.
C. Prerequisites and Presuppositions
The variability regarding the position of the object under
investigation is within 20mm. This in combination with the
field of view of the ShapeDrive® Sensor (120mmx70mm)
allows compensating the location error within a single image
of the scene. Thus complex methods for 3D scene
reconstruction using multiple data acquisition can be
avoided. The single data acquisition step supports the easy to
use configuration process since one inspection position is
sufficient.
The proposed method assumes the object to be separated
into two distinct regions in 3D. The location of these regions
to each other defines the decision criteria of the inspection
process. In the proposed use-case, the plug as well as the
socket are rigid objects and can be recognized within a 3D
scan using state of the art methods.
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suitable band pass filter in front of the integrated CMOS
camera. The sensor provides point cloud data for a
measurement volume of 120x70x50 mm and allows
acquisition of regular high-resolution images (2048x1125
pixel).
The used 3D-sensor for the data acquisition is very
independent on the surrounding light conditions. The 3Dsensor uses the structured light principle. To reach the
independence of the surrounding light a blue light LEDprojector and a suitable blue light band pass filter is used.
The 3D-Sensors avoids laser or other dangerous machine
vision components, the used LED-projector is harmless
Speed Limit for Safe Collaboration
The robot in use [17] meets according to its manufacturer
European ISO standard 10218 [1] on safety requirements for
industrial robots. The standard limits collaborative robots
speed to a maximum of 250mm/s of tool center point (TCP)
speed during operation which cannot be parameterized in
joint space move operations. In order to comply with safety
regulations twofold measures were taken.
A.

(I)

A distinct robot task, carried out parallel to all
other tasks, programmed in the robot’s native
programming language using its built in
get_actual_tcp_speed()-command, constantly
monitors current Cartesian TCP-speed speed. In
case of speed limit violations the robot is
stopped immediately and an emergency stop is
issued.
The robot is driven by the developed
(programming and) runtime environment via
commands that trigger joint movements.
Cartesian TCP-velocity is derived from the
robot’s kinematic description (1).

IV. IMPLEMENTATION
The inspection system is designed to be easily integrated
into the existing plant infrastructure via a digital input/output
interface using ProfiNET an industrial standard for digital
input/output interfaces. The system requires only a minimum
area of 0,7m² (chassis only) to 1.4m² (chassis and all
mounting parts). The system is mechanically connected to
the conveyor and can be adapted to a new inspection location
inside the production site within one hour.
One major element is the industrial robotic arm, which
usually operates with a safety-fence to protect humans
nearby. Recent advances in hard and software design allow a
cooperative operation with a human worker in the same
working cell and a safety-fence can be omitted without tradeoffs regarding safety issues. Various compliant robots are
already available on the market like the UR10 [17] from
Universal Robots, which is capable of handling up to 10 kg,
or the KR 5 SI [18] from MRK Systeme GmbH, which is
DIN EN ISO 13849 certified and can handle up to 5 kg. The
proposed system operates with an UR10 from Universal
Robots and enhances the security level by implementing
additional constraints regarding the tool center point (TCP)
speed. The method is described in one of the subsection A.
The second major module is the sensor system. Although
special physical arrangements are commonly used, they
confine the area of application. This paper concentrates on a
flexible approach without a need to e.g. setup specific
lightning conditions. Thus a 3D scanner from SharpeDrive®
(model SD-1k) [19] is applied on the end-effector of the
robotic arm. The sensor uses the structured light principle
utilizing a blue light LED projector in combination with a
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(II)

( ( )) =

( ( ))

(1)

An algorithm for further derivation of a global joint speed
limit (relative to 100% of the robot’s speed) dependent on
acceleration and speed limits as well as target and current
TCP position was implemented. The robot’s movements are
linear in joint space beginning at the same time, ending at the
same time and show trapezoidal (2) (or if degenerated
triangular) speed plots with maximum acceleration for each
joint. The slowest joint (due to joint angle target, speed and
acceleration) is identified and required timing (
,
,
)
as well as (scaled) shape is imposed on the movements of all
other joints.
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The algorithm calculates the maximum of ||
" ( )#||
with found quantities for ( ) over discrete points and
reassesses the calculation with a new global joint speed limit
until the global Cartesian speed limit is met. The found
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quantity is provided to the move-joint-command and limits
Cartesian TCP speed effectively. Results are depicted in
Figure 4.
TCP velocity
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indicates an error in the previous assembly process. It is
important to note, that the second area is not used for the
calculation of the error transformation. Due to the
assumption, that the reference scan is a positive example and
therefore more complete than the actual scan; all points
should have a corresponding point in the reference data. All
points without associated reference point will be counted as
an error (see Table 1 for a visualization of the inspection
procedure). The inspection process results in a positive
feedback, if the prior configured relation between current
points and error points is higher than a predefined threshold.
This algorithm allows a very robust inspection of parts
which is assembled to a greater work piece.
TABLE 1: SAMPE VISUALIZATION OF DISPLACEMENT ERRORS
(BEST VIEWED IN COLOR)

Figure 4: Tool Center Point velocity limitation to assure industrial
safety regulations.

Inspection by 3D registration

The basic assumption of the inspection method is based on
the knowledge that the work piece has two sub areas where
at least one is detectable. The transformation between the
two areas is the object of the inspection and therefore the
only relevant metric of the system. The two areas are
annotated in the reference data with the provided systems
graphical interface. Figure 3 illustrates the visualization with
the superimposed bounding box. The auto-calibration is
performed after the inspection system has acquired the data
from the visual 3D sensor system. The first defined and thus
larger area is used to determine the error transformation of
the reference image and the current image. Two different
algorithms are used to register one 3D model into the other,
similar to those in [20, 21]. The first algorithm called
Candelor [22] is based on a RANSAC approach and mainly
used as a solution for 3D scene interpretation. The method
features a highly robust 3D object localization algorithm and
due to the prominent appearance of the larger bounding box
within the entire scan, this strategy is sufficient for the
problem statement at hand. The algorithm is designed to be
very robust, highly scalable, and applicable to objects of
arbitrary shape. The second algorithm - applied on the
previous result - is the well-known iterative closest point
(ICP) [23, 24] algorithm, which determines the minimum
distance between two point clouds. The main drawback of
the ICP is that it is an iterative algorithm which is prone to
return a local minimum. However, the connection of both
algorithms, first Candelor then ICP, leads to very robust and
accurate registration results.
The subsequent inspection algorithm works as follows.
Given the transformation derived from the previous step, the
same transformation is applied to register the second area
annotated during the offline stage of the system. A physical
displacement of this bounding-box in the actual scan data
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(A) POSITIVE INSPECTION

(B) NEGATIVE INSPECTION

RESULT

RESULT

V. EXPERIMENTAL RESULTS
The performance evaluation was obtained in a real-world
scenario while performing the described inspection of the
interlocking of plugs and sockets. The timings in Table 2
summarizes the duration of each particular step during the
inspection of one component.
TABLE 2: TIMING FOR THE SPECIFIC INSPECTION STEPS
TASK
[second]
Approaching the inspection position

~1.8

Data acquisition

4.5

Registration

6.5

Decision

<0.1

The confusion matrix in Table 3 depicts the performance of
the inspection system evaluating 426 tasks in total. The
overall precision of the proposed system is ~99,2%, while
the false positive rate is ~7%. None of the negative examples
in the evaluation dataset was missed by the system and only
3 out of 386 positive examples where denoted as negative
ones.
TABLE 3: CONFUSION MATRIX OF THE INSPECTION SYSTEM
PREDICTED

ACTUAL

B.

Positive Ex.

Negative Ex.

Test Positive

383

3

Test Negative

0
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[7]

VI. CONCLUSION
This work proposed a highly flexible robotic inspection
system for quality control. The approach allows the rapid and
cost effective adaptation of the inspection task within one
hour form one location to another, including the offline setup
and teach-in procedure. The approach uses standard 3D
image registration methods combined in an effective manner
and the overall system is designed for human-robot
interaction without any safety fence. In order to meet the
safety and security standards an additional module
guarantees the required maximum speed of the tool center
point. The proposed approach was tested using a real-world
inspection task and will be adapted to similar problems in the
near future.

[8]
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Efficient Estimation of Expected Distributions
for Mobile Robot Navigation
Maximilian Beinhofer and Wolfram Burgard
desired trajectory. When searching for the optimum, these
kinds of approaches typically need to evaluate a large number
of candidate solutions (landmark sets, candidate paths, sensor
configurations), which makes a short calculation time for the
expected distributions especially important.
In this paper, we present a novel method for efficiently
estimating the expected distributions of the states of a mobile
robot that is controlled by a linear-quadratic regulator (LQR)
controller [5]. Our approach linearizes the model of the whole
navigation cycle, including control, motion, and observation,
and recursively calculates the expected distributions in the
linearized system.
The contribution of this paper is twofold: first, we present
an approach that considerably reduces the runtime of the
computation of expected distributions compared to the state
of the art. Second, the derivation of our approach yields theoretical insights into the considered widely-used [2, 3, 10, 14]
linearized system for mobile robot navigation. It builds on
the fact that before the robot starts operating, the posterior
localization estimate µt of the robot can be considered
as a random variable, which is highly correlated to the
state of the robot xt . We show that this correlation has
a structure that allows us to decouple the calculation of
the covariances of µt and xt . With this, our approach can
recursively update the distributions of µt and xt individually,
whereas the state of the art [3] recursively updates their joint
distribution. Therefore, compared to [3], our approach reduces
the dimensionality of the occurring matrix multiplications by
half, which results in a substantial reduction of the runtime of
the computations. In extensive experiments, we show that our
approach significantly outperforms other approaches in terms
of runtime, while still producing exactly the same results.

Abstract— In real-world applications, motion and sensor
observations of mobile robots are typically subject to noise
and errors. A common way to deal with this problem is to
represent the states of a robot at different points in time
with probability distributions. Being able to calculate the
expected distributions of the states of the robot even before
the robot starts operation is useful for many robotics problems
including path planning and optimizing the configuration in
which to mount sensors on a mobile robot. When searching
for optimal solutions to these problems, one typically wants
to compute such expected distributions for a large number of
candidate solutions. Therefore, it is highly important to have an
efficient way of calculating the expected distributions. In this
paper, we present a novel approach for efficiently estimating
the expected distributions of the states of a mobile robot
that uses a linear-quadratic regulator controller designed to
guide the robot along pre-calculated trajectories. We exploit
the structure of the stochastic dependencies in the navigation
framework for deriving a recursive procedure to calculate the
expected distributions. Compared to the state of the art, this
procedure reduces the dimensionality of the occurring matrix
multiplications by half. In extensive experiments, we show that
the reduced dimensionality leads to a considerable reduction of
the computation time without loss of information.

I. INTRODUCTION
Mobile robots operating in the real world typically have to
deal with errors in motion execution and sensor observations.
A standard approach to account for these errors is to describe
the evolution of the state of the robot during operation by
a series of probability distributions [12]. When applying
this approach to mobile robot localization, the goal is to
estimate the posterior probability distributions of the state
of the robot, i.e., the distributions that are conditioned on
the already executed controls and observations. In contrast to
that, we are interested in estimating expected distributions of
the state of the robot during operation that depend only on
the information about the robot and its task available before
the robot starts operating, and not on the concrete controls
and observations.
Being able to estimate these expected distributions is useful
in several robotics problems like path planning [3, 11, 14],
optimizing the configuration of sensors on a mobile robot [9],
or landmark placement [2]. In landmark placement, for
example, expected distributions can be used to find positions
for artificial landmarks in the environment of a mobile robot
that minimize the uncertainty about its deviation from its

II. RELATED WORK
There are several ways to estimate expected distributions
for dynamic systems: Possibly the most generally applicable,
but also computationally most demanding method is Monte
Carlo simulation. Roy et al. [11], for example, use Monte
Carlo simulation to estimate the expected entropy of the robot
state in their coastal navigation framework. Another method
is to use the posterior distributions of the most likely run of
the robot as approximations for the expected distributions.
Vitus and Tomlin [13] use this method for sensor placement.
For a given desired robot trajectory, they aim at placing
sensors at a set of locations in the environment that optimizes
the navigation performance of the robot. Mastrogiovanni et
al. [9] also use the posterior distributions to estimate the
pose uncertainty of a robot before operation. They, however,

This work has partly been supported by the German Research
Foundation (DFG) within the Research Training Group 1103 and
under contract number SFB/TR 8. The authors are with the Department of Computer Science, University of Freiburg, Germany.

beinhofe@informatik.uni-freiburg.de
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use these distributions to find the optimal configuration for
mounting a laser scanner on a mobile robot.
To our knowledge, van den Berg et al. [3] were the first
to introduce a recursive calculation scheme for expected
distributions in dynamic systems. They call the expected
distributions a priori distributions, and used them for collisionfree path planning. Later, they applied their approach to needle
steering for surgical robots [4]. Since then, their calculation
scheme has been applied to different kinds of applications:
Vitus and Tomlin [14] used it for chance constrained optimal
control, Patil et al. [10] applied it to motion planning in
deformable environments, and Beinhofer et al. [2] employed
it for landmark placement.
The method presented in this paper calculates expected distributions considerably faster than the one by van den Berg et
al. and could therefore benefit all of the above approaches.

operating. Before operation, the concrete controls u1:t and
observations z1:t are not yet known. Therefore, the expected
distributions p(xt ) depend only on the trajectory T , the
motion model f , and the sensor model h. Using the law of
total probability, we can relate the expected distributions p(xt )
to the posterior distributions: p(xt ) =
Z Z
p(xt | u1:t , z1:t ) p(u1:t , z1:t ) du1:t dz1:t .
(4)

In general, p(xt ) cannot be estimated in closed form, so
one solution that is often applied is to approximate the highdimensional integral defined in (4) via Monte Carlo simulation.
Monte Carlo simulation can deal with arbitrary robot models,
but is computationally demanding.
In contrast to that, we efficiently estimate p(xt ) by linearizing the whole navigation system, consisting of observation,
localization, control, and motion, resulting in a Gaussian
expected distribution that can be calculated efficiently via
standard matrix manipulations.

III. THE ROBOTIC SYSTEM
We consider the problem of estimating the expected distributions of the states xt of a mobile robot traveling along a predefined trajectory T . Hereby, the trajectory T = (x?0:T , u?1:T )
is a time-discrete sequence specifying the desired robot
state x?t and control command u?t at each time step t. The
actual robot state xt changes over time according to the
stochastic motion model
xt = f (xt−1 , ut , vt ) ,

B. The Linearized System
For linearizing the motion model (1) and the sensor
model (3), it is convenient to consider the deviations of the
states, controls, and observations, from their desired values
instead of the absolute values themselves. Therefore, we
define

(1)

∆xt := xt − x?t , ∆ut := ut − u?t , ∆zt := zt − h(x?t , 0).

where ut is the actual control command executed at time t
and vt ∼ N (0, Qt ) is the motion noise, which we assume
to be Gaussian distributed. Due to the stochastic nature of
the motion model, the actual robot states xt differ from the
desired states x?t . To reduce this difference, the robot needs
to execute control commands ut that differ from the desired
control commands u?t . We assume that the robot uses an
LQR controller [5] to select the control commands. At each
time step t, the LQR controller executes the control ut that
minimizes the expected quadratic error term

For the linearization procedure, we follow the approach by
van den Berg et al. [3] and use first-order Taylor expansions
around the desired trajectory (x?0:T , u?1:T ), leading to the
approximate identities
∆xt ≈ At ∆xt−1 + Bt ∆ut + Vt vt ,

(5)

∆zt ≈ Ht ∆xt + Wt wt .

(6)

∆µt = At ∆µt−1 + Bt ∆ut

(8)

with the Jacobians
∂f ?
∂f ?
At =
(x , u? , 0), Bt =
(x , u? , 0),
∂x t−1 t
∂u t−1 t
∂f ?
Vt =
(x ,u? , 0),
(7)
∂v t−1 t
∂h ?
∂h ?
(xt , 0), Wt =
(x , 0) .
Ht =
∂x
∂w t
In this linearized system, the Gaussian posterior distribution
p(∆xt | ∆u1:t , ∆z1:t ) ∼ N (∆µt , Σt ) of the deviation from
the trajectory can be computed recursively using a Kalman
Filter [1]. The Kalman Filter propagates a given initial
Gaussian distribution p(∆x0 ) ∼ N (∆µ0 , Σ0 ) according to
the update scheme

T
hX
i
E
((x` − x?` )T C(x` − x?` ) + (u` − u?` )T D(u` − u?` )) ,
`=t

(2)
where C and D are positive definite weight matrices.
For localization, the robot has a map of its environment and
a sensor that takes noisy observations zt of the surroundings
of the robot according to a sensor model
zt = h(xt , wt ) ,

Regular

(3)

where wt ∼ N (0, Rt ) is the sensor noise.
A. Expected Distributions

Σt =

To estimate the states of a mobile robot during operation, one typically applies some kind of filtering framework [12] to estimate the posterior probability distributions
p(xt | u1:t , z1:t ) of the states of the robot, which are conditioned on the already executed controls and observations. In
contrast to that, we are interested in estimating the expected
distributions of the state xt of the robot even before it starts

Kt =

At Σt−1 ATt + Vt Qt VtT
Σt HtT (Ht Σt HtT + Wt Rt WtT )−1

∆µt = ∆µt + Kt (∆zt − Ht ∆µt )
Σt = (I − Kt Ht )Σt .

(9)
(10)
(11)
(12)

Note that the covariance Σt and the Kalman gain Kt
depend, via the Jacobians, on x?0:t and u?1:t but not on the
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Algorithm 1 Recursive Calculation of S0:T
Input: S0 (= Σ0 ), M0 = 0
Output: S0:T
1: for t = 1 to T do
2:
M t ← (At + Bt Lt−1 )Mt−1 (ATt + LTt−1 BtT )
Σt ← At Σt−1 ATt + Vt Qt VtT
3:
4:
Kt ← Σt HtT (Ht Σt HtT + Wt Rt WtT )−1
5:
Mt ← M t + Kt Ht Σt
6:
Σt ← (I − Kt Ht )Σt
7:
St ← Σt + Mt
8: end for
9: return S0:T

actual values of u1:t and z1:t . Therefore they can be calculated
before the robot starts operation.
Applied on the mean ∆µt−1 in the Kalman Filter, the
LQR controller selects motion commands ut according to
∆ut = Lt ∆µt−1 ,

(13)

where Lt is the feedback matrix that minimizes the quadratic
error defined in (2). Lt depends only on the Jacobians in (7)
and the weight matrices C and D and therefore can be
calculated before the robot starts operating. See [5] for a
derivation of the explicit calculation formula for Lt .
Summing up, we express the whole navigation cycle,
which consists of executing a motion command, making
an observation, localizing, and selecting the next motion
command depending on the localization, by linear functions.

efficient recursive update formula for the covariance Mt
of ∆µt . To do so, we first consider the covariance of the
difference between ∆xt and the mean ∆µt of the posterior
distribution p(∆xt | ∆u1:t , ∆z1:t−1 ) before the integration
of observation ∆zt .

IV. EXPECTED DISTRIBUTIONS IN THE
LINEARIZED SYSTEM
In this section, we present our novel method for efficiently
calculating expected distributions via recursion for the abovedescribed linearized robotic system. The proofs of all theorems in this section can be found in the appendix.

Lemma 2.
Cov(∆xt − ∆µt ) = Cov(∆xt | ∆u1:t , ∆z1:t−1 ) = Σt .

A. The Efficient Calculation Scheme

With this, we can derive an efficient recursive update
formula for the covariance Mt of ∆µt :

For the derivation of our efficient calculation scheme, the
mean ∆µt of the posterior distribution plays a key role.
Before the robot starts operating, i.e., before making any
observations and selecting any motion commands, ∆µt can
be considered as a random variable, which deterministically
depends on u1:t and z1:t .

Lemma 3.
M t = (At +

+

LTt−1 BtT ) ,

(16)
(17)

where Mt = Cov(∆µt ) and M t = Cov(∆µt ).
Summing up, we know from Lemma 1 that the expected
distribution of ∆xt is N (0, St ), and therefore that the
expected distribution of xt is N (x?t , St ). Hence, the mean of
the distribution is already known from the desired trajectory,
and we only need to calculate the covariance St . We
calculate St using the fact that St = Σt + Mt , as shown in
Theorem 1. We know the recursive calculation schemes for Σt
and for Mt from the equations in Section III-B and from
Lemma 3, respectively. Both only depend on terms that can be
computed before the robot starts operating. Algorithm 1 states
the complete recursive calculation method for the covariances
of the expected distributions.

p(∆µt ) ∼ N (0, Mt ) .

Theorem 1. The covariance St of the expected distribution
of ∆xt is the sum of the posterior covariance Σt of ∆xt
and the covariance Mt of the expected distribution of the
mean ∆µt in the Kalman Filter:
St = Σt + Mt .

Bt Lt−1 )Mt−1 (ATt

Mt = M t + Kt Ht Σt ,

Up until here, we loosely followed the approach by
van den Berg et al. [3]. However, in the following, we apply
techniques different from theirs to derive a more efficient way
for computing the covariances St of the expected distributions.
The main building block for this is the following theorem.

∀t ∈ [0, T ] :

(15)

M0 = 0 ,

Lemma 1. Assuming that ∆x0 is zero-mean Gaussian
distributed, the expected distributions of ∆xt and of ∆µt
are Gaussians with zero mean for all time steps t, i.e.,
∀t ∈ [0, T ] : p(∆xt ) ∼ N (0, St ) ,

Regular

(14)

B. Comparison to the State of the Art
To our knowledge, the first approach for calculating
expected distributions in dynamic systems recursively was
derived by van den Berg et al. [3]. In the same linear system
that we described above, they consider the expected joint
distribution of ∆xt and ∆µt , which is a Gaussian


p [∆xt ∆µt ]T ∼ N [0 0]T , Jt ,
(18)

This also has strong implications on the cross-covariance
of ∆xt and ∆µt :
Corollary 1. Cov(∆xt , ∆µt ) = Cov(∆µt ) (= Mt ).
For being able to use Theorem 1 to calculate St , we
need to be able to calculate both Σt and Mt before the
robot starts operating. How to calculate Σt in the linearized
system is already clear from Equations (9, 10, 12). Note that
this calculation only uses values that are available before
the robot starts operating. In the following, we derive an

with
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They do not decouple the calculation of St and Mt as we do
through Theorem 1, but they derive the following recursive
update scheme for the joint covariance Jt :


Σ0 0
J0 =
,
(20)
0 0


Qt 0
Jt = Ft Jt−1 FtT + Gt
GTt ,
(21)
0 Rt
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They then can extract St as the upper left block of Jt .
As can be seen from the equations, their approach requires multiplications of matrices of dimension (2 dim(xt ) ×
2 dim(xt )), while our approach multiplies only matrices of
dimension (dim(xt ) × dim(xt )). Besides this, their approach
1m
needs exactly the same calculations as ours, because they
also need to calculate Σt−1 in order to compute Kt . So all
other computations being equal, the final recursive calculation
of St in our approach is 23 times faster than the one by
van den Berg et al. (if the standard matrix multiplication
−5
algorithm for n × n-matrices with runtime n3 is applied). In
the next section, we present a detailed comparison of the
runtimes in practice.
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Fig. 1. Randomly sampled trajectories and 99% confidence ellipses of the
calculated expected distributions. The depicted trajectories have lengths of
25 m, 50 m, 100 m, and 200 m, respectively (clockwise from upper left).
The sampled landmark positions are shown as red triangles.
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fractions of the runtimes that were actually spent on the
matrix multiplications that our approach speeds up, i.e., the
calculation of St via Mt as in Algorithm 1 and via Jt as
in (21), respectively. As can be seen from the figure, our
approach significantly speeds up the matrix multiplication
part, and thereby reduces the overall runtime approximately
by half. The values of the calculated covariances resulting
from the two approaches differed by at most 3.64 · 10−12 ,
which is within the range of machine precision.
Both our approach and the one by van den Berg et al. are
orders of magnitude faster than Monte Carlo simulation. For
example, estimating the expected distributions for the sampled
trajectories with length 100 m took 36.5 sec on average
with Monte Carlo simulation. For the same trajectories, our
approach spent 0.0117 sec and van den Berg’s approach
spent 0.0249 sec on average. The runtime of the Monte Carlo
simulation depends strongly on the number of simulated
episodes used. In our comparison, we used 1, 000 episodes,
while in practical applications, typically more episodes are
needed to achieve the desired accuracy, e.g., Dellaert et al. [6]
use 5, 000 samples for estimating the states of a mobile robot.

V. EXPERIMENTAL EVALUATION
We evaluated our approach in extensive experiments with
a differential drive robot motion model and a sensor model
for measurements consisting of the distance and the relative
angle between the robot and a set of uniquely identifiable
landmarks. In the experiments, we describe the state xt of
the robot by its pose [xt , yt , θt ] in the 2d-plane. We use
a discretization of 10 Hz for the time steps, resulting in
trajectories with approximately 20 time steps per meter. We
measured all runtimes using a single-threaded implementation
on an Intel R CoreTM i7 2.8GHz with 12GB RAM.
A. Runtime Comparison to the State of the Art
In the first set of experiments, we compare the runtimes
of our approach, the approach by van den Berg et al. [3]
(described in Section IV-B), and a Monte Carlo simulation.
To produce results that are independent of a specific
scenario, we considered 120 trajectories with lengths between
25 m and 300 m, each connecting a different set of randomly
sampled goal points in a 15 m × 15 m large environment.
Furthermore, for each trajectory we individually sampled a
map consisting of 20 landmarks. Figure 1 shows four of these
trajectories together with the sampled landmark positions.
A detailed comparison of the runtimes of our approach and
of the approach by van den Berg et al. can be seen in Figure 2.
The figure shows the runtimes needed for the complete
calculation of the covariances of the expected distributions,
which includes the calculation of Σt and of the Jacobians
defined in (7). Additionally, in darker colors, it shows the

B. Application to Landmark Placement
In a second experiment, we applied our approach to the
problem of landmark placement. Given the specifications of
a mobile robot and a desired trajectory, the goal of landmark
placement is to place a minimum number of landmarks
around a pre-planned trajectory to guarantee a certain bound
on the expected navigation performance during operation.
Concretely, we consider the landmark placement approach of
Beinhofer et al. [2], which aims at bounding the deviation
of the robot from the desired trajectory with high confidence.
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runtimes for t=25,...,300 for our approach and van den Berg

0.07

it considerably speeds up the whole procedure.

0.06

APPENDIX

Runtime in sec
0.03 0.04 0.05

Proof of Lemma 1. We first prove that the means of ∆xt
and ∆µt are zero. Plugging the equation for the LQR control
selection (13) into the linearized motion model (5) leads to
∆xt = At ∆xt−1 + Bt Lt ∆µt−1 + Vt vt .

8

10

0.00

0.01

0.02

As vt ∼ N (0, Qt ), and the expectation is a linear operator,
it follows that
E[∆xt ] = At E[∆xt−1 ] + Bt Lt E[∆µt−1 ] .
25

50

75

∆µt =At ∆µt−1 + Bt ∆ut

Fig. 2. Comparison between the runtimes (stated in sec) of our approach
(blue) and the approach by van den Berg et al. (red) on randomly sampled
trajectories with lengths between 25 m and 300 m. Shown are the means
and 95% error bars. Indicated in dark blue and dark red are the fractions of
the runtimes that were spent for the actual matrix multiplications that our
approach accelerates.
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Again using the linearity of the expectation operator and
using the fact that wt ∼ N (0, Rt ), we get
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Plugging in Equations (13) and (6) results in
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To derive a similar formula for the expectation of ∆µt , we
plug Equation (8) into Equation (11), which yields

100 125 150 175 200 225 250 275 300
Trajectory length in m

∆µt =(At + Bt Lt − Kt Ht At − Kt Bt Lt )∆µt−1

●

+ Kt Ht E[∆xt ] .

●

1m

(28)

Because of the assumption that E[∆x0 ] = 0, also ∆µ0 = 0,
and therefore also E[∆µ0 ] = 0. An induction with this as
the base case and Equations (25) and (28) as inductive step
yields that E[∆xt ] = 0 and E[∆µt ] = 0.
A second induction with ∆x0 ∼ N (0, S0 ) and ∆µ0 = 0
as base case and with (24) and (27) as inductive step finally
shows that the expected distributions are Gaussians.

Fig. 3. Landmark positions (red triangles) resulting from a placement
procedure that guarantees that the deviation of the robot from the desired
trajectory (blue dots) stays below 0.5 m with 99% confidence (blue ellipses).

−2

0

(24)

To calculate the confidence levels, the iterative landmark
−10
−8
−6
−4
−2
0
2
placement method needs to repeatedly compute expected
distributions for different landmark configurations (for details,
see [2]). As our experiments showed, most of the runtime in
this application is actually spent in the calculation of expected
distributions. Therefore, calculating the expected distributions
with our approach instead of the approach of van den Berg et
al. considerably speeds up the whole landmark placement
procedure.
Figure 3 shows the placed landmarks for the depicted
figure-eight trajectory. The complete landmark placement
procedure took 121 sec with our approach and 218 sec with
the approach of van den Berg et al.

−12

Proof of Theorem 1. From Lemma 1, we know that
E[∆xt ] = 0. Therefore, the covariance of p(∆xt ) is
Z
St = Cov(∆xt ) = ∆xt ∆xTt p(∆xt ) d∆xt .
(29)

Applying the law of total probability [12] on p(∆xt ) yields
Z
Z
St = ∆xt ∆xTt
p(∆xt | ∆u1:t , ∆z1:t )
· p(∆u1:t , ∆z1:t ) d(∆u1:t , ∆z1:t ) d∆xt .

Fubini’s theorem [7] allows us to reorder the integrals:
Z Z
St =
∆xt ∆xTt p(∆xt | ∆u1:t , ∆z1:t ) d∆xt

VI. CONCLUSIONS
In this paper, we presented a novel recursive calculation
scheme for estimating the expected probability distributions
of the states of a mobile robot even before it starts operation.
Our approach decouples the calculation of the covariances of
the states of the robot and of its localization estimates, which
reduces the runtime of the method. In extensive experiments,
we showed that our approach significantly outperforms other
approaches and that in an application to landmark placement,

· p(∆u1:t , ∆z1:t ) d(∆u1:t , ∆z1:t ) .

(30)

(31)

In the following, we use the shorthand notations
dPx := p(∆xt | ∆u1:t , ∆z1:t ) d∆xt ,

dPu,z := p(∆u1:t , ∆z1:t ) d(∆u1:t , ∆z1:t ) .
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Next, we add a zero to Equation (31):
Z Z
St =
(∆xt − ∆µt )(∆xt − ∆µt )T + ∆xt ∆µTt

+ ∆µt ∆xTt − ∆µt ∆µTt dPx dPu,z .
(34)

control policy from Equation (13) into the recursive update
scheme for ∆µt stated in Equation (8) yields
(40)

∆µt = (At + Bt Lt−1 ) ∆µt−1 .

As the covariance is a bilinear form [7], this proves Equation (16). To prove Equation (17), we start by plugging
Equation (6) into Equation (11), resulting in

By Rdefinition of the covariance it holds that
Σt = (∆xt − ∆µt )(∆xt − ∆µt )T dPx , and therefore
Z
Z
Z
St =
Σt + ∆xt ∆µTt dPx + ∆µt ∆xTt dPx
Z

− ∆µt ∆µTt dPx dPu,z .
(35)

∆µt = ∆µt + Kt Ht (∆xt − ∆µt ) + Kt Wt wt ,

(41)

where wt ∼ N (0, Rt ). Again with the bilinearity of the
covariance, this yields that
Mt = M t + Kt Ht Cov(∆xt − ∆µt )HtT KtT
+ Kt Wt Rt WtT KtT .

As ∆µt is the expected value of theRposterior distribution
of ∆xt , it is by definition ∆µt = ∆xt dPx , which is
independent of ∆xt given the values of ∆u1:t and ∆z1:t .
Applying this definition on (35) and using the independence
property to reorder the integrals yields
Z 
Z
Z

St =
Σt + ∆xt dPx ∆xTt dPx dPu,z . (36)

(42)

Applying Lemma 2 results in
Mt = M t + Kt Ht Σt HtT KtT + Kt Wt Rt WtT KtT
= Mt +

Kt (Ht Σt HtT

+

Wt Rt WtT )KtT

.

(43)
(44)

Next, we replace
according to its definition from Equation (10), leading to
KtT

Again using the definition of ∆µt and the fact that the
transpose is a linear transformation, which therefore can be
moved out of the integral, yields
Z
St = Σt + ∆µt ∆µTt dPu,z .
(37)

Mt = M t + Kt (Ht Σt HtT + Wt Rt WtT )
· (Ht Σt HtT + Wt Rt WtT )−1 Ht Σt

= M t + Kt Ht Σt ,

(45)
(46)

which finishes the proof.
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As the random variable ∆µt is a deterministic function of
the random variables ∆u1:t and ∆z1:t , and as its expectation
is 0, this results in
St = Σt + Mt

Regular

(39)

Proof of Corollary 1. Follows from the proof of Theorem 1
by considering the transformations applied to ∆xt ∆µTt in
Equation (34).
Proof of Lemma 2. The result follows directly from the
construction of the Kalman Filter as described by Kalman [8].
The second equation holds by definition of Σt . For linear
systems like the one defined in Section III-B, Kalman has
proven that the filter mean ∆µt is the minimum mean square
error estimator for ∆xt and that the posterior covariance Σt
equals the covariance of the estimation error ∆xt − ∆µt of
this estimator.
Proof of Lemma 3. The initial belief in the Kalman Filter
for calculating the posterior covariance is deterministically
given, therefore Equation (15) holds true. Plugging the LQR
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Playing Nine Men’s Morris with the Humanoid Robot Nao
Sven Bock, Roland Klöbl, Thomas Hackl, Oswin Aichholzer and Gerald Steinbauer

Abstract— Playing games is an important aspect in human
life in order to develop skills or in terms of entertainment.
Games also play a major role in research such as Artificial
Intelligence and Robotics. In this paper we present an approach
to enable the humanoid robot Nao to play a board game against
a human opponent. We discuss the challenges that arise by
the task of playing a board game with a humanoid robot,
provide solutions for the Nao, and, introduce our proof-ofconcept implementation for the board game Nine Men’s Morris.
Finally, we will present a first experimental evaluation of the
approach. The main contribution of this paper is the integration
of various techniques into one real robot system, enabling it to
manage a complex task such as playing a board game.

I. I NTRODUCTION
Games play an important role ever since the beginning of
mankind. Apart from their obvious purpose of entertainment
games usually touch other interesting aspects like exploring
strategies and comparing skills with each other. Games
have already been introduced within education in order to
ease learning processes or developing certain skills. Playing
games also plays an important role in Artificial Intelligence
(AI) and Robotics. When it comes to Artificial Intelligence
the major task concerning playing games is to find efficient
algorithms to solve a game, whereas in the field of Robotics
usually the physical act of playing and the interaction with
the environment is the major issue.
A main goal of our research is to fruitfully combine
diverse fields such as game theory, advanced search approaches, computer vision and mobile manipulation. In earlier work [1] we already developed an artificial robot opponent that successfully played the board game Pylos against
humans. In the current paper we present an implementation
for the humanoid robot Nao in order to allow a more
appealing and more general game play between humans and
robots. The approach presented in this paper is able to master
the challenges of playing a board game with the Nao like 3D
perception and mobile navigation for a currently simplified
setup. In the paper we present a prototype implementation
for the game Nine Men’s Morris. This first proof-of-concept
implementation integrates various techniques into a real robot
system in order to manage playing a board game with a
humanoid robot. Such an integration is hardly seen and is
the key contribution of this paper.
II. G AME S ETUP
Nine Men’s Morris is a two player strategy board game. In
Europe it is very popular under the name Mill(s). As a robot
we use a standard Aldebaran Nao with actuated fingers.
The authors are with the Institute for Software Technology, Graz University of Technology, Graz, Austria. {thackl,oaich,steinbauer}@ist.tugraz.at
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Fig. 1: Game Board and Situation from Nine Men’s Morris.
The numbers represent the abstract strategic positions.

In a nutshell, both players own nine tokens which are
placed on 24 spots on the board. Fig. 1 shows the board
and a typical game situation. The tokens of the two players
are distinguished by their color. Tokens may only be placed
at corners and intersections on the board. There is at most
one token per spot allowed. The game has 3 phases, placing
the tokens, moving the tokens to neighboring spots on the
lines, and jumping (i.e., moving a token to any free spot).
If a player gets three tokens of his/her color in a straight
row, he/she can remove one token from the opponent. The
objective of the game is to leave the opponent with fewer
than three tokens, or in a position where no more legal moves
are possible. Especially the three different phases of the game
require quite different strategies and make it a challenge to
determine the best move.

Humanoid Robot Player
Colored Tokens
AR Marker
Game Board with Net
Table

Fig. 2: Game Setup from Nine Men’s Morris.
In order to play the game with the Nao, we build up
the physical game setup shown in Fig. 2. The setup is a
compromise between limitations imposed by the robot, e.g.
range of the arms, and an attractive setup for a human player,
e.g. appearance and haptics. In order to allow a maximum
reach of the arms the game board with a size of 34 cm
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× 34 cm is placed on a table with a height of 22.7 cm.
An elevated AR marker is placed in the center of the board
to compensate the accuracy for the missing gyroscope in
the horizontal plane. In order to allow a reliable grasping,
the tokens are cubes up to a side length of 3 cm, made
of modelling clay. Moreover, the tokens are colored clearly
differently in red and yellow for a clear identification by the
vision system, even in poor lighting conditions.
III. G AME P LAYING
Fig. 3 shows an overview of the architecture we used to
play a a board game with the Nao.
Game Engine

Behaviour Request

World Model Info

Odometry

AR Marker Pose
Token Poses

Joint Angles

Perception

Camera Streams

Behaviours
Perception
Commands

High Level Control

World Model

Planner
Requests

Motion Planner

Database Queries

Motion Commands

NaoQi & ROS Bridge

Fig. 3: System Overview. Solid connections depict flow of
data. Dashed connections represents flow of commands.
In the following sections we will describe the individual
modules in more detail. For the implementation we use the
Robot Operating System (ROS) and NaoQi robot interface.
A. Perception
The main sensors to perceive the environment, besides the
odometry, are the two cameras in the head. Unfortunately,
stereo vision is not possible because the cameras do not
have an overlapping region. The perception recognizes an
AR marker and other features in the image that are used
for localization. The result of the perception is an abstract
discrete game state that consists of 24 strategic positions
(see Fig. 1). Additionally there is an ideal and a real position
saved for each token. Ideal positions correspond the strategic
positions in torso coordinates (for placing) on the real game
board, while real positions hold the information, where
tokens are really located (for grapsing).
Marker and Coordinate Frames: Due to the close
distance of the robot to the board only a part of it is visible
at the time. This complicates the localization of the robot.
As a result we use an AR marker of 70 mm side length
in the center of the board. The transformation between the
marker and the robot’s camera is determined using the AR
toolkit1 and the ROS wrapper ar pose2 . The marker is 12 mm
elevated from the board to reduce occlusion problems when
1 http://www.hitl.washington.edu/artoolkit/

2 http://www.ros.org/wiki/ar

pose

Regular
tokens are close to the marker. The transformation is used to
localize the robot and is fused into the world model together
with other sensor information.
Visual Odometry: The robot Nao neither has a gyroscope
for the upright z-axis nor does it provide reliable odometry
due to slip during walking. In order to minimize the angular
error we use visual odometry. This supports the estimation
of rotations by calculating the horizontal angle difference
of images. During the estimation, the z-axis of the torso is
vertical to reduce the rotation to one angle. First a key point
detector is applied to find interesting points in each image.
Afterwards SURF descriptors [2] are computed of both
images. This descriptor has been used because it combined
the robustness and speed that is required to solve this task.
Then matches between both images are computed using a
”radiusMatch”-function that finds matches for descriptors in
a given distance. The offset of the matches in pixel in the
horizontal x-axis is used to determine the rotation of the
robot.
Calibration and Blob Detection: The colors of the tokens
are initialized at startup using the median of the colors at the
area around the strategic positions 15 (first player’s color)
and 13 (second player’s color). Using blob detection and
morphological operations, a binary image of token candidates
is generated.
Token Classification: The task of the classification is to
validate the detected color blobs, to assign valid tokens to
strategic positions and to compute the real 3d positions of the
tokens. This is done by rectifying and rotating the binarized
image to fit defined masks. These masks are polygonal areas
around the ideal positions on the game board (see Fig. 4b).
They are used to determine if a token was validly placed
and to assign it to the corresponding strategic position. The
four point correspondences, required for the rectification, are
chosen around the focus point of the camera in the system
of the game board. After the pixel positions of all points in
the camera image are computed, the image can be rectified
using a perspective transform according to [3].
The result of the rectification procedure is visualized in
Fig. 4b.
Conflicts on the board are detected if more than one token
of any color lies in one mask. Fig. 5a depicts such a situation.
Such conflicts occur, if tokens are placed carelessly or the
robot fails to place a token correctly. In such cases there
exists no clear mapping to the abstract game state. Therefore,
the real 3d positions of tokens are saved and the high-level
control is informed about conflicts on the board. A strategy
to repair conflicts is described in Section III-D.
B. World Model
The world model stores sensor data, the board occupation,
and token positions. Furthermore, it fuses different sensor
data to achieve an improved localization and broadcasts all
necessary transformations, e.g. torso to board. The transformation obtained from the AR marker detection is used as
absolute localization of the torso w.r.t. the game board. If
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(a) Camera image,
where the focus point
is surrounded by 4
rectangular points

(b) Rectified image with
masks and detected tokens.

Fig. 4: Image rectification. The green points are the 4 point
correspondences to the blue points to compute the projective
transformation. The points are selected around the focus
point of the camera a few mm above the board plane.
the marker is not detected, the robot’s odometry and visual
odometry are used to track the robot’s position.
At each start of a game turn, the robot has to reconsider
the complete board. It starts iterating through all strategic
positions, updating multiple of them at once, where the
majority of their mask is visible.
C. Mobile Manipulation
The task of placing and taking tokens can be seen as a
mobile manipulation. Because of the limited range of the
robot, we use the simplified setup presented in Section II.
For the grasping of tokens we assume the pre-defined pregrasp position shown in Figure 5b. It is defined by the x
and y position of the token (taking a token) or the target
position (putting a token) on the game board, a given height
of 3 cm above the board, and a given pitch of the forearm
of 25 ◦ . These positions originate from the fact that the Nao
has an rotational wrist and fingers with one DOF. We solve
the grasping problem only for one board side and simply
transform the results to the three remaining sides, assuming
the robot always stands perpendicular to the board.

(a) Conflict situation.

(b) Pre-grasp position for
tokens.

Fig. 5: Token perception and manipulation.
The assumption that the robot stands always on an even
surface and that both feet are always parallel allows us to
decompose the complex manipulation planning into three
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simpler parts that can be handled separately. The three parts
comprise of (1) selection of a suitable robot position and
walking to it, (2) selection of a suitable torso posture, and
(3) planning the arm movement to the pre-grasp position.
Dealing with the complete kinematic model of the Nao
with 25 joints is very complex for the task. Using the above
decomposition, the problem reduces itself to two simple
kinematic problems. One problem is the inverse kinematics
of the torso posture with only 5 joints assuming the mirroring
of the joint angles between the two feet. The other problem
is the inverse kinematics for the pre-grasp position starting
in the shoulder joint featuring 5 joints as well.
The planning for the mobile manipulation comprises an
off-line and an on-line stage. The off-line stage iterates over
a grid with robot positions and a set of torso postures. It
marks a grid cell with 1 if there is the possibility to grasp
a token at a given position from the cell center and with
0 otherwise. The result of this calculation for the left arm
depicted in Fig. 6b. We have to calculate and store the grid
only once for the grasp position {xgp = 0, ygp = 0} and one
board side as we can later translate it to the actual grasping
position and rotate it for the other board sides. Moreover, we
simply mirror the resulting grid to get the results for both
hands. A function solvableIK (x, y, h, φ, xpg , ypg ) checks
if the pre-grasp position {xpg , ypg } is reachable for a given
robot position {x, y} and a given torso posture {h, φ}. The
variables h and φ denote the height of the center of the torso
and the pitch of the torso, respectively.

(a) Game
board
obstacle
grid.

(b) Entire
workspace
for the left
arm

(c)
Combined
workspace

(d)
Distance
transform

Fig. 6: The figures show the grid evolving steps. Invalid
positions are colored in black. All figures are shown from
an overhead perspective. Fig. 6a depicts the obstacle mask
representing the table.The white areas are possible because
the robot may bend its knees under the table. Fig. 6b shows
the entire workspace of the robot. Fig. 6c depicts the overlay
of workspace and obstacle mask. Fig. 6d shows the distance
transform performed on the overlay. The white the pixel is
shown in this grayscale image, the farther away are all invalid
torso positions. The green cross depicts the desired pre-grasp
position. The robot stays orthogonal to the table.
The on-line stage is shown in Algorithm 1. The algorithm
uses a desired grasp position, the grasp position and obstacle
grid, and the information which hand to use as input. It
guides the robot to a position and posture that allows the
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robot to grasp a token at the desired position. First the
algorithm selects the board side that minimizes the requested
walking. Then the grasp and obstacle grids are transformed to
the requested grasp position and the selected board side. The
intersection of these two grids provides robot positions from
which the desired grasp can be reached without colliding
with the table. An example for such a grid is shown in
Fig. 6c. The target robot position is selected from a distance
transformation of the combined grid. The distances reflect the
smallest distance to a neighboring cell where the robot is not
able to grasp the token. Fig. 6d depicts this transformation.
Selecting the maximum yields a high possibility that the
robot is still able to grasp even if the robot does not reach
the position exactly due to shortcomings in the navigation.
Once the robot finished its path it checks if the robot is
able to grasp the token from the actual position. If this is
not the case, again a target position is selected and a path is
calculated. Once the robot reached a position where it is able
to reach the pre-grasp position it selects the torso posture {h,
φ} that can reach the position and maximizes an objective
function (line 17). Usually, we use a higher value for α than
for β in order to prefer higher torso positions (better camera
view on the board) over a mostly upright position (more
stable posture).
Algorithm 1: reachPreGraspPosture
input: {xpg , ypg } ... desired pre-grasp position
RGP ... robot grasp position grid
GBO ... game board obstacle grid
hand ... which hand to use
side ← selectSide(xpg ,ypg ,hand)
TRGP ← transGraspGrid(RGP ,side,xpg ,ypg )
TGBO ← transObstacleGrid(GBO,side,xpg ,ypg )
CG ← TRGP ∩ TGBO
DCG ← calcDistanceGrid(CG)
{xr , yr } ← argmax{x,y} DCG[x, y]
{x0 , y0 } ← getRobotPosition()
p ← planPath(x0 ,y0 ,xr ,yr )
executePath(p)
{x1 , y1 } ← getRobotPosition()
while CG[x1 ]][y1 ] = 0 do
{xr , yr } ← argmax{x,y} DCG[x, y]
p ← planPath(x1 ,y1 ,xr ,yr )
executePath(p)
{x1 , y1 } ← getRobotPosition()
end
{hr , φr } ←
argmax{h,φ|solvableIK (x1 ,y1 ,h,φ,xgp ,ygp )} α · h + β|π − φ|
18 moveTorso(h,φ)
19 moveArm(h,φ,xgp ,ygp )
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

D. High Level Control
The high-level control is represented by the state machine
shown in Figure 7. Transitions are triggered by events. The
state machine invokes behaviors according to its actual state.
The state machine comprises the following states:
• init initially localizes the robot, calibrates the color, and
asks the user for game information if a saved game is
continued.
• get game state acquires the current game state.
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•
•

•
•
•

get next move requests the next move from the
database, based on the current game state.
execute moves executes the selected move.
wait for player waits for the user finishing her move.
finished either one of the players won or the user
aborted the game by touching the robot’s head.
help an error occurred during execution. The robot waits
for a human to resolve the problem.
init

get game state

finished

Lost

help

get next move

Won

execute moves

wait for player

regular transition
event driven transition
user driven transition
error driven transition

Fig. 7: Main state machine.
Achieving the different subtasks incorporates sending requests to the planners as well as communication with the
game engine.
E. Behavior Execution
The framework provides a number of behaviors. Their
execution is invoked by the high-level control.
Higher Level Movement provides methods to easily
move to a given torso position, control the robot height, and
relax the whole robot.
Look At is used to look at strategic positions and to find
the marker. The marker is searched at the current position
and at the position the marker was last seen. If the marker is
still not found the robot begins to move its head in a circular
pattern to find the marker.
Color Calibration initializes the player colors at the start
of the game during the initialization phase. It uses head
motion and vision services.
Analyze Field is a behavior that scans the complete board.
It requests the positions to look at from the world model and
moves the head to the most interesting position. It activates
the vision to update the game state in the world model.
Place/Take/Move executes manipulations at a given token
position. These manipulations include walking to the position, the place/take/move action, and a visual confirmation
with a possible repair.
Error Recovery is applied in case the confirmation of
a place/take/move action fails, i.e., the token is not at the
desired position. First the entire game state is updated again.
If the token is not located at the desired position after a place
action we can distinguish two cases. If the token is still on the
table but rolled to an already occupied position we receive
a conflict. Such a conflict can be resolved by moving the
actual token to its desired position. If we receive no conflict
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there are two possible reasons. Either the token rolled to an
unoccupied position or the token rolled off the table. Both
cases can be detected by comparing the actual game state
with the previous one. For the former case we recognize an
additional token of the given color and simply move it to the
desired position. For the latter case the robot asks for human
assistance as it is not able to resolve this issue by itself.
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easiest one. However, in two cases the token was placed too
far away from its ideal position such that it was classified as
not correct. In one of these cases the repair strategy was able
to resolve the initial error. In all the other cases the robot was
able to successfully place the tokens on the correct positions
in one try.

F. Game Engine
The idea behind the game engine is to pre-process all
optimal moves off-line, so that during a game play of the
Nao only marginal computer resources are needed for generating the move itself. This is important since performing
the interaction with the environment requires most of the
resources of the Nao.
To solve the game play we follow an approach that uses
an idea which is called dynamic programming in algorithm
theory. There, every game position which might show up in
a game is evaluated only once and stored together with its
evaluation value. This usually saves the exponential overhead
in an game tree approach. Of course this approach comes at
a price: a lot of memory or disk space is needed to store
the positions and their evaluation, the so-called state-space.
Thus, it is still not feasible for games like chess or go.
But fortunately Nine Men’s Morris has a rather huge game
tree complexity, but a limited state-space complexity, which
makes dynamic programming applicable.
For Nine Men’s Morris we generated all possible positions
which can show up during any game, of course taking
symmetry, rotation, and reflection (inner and outer cycles
can be exchanged) into account. This results in a data base
of over 19 billion positions, needing approx. 19.6 GB of disk
space. Using the dynamic programming approach described
above we evaluated all positions, and stored whether it is a
first player win, a second player win, or a draw. In case one
of the players can force a win, we also stored in how many
half moves she can guarantee that win.
The data base provides a simple interface for the other
components of the playing Nao. A query can be sent for
a position which is currently considered. The database can
check whether it is a valid position and, if true, provides
possible optimal moves with additional information. In this
way it is also easy to check whether a board which is
recognized only with a certain probability could in fact be the
result of a legal move of the opponent. Thus the actual board
can even be determined if the vision of the Nao delivers
several different candidates — a kind of consistency check.
IV. E XPERIMENTAL R ESULTS
We implemented a prototype version of the playing Nao
using ROS and NaoQi. Because of the size of the game
database and the computational demands of the perception
we run these parts on an external PC and communicate
to the robot over Ethernet. The following tables show the
experimental results of performing small subtasks which are
essential for playing Nine Men’s Morris. Table I focuses on
the placement of tokens. This task is considered to be the

Success
Place
P Fail
%

P

Place & Repair
Success
Fail
28
0
1
1
29
1
96.67
3.33

28
2
30

%
93.33
6.67

TABLE I: Test: Token placement. In one case an initial
placement failure could be repaired using the repair strategy.
Table II illustrates the results concerning the grasping
actions. This task also requires a correct classification of the
token and self-localization. The robot is capable of grasping
a token in most cases. However, the grasp fails in some of
the cases at the first try. This happens, as the robot is not
always able to perform a reliable grasp because of the limited
hand. Although, following the repair, the success rate can be
significantly improved.

Grasping

P
%

Success
Fail

Recognition
Success
Fail
18
2
10
0
28
2
93.33
6.67

P
20
10
30

%
66.67
33.33

TABLE II: Test: Token grasping. In two cases an initial
recognition failure could be repaired using the repair strategy.
Table III shows the results for the classification of single
tokens and recognizing the entire game state. The table
features game scenarios with a low number of tokens as well
as scenarios with 9 tokens per player (see Fig. 8). It has to be
mentioned that these results were gained by just scanning the
game board scene without having any knowledge of previous
game states. Classification errors mainly occurred on the
opposite side (w.r.t. the robot) of the game board.
Number of tests
Number of classified tokens
Game state without any misclassification

Correct
Wrong
Correct
Wrong

38
359
5
33
5

%
98.63
1.37
86.84
13.16

TABLE III: Test: Get game state.
Table IV shows the results of walking to a different side
of the board while avoiding collisions. Due to the lack of
sensors providing on-line data while walking, the success
rate of this task highly depends on the robots accuracy while
executing motion commands. A re-localization while walking parallel to the board is not possible, as the shoulder of
the robot is blocking the view to the board. Furthermore the
marker is very small and difficult to detect under perspective
view. Without the marker the robot rarely found back to the
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Fig. 8: Example game situation used in the evaluation.
board. Therefore we detect now the edges of the board to
give the robot a course estimation where it is. This estimation
allows us to approach to the board until, the robot finds the
marker again. This additional procedure greatly increased the
robustness of the walking procedure. In case the marker was
never lost, the robot approaches to the board in one complete
move which results in slight collisions due to the inaccuracy
of the odometry.

Found
Marker
P Lost
%

Success
10
9
19
82.61

Walk
Slight collisions
4
0
4
17.39

Fail
0
0
0
0

P
14
9
23

%
60.87
39.13

TABLE IV: Test: Walk around the board.
V. R ELATED R ESEARCH

There are several other approaches for playing games
with humanoid robots. For instance the work of [4] presents
a humanoid robot that is able to play ping pong against
a human opponent. Their greatest challenges are the fast
accelerations of the arm and the balance of the robot.
A work that fits better to our task is developed by a
french company named HumaRobotics [5] who presented
an autonomously connect-4 playing Nao. Their result is
impressive because they need no marker, external PC and
recognize when a human player finished its turn to play their
game. However, they can see the whole gameboard which is
orientated upright. This results in minimal projective distortion, the board can be scanned continuously to recognize
human action and the board serves as a landmark with known
size and background. Additionally they do not grasp tokens
and they can observe the token while throwing it into the
board.
In 2011 [6] proposed an approach of the Nao grasping
tokens on a board. This approach is similar to our work
because they face the same problems as we do, like limited
processing power, inaccurate repositioning, reduced stiffness
on continuous operation, limited grasping ability, and self
occlusion of the target position. They use visual servoing to
move the thumb, which is essential for a successful grasp to
a target position above the object. They project the thumb
onto the table surface to estimate the hand position.
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In [7] an approach of a real-time SLAM with a single
camera computed on a desktop PC is proposed. They focused
on natural long term features and a motion model to reduce
motion drift. They inspired our work for projections from
the image in the 3D scene and the visual odometry.
Recently in [8] the authors presented an integrated approach for the Nao that allows it to grasp general objects
like a cup. The approach combines object recognition based
on stereo vision, a grasp quality estimation, and an A*-based
motion planner. Although, the performance of this approach
is impressive it has the drawback that a special version of
the Nao with an integrated stereo setup is used.
VI. C ONCLUSION AND F UTURE W ORK
In this paper we present an approach for playing board
games with the humanoid robot Nao. A proof-of-concept
implementation addresses all challenges arising from playing
a game with a humanoid robot, such as perceiving the
game board, deciding the next winning move, and mobile
manipulation of the tokens. The approach is a combination
of a strong game engine and a robotics framework. The
main components of the architecture are a competitive game
engine, a reliable 3d scene recognition, and a simplified
manipulation approach. The major contribution of this paper
is the integration of various techniques in one real system
to allow it to solve a complex task. First experiments show
that the robot is able to autonomously play the game quite
stable. Moreover, first empirical figures are given for the
performance of the needed individual capabilities.
In future work we will aim at a native implementation that
runs completely on the robot. Furthermore, the individual
skills have to be improved. Mainly we think of a probabilistic
recognition approach for the tokens and the integration
of more advanced planning techniques to master dynamic
environments as well. Finally, we will extend our approach
to other games like chess. Especially this is a real challenge
because the tokens are not homogeneous anymore.
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Multipurpose Redundant Manipulators for Agricultural Tasks
Christoph Schuetz, Joerg Baur, Julian Pfaff, Thomas Buschmann and Heinz Ulbrich

Abstract— Selective tasks such as harvesting or spraying of
single crops are a promising research topic in agricultural
automation. Inspired by industrial production, an obvious
approach is to use robot manipulators in greenhouses and
orchards. To exploit the potential of redundant manipulators in
particular, advanced motion planning algorithms are needed.
In this paper we present the tasks and requirements imposed
by the applications within the EU–project CROPS and the
manipulator prototypes developed at our institute. We outline
the kinematic design and hardware configuration as well as
communication and user interfaces. We discuss suitable motion
planning algorithms and present a separated workspace and
configuration space trajectory planning in detail. Finally, we
give an overview of the application of the manipulator prototypes within the CROPS project.

I. INTRODUCTION AND BACKGROUND
While many manipulative tasks already have been automated
for industrial applications, a large number of operations in
agriculture are still done by human workers. Especially in
the field of plant maintenance operations such as harvesting
of single crops or precision spraying, few projects have
been reported. One major challenge compared to industry is
the highly diverse and cluttered environment: Manipulators
and sensors must be able to cope with various geometries
of obstacles and targets. Detection and motion planning
algorithms have to generate new manipulator trajectories
adapted to every target in a short time horizon. Due to
short and intense seasonal harvesting periods, a multipurpose
system would be desirable to reach high utilization rates.
Transferring the automation of industrial applications to
agriculture, some research groups used standard industrial
manipulators (usually 6 degrees of freedom (DOF)) while
increasing the workspace by mounting them on linear axes
and/or mobile platforms. Examples can be found for apple
harvesting [1], cucumbers [2] or palm fruits [3]. However,
standard industrial manipulators are heavy, fixed in their
dimensions and therefore not adjustable to the needs of
different crops or growing periods. Thus, custom manipulator
systems for specific tasks have been designed such as for
orange [4] and kiwi picking [5] or sweet-pepper harvesting [6]. A multipurpose system for grapes has been designed
by M ONTA ET AL . [7].
The EU-project CROPS aims at developing a modular, multipurpose robot system which is usable for various automated
This research was partly funded by the European Commission in the 7th
Framework Programme (CROPS GA no 246252).
C. Schuetz, J. Baur, J. Pfaff, T. Buschmann and H. Ulbrich are with the Institute of Applied Mechanics, Technische Universität München, Boltzmannstr. 15, 85748 Garching, Germany {schuetz, baur, pfaff,

buschmann, ulbrich}@amm.mw.tum.de

(a) 1st prototype (2012)

(b) 2nd prototype (2014)

Fig. 1: Agricultural manipulator prototype generations (both
in 9 DOF configuration) developed and built at TUM.
applications (selective harvesting of sweet-pepper, apples and
grapes, precision spraying of grapes). While other partners
within the consortium develop suitable sensor systems and
image processing algorithms for fruit, obstacle and disease
detection, our institute is responsible for the manipulator
system. In the following paper, an overview is given of the
manipulator design, its hard- and software architecture and
interfaces. Furthermore, we discuss suitable motion planning
algorithms and present the applications.
II. MANIPULATOR DESIGN
For positioning the end-effectors and sensors, a manipulator
system is needed which is able to cope with the varying
requirements of the investigated applications. The first generation manipulator prototype, developed and built at our
institute, was ready at beginning of 2012 and a second,
completely redesigned and improved generation has been
delivered to the partners at beginning of 2014 (see Fig. 1).
In the following section, requirements for a multipurpose
manipulator system are discussed. Furthermore, the design
of the kinematics, of the hardware, of the communication as
well as of the user interfaces is presented.
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A. Task Description and Requirements
The considered applications within the CROPS project are
- Selective harvesting of sweet-pepper
- Selective harvesting of apples
- Selective harvesting of grapes
- Precision spraying of grapes
The requirements vary for each application in terms of
reachable workspace and dexterity. We consider sweetpepper harvesting to be the most challenging task due to
the workspace geometries and the positioning requirements.
Hence, we present exemplarily this harvesting scenario in
detail.
In European regions, sweet-pepper fruits are usually cultivated in greenhouses, where the climate is mostly humid.
Depending on the plant growth, fruits have to be harvested
in a height from 0.3 m up to 4 m relative to the floor. They
are often occluded by leaves, stems or other fruits. The
corridors between the plant rows are narrow (≈ 0.4−0.8 m).
Furthermore, an average harvesting time of 6 s per fruit is
desired. An example of a scenario based on real plant data
is illustrated in Fig. 2.

Corridor ≈ 0.8 m
0.5 m

y
z
x
Robot Base
(a) Topview

z
x

y
0.5 m
(b) Sideview

Fig. 2: Topview and sideview of a greenhouse corridor for
sweet-pepper cultivation based on real measurements. The
plants are represented by the shaded green circles while fruits
are drawn in red.
B. Kinematics
While the manipulator is mounted on a mobile platform
which moves along the corridor (y-Axis), it has to cover
a large area in z-direction. Thus, we decided to use a
prismatic joint (q1 in Fig. 3) and a varying number (up to
8) of rotational joints. Since the requirements on dexterity
depend on the respective application, different kinematic
configurations are possible (see Fig. 3b for 7 DOF, Fig. 3a
for 9 DOF). In the highest configuration (9 DOF) the joints
3 − 5 are parallel to enable self-folding of the manipulator
with minimum space requirements. For more information
about the kinematic design derived from the workspace
requirements refer to BAUR ET AL . [8].

q1

q1

q2

q2
q3

q4

q3
q4

q7
q5 q
6

q5

q8 q9

(a) Kinematic scheme 9 DOF

q6

q7

(b) Kinematic scheme 7 DOF

Fig. 3: Kinematic configurations of manipulator prototype
generation 2.
C. Hardware
In the following section, the hardware components of Generation 2 prototype are presented. For a detailed discussion on
the hardware configuration of Generation 1 prototype refer
to [8].
All joints are driven by 48 V high torque brushless DC
motors (ROBODRIVE1 ) which are controlled on position or
velocity level and powered by E LMO G OLD2 motor drivers.
While the F ESTO3 linear bearing at Joint 1 is driven directly,
all rotational joints are transmitted by H ARMONIC D RIVE4
high ratio gears (1 : 50 or 1 : 100). The rotational drive
modules include power electronics, motor, gear, brake and
encoders in a waterproof housing. The position is measured
by an incremental encoder on the motor and an absolute
encoder at the driving end. All communication and power
interfaces are placed on one connector, so no outer cabling is
needed for the manipulator itself (however, the end-effector
cabling is guided outside the manipulator).
D. Communication and User Interfaces
The manipulator drive units are connected via E THER CAT to
the Real-Time Control Unit (RCU, M ATLAB XPCTARGET)
which performs the motion planning including self-collision
avoidance and serves as an E THER CAT master device. The
E THER CAT bus transmits i.a. joint positions, velocities and
active current at a sampling rate of 1 ms. The end-effectors
can be controlled via CAN by the RCU. The end-effector
CAN interface is implemented using an ATMEL AT90CAN
microcontroller. The RCU can interrupt the main power
supply in case of severe errors and is connected via UDP to
a user PC running a ROS5 interface node. The ROS interface
offers multiple options for controlling the manipulator, some
are listed as follows:
- point-to-point movement of the end-effector on a
straight line or heuristic path (refer to Sec. III).
1 http://www.tq-group.com
2 http://www.elmomc.com
3 http://www.festo.com

4 http://www.harmonicdrive.de/
5 http://ros.org
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Fig. 4: Communication and interface architecture of the robot
system with the manipulator prototype 2nd generation.

Fig. 5: Schematic top view of end-effector path for selective
harvesting of sweet-pepper.
A. Workspace Path Planning

- online joint velocity control
- online end-effector velocity control (W−space)
- offline joint trajectories.
The basic communication and user interface scheme is given
in Fig. 4.
III. MOTION PLANNING
Motion planning for the developed 9 DOF (or less, respectively) manipulator system provides many opportunities in
terms of dexterity and obstacle avoidance, but also demands
sophisticated algorithms and leads to a high computational
load. Since the environment for selective harvesting tasks is
cluttered and unique, new manipulator trajectories have to be
planned for each target. Therefore, fast algorithms are needed
to guide the end-effector to the goal position and resolve
the inverse kinematics problem while considering constraints
such as joint limits or collisions.
Assuming the manipulator has n DOF, i.e. its configuration
space C is n-dimensional, and its workspace W is chosen as
W ∈ IRm
q = (q0 , q1 , . . . , qn )T ,
T

w = (w0 , w1 , . . . , wm ) ,

q ∈ C, C ⊆ IRn

(1)
m

w ∈ W, W ⊆ IR ,

(2)

a trajectory q(t) has to be found to reach the goal pose
wg . This motion planning problem can be solved by various
approaches. One option is to use sampling-based algorithms
such as RRT or its derivates. This has been implemented
by our project partner KUL EUVEN for harvesting of apples
[9]. Although this approach shows good results even for
heavily obstructed problems, the computational load is relatively high and computations take several seconds. Another
approach is a separated planning, where first a suitable endeffector path is found and the inverse kinematics problem
is solved sequentially. This approach allows a fast, online
calculation of the joint trajectories and is presented in the
following section.

The end-effector path is a straight line in the simplest case.
However, if obstacles obstruct the path, other approaches are
required. We have developed a heuristic algorithm, which is
presented as follows.
The basic idea of the heuristic planning method is the fast
generation of a workspace trajectory, which is probably
feasible for the robot manipulator, with a minimum amount
of information about the environment. We believe that the
minimal amount of information required is the fruit center
and stem position in Cartesian coordinates, wg ∈ IR3 and
xst ∈ IR2 , respectively (see Fig. 5). It is assumed that the
fruit is connected to the stem and is radially accessible.
Furthermore, the stem is growing upwards and can thus be
described by only two coordinates. To reduce the risk of
collisions between the robot and branches, leaves and other
fruits, the radius r of the plant can be defined.
Fig. 6 shows the resulting path from the starting point
w0 ∈ IR6 computed by the heuristic method. The path is
generated from way points using cubic spline interpolation.
It avoids the plant area until the end of the path and
radially moves towards the fruit. The orientation of the endeffector is represented by α, β, and γ, indicating the x-yz rotations [10] with respect to the base frame. The angle
around the z–axis is calculated in a next step. For gripping,
the opening of the gripper jaws should point from the fruit
w0
wg

y
z

x

Fig. 6: Top view of some examples of paths generated with
the heuristic method.
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Fig. 7: Collision model for the manipulator prototype generation 1 using the framework developed in [14]. Swept-sphere
volumes are depicted as a transparent green hull.

toward the stem. This angle γ is easily computed from the
fruit and stem positions and is linearly interpolated from the
angle γ at the starting point to the desired angle at the entry
of the plant area. Without loss of generality, the rotation
around the x– and y– axis at the goal pose is assumed to be
0 and is linearly interpolated from the starting configuration.
So the path w ∈ IR6 is defined by
T

w (s) = (x, y, z, α, β, γ)

(3)

with the path parameter s ∈ [0, 1]. The time parametrization
of the path is achieved by a fifth order polynomial for the
path parameter s (t). Several paths for typical fruit positions
are shown in Fig. 6.
B. Online Inverse Kinematics
The harvesting manipulator we designed for this application
has nine actuated joints for positioning the end-effector. Thus
the configuration space can be defined by q ∈ IR9 . With
the definition of the manipulator workspace (3) the robot is
kinematically redundant. Solving the inverse kinematics on
the velocity level is a common approach [11] and given by

T
H
q̇ = J # ẇ + αN − ∂∂q
(4)

−1
(5)
J # = W −1 J T J W −1 J T


N = I − J #J
(6)
with the null-space projection matrix N , the gain α, the
#
Jacobian J := ∂w
and the
∂q , the weighted pseudoinverse J
weighting matrix W . A cost function H (q) can be used to
fulfill secondary objectives, like joint limits or self-collision
avoidance (see Fig. 7), projected in the robot’s null–space
by N . The joint position values are obtained by numerical
integration with drift compensation (see [12], Ch.11.4). The
advantages of this approach are fast computation (suitable
for real time application) and smooth trajectories. For more
information about the algorithm refer to [8], [13].

Fig. 8: 1st manipulator prototype on platform in a greenhouse for sweet-pepper cultivation. Experiments and system
integration realized by WAGENINGEN U NIVERSITY AND
R ESEARCH C ENTER (WUR). Gripper by F ESTO.
IV. APPLICATIONS
The presented manipulator prototypes have been successfully
used for the applications listed in Sec. II-A while the
evaluation and testing is still going on.
The application workpackage for the selective harvesting
of sweet-pepper is led by WAGENINGEN U NIVERSITY AND
R ESEARCH C ENTER , A PPLIED P LANT R ESEARCH (WUR)
and experiments are carried out in greenhouses of collaborating growers. The manipulator prototype of the 2nd
generation will be equipped with an adaptive jaws gripper
with a scissor like cutting device from F ESTO and an endeffector developed by WUR. Fig. 8 shows the 1st manipulator prototype in the greenhouse. The manipulator is mounted
on a mobile cart which is guided on rails.
Conducted by KU L EUVEN, the manipulator has been used
for selective harvesting of apples in orchards (see Fig. 9).
It is mounted on a tractor and equipped with a membrane
jaws gripper from F ESTO.
Combined with an autonomous disease detection of grapes,
the manipulator has been applied by U NIVERSIT À DEGLI
S TUDI DI M ILANO (U NI M I) for precision spraying of
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manipulators. Possible improvements on the inverse kinematics algorithm (online predictive optimization of the null–
space movement [15]) have been developed. Furthermore, we
investigated the application of direct optimization methods
with the presented algorithm as the initial guess [16].
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Design and implementation of a path planning for a high-dynamic handling
system
Alexander Winkler1 and Gernot Grabmair2
Abstract— The focus of this paper is the design of a software framework for a pick and place handling system. The
handling system should provide high dynamics as well as
high flexibility. Therefor an extensive motion program system
with a simple script language is developed, which allows the
user to easily adapt motion sequences and teach positions.
Furthermore a path interpolation algorithm, including position
and orientation interpolation, is presented. Finally, the concept
was implemented on a programmable logical controller and
measurements were made on a prototype. Index terms: path
calculation; path interpolation; Bezier-curve; motion program
system; pick and place handling; application; nonlinear filter

I. I NTRODUCTION

Fig. 1.

In this paper a practicable design study of a high-dynamic
handling system for application in modular series production
is presented. This design study was worked out in the context
of a diploma thesis. The handling system is devised, e.g., for
use in substrates production for biomedical test devices. It
automates the loading and unloading of plastic substrates,
which are stored in magazines. The geometry of the magazines corresponds to a rectangular box with a capacity of 24
substrates. The substrates have a dimension of approximately
80 × 20 × 1, 5 mm (width x height x depth). The handling
takes the parts out of the magazine and puts it alternately on 6
defined positions (cavities) in the production machine. The
portfolio of substrates is diversified and includes different
geometries as well as different loading/unloading sequences.
Due to the wide product range the handling system requires
high flexibility and therefor, needs a solid software framework with possibility of defining different motion programs
and motion sequences. Rather low cycle times, demand for
high dynamic movements. Combined with limited workspace
a reasonable coordination of the movements, in terms of
a path control, is required. The absolute accuracy as well
as the repeatability are demanded to be high. Thus, a
sufficient placement in the cavity of the production machine,
a safe gripping and robust insertion of the substrates in the
magazine during the loading sequence are guaranteed.
The paper is organized as follows. The introduction gives
an overview of the task, the requirements and the axis
configuration and mechanical structure of the handling arm.
Subsequently, we focus on the theory of the path generation,

Axis configuration of the handling arm

which includes movement definition (motion program; script
language), path calculation with Bezier-curves and time
depended re-parameterization of the TCP (tool center point)
curve. Afterwards the implementation of the handling’s
software, with demonstration of the MBD (model based
design) tool-chain, is presented. Finally some measurements
are discussed.
A. Axis configuration
The handling arm consists of three axes, two translational
and one rotational, a gripper and thus has 3-DOF. The
schematic of the axes is illustrated in Fig. 1. The translational
axes are realized with linear motors to achieve high accuracy
and dynamics. Due to the basic cartesian configuration
with only one rotational DOF, the forward and backward
kinematics are rather trivial and unique. The axis coordinate
systems (compare Fig. 2) are defined according to DenavitHartenberg notation and the necessary transformations are
derived [6], [7]. For the forward transformation in homogenous coordinates one gets
K0
K3 T (q1 , q2 , q3 )



0
 sin q3
=
cos q

3

0

0
cos q3
− sin q3
0

−1
0
0
0


−a1 − d3
q2 + l3 sin q3 
l2 + q1 + l3 cos q3 
1

(1)

while the inverse kinematics, based on the given pose of
the TCP

1 AlexanderWinkler is with the Upper Austrian University of Applied Sciences, member of the Control engineering group, Wels, Austria,
alexander.winkler at fh-wels.at

2 GernotGrabmair is with the Upper Austrian University of Applied
Sciences as Professor for Electrical and Control engineering, Wels, Austria,
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0
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0
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B3
0

−1
0
0
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t2 

t3 
1
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A. Definition of movements

Fig. 2.

Fig. 3.

In order to achieve high flexibility, the handling system’s movements and parameters must be definable in an
easy manner. Therefor, a customized and simple script language was developed. The language consists of commands
for setting parameters, motion sequences and gripper state
(opened/closed). Robot paths can be generated with different
interpolation methods, see [6], [7], [2]. For the described
handling system, there are two different types of motion
commands available:
• linear interpolation:
rest-to-rest movement, starting from a given pose and
stopping at a defined end pose. The start and end point
are connected via a line.
• continuous interpolation:
movement between two poses with any number of
intermediate supporting points. At the supporting points
the movement is continued without breaking. In order
to get a smooth cross over, the intermediate points are
scattered within a defined radius.
Each motion command consists of additional parameters: the
target handling pose, composed of position and orientation;
if it is continuous motion, a blending radius which defines
the maximum deviation of given coordinates; velocity and
acceleration; information, if poses have to be changed with
different magazine and cavity indices.
All commands together compose the motion program,
which can be partly adapted via a touch screen at the
machine. Major changes of the program must be done offline.
The basic structure of the motion program is illustrated
in Fig. 4. The motion program is text-based and can be
written with any text editor. For calculating the TCP-path,
the textual instructions must be interpreted and point data
has to be generated. After the interpretation procedure, each
movement is available as a sequence of points in world
coordinates including corresponding parameters like velocity,
acceleration and blending radius. According to the demanded
motion - linear movement between two points or continuous
motion via several points - a minimum number of 2 and a
maximum of n poses are given

Axis coordinate systems

Steps of the path calculation

where entries without influence in the cartesian configuration are set to zero, is described with the following function

−l2 − A3 l3 + t3
−A2 l3 + t2
(


q=
 atan2(A3 , A2 )
if 0 ≤ atan2(A3 , A2 ) ≤ π  .
2π + atan2(A3 , A2 ) if − π < atan2(A3 , A2 ) < 0


(3)

II. PATH GENERATION
The coordinated motion feature of the handling system
requires a path definition and calculation algorithm. In order
to achieve a sufficient path generation, the following three
steps (Fig. 3) have to be executed:
•
•
•

P i,world

=


Ri
0T


ti
, i = 2, . . . n
1

(4)

with the rotational matrix Ri ∈ R3×3 and the position
vector ti ∈ R3 .

define the movements in the motion program by using
a simple script language
calculate geometric curve of the TCP according to the
given points
time-parameterize geometric curve with respect to constraints (non-linear filter)

B. Calculation of the TCP-path

The path of the TCP must run through the points (given
by position vector and rotation matrix in (4)), which are
generated from the motion program and is represented in
world coordinates. Therefor a piecewise interpolation method
is chosen. The resulting parametric and piecewise geometric
curve has to accomplish several properties: linear segments
are required for moving the gripper in and out of the
magazine; continuously differentiable; small deviation of the
polygonal line defined by the given points, due to the limited

As mentioned above, there are 24 different positions in the
magazine and 6 changing places in the cavity. Consequentially the path of the handling arm differs in each cycle
and must be calculated online, just before the movement.
Furthermore there is the necessity to specify, which positions
are adapted when the magazine or cavity index changes.
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Motion program structure
Fig. 6.

Curve calculation

In order to define the Bezier-curve, the control points have
to be determined. For this application a fifth-order Beziercurve (C 2 continuous) is chosen, consequentially the number
of control points is six. The approach for calculating the
curve is illustrated in Fig. 6. The control points of a single
segment with u ∈ [0, 1] are calculated by

Fig. 5.

Curve composition

workspace. Thus, the curve is composed of linear segments
g k with Bezier-blendings bk . To define the blendings, each
point needs as additional information
a radius ri . Subse00
0
quently, the blending points P i and P i can be computed.
The composition of the geometric curve is shown in Fig. 5.
A Bezier-curve is defined by [3]

b(u) =

h
X
j=0

(h)

pj βj (u),

u ∈ [a, b]

t0,k

g k (u), k odd
, k = 1, . . . , (2n) − 3 .
bk (u), k even

=

p2,k

=

p5,k

=

p4,k

=

p3,k

=

(8)

αk
p0,k +
t0,k
5
2p1,k − p0,k

(9)
(10)

00

(11)

Pi

αk
p5,k −
t5,k
5
2p4,k − p5,k

(12)
(13)

Pi − Pi
=
,
0
| Pi − Pi |

00

t5,k

Pi − Pi
=
.
00
| Pi − Pi |

(14)

The factor αk is the largest solution of (details in [5])

(5)

aαk2 + bαk + c =
obtained from the condition α =|
with
a =
b =
c =

with an order of h. One of the properties of a Bezier-curve
is, that the curve is in the convex hull of its control points.
This leads to a smooth and controllable path. The whole path
of the TCP with n given points is constituted by

K(u) =

p1,k

0

Pi

0

 
j 
h−j
h
u−a
b−u
=
, 0 ≤ j ≤ h (6)
j
b−a
b−a

(

=

where t0,k and t5,k are the direction vectors at the start
and end point of the segment and given by

with the control points pj ∈ R3 , curve parameter u ∈ R
and the so called Bernstein-polynomial
(h)
βj (u)

p0,k

0
bk (a)

(15)

0
|=|

0
bk ( a+b
2 )

|=|

0
bk (b)

|

256 − 49 | t0,k + t5,k |2

(16)

−900 | p5,k − p0,k |2 = 0

(18)

T

420(p5,k − p0,k ) (t0,k + t5,k ) .

(17)

For getting a consistent algorithm, the linear segments are
also treated like Bezier-segments, but the blending points
are chosen in one line with the given point, which leads to
the desired result. The final path is given by

(7)

K(u)
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bk (u), k = 1, . . . , (2n) − 3 .

(19)
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While the position of the TCP (ti ) in (4) is fixed with
the Bezier-curve, the orientation is not yet defined. In a
next step the interpolation of the gripper orientation is
calculated. For simplification the given orientation matrix
(Ri ) in (4) is represented with roll-pitch-yaw (RPY) angles.
Between the RPY angles and the rotational matrix exists a
correlation, for this reason one can convert between these
two representations [6]. Due to the axis configuration two of
the RPY angles are constant and only the yaw angle depends
on axis coordinate q3 .
ψi = 0
θi = π2 .
ϕi = −q3

(20)

(
qk (u),
k odd
qk (u) = const., k even

(21)

Ri →

Fig. 7.

λk

=

t

= a0 + a1 u + a2 u2 + a3 u3 + a4 u4
5

6

(22)

7

+ a5 u + a6 u + a7 u
qk (0) = ϕk,start

(23)

qk (1) = ϕk,end

(24)

Finally one point of the whole TCP path - including the
position coordinates and the yaw-angle - is obtained by

P ∗j,world (ûj )

=




xj,world


 yj,world 

 = K(ûj )
 zj,world 
w(ûj )
ϕj,world

ek =

C. Time-parameterization of the curve
The curves (19) and (21), describing all segments, depend
after calculation on the curve parameter u ∈ [0, 1]. In order to
get a meaningful and descriptive interval for the parameter,
the curve is parameterized approximately according to the
arc length. This leads to

ûk

=

û − ûk
, û ∈ [ûk , ûk+1 ]
( λk
0,
ûk−1 + λk ,

k=0
k>0

(28)

(29)

→ u(t), t ∈ [a, b]

(25)

where the index j indicates the current time step Tj and
ûj is the current parameter value.

u =

5 | p1,k − p0,k | .

which is important for evaluating (25) time based. In
robotics several time optimal motion profiles with different
continuity are available and well known (e.g. trapezoidal
profile, double-S-profile) [6], [4]. The profiles differ in the
number of derivatives which are bounded. The standard
calculation scheme is suitable for offline calculation and
bounds which are either constant or known in advance. An
online adaption would be possible, but rather inconvenient. A
method for generating motion profiles, which allows online
adaption of constraints for velocity and acceleration, uses a
2nd order nonlinear filter based on a nonlinear control law.
The filter is able to process time variable reference signals
and time variable bounds for velocity and acceleration. The
structure of the filter is shown in Fig. 7 and the time discrete
control law is given by [8]

which is done with a 7th order polynomial (see (22)), to
get a very smooth orientation change:
qk (u)

=

The parameterization of each segment of the yaw-angle
curve is chosen identically, compared with the Bezier-curve.
This leads to synchronization of the Bezier-curve and the
angle-curve.
Subsequently a time dependence of the curve parameter
must be accomplished

As a result of the workspace shape and test cases, it makes
sense to interpolate the yaw-angle during the linear segment
of the Bezier-curve and hold it constant while the blending.
From this the angle interpolation follows

w(u)

Non-linear filter 2nd order

C2

(26)

=

qk − rk
,
U

ėk =

q̇k − ṙk
,
U


zk = T1s ( Teks + ė2k ), żk =







√


1+ 1+8|zk |


)
m = f loor(
2

amax = U

(30)

ėk
Ts

(31)


z

m−1

σk = żk + mk + 2 sign(zk )








k )+vmax −Ts U
uk = −U sat(σk ) 1+sign(q̇k sign(σ
2

The nonlinear filter is used for calculating the time profile
of the curve parameter online. A step from zero to a
specific arc length on the input of the filter leads to a time
optimal curve, with constraint velocity and acceleration, on
the output, which is calculated sample by sample. The filter
is reset after each continuous motion. This approach enables
a time optimal movement along the geometric curves.

(27)

where k denotes the segment of the curve and λk is the
polygonal approximation of the arc length of a Bezier-curve
obtained by
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III. I MPLEMENTATION
The target system is a B&R-Power-Panel with integrated
touch-screen and visualization functionality. The controller
for the two linear and one rotational axes are from a
third-party provider and connected via powerlink to the
programmable logical controller (PLC). All above mentioned
functionality (see section II) composes the path generation
algorithm and must be implemented on the target platform. Furthermore a visualization as well as the necessary
peripheral functions have to be implemented. The desired
path of the handling system changes in each cycle, because
there are 24 position in the magazine and 6 positions in
the cavity. For this reason, the path is online calculated
before every single motion. The path generation algorithm
was designed, following a model-based-design approach and
therefor developed in Matlab/Simulink. With the model and
given point and orientation data, the path calculation can be
simulated and verified during the design process. The model
consists of two main functional units, by name the curve
calculation and the time based curve evaluation routine. If
a new motion is triggered, in a first step the coefficients
(control points) for the interpolating curves are calculated.
After the calculation phase the motion can be started by
defining velocity and acceleration constraints and setting
the desired position (arc length/parameter value u) as input
for the nonlinear filter. The evaluation procedure is sample
based, with a fixed sample time Tj = 1.5 ms and provides
coordinates in every step. After transforming the values with
the inverse kinematics to axis coordinates, it is sent to the
axes controller. The motors are position controlled with a
state controller. So the axes controller get at each sample
time a new desired position value and the handling arm
follows the calculated path. The occurrence of contouring
errors was verified heuristically by tests and is within limits.
The tool-chain of the implementation on the PLC is presented
in chapter III-A.
The rather extensive motion program system was coded on
PLC using the available standard functionality. The textual
motion program with parameters and motion/gripper commands is interpreted similar like a parser does it. Then the
gathered information is stored in data structures, which are
the basis for the instruction processing. This is done on the
PLC, but before the pick and place cycle is started. After
starting the working cycle the instructions are executed one
by one and the path is calculated according to the given point
data of each instruction. The handling always stops before
opening and closing the gripper and when the magazine is
empty or the cavity is full.
There are two possibilities for changing product motion
programs. On the one hand there is the possibility to write the
motion program in a common text editor and import it in the
programming environment of the PLC. After compilation of
the software project, the motion program is transferred to the
PLC and can be used. On the other hand, an existing motion
program on the PLC can be changed via the visualization of
the machine. Parameters and positions can be adapted by the

Fig. 8.

Code generation

machine user directly on the touch-screen. Furthermore there
is a teach mode available, which allows the user to move the
axes in manual mode to desired positions, which can then be
taken over as motion program points for the pick and place
cycle mode.
A. Tool-chain (MBD)
Model-Based Design (MBD) is a method of addressing
problems by modeling systems in a descriptive, often graphic
way and then adding functionality to the models. In the
ideal case, these models can be directly transformed into
executable code for a specific target. As already mentioned
above, the path calculation algorithm was implemented with
a Simulink model. It is self-evident to apply partly the MBD
approach and use automatic code generation for the target
platform. B&R provides the so called Automation Studio
Target for Simulink [1], which enables the direct C-code
generation for B&R PLC from Simulink. With this tool it
is possible, to transfer the Simulink implementation of the
path calculation and evaluation algorithm to the PLC and
use it like a conventional function block. The integration
of the function block in the PLC is convenient and a wide
functionality of Matlab/Simulink can be easily transferred to
the PLC. Another advantage of the code generation is, that
testing can be done in advance and the same model can be
implemented on the PLC at the push of a button. The modelbased-design approach of the handling is illustrated in Fig.
8.
B. Measurements
The final implementation of the path calculation algorithm
was evaluated on a prototype with a set of test points, which
correspond to the pick and place cycle of the handling
in the field. The points were chosen empirically, so that
the provided workspace is not violated. On the one hand,
the calculated curve and the correlating characteristics of
the axis coordinates were checked. The curve (see Fig. 9
- 10) features C 2 continuity and ensures little deviation
from the polygonal line of the given points. The motion
profile along the path, generated by the nonlinear filter,
is shown in Fig. 11. The axis coordinates also provide
sufficient continuity (C 1 ), which means the velocities are
piecewise continuously differentiable (illustrated in Fig. 12
- 13). The rectangular acceleration profiles are despite slight
oscillations good trade-offs against complexity of the nonlinear filter for jerk constraints. On the other hand the pick
and place cycle time was considered. A cycle time of ≤ 4s
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Bezier-curve between magazine and cavity

Fig. 10.

Fig. 12.

y-axis coordinate

Fig. 13.

z-axis coordinate

Bezier-curve detail

was required, which is in consideration of the challenging
pick and place procedure in the magazine and cavity quite
ambitious. Measurements showed a mean pick and place
cycle time for one substrate of approximately Tcycle = 3, 2s,
which considerably undermatchs the requirement.
IV. C ONCLUSION
The presented software framework of the handling system
for plastic substrates provides extensive functionality and can
be ubiquitously applicable in production. The customized
motion program system with the capability of motion definition by means of a script language offers high flexibility
and allows an easy optimization of the path for different
products. With the additional path interpolation algorithm
using Bezier-curves, the pick and place cycle time can be
reduced considerably to a minimum value of Tcycle = 3, 2s
and a smooth motion of the handling arm is achieved. The
teaching possibility via the touch-screen enables the user to
adapt the motion program in a fast and easy manner, without
the need of extensive programming knowledge. The software

is also suited for machines with other axis configuration
performing similar handling tasks, since only the inverse
kinematics must be adapted. Consideration of bounds for
jerk and higher derivatives is subject of current research.
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Optimal Motion Cueing on a Seven Axis Motion Simulator
J. Schwandtner, M. Mayrhofer and J. Hammerl

Abstract— Motion based flight simulators are widely used for
pilot training (e.g. initial and recurrent training, training of
unusual flight scenarios, etc.). To generate a realistic feeling of
flight as well as to stay within the simulator workspace limits,
so-called motion cueing algorithms are used. This problem can
be formulated as an optimal control problem, as shown in this
paper. A solution for open-loop control, as well as for closedloop control, is presented. The second method is already
implemented on a seven axis motion simulator and the first
results are presented.

platform, the tilted gravity vector is used to simulate a
tilted gravito-inertial acceleration vector [7].
•

Despite its popularity, some major drawbacks can be
noted:
•

It is designed for worst case scenarios; for normal
flight envelopes, the simulator workspace is therefore
only partially used.

•

It is a single degree-of-freedom approach; each
platform coordinate is treated individually. This
further limits the motion envelope.

•

It is a filter based approach; for some scenarios a time
lag is often quite noticeable.

I. INTRODUCTION
The history of motion-based flight simulators is nearly as
long as manned flight itself (the first motion-based flight
simulator was the Antoinette flight training device, built in
1909 [1]). The demand for flight simulators is increasing from
decade to decade. Most airlines run their own full flight
simulator for pilot training. Additionally, dangerous
maneuvers, such as upset recovery or demonstration of spatial
disorientation effects, can only be demonstrated safely in a
virtual environment. Several subsystems (out-the-window
view, force feedback for pilot flight controls, avionics,
communications, etc.) contribute to the overall replication of
the experience in an aircraft. In this paper, the replication of
the motion experience is the subsystem of interest. Different
studies show that good motion replication can enhance the
simulation, while bad motion replication is worse than no
motion, (e.g. [2], [3]). Developed in the 1950s by Gough [4],
the hexapod motion platform is still the most widely used
device for generating the motion. To transform the large
motion envelope of real aircraft to the limited workspace of a
simulator, special algorithms, known as motion cueing
algorithms, are needed. This software transforms the motion
cues felt by the pilot in the real aircraft, as well as possible,
into motion commands for the simulator while remaining
within the platform envelope. During the 1970’s a motion
cueing algorithm, now known as the classical washout filter,
was developed (as referred by [5]). It is the most common
cueing software in motion simulation applications [6] today.
Basically this type of motion cueing algorithm is based on a
set of passive filters (see Fig. 1) and works as follows:
•

•

The low frequency part of motion is removed by high
pass filters (because it can’t be reproduced in the
limited working space anyway) and only the higher
frequency motion dynamics are kept.
“Tilt coordination” is a well-known trick simulating
sustained horizontal linear acceleration. By tilting the

J. Schwandtner is with AMST, Ranshofen, 5282, Austria (+43-7722-892226; fax: +43-7722-892-399; e-mail: johann.schwandtner@amst.co.at).
M. Mayrhofer and J. Hammerl are with AMST, Ranshofen, 5282,
Austria. (e-mail: {michael.mayrhofer, josef.hammerl}@amst.co.at).
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Additional high pass filters limit the platform motion
and keep the platform in a neutral position; this is
called washout.

Figure 1. Classical washout algorithm,  denotes linear acceleration and 
angular velocity coming from flight model (A/C).

In this paper, an alternative approach for a more advanced
motion simulator is presented. Section 2 describes the
problem, and in section 3, an innovative solution is presented.
Section 4 shows how this approach can be integrated in a real
application. The first results of this approach are presented in
section 5. Finally, section 6 gives an overview of what comes
next.
II. PROBLEM FORMULATION
A. Motion simulator
In the current work, a seven degree-of-freedom (DOF)
motion simulator (AMST ASD, [18], see Fig. 2) is used. This
device is mainly used for demonstration (passive) and training
(active) of spatial disorientation effects, flight training under
night vision conditions, or motion sickness desensitization.
Therefore, an additional rotational axis is mounted on top of a
conventional hexapod. This axis can rotate without limit
around the centre axis (vertical in the start position).
The seven coordinates of the simulator are denoted as
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  q1, q2, q3, q4, q5, q6, q7 .
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III. SOLUTION OF THE PROBLEM

(1)

While q1 … q6 describe the Tool Center Point (TCP) of
the moving platform of the hexapod (3 coordinates for
position x, y, z and 3 coordinates for orientation φ, θ, ψ),
q7describes the additional yaw rotation (called Rotor, ψ ).

Instead of using a filter based approach, an optimization
problem formulation can be used. Two major tasks must be
solved, as can be seen in Fig. 3: the deviation of the pilot
motion induced by the simulator compared to pilot motion in
the real aircraft should be a minimum, and the simulator must
stay within its limited workspace. From a mathematical
perspective, such a problem can be formulated in a following
way: an objective function f& '(, ), t+ (also known as cost
function) should be minimized while the constraints, ,'(+,
must be kept. If ( is a function ('t+, where t is an independent
variable (time, in most cases), the problem is called an
optimal control problem (OCP, or dynamical optimization).
This leads to the approach presented in this paper. OCPs can
be found in many fields of engineering; a typical application
in aeronautics is flight path planning for space missions, e.g.
[8].
Solving this problem, the OCP must first be converted to a
non-linear optimization (NLP) problem using discretization.
NLP solvers can then be used to solve the NLP.

Figure 2. AMST ASD

The kinematic limits for each axis are provided in Table 1.
The hexapod is driven hydraulically, and the Rotor is beltdriven by an electric motor. Inside the cabin, a generic
cockpit, combined with an out-the-window display and a
sound system, provides realistic simulation of different flight
models (e.g. fast jet, turbo prop and light- or heavy-weight
helicopters). The flight models are based on data provided by
airplane
manufactures
and
include
environmental
information, aircraft system, aircraft dynamics and more,
[19]. The values a
and ω
in Eq. 10 are calculated with


these models.
B. Current motion Cueing
Currently three different motion cueing modes are
available. For the hexapod system, an adapted motion cueing
algorithm based on the classical washout concept (see [1]) is
implemented. This mode is used for free-flight simulation;
and the Rotor is not used. For demonstration of spatial
disorientation (SD) illusions, e.g. Coriolis effects [4], only the
Rotor is used. For some specific flight scenarios (e.g. a
helicopter “hover turn”), a combination of both, the hexapod
and the Rotor, is implemented. In this case, the hexapod
cueing is again provided by classical washout, while the
heading rate of the helicopter is added 1:1 by the Rotor. All
the parameter settings are based on trial and error rather than
on scientific development. So there is no direct interaction
between the hexapod and the Rotor.
TABLE I.
TCP coordinate
x / Surge
y / Sway
z / Heave
!/ Yaw
"/ Pitch
#/ Roll
!$ / Rotor

KINEMATIC LIMITS OF AMST ASD
position
± 0.45m
± 0.45m
± 0.34m
± 38°
± 28°
± 28°
±∞

velocity
± 0.4m/s
± 0.4m/s
± 0.4m/s
± 20°/s
± 20°/s
± 20°/s
± 150°/s

acceleration
± 8m/s²
± 8m/s²
± 8m/s²
± 100°/s²
± 100°/s²
± 100°/s²
± 15°/s²

Figure 3. Motion Filter Design

A. Problem formulation
An optimal control problem can be written as
67

min I2('t+, )'t+3  min 4 f& '('t+, )'t+, t+dt
(,)

(,)

&

s.t. (8  f'('t+, )'t+, t+
9'('0+, ('t ; ++  <

(2)

,'('t+, )'t++ = <

where the cost function I'(, )+ should be minimized.

Therefore, a control function )'t+ has to be determined
such that a state function ('t+ can be controlled over a period
of time t ; respecting the system dynamics described by a
system of first-order differential equations. Constraints for the
control )'t+ and the states ('t+ can be postulated as
inequality constraints, ,'(, )+ = 0. Initial states ('0+ and
final states ('t ; + can be set by the equation 9'(+  0.

Discretizing the state and control functions approximates
the infinite dimensional problem (2) by a non-linear problem
with a finite number of parameters. The discretized variables
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( and ) can be grouped to an optimization variable >, as well
as the equality and inequality constraints of (2). Hence, this
yields a non-linear optimization problem as formulated in (3),
where F is the cost function and G are the constraints in (2)
min ?'>+
>

s.t. @'>+ = <.

(3)

Regular

The first priority can be achieved by

I;  T& 7w, 'aVE
− a
+W + wX, 'ωVE
− ω
+W , (10)




6

the second by

B. Optimization variables
The accelerations for each DOF are used as control
variables
(4)

for the optimization process. These variables can be
manipulated by the NLP-solver, so that the cost function will
be minimized

)

So, the states are

C8 

B6
B

B6

8 ,

.

(  , 8  .

`a_
]^
I]^  T& 7w]^,E 'x_
− xE
+.

(12)

6

The superscript bcd represents motion generated by the
simulator, the superscript efgh represents aircraft motion (see
Fig. 3), while the superscript ij represents the desired
baseline position (i.e. the platform neutral position). With
weight factors w, , wX, , wZ,[ , wY,[ , w]^,E (i  1 … 3, j 
1 … 14, l  1 … 7 and m  1 … 7), the influence of the
respective functions can be adjusted. The objective function
then is the sum (10), (11) and (12)
I  IY + I; + I]^ .

It is assumed that the platform control system can
perfectly track the reference signal; therefore the differential
equations are defined with
B

(11)

6

and the third can be realized by

With efficient NLP-solvers this problem can be solved.

)  qA 1, qA 2, qA 3, qA 4, qA 5, qA 6, qA 7

IY  T& 7wZ,[ x[W + wY, uW 

E. Simulator kinematics
In (10), the motion acting on the pilot generated by the
simulator must be known. Real linear accelerations and
angular velocities are calculated from the flight model. The
motion induced by the simulator is calculated using kinematic
equations, see [10].

(5)
(6)

Pilot Head

(7)

C. Constraints
In general, only the single axis performance limits are
given by the manufacturer, as shown in Tab. 1. These limits
are used as path constraints. For combined motion, the full
single axis envelope cannot be reached. Using as much
motion envelope as possible, the length lE, of the six
hexapod actuators F (i  1 … 6) must be limited. Applying
the inverse kinematics (knowing  provides F with
i  1. . .6) leads to
IF

 − IH + IK + LIM MN ,

rH
r
K

(9)

can be calculated and limited.

D. Objective function and weights
The definition of, and later the setting of the weight
factors of the cost function is a very important aspect. The
simulator should match the aircraft forces acting on the pilot
as well as possible, but also the motion should not be jerky
and it should return to the platform center (washout).
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moving platform

bi
Bi
h

(8)

see Fig. 4, where IH and MN are the vectors from the
origin to the actuator lower joint and platform centroid to the
actuator upper joint, respectively (indices O, P show the frame
of reference), vector IK is the vector from the origin on the
ground to the platform centroid and LIM is the rotation matrix
from the platform reference P to the initial reference O, see [9]
for details. The maximum distance which the actuator can
move is 0.62m, by applying the norm to (8) the current
actuator length
lE,  ‖F ‖  RF ∙ F

(13)

mi

Ai

ai
I

Figure 4. Platform kinematics

Linear accelerations are the time derivative of velocities
represented in an inertial frame. When using a moving
reference frame, as in this case, the velocity first has to be
transformed into the inertial frame, followed by time
derivation and then transformed back into the moving base:
H

 LI

B6

l

 LI

B6

B

'LI l+.

(14)

'LI m+.

(15)

The velocity can be written similarly

Replacing

B
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LI

B

B6

o I ,
LI  n

(16)

o I is a skew symmetric spin tensor applied to
where n
the angular velocity nI
o I
n

which leads to
H

0
 p ωq
−ωr

−ωq
0
ωZ

ωr
−ωZ s ,
0

(17)

o I m8 + n
o8 I m + n
o I n
o I m,
 HVE  mA + 2 n
(18)

where m  LI IK + mt (see Fig. 4) represents the
vector from origin to the pilot’s head in the simulator.

The angular velocity nI can either be calculated using
(16), where LI is the transformation matrix from the initial
reference system O to the moving reference system u, or more
easily with
nI

 nVE

0
0
0
φ8
 L vw L x L y z 0 { + L vw L x zθ8{ + L vw z 0 { + z 0 {,
ψ8
ψ8
0
0

Regular

flight simulation, the required response time is much shorter
(10ms to 50ms+. To fulfill this requirement all of them use a
linear MPC formulation, otherwise the computation time
would be too long. Therefore, they can only use linear
functions for both the objective function and the constraints.
As written in [17], for selected maneuvers a linear approach
can lead to better results compared to the classical washout
concept, but it also shows the absence of the non-linear
behavior.
To reduce the order of the optimization problem, a limited
optimization interval, called the optimization horizon H, must
be solved. This automatically reduces the number of
optimization variables > in (3), and hence the computation
time. At each time step t  , this interval is shifted and a
control sequence is calculated that minimizes a cost function
over the optimization horizon H. Only the first control value
is applied to the system and the process is repeated in the next
time step. The future reference trajectory, updated at each
time step, is generally assumed to be constant. In the MPC
terminology, this method is known as receding horizon
control.

(19)

where ψ → θ → φ → ψ is the rotation order and
Ly , Lx , L vw are the corresponding transformation matrices.

F. Open loop control
As a first step, the new approach was validated using
predefined profiles. This is called open loop control; the pilot
is not in control. Open loop profiles can be calculated offline
and thus computation time is not an important factor. Such
profiles are mainly used for special pilot training, e.g. high-G
tolerance training [11] or passive spatial demonstration
training [12]. By analyzing the results of the open loop
optimization, general application knowledge can be gained.
Chapter 5 shows an example of an offline optimized
trajectory.
G. Closed loop control
For the second step, a real-time solution was developed.
This is necessary because the pilot can control the simulated
aircraft in real-time (called closed loop control). Building on
the open loop solution, two additional tasks must be solved.
First, only past information of the envelope flown (reference
trajectory) is known – there is no information about the future
reference trajectory (the software won’t know what a pilot
will do next). Second, there is only limited time for
calculating a new solution. Depending on the simulated
aircraft type, the calculation time and therefore the response
time of the motion simulator must finish within a few hundred
milliseconds, otherwise a disturbing phase lag will be noticed
by the pilots. Therefore the optimization algorithm must be
adapted at this task, namely solving optimization problems
again and again. In the control process industry, where
calculation time is not so critical, this method has been known
for years under the name, Model Predictive Control (MPC),
[13]. Up to now, only a few publications have proposed a
MPC based motion cueing approach, [14], [15], [16] and [17].
All of them are used for driving simulation. Compared to

78

Figure 5. MPC Interval

The method described above has been implemented, but it
shows that for higher frequency motion dynamics the result
will be to jerky. Therefore an alternative method for future
trajectory determination was implemented; see Fig. 5. Being
at current time t & , an optimized solution for the next time step
t  is known. Allowing an additional time delay t ; (here
t ;  t  ), the reference trajectory of this segment is
already known and can therefore be used as the exact
reference in the interval k & , k & + t ; . For the remaining
prediction interval k & + t ; , k  , an extrapolation to a
defined baseline level is added. Similar to the traditional
approach, only the control values for the interval k & , k & +
t   will be applied to the system, the rest are thrown away.
Both trajectory approximations are delayed with the
computation time t  ; to know the exact trajectory, the
second method has an additional time delay t ; . But as can
be seen in Fig. 6, the behavior of the second method is still as
fast as the first method (as long as t  is small enough,
otherwise the additional time delay t ; would cancel the
effect of knowing the exact trajectory). Especially for higher
frequency, dynamic trajectories, the second method will bring
better results.
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200ms, to be sure that the optimization problem can be
solved in each MPC interval), the required flight model
output data are selected and a reference trajectory is
calculated. The optimized reference data for the motion
platform are then sent back to the ASD network and an
interpolation routine is required to run the motion control with
the 5ms time interval.
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V. RESULTS

0.2

A. OMC settings
For closed loop optimization, the new estimation approach
(Fig. 5) was used, running with t   200ms and a 1.5s
optimization horizon with 7 grid points. Because of less
optimization activities, the generic profile was optimized with
t   100ms. Due to the limited number of pages
permitted, the tuning of the OMC parameters is not reported
in detail.
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Figure 6. Optimization results using a different reference trajectory
estimation: one sample linear acceleration result (row 1) and one sample
angular velocity result (row 2) are shown. The blue lines represent the
reference trajectory, the green lines are the traditional prediction method and
the red lines are from the new method. Both methods were optimized with
t   100ms.

B. Generic profile
To show that both control methods (open loop and control
loop) work correctly, a generic profile is used. The linear
accelerations and rotational velocities were generated using
sinusoidal excitation within the simulator limits for all seven
degrees of freedom of the ASD (therefore correct simulation
must be possible). Of course, setting the energy weights
wZ,[  0 and wY,[  0, the open loop profile shows a nearly
perfect match, but also the closed loop control shows correct
functioning. A time lag > 200ms between open loop control
and closed loop control can be observed because of shifting
the reference trajectory and the 100ms optimization time
step, see Fig. 7.

IV. INTEGRATION IN A REAL DEVICE
Proving the concept described, the AMST ASD at the
company’s headquarters was updated with the AMSTOptimal Motion Control (OMC). Therefore, a bridge interface
was implemented to connect the OMC-PC (hp-workstation
with Intel® CoreTM i7 processor) to the real-time network of
the ASD. Data are sent with 5ms time intervals from the ASD
network (QNX-based control PC) to the OMC-PC. Then,
according to the selected time step t  of the OMC (here
2
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Figure 7. Optimized generic profile. The first row shows the resulting linear accelerations and the second row shows the angular velocities acting on the
pilot. The blue lines represent the pilot motion from the flight model (reference), the green curves show the open loop motion and the red curves show the
closed loop pilot motion induced by the simulator. The open loop motion (green) nearly perfectly matches the flight model data (blue), and the closed loop
motion (red) shows a similar trend but time delayed.
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Figure 8. Closed loop optimized climb manoeuvre: As in Fig. 4 the first row shows the resulting linear accelerations and the second row shows the angular
velocities acting on the pilot. The blue line represents the pilot motion from the flight model (PC-7). The red line shows the classical washout solution and the
green line shows the OMC solution. Sustained vertical linear acceleration (row 1, column 3) cannot be reproduced with this simulator, but sustained
horizontal linear acceleration (row 1, column 1) can. The OMC clearly uses much more motion than the classical washout.

C. Climb maneuver
As a second example, a more realistic scenario was
selected. A climb was flown on the ASD with a built-in flight
model (Pilatus PC-7). Both motion cueing solutions, the
classical washout and the OMC, were flown and the results
can be seen in Fig. 8. Although the OMC is more than 400ms
delayed due to the method described above, it still has a faster
response to the altitude change than the classical washout
algorithm. Additionally the envelope of the motion platform
is much better utilized, compared to the classical solution and
a better match for the pilot motion can be achieved.

[4]

VI. CONCLUSION

[9]

In this paper an alternative motion cueing algorithm was
presented. Using an optimal control formulation, the
deviation of motion is minimized, as well as staying within
the constraints of the motion platform envelope. Results are
shown for both open loop control and closed loop control,
and the feasibility of the approach has been confirmed.
In a next step, the computation time should be reduced.
This can be achieved by adjustments of the NLP-solver.
Should the reduced-time optimization problem remain
intractable, a backup strategy must be implemented (this
could be critical when decreasing the sample time t  ).
Currently a first evaluation study is ongoing, 12 pilots are
comparing the classical motion filter with the new one.
Results will be available soon.

[5]
[6]

[7]

[8]

[10]
[11]
[12]
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Augmenting a mobile Austrobotics-Platform with sensors for USAR
Michael Kraupp1 and Mario Grotschar2

motion control
This paper will put emphasis on perception and localization.

Abstract— Urban Search and Rescue (USAR) situations pose
many challenges and threats to rescue teams. A crucial but
very risky part of USAR is the hazard evaluation at the
site of operation. The use of mobile robots can shorten the
time needed to perform this initial step, thus allowing rescue
teams to start their actual work faster. This paper investigates
how the Austrobotics-Platform, a mobile robot powered by
rubber tracks, can be extended to meet USAR-requirements. In
particular the scope of this work comprises sensor integration,
Simultaneous Localization and Mapping (SLAM), navigation
and basic gesture control of the Austrobotics-Platform. Two
optical sensors, namely a SICK LMS 111 laser rangefinder and
the Microsoft Kinect were choosen for this work. Furthermore
a tilting device for the SICK LMS 111 laser rangefinder,
was developed and implemented. Due to the fact that the
Austrobotics-Platform ships with software components for the
meta-operating system Robot Operating System (ROS), the latter is used to provide higher level functionalities. In particular
these are SLAM and point cloud generation. A basic gesture
control was implemented with the help of the openNI Kinect
driver and a PID controller. Eventually the mechatronic system
and the gathered sensor data were evaluated. The point clouds’
quality was within the expectations implied by the parameters
of the laser rangefinder. Although the Kinect outperforms the
LiDAR in respect to noise in short range as well as resolution
and speed, it suffers from vulnerability to sunlight. Additionally
the intuitive control can be a significant win for rescue forces.
Still a lot of work has to be conducted to have a reliable and
easy to use system.

•

II. PROBLEM DESCRIPTION
As the mobile Austrobotics-Platform shipped without any
perception system, it had to be equipped with sensors in order
to perform localization and perception. The first step was
to evaluate appropriate [7] sensor technologies that meet the
very harsh requirements of USAR. When a literature research
revealed that laser rangefinders are the most suitable solution,
the question of how to generate 3D images arose. Because of
the high costs of 3D LiDARs (Light Detection And Ranging)
a combination of 2D LiDAR with a tilting device was the
only viable alternative. Subsequently the sensor configuration
had to be chosen. Another challenge was the selection of
an appropriate algorithm or software package, which can
perform SLAM (Simultaneous Localization And Mapping)
in combination with different poses of the sensor device.
In a second step the mean of control had to be chosen. For
an intuitive control of the Austrobotics-Platform alternative
control mechanisms were analyzed which enhance the conventional movement control via a hand held HID (Human
Input Device). Therefore we explored gesture recognition
and navigation possibilities offered by Microsofts Kinect
sensor. Since this sensor was designed for gaming purposes
data about its usability for mobile robotics is rare and had
to be gathered through experiments.

I. INTRODUCTION
The interdisciplinary field of USAR was coined in 1996
[1] to enforce the development of robots that can localize,
rescue and possibly provide medical assistance to victims.
Major disaster operations that relied on robotic support are
for example the collapse of the WTC (World Trade Center)
in 2001, the earthquake in Cheuetsu, Niigata, Japan 2004,
the hurricanes Katrina, Rita and Wilma in the USA 2005
[2]. Especially the process of hazard evaluation at the spot
is crucial but dangerous for action forces [3]. The use of
mobile robots is particularly beneficial at this stage [4].
The basis for most mobile robotic application is a certain degree of autonomy [5]. In order to navigate through
unknown territory the following four processes are required
[6]:
• perception
• localization
• cognition

III. METHOD
A. Mobile robotics plattform
The robot used in this work is the Austrobotics-Platform
as it can be seen in Figure 1. It is a heavy duty differential
driven mobile robot. According to its ability to cope with
indoor situations (e.g. level differences between rooms) as
well as outdoor challenges it perfectly suites USAR applications. The powerful gear enables the robot to accomplish
gradients up to 45◦ or even pull a minivan. In table I the
basic Austrobotics-Platform specifications [8] are shown.
TABLE I
TAUROB T RACKER SPECIFICATIONS
operation voltage
temperature range
weight
dimensions
asd
gradients
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C. Microsoft Kinect

Fig. 1.

The Kinect is a cost effective sensing system for obtaining
depth images in real-time. Since it was designed for pose
estimation of humans there are a couple of interesting works
available ([10] and [11]), which address the interaction
between humans and robots. They describe a method called
”Skeletal Tracking” which was developed at Mircrosoft
Research Labs. This method makes use of a database filled
with more than 500k samples of possible human poses (e.g.
driving, running, dancing). It finds correspondences of the
actual depth image of a human taken by the Kinect and
the database by extracting features of the depth image and
searching for the right pose in a decision-tree. This enables
tracking of human body parts (e.g. arms, legs, head). A
detailed explanation how Skeletal Tracking works can be
found in [10].
Besides tracking of humans the Kinect can also be used to
map static objects in 3D space. A popular approach for the
reconstruction of 3D models from depth images is ”Kinect
Fusion”. For further reference this method is described in
detail in [12]. The algorithm fuses depth images taken from
an object in different views and can be used as a realtime 3D scanner. The robustness and good performance of
Kinect Fusion led to further expansion of this algorithm like
”Moving Volume Kinect Fusion” [13] which overcomes the
limitation to a fixed volume and enables map building for
robotic issues as Simultaneous Localization And Mapping
(SLAM).
However, the Drawback of this sensor, as already stated,
is the lack of information about usability constraints of the
Kinect in mobile robotics applications. To overcome this
information gap accuracy measurements had to be made. For
that Matlab [14] in combination with the point cloud library
(PCL) [15] was used. To determine quantitative accuracy
values the Principal Component Analysis (PCA) toolbox
of Matlab was chosen. This enables the calculation of the
standard deviation in depth sensing.

Austrobotics-Platform [9]

Controlling of robot movements is done via local or
wireless network. The robot also offers power jacks for
external devices.
B. LiDAR SICK LMS 111
As a 2D-LiDAR the SICK LMS 111 is well suited for
outdoor and indoor usage on mobile robots [7]. In combination with a tilt device the 2D-LiDAR can be used to
generate 3D point clouds of its environment. This data can
then be fused with the Kinect‘s point cloud. Before the
design and construction of the tilt device one had to think of
the appropriate sensor configuration. Possible scan methods
were pitching, rolling, yawing and yawing top scans. Despite
the disadvantage of high point densities at the corners, the
pitching configuration was chosen as it allows for horizontal
scanning. Furthermore the sensor can tilt in such a way that
the laser beam can sweep across the ground. This implies a
drive capable of moving a laser rangefinder very precisely
and fast to any desired pose.

D. Software Framework

Fig. 2.

For simplifying the control of the robot throw hardware
abstraction and for increased portability of the developed
software a Robot Development Environment (RDE) was
chosen namely the Robot Operating System (ROS) [16].
The ROS is the commonly used system for robotic development and therefore offers prebuilt libraries and functions
for a wide range of applications. Our software expands the
existing algorithms of the ROS by adding support for the
Austrobotics-Platform. We developed programs for navigation and simulation as well as a ”robot follower” application.
This application makes use of the skeletal tracking ability of
the Kinect sensor to enable the robot to follow a person.
For the implementation of the Kinect sensor into the ROS
the OpenNI library [17] was chosen. This library grants
access to the image and depth data of the Kinect and provides
algorithms for skeletal tracking. The LiDAR is supported by
the LMS1xx and liblms1xx package [18]. SLAM is provided
by the hector mapping package [19]. Creating a 3D image

Tilt device with SICK LMS 111

In figure 2 a rendered image of the complete mechatronic
system is depicted. The white component represents the
SICK LMS 111, which is fixated on two couplings colored in
yellow. Connected to the couplings are the axles, which are
embedded into the bearings. Shown in red, another coupling
connects the left axle to the servo drive, a Dynamixel AX18F, which appears in green. The servo is mounted onto the
large L-profile whereas the smaller L-profiles to both sides
are used for stabilization only.
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point clouds were recorded and loaded into Matlab with the
PCL library. A sample point cloud of a surface measured at
a distance of one meter in front of the Kinect can be seen in
figure 5. The color of the points corresponds to their distance
in z. Since we measured a plane rectangular surface (width:
300 mm height: 400 mm) the distribution of points shows
the measurement to be quite noisy.

with a LiDAR requires assembling multiple layers acquired
with different tilting angles into a single point cloud. This
functionality is supported by the laser assembler package
[20] and is provided as a service.
E. System Architecture
In figure 3 an overview of the systems configuration is
given.

LMS111 LiDAR

AX-18F
Servo

Kinect

LAN

USB

Half-Duplax UART

Austrobotics-Plattform
Router
W-LAN

LAN

Teleoperation PC

Student

Arduino
Mega 2560

USB

Onboard Computer

LAN

ECU

Fig. 3.

Fig. 5. Point cloud of flat plane surface at 1m distance (color encoded)
measured with Kinect

Block diagram of system architecture

There were 32 458 valid points measured on the surface.
Divided by the area of the measurement object this gives
a resolution of 0.267 points/mm2 on the X-Y plane. The
resolution mainly depends on the distance of the object
because the depth camera of the Kinect is internally limited
to 640x480 pixels. This condition also applies to the LiDAR
data in its current implementation.
In figure 6 the resulting pointcloud of the measurements
with the LiDAR system is shown. According to the color
of the points, which corresponds to their distance in Z, one
can see that also the LiDAR system produces noisy data
especially at the edges of the measured plane.

The red boxes indicate data sources from the sensors
(LiDAR and Kinect). All components that are part of the
communication or computational infrastructure are colored
gray. The one actuator that moves the LiDAR is represented
by the green box. The system can easily be extended due to
the usage of standard interface components. The Electronic
Control Unit (ECU) eventually controls all functions, such
as drive, the flippers etc., of the robot.
IV. IMPLEMENTATION
A. Accuracy assessment
The first step in the usability assessment was to determine
the accuracy of depth measurements of the Kinect in comparison to the LiDAR. For that a plane surface was placed in
front of the sensors. This surface was measured at increasing
distances (in Z) from the sensors (figure 4).

Fig. 4.

Fig. 6. Pointcloud of plane surcafe at 1m distance (color encoded) measured
with LiDAR

Measurement setting (PCA)

The resulting data of these measurements are point clouds
in 3D space with their origin at the base of the sensors. These

Another effect in the LiDAR measurements is the occurrence of empty lines in the point cloud which result in a
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decreased density of the cloud. The reason for this is the
need for synchronization between the tilting motor position
and the measurements of the LiDAR.
Figure 7 shows a comparison of the resolution from Kinect
and LiDAR with increasing distance between sensor and
measurement object.

Fig. 8.

Fig. 7.

Standard deviation of sensors in Z

With increasing distance the accuracy of the Kinect sensor
drops rapidly, which is likely caused by decreasing resolution
and increasing triangulation error. Also the deviation of the
LiDAR rises by increasing influence of transformation errors
caused by mechanical clearance as well as initial calibration
and time synchronization issues. To sum up, the Kinect is
more accurate at distances up to around 2.5 meters where
the standard deviation of the LiDAR is higher but within the
manufacturers specification (12-20mm). At greater distances
the LiDAR is more precise but overall both sensors seem to
be accurate enough for most robotic navigation applications.

Comparison of resolution with increasing distance

The Kinect has more than double the resolution of the
LiDAR system in its current implementation. A better density
and resolution of LiDAR data can easily be achieved by reducing motor speed but yields to improve scan-time. Another
possibility would be to keep motor velocity but reduce the
angle of its movement which would result in a denser point
cloud at the cost of vertical scanning range. However, since
resolution is sufficient for navigation purposes it was decided
to keep the current implementation.
The volume of data transmitted by the LiDAR system and
the Kinect differs. The LiDAR system can transmit at 25Hz
with an angular resolution of 0.25◦ or 50Hz with a resolution
of 0.5◦ which results in 27 000 Points/sec. Microsofts Kinect
system has a resolution of 640x480 pixels where, under best
circumstances, each pixel delivers a point. Multiplied with
the maximum frame rate of the Kinect which is 30Hz the
transmitting rate of 9 216k points/sec is achieved. However,
the data rate mainly depends on the system resources and on
the measured area. In case of disturbances occurring in this
area not all points have a valid measurement and therefore
data rate decreases rapidly.
The second step in the accuracy assessment was to determine the deviation of points in depth. Here the PCA
was used. The PCA is a method of multivariant statistics
used in many fields of research. The aim of this method
is to calculate the orthogonal main components out of data
from observations. With this technique a reference plane
was calculated through the pointcloud data. This makes
it possible to visualize outliers and compute the standard
deviation of the pointcloud data. These calculations were
done in increasing distances (1-4 meters) for both sensors.
The results can be seen in figure 8.

B. Usability constraints
The use of the Kinect is limited to indoor applications.
This was discovered through experimentation with the influence of sunlight on the measurements. A high infrared part of
the light leads to holes in the point cloud or even complete
loss of the point cloud. This happens due to the fact that
the Kinect works with infrared light for depth recognition.
Moreover, in the indoor region highly illuminated surfaces
and reflections can also lead to problems with the consistency
of the measured point cloud. Another difficulty occurs with
transparent objects because these, as it is the case with most
vision based sensors, cannot be detected.
A special effect takes place when placing the Kinect in
front of a mirror. In that scenario the measured point cloud
has holes too but in addition the Kinect detects objects in
the mirror image. These artifacts have to be considered when
using the Kinect in indoor environments. Another limitation
for the use of the Kinect in the USAR field is the fact that
the Kinect detects suspended particles like fog, smoke or
dust. To overcome those constraints an efficient fusion of
the Kinect sensor data with the LiDAR is needed.
C. The robot follower application
For testing the implementation of the Kinect in the ROS
and to explore the ”Skeletal Tracking” ability a robot follower program was designed. This program enables the robot
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to maintain a constant distance to a person. It makes use
of the openNI-Tracker provided with the openNI library.
The openNI-Tracker is able to recognize a person in front
of the Kinect and track the movement of its body parts.
The coordinates of the lower body parts (legs and hip) are
then used to calculate velocity values for the robot. The
Austrobotics-Platform (Taurob) is controlled via the ROS
standard /cmd vel message which consists of a linear and
angular velocity vector. Figure 9 illustrates the situation.

Fig. 9.

Student
point clouds. With this data algorithms for autonomous navigation (hector slam [19]) were successfully tested. Figure
10 shows a point cloud of the mobile robotics laboratory at
the UAS Technikum Wien. As one can see, the robot is now
able to perceive and map its environment. With these maps
it can localize himself and drive to a user defined position.
This was tested using algorithms provided by the hector slam
[19] package in the ROS.

Steering the robot with velocity message

The velocity calculation for the robots is quite simple
and is represented in formula 1 and 2. The distance and
angle between user and Kinect just need to be scaled and
transformed into robot coordinates.


distancez ∗ const scaling

0
(1)
lin.vel = 
0


0
ang.vel = θ ∗ const scaling 2
(2)
0

Fig. 10.

Point clouds of robot laboratory

The linear vector of the velocity is calculated with the
distance between Kinect and a person (distance z [m]) multiplied by a constant factor (const scaling). The angular part is
calculated with the angle between user and Kinect (θ[◦ ]) also
multiplied by a constant factor for scaling (const scaling 2).
Due to the degrees of freedom of the robot one value for
each vector is sufficient. Before the velocity is transmitted
to the robot a simple PID controller is used to smoothen the
calculated values. The limited rise time of the PID avoids
rapid movement of the robot. The robot follower application
was successfully tested on the Austrobotics-Platform and can
be adapted to other robotic platforms using the ROS and
openNI. The program was designed for easy modification
and therefore it can also be used to control the robot with
gestures. For example the robot could drive forward by
raising both arms and backwards by lowering them.

Sensors accuracy was evaluated by the calculation of their
resolution and standard deviation. At the maximum measured
distance of 4 meters the Kinect has a resolution of 0.0167
points/mm2 and a standard deviation in depth of ≈ 40 mm
while the LiDAR has a resolution of 0.0091 points/mm2
and a deviation of ≈ 29 mm. This accuracy is sufficient for
robotic navigation purposes since maps for navigation are
just an approximation of the real environment. In addition
algorithms which provide SLAM usually integrate measurements over time and therefore they get a more accurate map.
The robot follower application enables the AustroboticsPlatform to react on the movement of a tracked person.
This natural form of interaction with people can be useful
in many USAR scenarios or for controlling the robot. The
software was designed to quickly investigate controlling
possibilities offered by the Kinect system and therefore it
is directly interfacing with the ECU of the robot by setting
target velocities. To enable obstacle avoidance a detour throw
the ROS navigation stack by setting sub goals instead of
velocities is needed, but currently not implemented. The
robot follower application is used for demonstration at the
UAS Technikum and was programmed in C++ and compiled
in ROS Fuerte running on an Ubuntu [21] system.

V. R ESULTS

VI. D ISCUSSION

The Austrobotics-Platform was equipped with a LiDAR
and a Kinect sensor. Their implementation into the ROS
made it possible to retrieve the robots surrounding in form of

According to the with higher resolution and similar accuracy values the Kinect could be considered as replacement
for the moveable LiDAR. But the LiDAR is capable for
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outdoor usage and provides a significant larger scanning area
(270◦ ) than the Kinect (57◦ horizontal x 43◦ vertical). If the
Kinect is just considered for indoor applications there are
several works (e.g. [22] and [23]) present which deal with
multiple Kinect sensors to extend the scanning range.
A serious constraint of the Kinect is its strongly limited
outdoor usability. Since the sunlight inducts heavy disturbances the Kinect can just detect surfaces or objects in a
shadow region. This restricts the usability in USAR to indoor
scenarios whereas in outdoor regions the robot has to rely on
the LiDAR data. A typical indoor scenario could be to rescue
unconscious people in a burning house or a contaminated
area. The Skeletal Tracking ability of the Kinect, as it was
used for the robot follower application, could be applied in
this context for the search of people as well as for estimating
their pose. With information about peoples pose a robot could
grab them efficiently and drag them out of the dangerous
area. Another application of gesture recognition could be an
intuitive system for controlling the robots movement or other
functionalities. This intuitive form of control could reduce
training times and improve communication effectiveness.
Concerning noisy urban areas gesture recognition has advantages compared with other natural interaction techniques
based on speech. Another advantage is that there is no need
for extra equipment to control the robot. This comes in very
handy, especially when the operator wears protection gear
such as gloves etc. Therefore future research will also focus
on interactive controls for the Austrobotics-Platform.
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VII. CONCLUSIONS
[13]

This work may be seen as basis for future developments related to the Austrobotics-Platform. It provides basic
knowledge about the implemented sensors and grants future
prospects. One subject we are currently working on is the
development of a fusion algorithm to combine data retrieved
by various sensors with different working principles including vision, laser and ultrasonic. The algorithm fuses all measurements to one single 2D or optional 3D representation of
the robots surrounding. It works as preprocessor for existing
SLAM algorithms, increases accuracy of the measurements
and compensates typical sensing problems with mirrors or
glass. A second topic for future development is, as already
stated, the design and implementation of an intuitional way
to steer the robot. This is essential for a safe operation and
user acceptance [24].
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Arthur: An easy to build, low-cost, ROS based, modular mobile robot
for educational purposes
M. Cecilia Perroni1 and Clemens Doppler2
help to solidify the already acquired theoretical knowledge,
but it also motivates students to learn and try out new
approaches. Due to the fact that the university FH Technikum
Wien is an university of applied sciences, it is even more
important that the curriculum includes a hands-on experience
for all students. Especially in the field of mobile and service
robotics, where an unstructured environment can lead to
challenges that may not be modelled in theory. Also, often
the understanding of matter deepens by actually using a
device instead of just reading about it.
There are a lot of different mobile robot platforms on
the market, that are designed for educational and creative
projects. Most of them use proprietary hardware or software.
One of the most well known examples is the LEGO ”Mindstorm” system, which is also used in other universities. It
is very modular because it makes use of the whole LEGO
system and it is supported by a lot of software frameworks
by now.[10] But the downsides are relatively high prices
for expansion modules and the proprietary hardware and
interface standard. It is not designed for using industrial
components or various data interfaces. Other platforms use
a proprietary software framework for programming which
means that students would have to learn a custom-built
instruction set that can not be used in other projects.
Another important motivation to start this project was to
give the students a graspable introduction into ROS (Robot
Operating System). This is a wide spread framework for
controlling robots that will also be used for further lectures
and projects. There is a rich support of hardware components
and software interfaces. Additional ROS provides various
tools for data analysis, visualisation, and simulation.[7]
In this paper the prototype of a robot for teaching the
principles of mobile robotics is introduced. The robot meets
requirements such as cost-effectiveness, modularity, and use
of standard components, as well in hardware as in software.
One aim of the design was that it should be as little need
as possible for custom made parts and complex machining
or tools.

Abstract— Together, the degree programme for Mechatronics
and the ”Department of Advanced Technologies and Mechatronics” at UAS Technikum Wien are trying to improve and
extend the curriculum in the field of mobile robotics continuously. One major aspect in an educational concept is to also
include hands-on sessions for students. Experience shows, that
lessons with mobile robot hardware are more effective than
strictly theoretical ones. Students are much more motivated
and interested in controlling robots, if there is a real-world
feedback they can observe. In order to make this possible,
functional robot hardware has to be provided for the students.
Currently, this is not possible in a satisfying way, which led
to the question, how can enough mobile robots be provided in
a cost-effective and sustainable way for practical lessons?
Basic requirements have been determined by considering at the
same time the technical skills the students should gain and the
basic conditions it has to fulfil (E.g. the robot should be as
compact as possible though able to carry standard size ranging
sensors like sonar or Infra-red).
Consequently a research has been done giving the result, that
there is no suitable system available and that the development
of a tailor-made platform brings significant benefits compared
to customizing an available one. The central component of the
robot is the controller and its software environment. Different
control boards have been evaluated in order to find an open
standard platform which provides enough hardware interfaces,
processor power, mobility and an extensive development environment. Keeping in mind modularity, the mechanical and
electrical design has been done. All on-board PCBs (Printed
Circuit Board)and electronic parts have been designed and
assembled from scratch. For control, a ROS (Robot Operating
System) compliant control software design has been created,
which includes a ready to use development framework for
students.
As a result, a modular, cost-effective, easy to build robot that
fulfils the specified technical and educational requirements such
as odometry, ranging sensors, actuators and control has been
developed. Furthermore, due to its modularity and simple
design, it can be easily duplicated and extended to perform
additional functions in future.

I. INTRODUCTION
When learning the principles of mobile robotics, not only
a good theoretical knowledge base is needed. Also a handson experience is a very important factor in the learning
process. Engineering is a field of academics which requires
not only emphasising on gaining theoretical knowledge but
also applying this knowledge on practical applications in real
world examples.[13] A hands-on experience does not only

II. PROBLEM DESCRIPTION
Concepts in the field of mobile robotics can be taught
in different ways. The most obvious one is to present the
theoretical background to the students in a classroom. This
may give a good introduction and basic understanding but
lacks application of knowledge. Also students motivation
to understand details is low because there is no feedback
of a system. To overcome this downside, students can

1 M. Cecilia Perroni is student of the study program Mechatronics/Robotics, University of Applied Scienes Technikum Wien, Vienna,
Austria cecilia.perroni@technikum-wien.at
2 Clemenes Doppler is with the Department of Advanced Technologies
& Mechatronics, University of Applied Scienes Technikum Wien, Vienna,
Austria clemens.doppler@technikum-wien.at
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be taken to a PC-Laboratory, where algorithms that have
been taught in theory can be implemented and tested in
a simulation environment that gives virtual feedback. But
also this approach has some flaws. First, every simulation
operates on models of the real world, which means that
some kind of abstraction has been done. Hence there will
be some phenomena that do not occur in simulation but
will be an issue for real mobile robots in the real world.
Second, most students are just more fascinated and hence
more motivated, if something they create is really moving
around in the classroom. Therefore a hands-on experience
with mobile robots for students creates a deeper and more
comprehensive understanding of this topic. For practical
lessons, robotic hardware is needed. Currently there are
only two identical, autonomous mobile robots for teaching
robotics principles at UAS Technikum Wien. This is not
satisfying for all students in one course. These robots of
type ”Amigobot”, produced by the company Adept, are
already outdated which makes it hard to organize spare
parts or expansions. This led to the question, how can
enough mobile robots be provided in a cost-effective and
sustainable way for practical lessons?

Student
Two controllable wheels (Concepts of actuators and
differential drive control)
• One caster wheel (for stability)
• Wifi module for communication with PC, (Concept of
ROS programming)
• One CPU with enough inputs and outputs to connect
all actuators and sensors
Following requirements related to software have been
defined to be fulfilled:
• Development of hardware close software, which serves
as interface between the control software (ROS) and the
hardware.
• Development of ROS Software (packages and nodes)
that will allow the students to control the robot and
develop their own control software.
•

C. Environmental constraints
Additional to the specified requirements there are some
limitations given by the university:
• The overall budget must not exceed 250 EUR per unit
• The robot has to be as compact as possible to be
portable
• Tools available at UAS Technikum Wien should be
sufficient for building the whole robot
Consequently a research has been done that showed,
that some universities have already developed their own
robots which are used for teaching robotics in their different
graduate and post-graduates computer science and robotics
programs. An example is the CellBot, a low-cost robot
that uses the students mobile phones as control computers,
allowing them to build their own robots [1]. Also Xuemei and
Gang have developed a modular security and patrol robot.
[2]. Nevertheless, these and other robots are not available on
the market and are also not open source and therefore not
accessible to the UAS Technikum Wien.
On the other side, commercial robots could be used. For
Example PR2 from Willow Garage. PR2 is a high sophisticated robotics research and development platform [3]. The
downside of these robots is, that they are very expensive, too
complex for simple tasks, and not really customizable.
More cost-effective options were evaluated as well, like
the Arduino Robot [4], or the LEGO ”Mindstorm” platform
[10]. Both are interesting systems, but do not fulfil all
requirements. The Arduino Robot meets the budget limit
but would need further sensor equipment and has no wifi
connection. Hence there is no practical connection to the
ROS framework possible without further customization. The
LEGO system hardware is very limited to LEGO components which have proprietary standards. Additional modules
would be necessary to meet all requirements which makes
this option beyond budget. Another available commercial
platform that meets most of the requirements is the Thymio
II, an affordable educational robot which counts with sensors,
interface with ROS, and a set of pre programmed behaviours.
[16]. The downside of the Thymio platform is that it does
not allow for further expansions, there is no possibility

III. SYSTEM REQUIREMENTS AND EVALUATION
The first step before evaluating different options for a new
mobile robot system was the definition of the educational and
technical requirements the system should meet. Furthermore
the constraints given by the UAS Technikum Wien had to
be taken into account.
A. Educational Requirements
When designing an educational robot, the first step has to
be the definition of concepts that students need to learn and
apply on this robot. After some discussions with lecturers in
robotics, the following concepts have been defined:
• Odometry
• Sensors
• Actuators
• Differential drive kinematics
• ROS (Robot Operating System)
The students have already learned the theory behind these
concepts beforehand. The goal of the exercises with the robot
is the application of this theoretical knowledge.
B. Technical requirements
Once the educational requirements were defined, the specification of the technical requirements was done. Hence,
following requirements related to hardware were defined:
• Two Encoders to retrieve information on the already
covered distance (Concepts of odometry and sensors)
• Four sonar or similar sensors to detect distance to
eventual obstacles (Concept of sensors)
• Two Motors (one for each wheel), including a gear drive
with the appropriate gear factor (Concepts of actuators
and differential drive control)
• Possibility of adding more sensors (modularity)
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rotation of the wheels, the exact positioning of the sensors
have to be taken into account.

to add sensors or to change to position of the already
mounted ones. Another available commercial platform is the
Turtlebot, this is a mobile platform that can be used for
multiple applications and it has a ROS interface, odometric
measurement is also available, but only a microsoft kinect is
available as a distance sensor. [17] It does not only lacks on
sensors, but also its price is above the budget. A comparison
of the evaluated platforms is displayed on table 1.

C. Distance sensors
The sonar sensors Devantech SRF05 and SRF08, as well
as the infra-red sensors GP2D120 from Sharp have been
chosen for the robot. The option of installing just one type
of sensors was evaluated, but the final decision fell upon the
use of both types since it allows the students to work with
different types of sensors and to compare the results that can
be obtained with them and make a decision on which of the
sensors are better for the different tasks.

TABLE I
C OMMERCIAL ROBOTIC PLATFORMS C OMPARISON

Platform

Mindstorms
Arduino Robot
Thymio II
Turtlebot

Meets hw
reqs out
of the
box
Yes
No
Yes
No

Allows
expansion
with std.
interfaces
No
Yes
No
Yes

Integrated
ROS
support

Price (EUR)
[4] [10]
[18] [19]

No
No
Yes
Yes

350
250
110
1299

Student

D. Control Board
Available micro controllers and mini PCs on the market
were taken into consideration to be used on this project. The
aspects taken into account were their costs, their technical
characteristics and the functionalities that the robot needs
to have at the end. A comparison of the evaluated CPUs is
displayed on Table 2. The CPU chosen for the robot was
the BeagleBone Black. BeagleBone Black is a credit-cardsized, low-cost, digital expansion focused Linux computer
using a low cost Sitara XAM3359AZCZ100 Cortex A8 ARM
processor from Texas Instruments. [5]. This CPU has been
chosen for the robot due to its cost, amount of interfaces
and performance. Another advantages among other micro
controllers and mini PCs is that a linux based operating
system can be installed directly on the board.

Considering these points, it was decided to design a new
mobile platform that is tailor-made for UAS Technikum Wien
needs and requirements.
IV. ELECTRICAL DESIGN
For the electrical design of the robot all components are
standard parts that can be purchased in any electronics store.
The selection criteria were their functionality, their costs, and
their availability on the market or at UAS Technikum Wien.
Some of the components at the robotics laboratory could be
reused. Following components were chosen for the robot:

TABLE II
CPU C OMPARISON

A. Motors
Two Faulhaber 2619 006 SR gearmotors were chosen for
the robot. They were available at the UAS Technikum Wien
and already mounted to wheels that have an incremental
encoder pattern mounted on them, which is going to be used
for the calculation of the actual position of the robot. This
is needed for the students to practice with the concept of
odometry.
The motors have a integrated gearbox with a gear factor of
33:1 [15].

CPU

IOs

Clock speed

Price (EUR)

Arduino Mega 2560
Arduino Yun
Raspberry Pi
BeagleBone Black

54
20
20
65

16 MHz
16 MHz
700 MHz
1 GHz

49.95
62.60
47.95
49.95

E. A main board
A custom designed PCB was engineered, which provides
power supply, connectors, and control elements. Accordingly,
the board can be divided into four parts:
Motor control: This part of the board contains a H-bridgedriver that allows to control two DC motors with digital
outputs of the BeagleBone Black. Also the connectors for
the motors are mounted on this part of the board.
In-feed: This part of the board contains plugs for the connection of a battery pack. 6 Volts are needed for the motors
to operate at its maximum power. A voltage regulator is
integrated, which regulates the battery voltage to a 5 Volts
output for the BeagleBone Black. A two positions switch
was also mounted on this part of the board.
Control and display: Control elements and LED status display for users. In this part of the board three LEDs were
built in to give a feedback to the users. In addition, two

B. Wheel encoders
Incremental encoders are used for odometry information.
The wheel encoders have two main components: a disk
with a grid pattern mounted to the wheels, and optical
sensors that are mounted to a PCB on the chassis. The
resolution of the encoder depends mostly on the pattern of
the disc mounted on the wheel. There are many ways to
calculate the distance run from the number of pulses that
have been detected. The simplest way is the count only the
high signals coming from the sensor. This gives a resolution
of 6 milimeters. In order to get a better resolution and also
to add the possibility of detecting the sense of rotation of
the wheel a second sensor has been mounted. This allows a
resolution of 1.5 milimeters. In order to detect the sense of
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Student
but it also offers the ability to mount new sensors and
to demount already mounted ones without the need to
dissemble the whole robot. The main parts of the chassis
are two parallel plates that are connected via standoffs.
It was also taken into account that cables from and to
the electrical components have to be routed. Therefore
feed-through holes were placed on the plates.
The material chosen for the robot was plexiglas. It was
mainly a practical decision since plexiglas can be obtained
easily, has a reasonable price, high durability, and does not
occlude any components.
Another feature included on the chassis were mounting
supports for the ranging sensors. These were done using
aluminium profiles and plexiglas. The angle in which
the supports are mounted is variable. This will allow the
students to test the influence of the mounting position of
the sensors in the measurements they deliver.

buttons were incorporated, one for reset and one to run a
test program.
Sensors interface: This part of the board contains connectors
for the sensors that are mounted on the robot and for
additional ones. It will then allow an expansion of the robot
without the need for new connections to the board. There are
two kinds of sensor interfaces, one for connection of sonar
sensors and one for the connection of infra-red sensors. This
part of the board is physically divided on two sections. A
schematic of the board is shown on Figure 1.

An schematic diagram of the whole robot is shown on
figure 2.
Fig. 1.

Main board schema

F. Energy consumption
After the main electronic components were defined it was
possible to calculate the total energy consumption of the
robot. In order to do that, the consumption values of each
component were added together, since they are connected in
parallel. Following assumption was done on the calculation:
Encoders, distance sensors and the CPU are running constantly for four hours. Motors are only running at full speed
during a maximum of two hours. Based on this information,
the consumption calculation was done. The results are being
shown on table 3.

Fig. 2.

TABLE III
P OWER CONSUMPTION
Device

[W]

Consumption over 4 hs.[Wh]

Wheel encoders
Infrared sensors
Sonar sensors
CPU
Motors
Total

0.012
0.198
0.024
2.1
3.6
5.934

0.048
0.792
0.096
8.4
7.2
16.536

Robot schematics

VI. SOFTWARE DESIGN
The software of the robot was done using ROS running
on Linux. The Robot Operating System (ROS) is a flexible
framework for writing robot software. It is a collection of
tools, libraries, and conventions that aim to simplify the task
of creating complex and robust robot behaviour across a wide
variety of robotic platforms. [7]
A. Operating system
Although the BeagleBone Black is compatible with many
operating systems, the one chosen for the robot was the
Linux Angstrom distribution. The Angstrom distribution is
an embedded Linux distribution used widely on TI-based
embedded boards. [8]. The decision on using Angstrom
as the operating system for the robot was based on the
fact that Angstrom is a distribution that aims at fitting on
a small NAND and it is designed for ARM devices. [7].
Another important reason to choose Angstrom is that the
Beagle-ROS [7] Project uses this operating system as well.

V. MECHANICAL DESIGN
The chassis of the robot is the frame to which all other
components are attached directly or indirectly. [6]. As the
electronic components of the robot were already selected,
the mechanical design of the chassis is based on the space
and weight requirements of the components. The chassis
also has to withstand forces caused by movement of the
robot.[6].
The model was designed with the thought in mind, that not
only it had to be able to hold all the electrical components,
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computer and then cross-compiled using bitbake. BitBake
is, at its simplest, a tool for executing tasks and managing
metadata. [14] It handles cross-compilation and interpackage
dependencies among other features.
Once the packages are cross-compiled on the host computer
they have to be copied to the BeagleBone Black and installed
there. Once this procedure is done it is possible to execute
the packages directly on the BeagleBone Black.
The hardware-ROS interface software uses also the
Adafruit’s BeagleBone IO Python Library, a set of Python
tools to allow GPIO, PWM, and ADC access on the BeagleBone. [11]
The control software, consisting of ROS nodes, is going to be
developed by the students on a remote PC that also runs ROS
Hydro. The communication between the student’s software
and the robot software is done via ethernet network using
ROS messages. As a result, the software running on the
robot provides data coming from the robot sensors and it
receives commands coming from student implemented ROS
nodes running on a host PC. The students just have to focus
on developing these nodes to control the robot using the
available data. For getting familiar with ROS and ROS nodes,
a short tutorial with a simple example node will be provided
to the students.
A summary of the steps on the software development for the
robot is presented on the flowchart in figure 3.

B. ROS
The ROS distribution chosen for the software development
was ROS Hydro Medusa, since this is the distribution used
on the Beagle-ROS project [?], which allows an integration
of the BeagleBone and BeagleBone Black with ROS. Hydro
Medusa is the 7th official ROS release and the current one.
ROS consists of a core component and so-called nodes which
are interacting with each other via the core. Nodes are
organized in packages. [7]
C. Beagle-ROS
The Beagle-ROS project performs the integration of ROS
on the BeagleBone through the meta-ros project, a layer for
Open-Embedded Linux.[7] It provides an easy way to install
ROS on the BeagleBone and it also contains packages that
work on the BeagleBone such as motor control and sensor
reading.
D. Software development for the robot
The software for the robot is separated into two parts: A
hardware-ROS interface, which provides nodes to communicate between the hardware and the ROS framework. And a
control software, which consists of ROS nodes that are going
to be developed by the students.
The schematic of the software development is shown on
Figure 2.

Fig. 3.

Student

Fig. 4.

Robot software development schema

Software development flow

VII. P ROTOTYPE BUILDING
The prototype of the robot has been built using tools and
materials that were available either on the UAS Technikum

In order to follow the same development strategies as
the Beagle-ROS project, the development of the interface
between ROS and the actual hardware was done on a host
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of the mounted equipment.
The robot provides a handy platform where the students
can apply their theoretical knowledge. The UAS Technikum
Wien is already planning to build more of these robots to
be used in lessons of the mechatronics/robotics program.
Also, even though is not planned to make the construction
of the robot be part of the classes, the students will
get access to the building documentation of the robot.
Furthermore, because the students may want to test their
developed software also at home, it would be desirable to
create a model of the robot for a robot simulator such as
gazebo, which offers the ability to accurately and efficiently
simulate populations of robots in complex indoor and
outdoor environments [12] It is also planned to make the
building instructions and sample code freely available.

Wien or on the market. During the design and build process
it was always taken into account that it should be able to
build the robot without the need of special tools, machines
or specialized know-how. Also, all the materials used can
be found on any electronic shop or on hardware stores. The
final prototype is shown on figure 4.
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Robot prototype

VIII. C OSTS CALCULATION
One of the goals of the project was to make the prototype
cost-effective, therefore the cost of all components was a
factor that was taken into account during the whole design
process. In table 4 a summary of the costs of the prototype
is shown. These prices are from March 2014.
TABLE IV
B ILL OF MATERIALS
Description

Quantity

Total price (EUR)

BeagleBone Black
Edimax WLAN Stick
Faulhaber Motors
Motor Driver L293
Voltage Regulator
Infra-red sensors
Sonar sensors
Electronic components
Pinhead
Batterypack
M3 Stan doffs
Caster wheel
Total

1
1
2
1
1
2
2
2
1
10
1

49.95
9.99
69.20
4.29
0.31
19.84
32.62
15.0
5.70
16.95
1.80
1.90
227.55

IX. RESULTS AND CONCLUSIONS
This paper proposed the construction and use of a
cost-effective, easy to build robot for the teaching of
the principles of mobile robotics. The robot is not only
cost-effective, it also has many other advantages: (1) It
is easy to build with materials that are at hand in every
electronic and hardware store, (2) it is easy to transport, (3)
it is built in a modular way which allows fast rearrangement
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Improving the position estimation of a tracked mobile platform by
enhancing odometry with inertial momentum and magnetometer data
Simon Stürz1 and Clemens Doppler2
Abstract— For many applications of mobile robots (navigation, mapping,...) it is crucial to be able to have a preferably
accurate position estimation of the robot. A very common
method for land-based vehicles is the use of wheel encoders
to sum up travelled distances over time, which is generally
referred to as odometry.
At UAS Technikum Wien, the Department of Advanced Technologies and Mechatronics has a tracked mobile platform for
research and development in robotics which feature this kind
of odometry. The kinematics are modelled as differential drive
which is not very accurate especially due to bigger slip of tracks
compared to wheels. This leads to fast growing uncertainty of
the position estimation over time. The idea of this work was
to additionally use a low-cost 9-DOF (degree of freedom) IMU
(Inertial Measurement Unit) that provides spatial accelerometer, gyroscope, and magnetometer data. Hence the heading
of the robot can be estimated by using this data. The drive
shaft encoders data is used for calculation of the linear velocity
vector of the robot. Combining these two components, heading
and linear velocity, a more accurate position estimation can be
calculated. Tests showed, that a significant improvement of the
position estimation can be reached. Due to an absolute referenced heading by using the magnetometer data, the angular
deviation can be reduced to a few angular degree.
Keywords: Odometry, IMU, Position Estimation, Direction
Cosine Matrix, Mobile Robotics

I. INTRODUCTION
The Department of Advanced Technologies and Mechatronics at UAS Technikum Wien has a mobile robotics platform, developed by the company Taurob. Taurob is aiming to
use this type of robot for search and rescue in disaster areas
and for handling of hazardous objects. The robot dimensions
are about 1000 [mm] in length and 580 [mm] in width.
It features tracked locomotion and for purpose of difficult
terrain, the front ends of tracks can be lifted up to an angle
of about 30◦ [8]. This platform can be used in two ways: teleoperation by humans or autonomous. Both modi depend on
a preferable accurate position estimation. In tele-operation
mode the operator needs to know the direction the robot
is heading and an approximated distance between the robot
and its sender if there is no line of sight. The autonomous
mode also uses position data for localization and navigation
in unknown terrain.
At the moment, position estimation for indoor missions is
based on encoders, applied to the driving shafts, solely.
1 Simon Stürz is student of the study program Mechatronics/Robotics,
University of Applied Sciences Technikum Wien, Vienna, Austria.

stuerz.simon@gmail.com

2 Clemens Doppler is with the Department of Advanced Technologies
& Mechatonics, University of Applied Sciences Technikum Wien, Vienna,
Austria. clemens.doppler@technikum-wien.at

Hence the reliability of data decreases over time and travelled
distance due to method inherent cumulative error.
II. PROBLEMS AND PROJECT AIMS
Motivation for this project was to find and test a method
for improving the robots odometry and position estimation
if there is no satellite positioning system available. As
additional sensor an IMU which is enhanced by an additional
magnetometer was chosen. First objective was to find an
algorithm that provides reliable information of orientation
and position. Major drawbacks of using IMU data are
drift, temperature influence on calibration and environmental
influences. Second question is how to merge IMU data
with encoder odometry? Is it possible to improve position
estimation significantly?
III. ODOMETRY
A common way to track the position of a wheeled vehicle
is the use of encoders that capture the travelled distance
of the wheels and their orientation if their rolling direction
in relation to the robot body can change. This is widely
referred to as odometry and also implemented into the Taurob
platform.
Due to its tracked locomotion, on inhomogeneous underground - like concrete, gravel, carpet, tiles, or other materials
- the slip of tracks may be varying during operation. But
encoders cannot detect slip or sliding. A similar problem
will occur if the robot gets stuck while the tracks keep
on turning. Odometry would add further movement to the
position estimation. As odometry is always referenced on the
starting position and an incremental method. Hence its error
is cumulative over time and travelled distance. Especially for
tracked vehicles the contact point between floor and Robot
is not a single point (simplified wheel) but a rectangular area
(simplified tracks) [10]. In general the kinematics of such a
robot is modelled as differential driven vehicle by reducing
the tracks to common wheels positioned at the center of this
this tracks. This implies an error because the lateral sliding
constraint for wheels does not hold true for tracks. Sliding
of parts of the tracks is inevitable in the event of turning the
robot. This increases error of odometry even more.
IV. THE SENSOR
For this project a 9-DOF IMU sensor break out board
from Sparkfun (see Fig. 1) was used. This sensor contains
an accelerometer (ADXL345), a gyroscope (ITG-3200) and
a magnetometer (HMC5883L). All three sensors provide
spatial data which gives the possibility to calculate the
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orientation of the board in relation to the earth surface and
the magnetic north pole.
The board has an I2 C bus interface, which makes it easy to
set up the basic configurations like power control and sensor
resolution and gives the possibility to read all data with a
frequency up to 75[Hz], depending on the configuration.

Fig. 1.
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VI. THE APPLICATION IMU-VIEWER
In order to visualize the sensor data in a very intuitive way
a desktop application called imu-viewer was developed
in C++, Qt and OpenGL. The primary advantage of this
application is the possibility to observe live sensor data over
network. This makes it very easy to watch the orientation of
the mobile robot on any computer in the network (also over
the internet if the TCP port is forwarded to the Raspberry Pi
address).

Sparkfun SEN-10725 board

V. THE APPLICATION IMU-UTILS
In order to communicate with the sensors a console
application, called imu-utils, was written in C++ and
Qt on the Raspberry Pi (credit card sized ARM computer).
The dependencies of this application are Qt 5.1, the Linux
kernel sources for I2 C communication and a ROS (Fuerte
version) installation. ROS is a flexible framework for writing
robot software. It is a collection of tools, libraries, and
conventions that aim to simplify the task of creating complex
and robust robot behavior across a wide variety of hardware
platforms. In order to make sure all this dependencies work
correctly, a special Debian image for the Raspberry Pi was
created for this project. The Qt 5.1 framework and the
ROS libraries then had to be compiled for the Raspberry
Pi, because this packages are not available in the public
repository. This makes it easy to set up the whole system for
a later use. The application imu-utils can be controlled
with parameters and has following functionalities:
•
•

•
•
•
•

•

Reading the raw sensor data from the accelerometer,
magnetometer and gyroscope
Adjusting the sampling rate of synchronous sensor data
between 1 − 75[Hz] (limited by the accelerometer
configured with max. resolution)
Calibrating each sensor and storing the calibration data
for later use
Fusing and filtering the sensor data in order to provide
stable and robust Euler angles (roll, pitch and yaw)
Displaying the raw data, the calibrated data and the
result angles from the sensor fusion (roll, pitch and yaw)
Providing a server which publishes IMU data over
TCP/IP as JSON (JavaScript Object Notation) messages.
Providing a ROS node which publishes data in form of
odometry messages

Fig. 2.

Snapshot of the application window imu-viewer

The application is able to connect to the application
imu-utils and read the JSON messages, containing all
important information from the IMU. The application has
following functionalities:
• The IP address and the TCP port of imu-utils can
be adjusted over the graphical interface. By clicking
the button “Connect server” in Fig. 2 the application
connects to imu-utils. On the left side of this button
is a connection status symbol.
• In the group box “Visualize data” in Fig. 2 the user
can choose between six types of visualization. In the
first tabulator, a three dimensional model of the sensor
shows the orientation of the sensor in relation to the
earth surface and the magnetic north pole. In the second
tabulator, a compass shows the heading of the robot
in relation to the magnetic north pole. The other four
visualizations show the calculated orientation angles
and the raw data of each separate sensor over time.
VII. THE “DIRECTION COSINE MATRIX” (DCM)
ALGORITHM
To fuse the sensor data from the accelerometer, the magnetometer and the gyroscope a Direction Cosine Matrix (DCM)
Algorithm was developed [7]. Alternatively this sensor fusion was done with a complementary or kalman filter, but
experiments have shown that the best results were reached
with the DCM algorithm. The DCM algorithm fuses and
filters the data from the three sensors, but takes also care of
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the sensor noise and numerical errors during the calculations
[2]. Basically the algorithm uses the accelerometer data to
calculate the roll and pitch angles and the magnetometer to
get the heading of the sensor (yaw angle). This algorithm
was originally developed by Peter Bartz [3] with the help of
Robert Mahonys [5] [6] papers. An overview of the algorithm
is shown in following Fig. 3:

Fig. 3.

~yortho = ~y −

e
· ~x
2

In order to fuse the IMU sensor data with the odometry
data of the robot, a separate ROS node (called imu-node)
was developed, which is launched together with the ROScore and the robot odometry nodes. Each odometry message
from the ECU (Electronic Control Unit) of the robot contains
its planar position and orientation information. Calculating
the absolute distance value between two consecutive positions give si the travelled distance:
p
(7)
∆si = (xi − xi−1 )2 + (yi − yi−1 )2

i=0

In the first step the direction cosine matrix R will be
initialized with the new measured Euler angles (roll = Φ,
pitch = Θ, yaw = Ψ) (e.g. cX = cos(X); sX = sin(X)):


cΘcΨ sΦsΘcΨ − cΦsΨ cΦsΘcΨ + sΦsΨ
R = cΘsΨ sΦsΘsΨ − cΦcΨ cΦsΘsΨ + sΦcΨ
−sΘ
sΦcΘ
cΦcθ
(1)
The data from the gyroscope gives primary information
about angular changes round x-, y-, and z-axis. In order
to work with spatial orientation data in the DCM algorithm,
each measurement from the gyroscope has to be numerically
integrated over time steps (depending on data rate) [4]. The
numerical errors of this integration will gradually violate
the orthogonality constraints that the direction cosine matrix
must satisfy. Therefore,
 the error
 e of the new direction
cosine matrix R = ~x ~y ~z has to be calculated and
normalized as follows:
 
ryx


e = ~xT · ~y = rxx rxy rxz · ryy 
(2)
ryz
e
· ~y
2

VIII. ODOMETRY FUSION

With this distance vector and the IMU heading Ψ, the
improved x- and y-components will be calculated. The sum
of all measurements represent the new measured path sn of
the robot.
  X

n 
x
si · sin(Ψ)
sn
=
(8)
y
si · cos(Ψ)

Direction Cosine Matrix Algorithm block diagram [7]

~xortho = ~x −
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IX. EXPERIMENTS

In order to show the improvement of the odometry, two
experiments have been carried out. For data capturing, a
function in imu-node has been added, which writes the
measured data from the odometry, the data from the IMU
sensor and the newly calculated path to a comma-separated
values (csv) text file. Evaluation and visualization of the data
has been done in Excel.
A. Results Experiment 1
In the first experiment the robot was controlled in a way,
that it rotated horizontally three full turns around its center
point and finished the movement in the same position as it
started, referenced on marks on the floor. The laboratory for
this experiment has an even linoleum office floor and the
tracks of the robot are made of rubber. The experiment has
been repeated several times in both directions. One sample
result of this measurements can be seen in Fig. 4.

(3)

~zortho = ~xortho × ~yortho
Following equation normalizes the matrix:
1
(3 − ~xortho · ~xortho ) ~xortho
(4)
2
1
~ynorm = (3 − ~yortho · ~yortho ) ~yortho
(5)
2
1
~znorm = (3 − ~zortho · ~zortho ) ~zortho
(6)
2
To overcome drift errors of the gyroscope and to make the
orientation data more robust, a proportional integral feedback
controller PI was used for error correction with globally
referenced magnetometer and accelerometer data [3].
~xnorm =

Fig. 4.

Results of the first experiment

The angles ω from the IMU and from the encoder odometry was recorded in an interval between [π < ω < −π]. The
starting position was set to an angle of 0 [rad]. As one can
see in Fig. 4 the original odometry has an error of ≈ 0.2 [rad]
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at the end of the experiment whereas the IMU data shows
an error of ≈ 0 [rad]. One can also recognize some kind of
clutter of the IMU-angle at ≈ 13 [sec]. The odometry angle
does not show this clutter. This deviation in data comes from
a transmission problem between the robot controller and
ROS which caused uneven robot movement and an aperiodic
odometry update. During this little period, the encoder data
did not reach the odometry position calculation in ROS.
Therefore the changes of movement were not recognized
by the original robot odometry. This experiments shows
the weaknesses of the odometry during rotations and the
improvement trough the IMU can be observed:
• Increasing error due to cumulative errors
(2 [sec] - 12 [sec])
• Numeric error if the odometry data rate is to low
(at 13 [sec])
B. Results Experiment 2
In the second experiment the robot was steered manually
around a triangular shaped green area of a park. The whole
travelled distance was about ≈ 190 [m]. During this experiment all sensor data, odometry position estimations, and
orientation estimations were logged into a file and processed
into an Excel sheet to produce the following Fig. 5:
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This deviations may come from an inaccurate calibration of
the IMU sensor and could be minimized with a more accurate
calibration method of the sensors and of the odometry. This
more sophisticated method is using much more reference
points of the magnetometer for a more accurate regression
analysis. During the experiments, it was also detected, that
sensor temperature has a significant influence on sensor
calibration. This also has to be considered for improvement
of odometry.
X. CONCLUSIONS
This project has shown, that through the use of a 9-DOF
IMU board the odometry of a tracked mobile robot can be
improved significantly. The key points of the improvement
are the sensor calibration and the sensor fusion/filter
algorithm (DCM). The main weaknesses like slip and
cumulative error of an odometry concept merely using
wheel encoders, can be reduced by using additional data.
An IMU involving a magnetometer can provide reliable
direction of heading information. Due to the fact, that
the earth’s magnetic field gives an absolute reference, the
measurement error is not cumulative over time and distance,
but constant. Problems that may occur are calibration errors
of the sensor and interference from electromagnetic fields or
large ferromagnetic objects. By using a 9-DOF IMU board,
it would be also possible to measure a three dimensional
odometry of the robot. For future development, this would
be a great benefit for exploring urban areas with multiple
story buildings. Another field for further development would
be the integration of visual odometry as supposed in [9].
This might allow to overcome drift and interference effects
of the IMU.
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Life Sign Detection Based on Sound and Gas Measurements
Stefan Imlauer, Konstantin Lassnig, Johannes Maurer and Gerald Steinbauer

II. R ELATED R ESEARCH AND F UNDAMENTALS

Abstract— This paper investigates the problem of improving
robustness of autonomous victim search in urban search and
rescue (USAR) by using sound and gas measurements. Sound
measurements are collected to detect voices of victims. Gas
measurements are taken to detect breathing of living trapped
persons. In addition, the gas measurements are used to detect
dangerous gas concentration for human rescuers. We present
a hardware and software implementation of the sound and gas
based life sign detection system, and fist evaluation results of
the properties and the quality of the detections. The system is
implemented using the Robot Operating System (ROS) and
is mounted on our rescue robot for the RoboCup Rescue
competition.

In this section, we review related work on life sign
detection and introduce some fundamental background.
The detection of human life signs is essential for search
and rescue missions. Different works investigated how life
signs can be detected through different sensors. As an
example BioRadar [3], developed by the I-LOV project, is
able to detect the heart beats of trapped persons based on
radar measurements.
In [4], Maggu et al. propose to use carbon dioxide
measurements to detect victims. In this work the base of
victim detection is built upon specific thresholds. In contrast
to our work as we propose a solution which is independent
from a pure threshold consideration. The main reason for this
approach is to respect different gas saturations in different
environments.
Victim detection with sound is also proposed in [5] and
tested on micro air vehicles to cover wider search range. In
contrast to our work the detection relies on sound source
localization from whistles. This allows a better localization
and a larger operating distance.

I. I NTRODUCTION
This paper investigates the problem of making autonomous
victim search in urban search and rescue (USAR) missions
more reliable by using microphones and gas sensors to gather
additional information about the environment. Microphones
are used to take sound measurements. The sound measurements are analyzed to recognize human voices around the
robot. Gas measurements are provided by a state of the art
gas sensor. The gas sensor is able to measure carbon dioxide
(CO2 ), propane and methane. CO2 measurements are used
to detect breathing of living trapped persons. In addition,
CO2 , propane and methane measurements are used to detect
dangerous gas concentration for human rescuers.
The contribution of this work is a hardware and software
implementation of a sound and gas based life sign detection system, and first results showing an evaluation of the
properties and the quality of the life sign detections. The
life sign detection system is implemented using the Robot
Operating System (ROS) [1] and is mounted on our rescue
robot for the RoboCup Rescue competition. In the RoboCup
Rescue competition teams and their robots compete against
each other in exploring an arena and searching for simulated
victims [2].
The remaining of the paper is organized as following. In
the next section we outline some fundamental background
and related research. Section III provides a formal problem
definition. Our solutions for the sound and gas based life sign
detection problem is described in Section IV. In Section V an
experimental evaluation of the detection properties is given.
In the last Section we conclude the paper and discusses some
future work.

A. Sound Wave Properties
Sound waves propagate as spherical waves through air, are
reflected when a surface is hit and swallowed by materials.
The propagation can be estimated with the function
x(t, r) = −

A j(ω t−kr)
e
.
4πr

Function x(t, r) represents the sound pressure of a point
r = [x y z]T in space at a certain time with k as the
scalar wavenumber and r the radial distance from the source.
Although sound waves are spherical shaped they are often
replaced with plane waves to simplify calculations.
Due to the propagation properties, sound waves hit points
in space at different time. For example consider a sound
source next to you: your ear closer to the source will hear the
produced sound first, the other ear a few milliseconds later.
These differences are known as interaural time difference
(ITD). The ITD can be used to gather an approximate direction of the sound source by calculating the cross-correlation
between each microphone input.
B. Measuring Sound
Sound is captured using microphones by measuring the
mechanical vibration caused by the pressure of sound waves
and converting the vibrations into electrical signals. A large
number of different microphone technologies exist to convert
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sound waves into electrical signals. The most common types
are dynamic microphones and capacitor microphone.
Today’s sound measurement hardware consist of two or
more physical microphones forming an array. The microphones are placed in different positions and orientations.
A microphone array can consist of different microphone
types, but it is preferred to use similar types in an array. A
useful microphone array consists of at least four microphones
and can be used to detect a sound source within all three
dimensions. Microphone arrays are robust against a wide
variety of noise types by separating sound sources by their
direction.
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its molecules. The gas concentration is estimated by electrooptically measuring the absorption of a gas specific wavelength. The measured infra-red light intensity is inversely
proportional to the gas concentration in the chamber: for
example more CO2 concentration means less infra-red light.
E. Human Breathing
Breathable air is composed of nitrogen N2 (78.08%),
oxygen O2 (20.95%), argon Ar (0.93%) and carbon dioxide
CO2 (0.04%) and other gases [11]. Carbon dioxide is a
color- and odorless gas and is in general heavier than normal
breathable air. CO2 is generated amongst others through the
breathing of humans with a rate of approximately 10 to 70
liters per hour. The exhaled air of an human contains about
50, 000 parts per million (ppm) of carbon dioxide. The CO2
concentration of the external air is about 300 to 600 parts per
million (ppm) and of a bad ventilated room about 5, 000 ppm.
This small concentrations are not dangerous for a human. In
concentrations above 200, 000 ppm (= 20%), CO2 is deadly
for humans by an momentary inhalation. Figure 1 represents
an overview of different common CO2 amounts and their
appearance [12].

C. Human Speech
Human speech is a sound produced by air pressure which
is pumped by the lung into the larynx and chopped into
audible pulses. Muscles adjust the pitch and the tone of the
vocal cords which is later changed by the tongue, lips and
the mouth to produce highly complex words.
Speech can be divided into smaller pieces from phrases to
words, from words to letters. From an acoustic perspective
it can get even smaller. The smallest parts of all languages
are phonemes.
Speech recognition [6] is a multi-leveled pattern recognition task and search for words inside the sound stream based
on a defined vocabulary. The recognition error increases
with the size of the vocabulary. For human speech detection
identifying specific words is not necessary. Thus the use
of a large vocabulary is not reasonable for detection. A
vocabulary based on phonemes [7] is more suitable for the
detection of human speech. A phonem vocabulary allows
the detection of the basic components of language and in
addition it is even language independent.
D. Measuring Gases
Gas measurement is needed in a broad range of applications for example in building automation and medical applications. These applications use several methods to measure
the concentration of gases. Gas measurement methods can
be divided into (1) chemical and (2) physical techniques.
Chemical gas measurement techniques are based on chemical reactions and are often used to indicate if there is any
high concentration of gases in the environmental medium.
Chemical techniques are not designed to measure continuous
values or changes of an concentration. Chemical sensors get
easily influenced by the environment (dust, humidity, etc.)
and have a short lifetime.
Physical Methods to measure gases are mostly based on
spectrography. The most common types are Molecular Correlation Spectrography [8], Quartz Enhanced Photoacoustic
Spectrography [9] and Infra-Red Spectrography [10]. The
most interesting sensor type is the non-dispersive infra-red
(NDIR) sensor.
The components of a NDIR sensor are an infra-red source,
a sample chamber, a wavelength filter and an infra-red
detector. The infra-red light is directed through the sample
chamber, where it gets in contact with the gas sample and

Fig. 1. Overview of different common CO2 amounts and their appearance.

F. Methane and Propane
Methane and propane are color- and odorless gases, and
are nontoxic. Although specific concentrations of these gases
could be dangerous. Mixed with air both gases are extremely
explosive. Methane is in ambient temperature lighter than
air and highly flammable in concentrations above about 4%.
Propane is heavier than air. Therefor in lower and closed
regions appear higher concentrations of propane. Thus there
is again the risk of fire and explosions. Additionally both
gases are suppressing oxygen. Hence breathable air gets less
in high concentrations of propane and methane [13].
III. P ROBLEM F ORMULATION
In this section the life sign detection task is defined
formally. We first describe the structure of the considered
environment and the robot. Then we will give a formal
definition of the considered problem.
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Consider a collapsed building after an earth quake
including n victims V = {v1 , v2 , . . . , vn }. The location of each victim vi is defined as the position
pi = (xi , yi , zi )T . A set of life signs is defined as
L = {motion, bodyheat, bodyshape, breathing, voice}.
Each victim vi cause a set of different signs of life
signs(vi ) ⊂ L.
A robot is exploring the collapsed building. The position
of the robot pr (t) at time t is assumed to be determined. The
robot is equipped with a set S of l sensors s1 , s2 , . . . , sl .
Each sensor sj is generating a set of m measurements
Zj (t) = {z1 , z2 , . . . .zm } at discrete time steps t. Let S(k) ⊂
S be the set of all sensors in S whose measurements can be
used to detect life signs k.
We define the problem of life sign detection as the
process of analyzing the measurements Z1 , . . . , Zl and their
chronological development to identify signs of life close to
the robot. Furthermore, the relative position to the robot of
the life sign source has to be determined.
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Fig. 3.

Algorithm 1 is designed to detect speech by reproduces the
talking behavior of a human. When speech occurs it is often
a word sequence and pretty much never a single word. Even
if a victim cries for help some words would be repeated.
With that in mind, the algorithm uses the prior probability
(prior) which was obtained from previous measurements and
reweighs the current probability (prob) in line number seven
or nine. This probability is compared with a defined threshold
to decide if a victim was found. Word and letters receive
different probabilities (wP rob and lP rob), so that smaller
words get higher and long words less rewards, depending on
the speech recognition toolbox. The decision is influenced by
previous occurrences, therefore, it is important to model an
static decrease of the prior which is implemented in line two,
so that longer speech pauses degenerate to a zero probability.
The algorithm 1 analyses each incoming speech occurrence,
thus even single words increase the detection probability.
Whole sentences cause a sharp probability increase similar
to single words spoken in short intervals.

IV. S OUND AND G AS BASED L IFE S IGN D ETECTION
In this section we describe our approaches for sound
and gas based life sign detection. In following the main
principles and used algorithms are described independently.
The systems are implemented using the Robot Operating
System (ROS) [1] and are mounted on our rescue robot for
the RoboCup Rescue competition. The robot setup is shown
in Figure 2.

Algorithm 1: Sound Based Life Sign Detection
1

2
3
4
5
6
7

Fig. 2.

Basic model of the victim detection solution via sound

8

Robot model with sensor setup

9
10
11

A. Sound based Life Sign Detection

12
13

To record sound and to detect the direction of the emitting
sound source a microphone array is used. The microphone is
connected to a speech recognition toolbox. For implementing
the speech recognition we used two different frameworks:
PocketSphinx [14] and Hark [15]. The speech recognition
toolbox analyzes the sound stream, searches for common
voice pattern and fits words to the sequence in a probabilistic way. The speech recognition is based on dictionaries
containing words and phonemes. The words and phonemes
are recognized and interpreted to detect human voice. The
detection result is submitted to to an higher instance. The
detection flow is visualized in Figure 3 and the basic decision
algorithm is shown in pseudo code in Algorithm 1.

14
15
16
17
18

Function f oreachRecognizedT ext(text)
Input: text . . . recognized text from speech detector
Input: rScale . . . scale factor for reducing probability over time
Input: bP rob . . . bias probability
Input: wP rob . . . word probability
Input: lP rob . . . letter probability
Input: tvoice . . . threshold level until voice is detected
Input: prior . . . prior probability value
Input: prob . . . probability value
Output: detection . . . voice was detected
prior ← prior ∗ (rScale − elapsedT ime)
foreach letter ∈ text do
wordLength ← wordLength + 1
if letter == space k textEndReached() then
if wordLength > wSize then
prob ← prior + bP rob + wP rob
else
prob ← prior + bP rob + wLength ∗ lP rob
end
wordLength ← 0
end
end
prior ← prob
if prob > tvoice then
detection ← True
end
end

B. CO2 based Life Sign Detection
The concept for the gas based life sign detection consists
basically of three parts. The basic structure is shown in
Figure 4. The hardware module, in the sense of an arbitrary
gas sensor, performs the measurements. The next block, the
driver block, provides the hardware interface. The driver
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performs the interpretation of the gained data for sensor
diagnostics and to get readable gas values. The final part of
the gas based life sign detection is the actual victim detection
task.
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This covers the fact that around a victim the concentration
can stay stable. We call this stable area a plateau. In the case
of a concentration plateau the probability of a detection is
increased too and the the victim position is assumed to be
located in the middle of the detected plateau.
V. E XPERIMENTAL E VALUATION

Fig. 4.

This section describes the experimental evaluation of our
life sign detection based on sound and gas measurements.
The properties and the reliability of the detection systems
are evaluated and described in the following independently.

Basic model of the victim detection solution via CO2

To implement the functionality for a reliable victim detection through CO2 Algorithm 2 has been designed. The
algorithm is based on three assumptions: (1) exhaled air
causes a higher CO2 concentration, (2) the CO2 concentration decreases with the distance to the breathing person
because the exhaled CO2 is mixing with ambient air, and
(3) high CO2 concentrations make exhaled air of a human
undetectable. The algorithm bases on a circular buffer to
perform on-line human breathing detection. The circular
buffer is used to keep a certain amount of gas values because
due to the gas properties of CO2 , a single measurement is
not sufficient for a reliable detection.
Algorithm 2: CO2 Based Life Sign Detection
1

2
3
4
5
6
7
8
9
10
11
12
13
14
15

Function f oreachM easurement(m, maxm , p, tco2 , Buf )
Input: m . . . measurement
Input: p . . . sensor position
Input: tco2 . . . CO2 threshold
Input: Buf . . . circular buffer with measurements
Input: maxm . . . maximal detected concentration
Output: detection . . . breathing detected
Output: prob . . . accuracy of detection
Output: location . . . position of detected breathing
Buf ← new GasData(m, p)

if m > tco2 then
break
end

if m > maxm then
maxm ← m
updateDetectionP robability(prob)
else if m < maxm then
location ← getDetectionLocation(Buf )
detection ← true
else
updateDetectionP robability(prob)
end
end

In following we will describe the algorithm in more
detail. Assumption 3 is implemented in line 3. Variable
tco2 defines the concentration threshold of carbon dioxide
which makes the detection of human breathing impossible.
From line 6 until line 8 an increasing CO2 concentration
is detected. Increasing gas values indicate getting closer to
the gas sources and a potential victim. The probability of
a breathing human (prob) increases. Line 9 to 11 handle a
decreasing CO2 concentration which indicates a potential
victim detection. The buffered measurement values are used
to estimate the position of the breathing human. Carbon
dioxide concentration plateaus are treated in line 12 to 14.

A. Sound based Detections
The sound based life sign detection is designed to analyze
the sound waves measured by the robot’s microphone to
distinguish between human voices and other noises. The two
frameworks as mentioned in Section IV were tested under the
same environmental conditions to evaluate their properties.
It should be mentioned that both frameworks need to be
calibrated first to fulfill a good detection ratio. The calibration was achieved by testing the system with positive sound
signals and tuning the parameter. During the calibration it
was noticed that PocketSphinx is more robust to parameter
settings compared to Hark. All tests of PocketSphinx were
made with the same parameter settings, Hark in contrast has
to be tuned for every testing scenario individually to achieve
acceptable results.
The experimental setup consist of speakers playing human
speech produced by a generator to simulate human voice
(positive sample) and prerecorded audio files to simulate
other noises (negative sample). Each test run includes 100
positive and 100 negative samples. Each measurement is
marked as ’POS’ if the detection was correct or ’NEG’ if not.
Three scenario setups (Figure 5) were used for the evaluation:
1) Voice Detection Accuracy: For this test scenario the
microphones were positioned in front of the speaker
with a distance of about one meter.
2) Influence of Obstacles: In this scenario an obstacle was
placed between the speaker and the microphones. The
obstacle has a height of 50cm and a thickness of 40cm.
3) Detection Accuracy in Loud Environment: To simulate
the conditions on a mobile platform producing noise
while moving, a speaker was placed behind the microphones making additional noise.
Table I summarizes the results of the test runs. In the
simulated speech test both PocketSphinx and Hark achieved
good results with a detection ratio over 90%. The overall
victim detection accuracy drops basically due to the noise
samples without speech. Surprisingly the overall accuracy
is higher in the second scenario than in the previous one.
This can be explained with the results from tests with
negative samples where the frameworks gained 10% more
score but the positive tests got slightly worse as expected.
The obstacle had a good impact on damping the noises
but rarely affected speech signals and thus the recognition.
Loud environment in favor influences speech recognition
a lot and the accuracy of PocketSphinx and Hark became
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Fig. 5.

Sound evaluation setups for all three scenarios

relatively modest. PocketSphinx for example made more
mistakes on recognizing human speech, whereas Hark had
more problems with the noise. To conclude, we need to
say that PocketSphinx achieved better results but utilizes the
wider potential of Hark and a better understanding of the
parameter would probably lead to better results.
Framework
PocketSphinx
Hark
PocketSphinx
Hark
PocketSphinx
Hark

Human/POS
%
96
92
87
91
58
90

Noise/POS
%
87
67
98
71
98
54

When performing the tests it was noticeable, that the gas
properties play a more important role than considered at the
beginning. Although there is basically a detection possible in
a particular radius. For this test case there has been executed
several measurements with different distances (Figure 7).
When considering these measurements it is obvious that
the different distances are directly proportional to the measured gas amounts. Thus there is a large difference between
the amount recorded within the (blue) line and the (magenta)
line. Despite of the extensive differences of the amounts their
is even quite a strong fluctuation recognizable. Mostly this
gas value variation is produced through ventilation of the
exhaled air.
2) CO2 based life sign detection quality: The algorithm
used for victim detection analyses a specific amount of
incoming gas measurements. Basically it interprets falling
edges as a new victim detection. In addition it uses occurring
plateaus to determine stable gas saturations. Considering
the values in Figure 7 it can be seems that measurements
at different distances produce plateaus and falling edges.
Therefore, the plateau detection seems to be an appropriate
approach for a more reliable victim detections.

Accuracy
%
91.5
79.5
92.5
81
78
72
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TABLE I
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B. Gas based Detection
1) CO2 sensor properties: A first scenario to evaluate
the measurement of different gas values is to determine
influence of the distance between the sensor and the gas
source. In order to get realistic results within carbon dioxide
measurements a human has been used as gas source, which is
the most natural and common CO2 source for further victim
detections.

Fig. 6.

Distance testing scenario with a human carbon dioxide source.

Fig. 7. Typical CO2 measurements of human breathing from different distances: (blue) 1m, (green) 0.75m, (red) 0.50m, (cyan) 0.25m, (magenta)
0.15m

In addition to the considerations above there has been
fulfilled two other test cases which should take a closer
look at the quality and reproducibility of life sign detection
through gas measurements.
3) Gas based risk detection: Since the selected carbon
dioxide sensor for this application is also able to detect
methane and propane gases gas based risk detection is
possible. Methane and propane equally to CO2 represent
in high concentrations a danger for humans. In following an
evaluation to determine the quality of risk detection based
on propane and CO2 is described. An evaluation of methane
based risk detection was not performed because no methane
source was available.
To determine the quality of a carbon dioxide risk detection
a scenario based on human breathing was used. Hence a
small volume of air in a cone gets saturated intensively by
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the exhaled air of human. Since carbon dioxide is mostly
heavier than normal ambient air, the CO2 gas is concentrated
in the sensor. A deadly amount of CO2 for humans is about
20% which is normally not reachable through exhaled air.
Therefore, the carbon dioxide threshold has been reduced to
2% for this test.
To evaluate the propane risk detection a pocket lighter was
used. Although the lighters gas consists mainly of butane
there is also an propane contingent. Infusing the sensor
directly with the gas of a pocket lighter induces a fast,
high increase and therefor dependent on a set threshold a
significant risk detection.
In Figure 8 the result of the experiments are shown.
It can be observed that the gas sensor could detect high
concentrations very fast.

Student
sensor measurements to evaluate life-sign detection systems
based on sound and gas measurement. Moreover, extending
the system to sound based risk detection and gas based life
sign inspection would be interesting. Explosions, fire or open
valve could be recognized and used for the robot’s mission
planning and reported to the rescue forces. Victim properties
like breathing frequency and the amount of exhaled CO2
could be used to evaluate the state of health of found victims.
All this additional information could be essential for rescue
teams to plan their strategy in USAR missions.
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VI. C ONCLUSIONS AND F UTURE WORK
In this paper we presented two life sign detection approaches based on sound and gas measurements to improve
victim search in USAR missions.
The first approach bases on sound measurements is able to
detect human speech by using a special phoneme dictionaries
combined with a probabilistic reasoning out of letter and
word frequency occurrences. It was shown that sound can be
successfully used to detect human speech. The experiments
confirmed that the usage of phoneme, the basic components
of language, ended up in excellent human speech detection
results.
The second approach is using gas measurements to determine the presence of victims. The detection system is based
on buffered (elapsed) gas data and works properly, although
the behavior of gases is hard to percept and the environment
has an big impact to the detection performance. In addition,
gas measurements were analyzed to find potential risks for
rescue forces. It was shown that gas measurements can
improve the quality of victim search and detect risks from
gases.
In future work we will conduct a more detailed evaluation
of the two life sign detection approaches and investigate
more realistic scenario. In addition, we have to think about
common comparable scenarios that generate more realistic
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Full Autonomous Quadcopter for Indoor 3D Reconstruction*
Gerold Huber1 , Markus Ikeda1 , Michael Hofmann1 , Christoph Heindl1 , Andreas Pichler1

Abstract— This paper presents system architecture, modeling, control and experimental results of a fully autonomous
unmanned aerial vehicle (UAV). Standard autopilot systems rely
on external references for navigation. Outdoor systems often
utilize (differential) global position systems (GPS), while indoor
systems rely on indoor tracking systems. A low-cost depth
camera and a reconstruction software enable the discussed
system to navigate autonomously without external sensors
or markers. Inflight data acquisition is not only used for
navigation, but also for reconstruction of a 3D surface model
of an arbitrary object in real time. This project builds on
the open source autopilot project PX4FMU as well as on the
reconstruction software R ECONSTRUCT M E by P ROFACTOR.
Experimental results illustrate the approach.

II. MODEL DERIVATION
For testing control algorithms on disturbance reliability
etc., a dynamic model is required.
A. Propulsion Group
The propulsion group consists of an electronic speed
controller (ESC), the motor and the propeller. The ESC
expects a pulse width modulated (PWM) signal from the
1

PROFACTOR GmbH http://www.profactor.at
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I. INTRODUCTION AND MOTIVATION
A fully autonomous drone is useful in many different application scenarios (e.g. autonomous map acquisition in unknown terrain or disaster scenarios,...). While many projects
make use of GPS for outdoor tracking or motion tracking
systems ([1],[2]) for indoor tracking, the aim of this project
was to work without external sensors, cameras or markers
in order to be independent of the surrounding environment.
However, this invokes position estimation being the main
challenge.
In order to overcome the problem of unstable integration
of noisy acceleration or velocity measurements, raw data
from a depth camera sensor is used for position estimation as
well as online reconstruction of the environment. As a first
application scenario for laboratory demonstration, the task
of creating 3D scans (using the reconstruction software R E CONSTRUCT M E by P ROFACTOR) fully autonomously was
chosen. This is especially interesting for scanning large
objects where manual sensor guidance is inconvenient or
impossible.
The multicopter system is capable of carrying up to 1 kg
payload (including sensors etc.). Due to economic reasons,
a so called quadcopter setup (four propeller version multicopter) was chosen since it is the most common and tested
platform and requires less components than a system with
six or more motors.
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Fig. 1: Regression of the propulsion group measurements

microcontroller and controls the motor’s rotational velocity.
The forces that are created by this group, are the only control
inputs present in the system. The propellers invoke two main
forces due to the airflow:
a)
a thrust force in direction of the rotation axis
b)
a resistance torque against the rotation
Second order aerodynamic effects such as the ground effect
or rotor flapping are neglected due to the small rotor diameter
(see [3],[4]). A compensation of the imposed torque in
steady flight is achieved by using pairs of clockwise and
counterclockwise rotating propellers. Figure 1 shows the
measurements of the angular velocity (ω) over the PWM
input signal (top), which seem to be related fairly linear
ω = kpwm upwm + dpwm

(1)

and the relation of thrust force a) (middle) and the resistance
torque b) (bottom) over angular velocity. Literature suggests
([4],[5]), that the resulting thrust force and resistance moment
are proportional to ω 2 . However, measurements show that
an assumption of proportionalities to ω 2.5 lead to a better
regression
Fthrust = kF ω 2.5
(2)
Mres
= kM ω 2.5 .
Measurements were taken using a 12.6 V power supply,
which corresponds to the fully charged 3 cell battery pack.
Further experiments on the relation of PWM input signal
to angular velocity (Fig. 2) show the big impact of the
inevitable voltage loss of the battery, due to energy consumption during flight. Yet, for the linear regression (1)
experiments show that mainly the offset dpwm is changing.
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is found by simply summing up over all five bodies (base +
four rotary parts).
To be consistent with the aeronautical standard, a northeast-down coordinate system is used, both as a body fixed
and the inertial system. Further, to describe the actual orientation, from the inertial to the body fixed system, Euler
rotation angles in the order Z − Y ′ − X ′′ are used, which
leads to the transformation matrix
ABI = Ax (Φ)Ay (Θ)Az (Ψ ) =

cΘcΨ
cΘsΨ

 sΘsΦcΨ − cΦsΨ sΘsΦsΨ + cΦcΨ

sΘcΦcΨ + sΦsΨ sΘcΦsΨ − sΦcΨ

35

time [s]

Fig. 3: Identification of the propulsion group

B. Propulsion Dynamics
In order to identify the parameters for simulation and control strategy, the motor dynamics were measured. Parameters
of the propulsion group as a whole were identified. A random
10 Hz PWM signal was provided as actuating variable and
the propeller’s angular rotation was measured. The validation
of the identified transfer function was done by a second
measurement with a random 1 Hz input signal. Figure 3 point
out that an assumption of a simple low pass system
G(s) =

ω(s)
K
=
upwm (s)
1 + Tp s

(3)

describes the dynamics of the propulsion group fairly accurate.
C. Dynamic Model
To achieve an accurate model for simulation and development, a mathematical model of the quadcopter was derived,
using the projection equation [6] of motion
#)
(
 T "
5
∂ R vS
X
(R ṗ + R ω̃ IR R p − R f e )

∂ ṡ 
= 0.
∂R ωS
e
R L̇ + R ω̃ IR R L − R M
∂ ṡ
i
i=1
i
(4)
With linear velocity v, angular velocity ω, linear momentum
p, angular momentum L, external force f e and external
moment Me . The leading indices of vectors and matrices indicate the reference coordinate system (R being the reference
system). It can be chosen as body fixed coordinate system
(where e.g. the mass matrix is constant and easy to formulate
in case of the reference system being parallel to the bodies
principal axes). Splitting the mechanical multi body system
into single bodies and calculation of the equations for linear
and angular momenta independently, simplifies modeling
of dynamic systems dramatically. Forces and torques are
projected to minimal coordinates, and final model description

−sΘ




cΘsΦ 

cΘcΦ
(5)
where s and c represent sin and cos functions. Φ, Θ and Ψ
describe the roll, pitch and yaw angles respectively.
III. CONTROL STRATEGY
As there is solely one body moving in all six degrees
of freedom (DOF) and four attached rotary parts following
minimal coordinates are a natural choice
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to describe the system. The variables x,y and z describe
the three translational degrees of freedom whereas Φ,Θ and
Ψ describe the rotatory degrees of freedom as Euler angles.
The angular velocities of the motors are represented by ω.
As the actual angle of the motor is not of interest, only
six minimal coordinates on the position level (q) are used.
While this system with the motor pwm signals as an input
is used for simulation purposes, the following derivation of
the control approach uses a simplification where the ω’s are
used as the input to the system rather than being part of the
state variables as in (6).
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A. Actuating Variable

M(q)q̈ + g(q, q̇) = Qprop (q) + Qgrav (q) + Qdis .
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Fig. 6: Comparison of attitude controllers

for all i motors.

(8)
This is not very surprising, as the thrust forces from the
motors are all pointing in z-direction. This fact leads to
a cascaded control strategy as in Fig. 4, with an inner
attitude controller for the direct control of the reachable
coordinates z, Φ, Θ and Ψ . The outer position controller
controls the remaining coordinates x and y. In (8) kF and
kM represent the proportional constants of the propulsion
group as identified in the measurements of Fig. 1. Variable l
represents the length of the arms and the different signs are
causedqfrom different rotation directions of the rotors. The
factor 12 is related to the quadcopter’s X-configuration with
quadratic footprint.
B. Mixer
The mixer is the component that calculates the PWM
signals for the ESC needed to create the desired external
moments from the attitude controller. If the four external
forces of equation (8) are considered as notional actuating
vector variable u (also suggested in [4]), the equation system
can simply be reformed to the desired angular velocities ω:
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√
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In a next step the linear relation of PWM-signal to angular
rotation as seen in Fig. 1 and respectively in (1) is used to
calculate the motor signals
upwm,i

+

Fig. 5: Attitude control strategy
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error [o ]

0

e

∑
−

M describes the mass matrix, Q the external forces due
to the propellers, gravity and disturbance and g contains the
nonlinear gyroscopic terms. If the system is linearized around
the hover state, only the three angles and the altitude z can
be reached directly through the input of the motors, but not
the coordinates x and y:
Qprop (Θ = 0 , Φ = 0 ) =


+

qd

Using the minimal coordinates from (6), equation (4) can
be written in matrix form as

(10)

C. Attitude Control
As widely applied in literature and with satisfying performance in comparison to more advanced control strategies
([7], [8]), neglecting gyroscopic cross coupling terms a PIDcontrol approach for every coordinate is used. The already
implemented attitude control strategy in the PX4 open source
framework however uses a cascaded PID-control as illustrated in Fig. 5. Simulations show (Fig. 6), that the cascaded
PID approach can be tuned more dynamically and at the
same time with less overshoot as with using only a simple
PID control. A closer look at the equation of motion (7) in
z-direction
X
ωi2.5
m(z̈ − g) = −kF Ω cos(Φ) cos(Θ) , with Ω =
| {z }
uz,f f

i

(11)
reveals the possibility of an additional feed-forward control
term
m (g − z̈d )
uz,ff =
.
(12)
cos(Φ) cos(Θ)

Hence, the PID controller in z-direction solely has to compensate disturbances. When moving in the xy plane, the feedforward control also compensates the tilt of the thrust vector
(Φ and Θ) regarding the z-axis.
The dependency on the battery’s voltage as mentioned in
Fig. 2 gets handled with a non static dpwm parameter in (1)
simply using an integral term
Z
dpwm = (żd − ż) dt , with dpwm (t = 0) = dpwm,min

(13)
and thus setting the integral parts of the altitude controller 5
to zero.
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Fig. 7: Trajectory following
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D. Position Control
The position control has to calculate desired Φ and Θ
that cause accelerations in x- and y-direction (Fig. 4). The
strategy for position control derives from a desired error
dynamics
ë + Dė + Pe = 0

, with e = q̄d − q̄

that leads to the necessary accelerations
¨ d + Dė + Pe , with q̄ =
¨ = q̄
q̄



x
y



(14)

(15)

which renders the error to converge to zero, given positive
definite gain matrices P and D. If these accelerations are
then used in the equation of motion (7) in x and y direction
−kF (s(Θ) c (Ψ ) + c (Θ) s(Φ) s(Ψ )) Ω = mẍ
−kF (s(Θ) s(Ψ ) − c (Θ) s(Φ) c (Ψ )) Ω = mÿ

(16)

the necessary roll and pitch angles can be calculated as


)+sin(Ψ )ÿ)
Θd = − arcsin m(ẍ cos(Ψ
k
Ω
F


(17)
)ÿ−sin(Ψ )ẍ )
Φd =
arcsin m(cos(Ψ
.
kF Ω cos(Θd )
In (16) s and c again abbreviate sin and cos functions.

IV. SIMULATION
A simulation of the system in M ATLAB /S IMULINK, proofs
that the quadcopter can handle quantization and measurement
noise as well as external disturbances in a satisfying manner
with the above control strategy. Figure 7 shows the result
of trajectory following, with a 5 N disturbance force on one
arm of the quadcopter every 10 s.
V. USED SOFT- AND HARDWARE
As the key factors for choosing hardware and software
were cost and adaptability, the system was built up on a
quadcopter kit from 3DROBOTICS [9] in combination with
an open hard- and software project, led by ETH Zurich [10].
In comparison to other open source flight controllers [11],
the PX4FMU has a faster processor (168 MHz Cortex-M4F)
and a very active community. However, the project still is in
development.

7

5

Fig. 9: Picture of the quadcopter in Use. (1) PX4FMU
and PX4IO flight controller, (2) 3DRobotics wireless module, (3) Electronic speed controller, (4) 880 KV motors
with 11 ” × 4.7 ” propellers, (5) 5000 mA h LiPo battery, (6)
PANDABOARD ES (7) P RIME S ENSE 1.08 depth sensor, (8)
Custom 3D printed safety frame

A. Hardware Architecture
The overall system architecture can be seen in Figure 8.
As a low level computer in the center, the PX4FMU/PX4IO
modules are used as flight controllers. The PX4FMU module
also includes a 10 degree of freedom inertial measurement
unit (IMU) for attitude estimation. A P RIME S ENSE 1.08 sensor is used as on board depth sensor and a PANDABOARD ES
represents the high level computer used for communication
of sensor data to ground station and retrieval of estimated
relative position. Figure 9 shows a picture of the quadcopter
in use.
B. Software Architecture
Figure 10 illustrates the software architecture of the quadcopter setup. One key component in the software architecture
is the autopilot on the PX4FMU (Flight Management Unit).
The quadcopter is built on the open source software from
PX4, which is derived and guided from the P IXHAWK
Project at ETH Zurich [12]. The board is running the
NuttX realtime linux based operating system. Tasks are
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Fig. 10: Software architecture

programmed as a separate applications and communicate via
a publish/subscribe pattern.
The PANDABOARD ES is running Ubuntu 12.04 Server
edition as operating system and for now, it is used only for
streaming the sensor data from the depth camera to a ground
station running the reconstruction software and guidance
through the tracked coordinates from R ECONSTRUCT M E.
The communication between the low level computer, high
level computer and the groundstation uses the open source
Micro Air Vehicle Communication Protocol (MAVLink), as
it is the standard protocol used in many UAV projects.
Another key element in the system is the position estimation and 3D reconstruction via R ECONSTRUCT M E [13].
It is a 3D scanning software developed by P ROFACTOR for
external reference less part reconstruction with mobile low
cost sensors. The software uses conventional depth camera
sensors like the Microsoft Kinect to generate 3D point clouds
and textured surface models. Sensor position is estimated
(tracking) during data acquisition alternately with integrating
acquired data to a global volume, via fast locale tracking
that makes use of an optimized iterative closest point (ICP)
algorithm [14]. For situations where ICP algorithm times
out, a global tracking approach using the object recognition
software C ANDELOR[15] is used in R ECONSTRUCT M E for
object recognition of the acquired surface model in locale
sensor data. As the quadcopter is very dependent on fast
tracking, only the locale tracking method is used to measure
the UAV position and orientation in reference to the scanned
objects.

mentioned in section III-A, the desired trajectory can be
provided in the four coordinates x,y,z and Ψ . As for now
very dynamic motions are not of interest, only the desired
x, y and z trajectories in the position level of equations (7)
and (12) are provided. Hence, setting desired velocities q̇d
and accelerations q̈d in these three coordinates to zero.
A. Provided Trajectory
For now, the provided trajectory is not planned dynamically, but given with simple parametrized equations for
the setpoints P(t, r, h, hstart , Ψmax ). With parameters time,
radius, height and maximal angle respectively. The sequence
consists of an autonomous takeoff, a circular arc with the
quadcopter facing its center and an autonomous landing
routine. The coordinate setpoints are updated with 10 Hz.
To achieve a smooth start of the motors, the autonomous
takeoff routine starts with a setpoint 4 m below ground and
rises up to the actual scanning height of −hstart . The actual
arc follows the equation
 
r(1 − cos(Ψ ))
xd
 yd   −rsin(Ψ )
 
P(t, r, h, Ψmax ) = 
 zd  = 
−h
Ψd
Ψ







with Ψ = Ψ (Ψmax , t)
(18)
and the landing routine again constantly decreases the setpoint to 0.2 m, waits for the quadcopter to reach it and
than decreases further to −hstart below ground to force the
motors to turn off.

VI. EXPERIMENT
In a first step the accuracy of the reconstruction via R E CONSTRUCT M E was tested. Figure 11 shows the comparison
of the roll angle estimate from the IMU using a Kalman
filter on the gyroscope and acceleration measurements, and
the roll angle estimated by the R ECONSTRUCT M E Software
corrected by the delay of 136 ms and the mean due to the
calibration of 0.008 rad with a sampling rate of 20 Hz. As

B. Result
The result of an experiment can be seen in Fig. 12.
The dashed lines in Fig. 12a describe the desired paths,
and the solid lines the actual coordinates estimated by
the ReconstructMe Software. All data is logged on the
groundstation with the PX4FMU microcontroller sending
the measurements on the quadcopter itself via the 3DR
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wireless module (as seen in Fig. 9) using the MAVLink
Protocol.
Figure 12b shows the desired and actual path of the
quadcopter in 3D space. The left hand side show front and
top view, the right hand sight a perspective 3D view of the
logged data as well as the real scene. The scan volume in
black contains the object to scan. The setpoint trajectory is
marked as dashed red line. The actual tracked path is shown
in a gradient colored line with marked start and end point.
Further, the heading at several intermediate points are plotted
in magenta.
The reconstructed surface of the object is shown in Figure
12c. The different view angles reveal, that due to the restricted angle of the arc trajectory, the backside of the chair
is not reconstructed completely.
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VII. CONCLUSIONS
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Experiments on the real quadcopter show, that position
assumption purely based on the R ECONSTRUCT M E software
via using a 320 × 240 pixel depth sensor and WiFi streaming
of the information to the ground station, is sufficient for full
autonomous control of the quadcopter. Measurements reveal
that the over all delay of the process chain from sensor via
readout, data streaming via WiFi, actual reconstruction and
back streaming of the coordinates is about 130 ms. Further
steps will be the dynamic trajectory planning with feedback
of the realtime tracking, and a sensor fusion of a flow
camera and acceleration information of the IMU for position
estimation in case of tracking lost of the reconstruction
software as well as mapping of scanned surfaces after self
localization.

−0.5

0
−0.5

0
0.5
y [m]

0
−0.5

0

0.5

y [m]

1
0.5
0 x [m]

object
setpoint
actual
heading

1
x [m]

−1

−0.5

0.5

0
−0.5

0

0.5

y [m]

(b) Log data in respect of space and the result of the scan

R EFERENCES
[1] “OptiTrack,”
March
2014.
[Online].
Available:
http://www.naturalpoint.com/optitrack/
[2] “Vicon,” March 2014. [Online]. Available: http://www.vicon.com/
[3] P. Pounds, R. Mahony, P. Hynes, and J. Roberts, “Design of a fourrotor aerial robot,” in Proc. 2002 Australasian Conference on Robotics
and Automation, vol. 27, 2002, p. 29.
[4] S. Bouabdallah and R. Siegwart, “Full control of a quadrotor,” in Intelligent robots and systems, 2007. IROS 2007. IEEE/RSJ international
conference on Intelligent Robots (IROS). IEEE, 2007, pp. 153–158.
[5] R. Mahony, V. Kumar, and P. Corke, “Multirotor aerial vehicles: Modeling, estimation, and control of quadrotor,” Robotics & Automation
Magazine, IEEE, vol. 19, no. 3, pp. 20–32, 2012.
[6] H. Bremer, Dynamik und Regelung mechanischer Systeme. Teubner
Stuttgart, 1988.
[7] S. Bouabdallah, “Design and control of quadrotors with application to
autonomous flying,” Lausanne Polytechnic University, 2007.
[8] T. Puls, Lokalisations-und Regelungsverfahren für einen 4-RotorHelikopter. Verlag Dr. Hut, 2011.
[9] “3Drobotics,” March 2014. [Online]. Available: http://3drobotics.com/
[10] “PX4FMU Autopilot / Flight Management Unit,” March 2014.
[Online]. Available: http://pixhawk.org/modules/px4fm
[11] H. Lim, J. Park, D. Lee, and H. J. Kim, “Build your own quadrotor: Open-source projects on unmanned aerial vehicles,” Robotics &
Automation Magazine, IEEE, vol. 19, no. 3, pp. 33–45, 2012.
[12] L. Meier, P. Tanskanen, F. Fraundorfer, and M. Pollefeys, “Pixhawk:
A system for autonomous flight using onboard computer vision,” in
Robotics and automation (ICRA), 2011 IEEE international conference
on Robotics and Automation. IEEE, 2011, pp. 2992–2997.
[13] C. Kopf and C. Heindl, “A portable, low-cost 3d body scanning
system,” in 4th International Conference on 3D Body Scanning
Technologies, 2013, pp. 417–425.

(c) 3D reconstruction of the object

Fig. 12: Result of an experimental full autonomous 3D scan

[14] S. Izadi, D. Kim, O. Hilliges, D. Molyneaux, R. Newcombe, P. Kohli,
J. Shotton, S. Hodges, D. Freeman, A. Davison, et al., “Kinectfusion:
real-time 3d reconstruction and interaction using a moving depth
camera,” in Proceedings of the 24th annual ACM symposium on User
interface software and technology. ACM, 2011, pp. 559–568.
[15] “Object Recognition System ”Candelor - Understand 3D,” March
2014. [Online]. Available: http://candelor.com

108

Proceedings of the Austrian Robotics Workshop 2014
22-23 May, 2014
Linz, Austria

Student

Exploiting the Environment for Object Manipulation
Simon Hangl, Senka Krivic, Philipp Zech, Emre Ugur and Justus Piater1

Abstract— Inspired by biological systems, complex object manipulation can benefit from using the environment to stabilize
the involved objects. We show that this holds as well for robotic
manipulation by evaluating how the environment can be used to
optimize a screwing task. We compared the same manipulation
with and without using the environment. We were able to
improve the success rate as well as to minimize the stress for the
robots joints by stabilizing the object with pressing it against
a table and by using the robots impedance mode to reduce the
applied forces.

I. I NTRODUCTION
Animals use physical support provided by the static environments in complicated tasks that they cannot achieve using
their sensorimotor skills with the tools that they actively
control. For example, chimpanzees use stones as active tools
in order to crack the nuts, but they need a stable and static
surface to crash the stone against [6]. As another example,
the chimpanzees can assemble long sticks by inserting one
into another in order to extend their reachability but they
again need a static support for stabilization [11]. While they
are very skilled in bi-manual manipulation, insertion of one
stick into the other one is still difficult as it requires very fine
control of both objects. The stick needs to be inserted into
a small hole while maintaining the collinear arrangement of
the sticks. In order to achieve this task, the chimpanzees use
ground surface to stabilize one of the objects while focusing
on the control of the other one as shown in Fig. 1.
In this paper, we aim to utilize a similar support mechanism in order to increase the performance of a robotic bimanual manipulation task, namely screwing. Screwing is a
complicated task as it involves two objects that need to be
grasped and aligned first, and manipulated with fine control
in complex trajectories later. Manually coding such motor
program is possible (actually this is done in factory settings
in industrial robots), but is very time-consuming and do
not scale well to changing objects and noisy environments.
Learning such a complex action from scratch is not realistic
as well because of the high dimensional search space.
We use learning by demonstration paradigm [4], where
the robot observes a screwing performance, and imitates the
observation to achieve the task autonomously. As the physical interaction dynamics between the robot and the objects
is very crucial in screwing task, it is not straightforward to
map observed human demonstration to robot’s sensorimotor space. Thus, we formulate this problem in kinesthetic
teaching framework, where the demonstration is performed
1

puter
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Fig. 1.
These photographs taken during Wolfgang Kohler’s seminal
experiments[11] show that chimpanzees have the ability to benefit from
support provided by the environment in order to stabilize one of the objects
during bi-manual stick assembly task.

with robot’s own body, i.e. the robot is physically guided
through screwing. The robot then is able to reproduce the
task based on its one-shot experience. The exact replication
of the demonstrated action trajectory does only perform well
in the exactly same noise-free environment, which is not a realistic assumption. In this paper, we use Dynamic Movement
Primitives (DMPs) to learn and reproduce complex screwing
action where the action trajectory is encoded with a small
number of parameters [13]. DMPs, inspired from human
motor control, enable robots to learn complex tasks ranging
from drum playing [8] to biped locomotion [12]. Recorded
movements are represented as a set of differential equations
that provide robustness against perturbations, reaching to
the attractor point, adaptation to different initial and goal
positions, and learning of non-linear movement trajectories.
The main focus of this paper is to realize the use of
environment support in screwing task in order to increase the
performance. This support is not explicitly encoded in robot
control; but instead, the DMP-based screwing action that is
learned through kinesthetic teaching is applied in various
configurations with and without environment support. We
also analyze the effect of joint stiffness in different settings,
and conclude that the robot with flexible joints achieves this
task best when one of the objects is pressed against a table.
The remainder of this paper is structured as follows.
Section III provides an overview of our robotic system and
its environment. Section IV then introduces our approach to
robot object manipulation and how the robot actually exploits
the environment. Next, in Section V we discuss the results
of our experiments as well as positioning them w.r.t. related
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work. We conclude in Section VI with a summary of the
major contributions and an outlook on future work.
II. R ELATED W ORK
Aiyama [1] analysed the kinematics of environmentcontacting tasks by a position-controlled manipulator with a
free-joint structure. For this, both, a kinematic and geometric
analysis of the manipulated object is done. Further, by the
outcomes of these analyses, conditions to achieve desired
manipulation against friction and loss of contact are determined. Aiyama applied his approach successfully for object
sliding and insertion tasks. Verma et al. [16] investigated
the robot box-pushing of stationary objects in interaction
with a planar environment that is equipped with embedded
sensors. The purpose of the sensors is to detect pushable
objects. Verma et al. showed that pushes then are more
accurate if the pose information of the objects, retrieved by
the sensors, is used when pushing. Related work is done in
the area of dynamic interaction, such as cooperative robothuman tasks. Amor et al. [2] employ interaction models
between two humans in on-going interaction tasks with the
aim to learn how to respond to human partners. Similar work
has been done by Berger et al. [3], who infer guidance
information from a cooperative human-robot task. They
propose a machine learning approach, which learns statistical
model during an interaction phase to predict the outcome of
future interactions. If the actually measured forces deviate,
this is considered as robot guidance. Traversaro et. al. [14]
estimated friction, inertial and motor parameters by partial
least-square method to be able to detect contacts with the
environment.
III. S YSTEM D ESCRIPTION
Our work is implemented using two KUKA 7 DoFs
Lightweight robot 4+ with Servo-electric 3-Finger SCHUNK
SDH-2 hands mounted on them (Fig. 2). There are three
different control strategies offered by the robot arms:
• Position control: Exact positioning in both joint angles
and cartesian coordinates is enabled.
• Impedance control: In this mode the robot simulates a
virtual spring-damper system, whenever external forces
are applied to it. It is possible to define the impedance
settings either in Cartesian or joint space. The robot
allows to set the stiffness of the virtual spring, the spring
damping as well as settings for maximum torque or deviation from the desired position. Important settings that
have been used to implement the described experiments
are listed with their respective minimum and maximum
values in table I. Impedance control can be of great
use in robot manipulation as it reduces the stress on the
robot joints and enables the robot to react on unexpected
behaviour (e.g. assembly of complex parts by Giordano
et. al [9])
• Gravity compensation: This controller allows free guidance of the robot while it compensates for gravity.
The KUKA LWR is able to safely pick up objects of an
approximate weight of m = 15 kg (Maximum force F =

Student
Short Description
Cartesian spring stiffness
Cartesian spring damping
Maximum applied force (Cartesian
space)
Maximum Cartesian deviation
Maximum torque per joint

Min
Value
0.01
0.01
0

Max
Value
5000
1
150

Unit

0.01
0

100
-

mm
Nm

N/m
Ns/m
N

TABLE I
ROBOT C ONSTANTS

150 N). It provides force and torque sensors for each joint.
Further, the controller computes the forces and torques in
Cartesian space from the force/torque information in joint
space. The arms can be programmed by a combination of
the KRL (KUKA robot language) and the FRI (Fast Research
Interface), which allows to control them via an Ethernet connection. The high level control has been done by a modified
version of OROCOS [7] and the Kukadu framework [10],
which provides support for dynamic movement primitives,
regression techniques and reinforcement learning. For further
information concerning the robot arm the interested reader
might consult [5].
Two Schunk SDH-2 hands have been mounted on the arms. It
is a dexterous robotic hand providing pressure sensor panels.
It has a total length of 253 mm and consists of three modular
fingers. Two fingers can rotate along their vertical axis, which
can be used to implement different grasping types. Each
finger itself has two degrees of freedom, which can be used to
open and close the hand. Hence, in total it provides 7 degrees
of freedom. The maximal momentum per joint is of special
interest, as it defines the strength of the grasp. The joints 2,
4 and 6 can apply a momentum of M = 2.1 Nm, while the
joints 3, 5 and 7 can provide a momentum of M = 1.4 Nm.
However, the actually exerted momentum highly depends
on the current hand temperature. High temperature leads to
lower momentum and therefore weaker grasps. The hand
expects a maximum current of I = 5A and a voltage of
U = 24V. Each finger has two pressure sensor arrays, where
all arrays are made of 6 × 14 sensor texels and each texel has
a size of s = 3.4 mm. The communication for hand control
and sensor data retrieval can be done by two separate serial
ports.
In order to do the evaluation of the proposed approach,
two environments have been used. In environment 1 the
pendulum is pressed against the table during execution of the
task (Fig. 2 left). Environment 2 does not use the table to
support the screwing execution by stabilizing the pendulum.
The table is used only for picking up the pendulum head
(Fig. 2 right).
For the screwing task implementation we used the pendulum
and the pendulum head shown in Fig. 3. To increase the
tables friction coefficient, we used a rubber foam sheet on
the table as it can be seen in the Fig. 2.
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Fig. 2. The robot setup and different configurations used in experiments. Environment 1 uses table (left), whereas in Environment 2 the table has been
removed (right)

Environment 2: Here, the pickup procedure started the
same as in environment 1. As soon as the objects have
been grasped, the table has been removed, while the
rest of the execution was the same. This has been done
to ensure comparability of the two approaches as both
scenarios use the same training data to do screwing.
As the table had to be moved to execute the experiment
in env. 2 to avoid contact between table and pendulum, the
environment had to be calibrated before every new execution
to get reliable data. This had been required because it was
not possible to move back the table to the exact desired
position, which led to changed object locations. As the
grasping positions had been fixed, calibration of the table
position was necessary. This has been done by performing
the screwing in env. 1 until it succeeded. Afterwards we
performed the next evaluation in env. 2. The results of in
total 20 trials (10 per environment) are presented in section
V.
•

Fig. 3. Objects used for screwing (pendulum head and pendulum); they
are placed on the table and picked up by spherical (pendulum head) and
cylindrical grasp (pendulum)

IV. A PPROACH
This section describes the overall approach used in this paper. Firstly, the framework of dynamic movement primitives
(DMP) is described. This section is followed by the description of the experimental approach that has been chosen to
evaluate the influence of the usage of the environment for
more complex manipulation tasks. We used a screwing task
to evaluate the influence of the usage of the environment on
the performance of the manipulation. The used robot setting
as well as the used objects have been described in section
III.
A. Evaluation environments
To evaluate the influence of the environment we used two
different environments (see Fig. 2):
• Environment 1: The first environment applies the previously described screwing approach by pressing the
pendulum onto the table to stabilize it (left arm). The
two objects (pendulum and pendulum head) have been
placed on a fixed position on the table, where the robot
grasped it. The pendulum has been pressed on the table
with force while the right arm applies the screwing
operation. This force is due to the teaching process
where the pendulum end is positioned slightly below
the level of the table. This enforces the robot to press
the pendulum against the table because it tries to reach
the desired position.

B. Learning of Screwing Operation
The screwing operation has been learned by a combination
of programmed grasps and a screwing trajectory learned from
kinesthetic teaching (a human provides a sample trajectory
by guiding the robot). Therefore, the whole manipulation can
be split up in two phases. The first part is responsible for
grasping the two objects (pendulum head with right hand
and pendulum with left hand). The objects are placed at
predefined locations and orientations, where the grasping
positions have been provided manually to the system. After
moving the arms to the desired grasping point, the hands
are closed with maximum force in order to be able to
pick up the objects. Afterwards the objects are prepared for
screwing (see Fig. 2). Depending on the used environment,
the pendulum is pressed against the table (Env. 1) or moved
to the same position without the presence of the table (Env.
2). In phase two the screwing itself is executed by a trajectory
encoded with DMPs in joint space. The screwing operation
is started by co-linearly aligning the arm, which is holding
the pendulum head, to the pendulum. Afterwards, the last
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joint of the right arm is actuated, which yields a rotation of
360 degrees around the pendulum axis, while simultaneously
pressing the pendulum head on the pendulum. To execute the
supervised trajectory, we use dynamic movement primitives
[13]. To determine the coefficients of a discrete DMP from
the supervised trajectory, linear regression is used.

which takes into account the current state of the trajectory
execution.
2) Rhythmic Movement: A rhythmic movement can be
imagined as an infinite repetition of a cyclic movement (start
and end point are the same). To be able to represent this, the
Gaussian basis functions ψi are replaced by

C. Dynamic Movement Primitives
A Dynamic movement primitive is a parametrized control
policy formulation which comes up with some desirable
properties out of the box. Here, a short overview on the
mathematical formulation and the most important properties
will be given. For further information the reader might be
interested in [13].
The core of the mathematical formulation is given in
equations 1 and 2. It consists of two dependent first order
differential equations, which together form a system of
differential equations. A dynamic movement primitive is a
system of differential equations of the form

ψi = e−hi (cos(x−ci )−1)

τ ż = αz (βz (g − y) − z) + f

(1)

τ ẏ = z

(2)

where g is the goal state, αz and βz are time constants
(spring stiffness, damping), τ is a temporal scaling factor
and f is an arbitrary continuous function of the form
∑Ni=1 ψi (x)wi
x
(3)
∑Ni=1 ψi (x)
where ψi are Gaussian basis functions. Here, the variables
wi have to be learned as they define the shape of the resulting
trajectory. The constants αz , βz and τ should be selected such
that the system converges to 90 percent of the goal state
after t = tmax . By design, DMPs guarantee that the trajectory
will always reach the attractor point g. The execution can
be stretched by changing the temporal scaling factor. The
non-linear function f is responsible for the shape of the
trajectory, thus containing the DMPs parameters that have
to be learned. A detailed analysis on why DMPs can ensure
these properties is given in [10]. The variable x itself is again
defined by another differential equation (DE), which depends
on the type of movement one wants to describe with DMPs.
DMPs provide two different types of movements, namely
discrete movement and rhythmic movement.
1) Discrete Movement: A discrete movement is a movement of finite time. An example for this kind of movement
is a reaching task. The DE defining x(t) is given in equation
4.
τ ẋ = −αx x, x(0) = 1
(4)
f (x) =

This differential equation can be adjusted to react on deviations during the trajectory execution. One possibility is the
so-called phase stopping which slows down the trajectory
execution in case of high deviations from the desired path.
This can be formulated by the equation
x
τ ẋ = −αx
(5)
1 + αc (yactual − y)2

(6)

An example for this kind of movement is playing the drums
with the same rhythm [15]. In this paper we only analyse the
influence of the environment usage on discrete movements.
V. R ESULTS AND D ISCUSSION
In this section the experimental results will be presented
and discussed. The experimental setting has been described
in section III. In total, 20 trials (10 per environment) have
been performed. During the experiment, the success rate as
well as the forces measured at end effector positions of
both arms have been collected. Here, we define a trial to be
successful if the pendulum head cannot be removed from the
pendulum without further rotation. A comparison of the force
data between trials in both environments, hand temperature
dependent success rates in different environments and affects
of impedance mode on the performance are given in the
following section.
A. Measured Forces in both Environments
By analysis of our data, four representative samples have
been identified:
• Sample 1 (red): Screwing in env. 1 with position mode.
The execution succeeded.
• Sample 2 (green): Screwing in env. 2 with position
mode. The execution failed because of the pendulum
slipping through the hand holding it.
• Sample 3 (cyan): Screwing in env. 2 with position mode.
The execution succeeded.
• Sample 4 (magenta): Screwing in env. 1 with impedance
mode. The stiffness settings have been selected with
values of 4000 and 250 for Cartesian stiffness and endeffector stiffness respectively. The damping was chosen
with 0.7.
Figures 4-6 visualize the measured forces for all four samples. Fig. 4 presents the absolute value of the measured forces
vectors, whereas Fig. 5 and Fig. 6 show the components of
the Cartesian force vectors. We omitted the data measured
until t = 50s as it contains data for grasping the objects,
which is the same in all samples. They plot the evolution
of the forces for all four samples over time. In 4, the most
important phases are already identifiable.
B. Identification of Phases
In section IV-B the different phases of the manipulation
have been listed. In Fig. 4, these phase can be identified.
The first notable event has been observed at t = 60s, which
shows a strong increase of the forces in samples 1 and 4 due
to the robot pressing the pendulum on the table. Note that
this does not occur in samples 2 and 3, as the robot holds
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Fig. 4. Absolute value of the measure forces vectors for each arm (Right
arm performs screwing, Left arm holds the pendulum). Colors: Red (Sample
1), Green (Sample 2), Cyan (Sample 3), Magenta (Sample 4)

Fig. 5. Measured forces measured for each Cartesian dimension (Right arm
- performing screwing operation), Colors: Red (Sample 1), Green (Sample
2), Cyan (Sample 3), Magenta (Sample 4)

the pendulum freely. The screwing operation starts at time
t = 90s. This manipulation leads to increase of the exerted
forces on both arms. The screwing phase is the longest one
and continues until t = 165s, where the right arm stops to
rotate the pendulum head. However, the right hand is still
closed which is the reason, why some force is measured.
Finally, in t = 170 the right hand releases the pendulum head.

because the grasp of the left hand is not strong enough to
stabilize the system. This motivates why the success rate
for env. 1 is higher than the one for env. 2 (see section VE). Still, this weakness is not always present, as sample 3
is showing (cyan line). In Fig. 4 the force measured at the
right arm is even getting higher than the one for sample 1
at t = 95s. The success of the screwing in env. 2 is prone to
slight variations in the initial grasp, which gives rise for the
approach to use the environment. An inexact grasp in env. 1
can still be compensated by the stabilization that is achieved
by pressing the pendulum on the table. This is not the case
for env. 2, which leads to a lower success rate. This issue
gets an even bigger problem as soon as the object locations
are not fixed any more but estimated by some vision system,
as these systems are not exact. However, the usage of the
table (env. 1) does not come without any practical problems.

C. Comparison of Absolute Forces
We will compare each sample to sample 1, as it had a
very high success rate of 90 percent. In general, it can be
seen, that by pressing the pendulum against the table, the
robot is able to exert higher forces, which is a sign of high
stability of the setting. However, this leads to higher stress
of the robot joints (compare red and cyan line). Additionally,
in the graph for an unsuccessful trial in env. 2 (Fig. 4) it can
be seen that the reason for the failure is due to the inability
of the robot to apply the forces required to do the screwing
(green line). The higher forces in the end of the execution
result from the right arm still pushing the pendulum head on
the pendulum without being able to screw further.
Further, experiments in impedance mode have been performed (magenta line). It should be noted that this sample resulted in much lower forces while still being able
to perform the screwing successfully. The forces are low
compared with the unsuccessful sample 2. The difference
can be found in the beginning of the screwing where a
higher force during the phase of catching the pendulum and
pendulum head is measured. Therefore it can be concluded
that in the unsuccessful sample 2 the two objects lose contact
in the beginning.
Indeed, evidence for this assumption can be found in the
measured force at t = 95s, where the measured force jumps
8N to 5N (left arm) and 8N to 2N (green line). In the video
that has been recorded during execution the reason can be
found: the pendulum is slightly slipping through the left hand

D. Disadvantages of Using Environment
One typical problem that has been observed over all
trials is the slipping of the pendulum on the table while
manipulating the two objects. Note that this should not be
confused with the problem of pendulum slipping through
the hands while holding it. This behaviour can be seen in
Fig. 6 (Z component) for sample 1. At time t = 95s (begin
of screwing) the force increases strongly until a certain
maximum is reached, which then leads to a spontaneous
reduction. This effect can be seen even stronger at t =
150s. Even though this had no influence on the success
of the manipulation, it can potentially apply strong force
changes on the robot, which can be harmful. These results
for sample 1 may lead to future approaches to estimate the
friction coefficient between objects. Similar work has been
done by Aiyama [1], who used kinematic and geometric
analysis to successfully estimate the friction coefficient for
object sliding and insertion tasks. A possible solution to the
slipping-pendulum problem has been found in the usage of
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future we plan to study how object manipulation can be
optimized by the estimation of the friction coefficient.
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and modulation of periodic movements with nonlinear dynamical
systems. Autonomous robots, 27(1):3–23, 2009.
[9] P. R. Giordano, A. Stemmer, K. Arbter, and A. Albu-Schaffer. Robotic
assembly of complex planar parts: An experimental evaluation. In
Intelligent Robots and Systems, 2008. IROS 2008. IEEE/RSJ International Conference on, pages 3775–3782, Sept 2008.
[10] S. Hangl. Learning atomic manipulations with dynamic movement
primitives. Master Thesis, University of Innsbruck, 2013.
[11] W. Kohler. The Mentality of Apes. Harcourt Brace and World, New
York, 1925.
[12] J. Nakanishi, J. Morimoto, G. Endo, G. Cheng, S. Schaal, and
M. Kawato. Learning from demonstration and adaptation of biped
locomotion. Robotics and Autonomous Systems, 47(2):79–91, 2004.
[13] S. Schaal. Dynamic movement primitives - a framework for motor
control in humans and humanoid robots. In the international symposium on adaptive motion of animals and machines, page p1708,
2003.
[14] S. Traversaro, A. Del Prete, R. Muradore, L. Natale, and F. Nori. Inertial Parameter Identification Including Friction and Motor Dynamics.
In Humanoid Robots, 13th IEEE-RAS International Conference on,
Atlanta, USA, October 2013.
[15] A. Ude, A. Gams, T. Asfour, and J. Morimoto. Task-specific generalization of discrete and periodic dynamic movement primitives.
Robotics, IEEE Transactions on, 26(5):800 –815, oct. 2010.
[16] A. Verma, B. Jung, and G. S. Sukhatme. Robot box-pushing with
environment-embedded sensors. In Computational Intelligence in
Robotics and Automation, 2001. Proceedings 2001 IEEE International
Symposium on, pages 212–217. IEEE, 2001.

114

Proceedings of the Austrian Robotics Workshop 2014
22-23 May, 2014
Linz, Austria

Student

Where to look first? Behaviour control for fetch-and-carry missions of
service robots
Markus Bajones1 , Daniel Wolf1 , Johann Prankl1 , Markus Vincze1
Abstract— This paper presents the behaviour control of
a service robot for intelligent object search in a domestic
environment. A major challenge in service robotics is to enable
fetch-and-carry missions that are satisfying for the user in terms
of efficiency and human-oriented perception. The proposed
behaviour controller provides an informed intelligent search
based on a semantic segmentation framework for indoor scenes
and integrates it with object recognition and grasping. Instead
of manually annotating search positions in the environment,
the framework automatically suggests likely locations to search
for an object based on contextual information, e.g. next to
tables and shelves. In a preliminary set of experiments we
demonstrate that this behaviour control is as efficient as using
manually annotated locations. Moreover, we argue that our
approach will reduce the intensity of labour associated with
programming fetch-and-carry tasks for service robots and that
it will be perceived as more human-oriented.

I. I NTRODUCTION
The ability of a robot autonomously interacting with a human requires sophisticated cognitive skills including perception, navigation, decision making and learning. Impressive
achievements have already been made in the research field
of HRI considering robots as tour guides in museums [1],
[2], shopping malls [3] and also for assistive robots in the
care and domestic context [4].
However, one of the biggest challenges still is the integration of methods into operational autonomous systems for the
domestic context, which achieve satisfying results for their
end-users. Often a miss-match between user expectations and
robot performance can be observed in HRI studies [5], for
instance because the robot behaviour is not legible to the
users or is simply too slow. Imagine you command your
household robot to bring you your mug and the robot could
only search for it at pre-programmed places: What if the mug
is at none of these places or the user rearranged the flat?
Another solution could be that the robot would navigate to
the center of the room, rotate several times and then start a
time-consuming brute-force object detection everywhere in
the map. This behaviour would already increase flexibility,
but would still not be very legible for the user: Why getting
an overview and then start a time-consuming search?
Would it not be much more intelligent and legible if the
robot first obtained an overview of the environment and then
looked at the most probable locations for the mug to be,
e.g. on tables or in the cupboard? One way to gain the
information about this kind of relations is to extract it from
knowledge databases [6].
1 Faculty

of Electrical Engineering and Information Technology, Vienna
University of Technology, 1040 Vienna, Austria {bajones, wolf,

Our solution for this problem is to develop a flexible
behaviour controller for fetch-and-carry tasks implemented
with SMACH, a Python-based library for building hierarchical concurrent state machines, as pictured for our proposed
implementation in Fig. 1. We present a framework that is
able to generate locations on-the-fly without the need of
pre-learned object-location relationships and show in a first
experiment in an ambient-assistive-living lab to proof the
robustness of our approach.
The remainder of this paper is structured as follows: First,
we review related research on service robots performing
fetch-and-carry tasks in Section II. We then outline how
the SMACH framework works in Section III. Each of the
modules and their integration in the behaviour controller is
then described in Section IV with a focus on the modules,
but not the individual methods. Finally, a first experiment in
a living room setting is presented in Section V. A summary
of lessons learned from the experiment and an outlook on
future work conclude the paper.

INIT
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succeeded
wait for data

GET_ROBOT_POSE

succeeded
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next_room
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PLAN_PATH
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Fig. 1: Simplified state machine representation of our “fetchand-carry” approach. Grey states denote sub-state machines.
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II. R ELATED W ORK
Object search and fetch-and-carry tasks represent one of
the most common tasks of service robots. In traditional fetchand-carry tasks the robot ”simply” has to pick up an object
from a known location and deliver it to the user. For instance,
in the RoboCup@Home competition 2008/9 [7] this has been
one of the major tasks. The complexity of this task can vary,
e.g. the robot has to identify the correct object from a set
of objects or in a cluttered scene or the robot gets a very
concrete instruction from where to fetch it, such as “Bring
me the mug from the kitchen table”. Thus, fetch-and-carry
also includes object recognition and autonomous grasping,
popular examples are e.g. [8] and [9].
Recently, the perception part has come more into the
focus of fetch-and-carry tasks by adding the search for
object components. A popular example is George, the curios
attentive semantic robot [10]. The idea of George is similar to
that presented in this paper: Make a robot’s search behaviour
more intelligent. An intelligent search procedure is more
efficient and therefore the fetch-and-carry task become more
satisfying for the end-user. [6] shows an approach to enhance
the fetch-and-carry task by using a web-based knowledge
database to reduce possible “search positions”. [11] and [12]
have already shown that there is the need to make robot’s
behaviour more efficient and legible for the user.
Therefore, the aim of the work presented in the following
is to enable a domestic service robot to perform fetchand-carry tasks in a user-satisfying manner. To that end, a
cognitive robotic system needs to integrate multiple different
subsystems. Different tools, libraries and frameworks to
develop robotic architectures already exist, such as RobletRTechnology by Baier et al. [13], graphical tools such as
Choreographe and NAOqi for Nao robots [14], the Behaviour
Markup Language (BML) [15] and the Robot Operating
system ROS [16]. A good overview and discussion on the
advantages and disadvantages of all these approaches is given
in [17].
In the following we will present SMACH, a Python-based
framework that allows ROS module integration, we used
to develop a behaviour control combining intelligent object
search, grasping objects, and bringing them to the user.
III. SMACH
SMACH is a Python-based library for building hierarchical
concurrent state machines, which also provides a ROS integrated module to design and execute simple tasks as well as
complex robot behaviours. SMACH provides the possibility
to quickly create prototype state machines by reusing Python
design patterns. Within SMACH a task is defined by the following elements: For seamless integration SMACH provides
interfaces to the three communication methods available in
ROS, i.e. messages, services and Actionlib. Provided is the
MonitorState for listening to published topics, executing a
service represented as a state with ServiceState, calling an
Actionlib interface within SimpleActionState as well as the
possibility of wrapping a state machine inside an Actionlib
server. With SMACH viewer, a tool to debug and visualize
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the running state machine, the provided user data as well
as the currently executed states and containers, is also
integrated.
IV. I MPLEMENTATION
For the fetch-and-carry scenario we compare two different
implementations of SMACH state machines within a ROS
environment. Both methods rely on a 2D map of our laboratory in which we annotate virtual rooms, defined by a closed
polygonal chain for each room, as seen in Fig. 2 to create a
multiple room scenario. The annotation of the rooms is used
by a ROS service which returns the name of the room in
which a given pose is in or unknown if the pose is outside
of any defined room.
A. Manual definition of search positions
Starting from the 2D map we manually place “search positions” at user-defined locations inside the map. To determine
the pose at which the robot begins its task we define a cost
function
c(x, l) = cbat (l) − k1 cprob (x, l) + k2 cpenalty (l)

(1)

modelling the cost to search for a given object x at the
possible search location l. cbat (l) represents the cost of
the battery usage estimated by the path length to the pose
associated to search location l. cprob (x, l) is the probability
of object x being found at location l transformed to a cost
and is initialized with a uniform distribution across all search
locations. The factors k1 and k2 are introduced to normalize
the cost levels. cpenalty (l) is a penalty term depending on
the room the user is currently in:
(
1 l in same room as user
(2)
cpenalty (l) =
0 otherwise
The penalty term is based on the assumption that the user
does not ask the robot to look for objects which are in the
same room as the user himself. It ensures that the robot
does not search in this room unless the object has not
been detected at the locations in all other possible rooms.
Further we use cmin to store the minimum cost value over
all c(x, l) for a given object x, the corresponding location
li is stored for navigational purpose. During the search task
all the objects, which can be recognized, and are localized
at a certain position trigger the adaptation of cprob by a
Bayesian update rule with their initial probabilities given by
the uniform distribution over all defined “search locations”.
Through this simple method further (cf. Fig. 3) our robot
will learn in course of time where the user places objects and
where it should start its search. This provides a way to learn
the location of specific objects based on the users preference
and does not leverage upon a pre-defined knowledge database
or data mining from online sources.
B. On the fly extraction of search locations
Our proposed approach automatically generates search
positions on the fly after entering a room and executing
the algorithm in Fig. 4 which uses semantic segmentation,
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returning at least two search positions or none at all (when
no table planes were detected). For this for each recognized
table plane the first and second principal component axis
are calculated and the search positions are placed along the
second principal axis at a predefined security distance as seen
in Fig. 6.
Move to center pose in a room
while rotation < 360◦ do
Rotate 30◦ ccw
Call semantic segmentation service
Receive possible search poses
Remove poses from outside of the known map and
outside the current room
end while
Fig. 4: Algorithm: obtain search poses.

Fig. 2: Virtual room arrangement in our ambient-assistiveliving lab.

Require: User’s current room ruser
while object located is FALSE do
Set initial cost cmin = ∞
for all search positions li in l do
Calculate path length cbat (li )
Look up cprob (x, li )
Look up search position’s room rsp (li )
if ruser 6= rsp then
cpenalty = 0
else
cpenalty = 1
end if
Calculate c(x, li )
if c(x, li ) < cmin then
cmin = c( x, li )
lgoal = li
end if
end for
Move to search position lgoal
Remove location lgoal from list of search positions l
Start object recognition
if object is recognized then
Set object located to TRUE
end if
Update probabilities of all recognized objects
end while
Move to the user
if object located is TRUE then
Inform the user about the object location
else
Inform the user about the failure to locate the object
end if
Fig. 3: Algorithm: locate object procedure.

Semantic segmentation: Our proposed point cloud processing pipeline consists of four steps, depicted in Fig. 5.
First, we create an over-segmentation of the scene, clustering
it into many small homogeneous patches. In the second step,
we compute a manifold but efficient-to-compute feature set
for each patch in which we include the three eigenvalues
of the scatter matrix of the patch, height values, angle of
the mean surface normal of the patch with the ground plane
and its circular standard deviation as well as mean color
values of the patch and its respective standard deviations.
The resulting feature vector is then processed by a classifier,
which yields a probability for each patch being assigned a
specific label. To that end, we use a randomized decision
forest, a classifier which is intensively discussed in [18].
We train the classifier on the publicly available NYU Depth
V2 dataset [19], containing 1,449 indoor frames, recorded
by a Microsoft Kinect and densely labelled with more than
1,000 labels. In the last stage of our processing pipeline the
classification results set up a pairwise Markov Random Field
(MRF), whose optimization yields the final labelling. This
last step smoothes the labelling out to correct ambiguous
classification results due to noisy local patch information.
The final labelling then corresponds to the Maximum-aposteriori of the output of the MRF. In particular, because
our robot can only grasp objects located on tables, we only
consider positions next to large clusters of points labelled “table” as suitable positions to detect (and consequently grasp)
objects. Therefore, after calculating the semantic labels of the
current scene, we use simple Euclidean clustering to obtain
all tables in the scene. The resulting search positions are then
defined by a simple heuristic, which is explained in Fig. 6.
For further details about our semantic segmentation pipeline
we refer to [20].
From this method we gain the knowledge of search
locations inside the map, which provide a horizontal plane
in a certain height range (to filter out the floor and the
lower surface of wall-mounted cupboards or the ceiling).
As these locations depend on the first and second principal
components derived from the segmented planes we have to
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filter out positions which are not reachable (e.g. inside of
another piece of furniture, or outside of the map) as well
as locations behind a wall. For this we first check if the
detected table surfaces and the robot are within the same
room boundaries and remove any search locations which do
not fulfil this criteria. Secondly we do not consider positions
that are inside of an occupied grid cell of the static map.
C. Object recognition

(a)

(b)

(c)

(d)

floor
chair

wall

ceiling

cabinet

object

After the robot reaches a “search position” it attempts to
recognize the object inside the scene and obtain the 6-DOF
pose (position and orientation) of the object. The recognizer
is called with the RGB-D data collected by the Kinect on the
robot’s head. It combines three different recognition pipelines
(2D and 3D) and merges the results during the verification
stage. For details of the recognition process we refer to
[21]. Results from successfully recognized objects are the
names as well as the poses of all objects. Prerequisite for
the recognition process is a trained model of every object
which should be localized.
D. Inform the user

table
unknown

(e)

Fig. 5: Intermediate steps of our segmentation pipeline.
(a) input image. (b) oversegmentation. (c) conditional label
probabilities (here for label table, red=0, blue=1) (d) final
result after MRF. (e) Colour code of final result.

After the robot recognizes the object at a certain pose the
user has to be informed about the current location, therefore
the “search user” procedure is activated. This procedure will
plan a path from the current room to the one in which the
user has been detected the last time (either by the robot itself
or by a motion detection system) and move the robot there.
After the arrival in this room an attempt to detect the user by
combining 2D face detection technique, introduced by Viola
and Jones [22] as well as 3D detection and tracking of human
body parts [23], [24] will start. If the user is not detected
the search will continue until all rooms have been visited
by the robot. After detection the user gets informed about
the location of objects, during which we use the annotation
of the rooms in a reverse order to give the user the name
of the room (e.g. kitchen) instead of the 6-DOF pose. This
information is not a precise substitution of the exact pose
but only the first information for the user. The pose is still
available so that the robot is able to lead the user to the
location at which the object was detected.
V. E XPERIMENTS

d
d

Fig. 6: Heuristic to define search positions for a table
cluster projected on the ground-plane (red points). Blue lines:
Principal axes of the cluster. The search positions (green
dots) are placed on the second principal axis, adhering a
security distance d from the edge of the table.

All experiments were conducted on the first prototype of
our custom made HOBBIT platform [25] (cf. Fig. 7). Its base
is a mobile platform with two drive motors with an integrated
gear and attached wheels with differential drive. The perception system consists of one RGB-D camera (ASUS Xtion Pro
Live) mounted ground-parallel at a height of 40 cm and one
RGB-D camera (Kinect) mounted at 124 cm height as part
of the robot’s head on a pan-tilt unit. The lower camera is
used for self-localization, the upper one for user and object
detection, gesture and object recognition and both cameras
contribute to the obstacle detection during navigation. For
manipulation PT1 is equipped with an IGUS Robolink arm
with a two finger Finray-based gripping system. Further parts
of the platform include a 15 inch tablet computer for touch
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input and speech recognition as well as a 7 inch display for
the purpose of displaying the robot’s face. To stash away
retrieved objects a tray is mounted behind the tablet and
above the robot arm.
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9
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Y
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1
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N

Y

8:51

10:45

1
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#

TABLE I: Test run set-up and results. #. . . number of “search
positions”, N*. . . false positive recognition of the object,
P. . . pre-defined locations, S. . . semantic segmentation-based.

Fig. 7: HOBBIT platform - prototype 1.
To evaluate and compare the two implementations described in Section IV we conducted four tests, each consisting of one execution of both implementations. The object that
had to be located was placed according to Tab. I. As objects
we used an Asus Xtion Pro box, a brown handbag and an
orange wallet, which were placed at the same locations for
the corresponding search runs. The robot was placed at the
same start location before each pair of runs, with a total
of four different start locations. The number of pre-defined
“search positions” for each room was limited to one as this is
a sufficient number to scan the table planes given the number
of five virtual rooms inside our lab. For each run we collected
the following data:
• The duration of the entire run until the robot detected
the object or ended the search run.
• The number of “search positions”. (Pre-defined, calculated and with outliers removed)
• The success rate of the search run. (Was the object
recognized on the actual location?)
The handbag object was never successfully localized, but
in the case of the semantic segmentation-based approach another object, namely the wallet, has been falsely recognized
as handbag. Therefore the search run was aborted afterwards.
VI. D ISCUSSION AND OUTLOOK
At a first sight the results of our approach uses up to 2.5
times the time of the pre-programmed search task, which was
expected due to the fact that the robot not only searches on
pre-defined tables but also on window sills, shelves, etcetera.
We further identified two major time-costing culprits in
our system and set-up. First is the sequential order of the
semantic segmentation and the 30◦ -rotation plus the point

cloud acquisition. As they both take almost the same time
to complete (5 sec and 4 sec) we can save 48 sec for each
room by relying on parallel execution of these tasks. In our
five virtual room set-up this would lead to a reduction of
up to 4 min, depending on the number of actually visited
rooms. This leaves us room for future improvements for
our proposed approach. The second culprit is the higher
number of “search positions” (up to 20) that are inside of
the desired room opposed to only one, which leads to a
higher probability to find an object at the cost of increased
search duration. To reduce this number of positions it is
possible to cluster these poses together under the premise
that they are close enough and the field of view will overlap
at least a certain amount so that a possibly located table
plane is not discarded. Fig. 8 shows the result of search
position calculations after a 360◦ rotation as a number of
black arrows. Each of them denotes a 2D pose from which
the robot could look at the detected table planes for the object
recognition. By enforcing the virtual room constraints, which
ensure that a pose is in the same room as the robot to remove
poses from behind a wall, and by reducing multiple close by
poses to one, the number of poses could be reduced in this
example to about ten locations for five virtual rooms.
Another approach is to combine the semantic search
algorithm with the pre-defined locations where the “search
locations” are autonomously generated once instead of the
manual labelling. This would improve the speed of the whole
search procedure under the cost that the robot cannot adapt
seamless to changes in the environment. To improve the
flexibility of our approach knowledge databases could be
used to select the order in which the rooms should be visited
by the robot. Based on a high probability of an object to be in
a certain room (e.g. mug in the kitchen) these rooms would
be visited first before then using our on-the-fly generation
of “search locations”. Future work to our fetch-and-carry
approach will include an improved semantic segmentation,
duration reduction as well as experiments on the prototype
2 of our HOBBIT robot.
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Fig. 8: Manual overlay of 12 search position calculations in
our lab.

VII. C ONCLUSION
In this paper we presented a SMACH-based behaviour
control for more intelligent indoor fetch-and-carry tasks by
the means of semantic segmentation. Our approach does not
require manually annotated search positions and thereby increases flexibility and human-oriented perception. We could
show the feasibility of the approach by the means of a first
series of experiments and outlined suggestions how it can be
further improved. After implementing these improvements,
we will perform a user study to assess how our approach
is evaluated in terms of perceived intelligence and overall
satisfaction by naive users.
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Arduino based I/O-system for rapid prototyping of robotic systems
Alexander Entinger1

Abstract— This paper presents a possible solution for the
difficult balancing act between abstraction and controllability developers face when designing a complex autonomous
system. The problem can be tackled by creating dedicated
microcontroller based I/O-systems for achieving controllability
of sensors and actors. Abstraction is provided by the use of
a C++ software framework which hides the communication
with the microcontroller based I/O-systems and the concrete
implementation from the developer. Verification is achieved for
the complete system using unit testing methods known from
standard software development.

baed I/O system and its capabilities is given in Sec. II. The
concrete implementation is described in Sec. III. As shown
in Sec. IV complete verification of both microcontroller I/Osystem and C++ framework can be achieved by end-to-end
verification using unit tests. In Sec. V the performance of the
microcontroller based I/O system is measured and possible
use cases and applications are discussed. Conclusions are
drawn in Sec. VI.

I. INTRODUCTION

An Arduino Uno board was chosen as the microcontroller
based I/O-system. The reasons behind that choice are given
in Sec. III. Although there have been previous research
projects involving the Arduino in context with robotics [1]
there has been no research regarding the usage of the Arduino
as a tool for rapid prototyping. The Arduino communicates
with the embedded computer using a serial over usb connection. Within the embedded computer the libary libarduinoio
hides the communication protocol from the user and provides
abstract functions to access the I/O peripherals of the microcontroller. A graphical overview over the microcontroller
based I/O system is shown in Fig. 1. The libary libarduinoio

During the development of a complex autonomous system
two opposing design criteria have to be taken into consideration. An autonomous system should not only be able to run
abstract and often ressource consuming algorithms as f.i. path
planning, object recognition, etc., it should additionally be
able to interface with various sensors and actuators required
for interaction with its surroundings. A typical approach
taken by system design engineers to solve this problem is
partitioning the system into two sub systems:
1) One or multiple embedded computers, often running
a UNIX derived operating system , e.g. Ubuntu, are
used to run complex algorithms which do not need to
interact directly with the hardware. Algorithms can be
written and evaluated in high level languages as f.i.
C++, Python, Octave, etc.
2) Direct access of actuators and sensors is done by separate microcontroller based I/O-systems. Since direct
access to the I/O-peripherals is necessary, low level
programming languages such as C and Assembly have
to be used.
This approach combines the advantages of both sub systems.
The embedded computer operates on a high abstraction level
and can therefore take advantage of powerful commands. Additionally preexisting libraries , e.g. path planning libraries,
can be integrated in the system control software to enhance
further its capabilities. The microcontroller based I/O-system
operates on a low abstraction level and is therefore able to
interface efficiently with actuators and sensors. This paper
presents a possible solution for a microcontroller based I/Osystem. The focus is on providing a solution which can be
easily integrated into preexisting systems while keeping costs
at a minimum at the same time.
The structure of this paper is as follows: After the introduction in Sec. I a general overview of the microcontroller
1 Alexander Entinger is founder and chief executive officer of
LXRobotics GmbH Altenbergerstrasse 69, 4040 Linz, Austria

alexander.entinger@lxrobotics.com

II. OVERVIEW

Embedded Computer

Arduino Uno 1

C++ Project

main.cpp

Executable

Arduino Uno n

libarduinoio

Fig. 1.

Overview over the modular microcontroller based I/O-system

in combination with customized firmware running on the
Arduino board provides the following functionality:
• A maximum of 6 analog inputs with a resolution of 10
bits.
• A maximum of 12 digital inputs, with the possibility of
enabling or disabling a pullup resistors for each input.
Additionally to the current pin logic level the microcontroller based I/O system can detect the occurence of a
rising/falling edge since the last readout of the pin state.
• A maximum of 12 digital outputs.
• A maximum of 2 hardware puls width modulation
(pwm) outputs. The pulse width can be set between a
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•

•
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•
•

•

duration of 1 and 2 ms with a resolution of 1 µs. The
period of the pwm signal is 20 ms and therefore ideally
suited to control common servo motors.
A maximum of 6 software pwm outputs. The pulse
width can be set between a duration of 1 and 2 ms
with a resolution of 100 µs. The software pwm period
is equivalent to the hardware pwm period.
The I2C-Bridge allows direct control of I2C based
devices from the control software of the embedded
computer.
A maximum of 2 counters for external events on two
distinguished pins. The counter can be configured to
increment on either a high-to-low or a low-to-high
transition.
A hardware reset can be triggered using a software
command.
16-Bit Board-ID to clearly identify the connected microcontroller based I/O-system in a multi board environment.
Retrieval of the chip temperature measured by the
onchip temperature sensor. Since the chip does not
heat up significantly during operation it can be used
to determine the environmental temperature.
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•

III. IMPLEMENTATION
At the beginning of this section the protocol used for communication between the embedded computer and the Arduino
board is documented. Afterwards the reasons for selecting
the Arduino as the microcontroller I/O-system as well as a
brief overview over the tasks of the customized microcontroller firmware are given. Finally the C++ framework which
enables the developer to access directly microcontroller I/Ofunctionality via abstract commands is described.
A. Communication protocol
The protocol used for communication between the embedded computer and the microcontroller I/O system is an
extended tag-value-checksum protocol. The basic structure
of the protocol is shown in Fig. 2. The symbols shown in

1 Byte
CT DT D0
Fig. 2.

...

Dn

CS

•

•

4) I2C ⇒ This class contains all commands to access
the I2C-Bridge functionality.
5) PWM ⇒ This class contains all commands to
control the soft- and hardware pwm outputs.
6) COUNTER ⇒ This class controls all commands
to access the two event counters.
DT ⇒ Descriptor Tag: The descriptor tag provides
a more detailed description of the command to be
executed. Three types of descriptor tags are used:
1) A configuration tag implies that the data bytes
following the DT are used to configure the I/O
functionality of the command class specified by
the CT. A GPIO CT in combination with a configuration DT configures a certain digital pin as
either an input or an output.
2) A write tag implies a write command to the I/O
functionality of the command class specified by
the CT. A GPIO CT in combination with a write
DT can be used to set a digital output to a high
or low level.
3) A read tag implies a read command to the I/O
functionality of the command class specified by
the CT. A GPIO CT in combination with a read
DT can be used to read the logic level at a digital
input pin.
D0 ...Dn ⇒ Each command is further parameterised
with up to n data bytes. The significance of the individual data byte is derived from the combination of CT
and DT.
CS ⇒ Checksum: The checksum is calculated as shown
in Eq. (1) using the logical XOR operation.
CS = CT ⊕ DT ⊕ D0 ⊕ ... ⊕ Dn

(1)

The communication between the embedded computer and the
microcontroller I/O-system is implemented as a synchronous
client-server-system. The client (embedded computer) transmits a request to the server (microcontroller I/O-system)
and waits for the response. A representative example for a
request-response pair is the retrieval of the Board-ID number
as shown in Table I and Table II.
TABLE I
ID R EQUEST

Basic protocol structure
CT
DT
CS

Fig. 2 have the following meaning:
• CT ⇒ Class Tag: This symbol describes to what
command class the following descriptor tag has to be
assigned. In total six difference command classes do
exist:
1) MISCELLEANOUS ⇒ This class contains all
commands which do not fit in any other class ,
e.g. the hardware reset command.
2) GPIO ⇒ This class contains all commands to
manage the general purpose digital inputs/outputs.
3) ANALOG ⇒ This class contains all commands to
access the analog inputs.

0x01
0x02
0x03 (CT ⊕ DT )

TABLE II
ID R ESPONSE
CT
DT
D0
D1
CS

122

0x01
0x02
ID High Byte
ID Low Byte
CT ⊕ DT ⊕ D0 ⊕ D1

Proceedings of the Austrian Robotics Workshop 2014
22-23 May, 2014
Linz, Austria
B. Microcontroller I/O-System
The selection of suitable hardware for the microcontroller
I/O-system was a crucial step for the development of the
modular microcontroller based I/O-system. Criteria for the
selection have been: availability, costs, support and extendability. The Arduino Uno microcontroller platform fullfills
all these requirements: It is widely used by professionals
and amateurs and can be purchased from multiple vendors.
Because of its huge success it is safe to assume that the
platform will be available at least for the next couple of
years. The typical Arduino Uno board can be bought for
approximately 22 e - depending on the vendor. Support
is provided by a continously growing online community.
Most of the microcontroller pins are routed to standardized
pin headers. There are many extension boards commonly
known as shields which connect to the standardized headers
to provide additional functionality such as motor control, lcd
display, etc. Furthermore the platform is completely open
which means that both software and hardware are available
under open source licences and can be modified to meet
personal demands. For these reasons the Arduino has already
been used in other scientific research projects as f.i. in [2].
The Arduino board is based on the Atmel ATMega328P
microcontroller which can be characterised as an 8 bit RISC
processor. The board can be either supplied via USB or
from an external power source. A Java based Integrated
Development Environment (IDE) can be used for writing
so called sketches in the Processing programming language.
Virgin Arduinos come with a bootloader which allows direct
download of compiled sketches from the Arduino IDE to
the board. Alternatively, the processor can be programmed
using the 6-pin ISP-header (In-System-Programming) and an
Atmel ISP mkII progamming device in combination with the
AVR Studio IDE. The latter approach was chosen since it
offers greater flexibility in programme design as the Arduino
IDE which was developed with simplicity in mind.
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2) Receiving and parsing of the commands according to
the protocol. Upon the arrival of new data over the
serial interface they are first stored in a FIFO. Once
the main thread is ready to execute new commands
the data are taken from the FIFO and processed by
the parser. The parser is implemented as a finite state
machine (FSM) and consists of one main and six sub
parsers. There is one sub parser for each command
class. After decoding the class tag the main parser
decides which sub parser is responsible for further
decoding the command.
3) Execution of the commands and generation of answers
according to the protocol. The selected sub parser
is responsible for performing those actions. The sub
parser is implemented as FSM, too. The concrete
command to be executed is determined by the sub
parser after evaluating the DT and optional data bytes.
A sequence diagram of the firmware is shown in Fig. 3.
The three main parts initialisation, parsing and execution are
cleary identifyable.
C. C++ Framework
A C++ framework is used to represent the microcontroller
I/O-system within the embedded computer. Its main task is
the abstraction of the communication with the Arduino board
from the developer. Furthermore high level functions for
direct access to the I/O functionality of the microcontroller
based I/O-system is provided. A representative example for
accessing the digital output pin D2 is shown in Listing 1.
Listing 1.

Accessing the digital output pin D2 using the C++ framework

boost::shared_ptr<arduinoio::gpioOutputPin> oD2 =
io.createGpioOutputPin(arduinoio::D2, false);
bool const success = oD2->setPinValue(true));
bool const pin_value = if(oD2->getPinValue());

The Arduino provides a total of 14 digital general purpose
(D0 to D13) and 6 analog input (A0 to A5) pins. Of the
14 digital pins only 12 can be used for the microcontroller
I/O-system because D0 and D1 are responsible for communication with the embedded computer. Another constraint is
that not every I/O functionality specified in Sec. II can be
used with an arbitrary pin of the microcontroller I/O-system.
A mapping of I/O functionality to the microcontroller pin is
provided in Table III.
TABLE III
M APPING BETWEEN FUNCTIONALITY AND MICROCONTROLLER PINS
Fig. 3.

Sequence diagram of the customized microcontroller firmware

I/O Functionality
Digital Input
Digital Output
Analog Input
Software-PWM-Output
Hardware-PWM-Output
I2C-Bridge
Counter

For the Arduino to serve as the microcontroller I/O-system
with the functionality described in Sec. II a customized
firmware has to be developed. The task of the firmware can
be broken down into three main parts :
1) After power up or a reset initialisiation of the microcontroller and its subcomponents is performed.
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Pins
D2 - D13
D2 - D13
A0 - A5
D2 - D7
D9, D10
SDA = A4, SCL = A5
D2, D3
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IV. VERIFICATION
Unit tests are a method for software verification frequently
encountered in the world of software development and are
used best to verify self-contained software modules. However, the tight coupling between the C++ framework and the
microcontroller firmware circumvents an individual module
test. A solution to this problem is to interpret the combination
of framework and firmware as one big module and test it
using its exposed interfaces. This approach shall be termed
end-to-end verification. For the process to work an additional
test dependent circuitry has to be added to the I/O pins
of the Arduino board. As test framework Google’s gtest
library is used to describe the test cases within the embedded
computer. Because testing the digital input/output pins proves
to be quite easy, it will be used to illustrate the process of
end-to-end verification. As preparation the hardware pin D2
has to be connected with D3, D4 with D5, ... , D12 with D13.
In the test software all even pins are initialized as digital
outputs while all odd pins are initialized as digital inputs. A
random generator is used to generate signal patterns on the
digital outputs which are in turn read by the digital inputs and
compared within the test software. If the value written to the
output does not match the value read by the corresponding
input an error has been identified and is reported by the test
environment. To ensure maximum test coverage up to 1000
random patterns are written to each pin.
While testing the digital I/O functionality shows no difficulty, verification for most other I/O functionalities is considerably harder to achieve. As an example the process for
verifiying the analog input functionality shall be described.
Since the Arduino microcontroller provides no direct option
R

Uout

2R

2R

2R

VCC
Bit 1
(MSB)
Fig. 4.

Bit 0
(LSB)
R2R resistor network

Student
patterns at the output pins. The voltage is measured by the
analog inputs and compared with the internally calculated
voltage level. It is important to note that the quantification
error eq as well as resistor value variations ∆R have to be
taken into consideration when comparing the measured value
UOut,M with the internally calculated value UOut,C . This can
be handled best by allowing a small deviation of UOut,M
when comparing with UOut,C .
V. APPLICATIONS
A key characteristic for the definition of possible applications for the microcontroller based I/O-system is the average
time consumed by each I/O command. Table IV displays the
duration of selected I/O commands. Configuration commands
TABLE IV
D URATION OF SELECTED COMMANDS
Command
Read ID
Read temperatur
Read all analog values
Write pin value
Read pin value
Read analog value
I2C Write - 1 Byte
I2C Write - 4 Byte
I2C Read - 1 Byte
I2C Read - 4 Byte

Duration in ms
4.15532 ms
5.08272 ms
6.49595 ms
4.64086 ms
4.6447 ms
5.00152 ms
4.88282 ms
5.65578 ms
6.25022 ms
6.73164 ms

have not been measured since they usually occur only once
during the microcontroller based I/O system uptime. The
command duration has been determined by measuring the
time passed from call until return of the selected C++ framework I/O-function. From the values shown in Table IV it can
be concluded that the main purpose of the microcontroller
based I/O-system are rapid prototyping applications in which
the command execution time is not of utmost importance.
Representative use cases are the control of servos, measurement of battery voltage, toggling of status leds, etc. The
microcontroller based I/O-system is not suited to conduct
I/O operations under real-time conditions , e.g. reading out
of four analog sensor values with a sampling period of 10
ms. Despite those limitations the microcontroller based I/Osystem proves its value when it comes to developing a robotic
platform from scratch.

for generating analog signals a R2R resistor network is used
to generate different voltage levels to be read by the analog
inputs. An example for an R2R network using two digital
pins is illustrated in Fig. 4. The voltage generated at the
output of the network can be calculated as stated in Eq. (2).
Uout = (B1 ∗ 21 + B0 ∗ 20 ) ∗ VLSB
(2)
VCC
VLSB = 2
2
This R2R network can be used to generate four different
voltage levels. The Arduino has a total of six analog inputs,
therefore twelve digital outputs are required to operate six
independent R2R networks with a resolution of 4. Again a
random generator is used to provide randomly varying signal

Fig. 5.

Mobile robotic platform Beauty Queen

In [3] a model car was converted into a remote controlled
platform for simultaneous localization and mapping using
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the microcontroller based I/O-system to control the servos
and speed controllers of the original model car. A picture of
the system architecture is shown in Fig. 5. The system is remote controlled using a PS3-controller which communicates
via Bluetooth with an embedded computer running Robot
Operating System (ROS). For a brief introduction in ROS
see [4]. Within the embedded computer the PS3-controller
commands are transformed into pwm values required for
controlling the servos and speed controller of the model
car by a combination of three ROS nodes as shown in Fig.
6. The node ps3 joy communicates via Bluetooth with the
PS3-controller and publishes the controller data, e.g. position
of the joysticks and status of the buttons, to an ROS topic
which is subscribed by ps3 teleop where the controller data
are transformed into abstract steering commands. Publishing
data to and subscribing data from an ROS topic is a common
procedure to exchange data between nodes in ROS. These
steering commands are then used by the arduino uno 1 node
to calculate concrete pwm values for the servos and speed
controller. The pwm values are generated by the actor system
which is implemented as the microcontroller based I/O
system described in this paper.
steering servo,
gearbox servo

speed controller

PS3-controller

actor system

/arduino uno 1 node

/ps3 teleop node

/arduino uno 2 node

/odometry node

Software

/gmapping

IMU
wheel encoder

Kinect sensor

/kinect

Hardware
Fig. 6.

Fig. 7.

Beauty Queen system architecture

During the system architecture design phase it was planned
that the real time sensor system should be implemented
using the exact same microcontroller based I/O system as
the actor system does. However, real time requirements
regarding sampling interval of the sensor data from the
Inertial Measurement Unit (IMU) and the wheel encoders
could not be met when using the microcontroller based
I/O system. Therefore a separate firmware was developed
which samples the sensor data within the desired time limit
and transmits it to the embedded computer where the arduino uno 2 node is responsible for signal conditioning. The
preprocessed sensor data are then used by the odometry node
to estimate the current position and orientation. The data of
the odometry node are fused using the algorithm gmapping
presented in [5] with the data of the Microsoft Kinect sensor
to form a digital representation of the robot’s environment.
A typical map recorded by the system of a round course in
a single family home is shown in Fig. 7.

Digital map of a circular course in a single family home

VI. CONCLUSION
The microcontroller based I/O system proves to be a useful
tool for using rapid prototyping techniques to build a robotic
system. However, the long duration of a single command
limits its application to cases where real time requirements
have not to be met. Therefore future efforts will focus
on reducing the command duration time and extending the
microcontrolled based I/O system capabilities by migrating
the microcontroller I/O system to a more powerful hardware
platform
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