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Abstract— Control concepts for mobile service robots are a key
issue in robotic research. With the use of mobile robots in the
domestic area, further challenges entails new designs facilitating
efficient control concepts for fast motion with reduced compu-
tational capacity. This paper presents motion control designed
for an autonomously acting two-wheel driven robot, which fits
in a cuboid with 75x75x150mm. Due to the outstanding design
of mechanical and electrical components, the robot is capable
to perform high precision movements up to a speed of 2.5m/s,
featuring a vision unit that allows a fast environment recognition
interpreting current position based on an application dependent
world model. Based on predictive control algorithms, trajectory
tracking and point stabilization are facilitated. The use of real-
time communication for all units allows fast interaction of all
components exchanging information, which is indispensable for
fast motion control.

I. INTRODUCTION

In this paper the control concept of the Tinyphoon1 robot is
described. Motion control is a main issue in robotics. Today
the major contingent of robots deployed over the world is
for industrial use. With new application fields in domestic
area a new generation of robots has become evident. These
robots face new challenges in mobility and cost efficiency in
addition to industrial applications. Especially recognition and
motion control systems of industrial robots, e.g. inserted for
assembling processes in a factory site, are often controlled
manually or by automatic control system possessing additional
computational power. Therefore these robots can fulfill tasks
in real-time without facing severe limitations in energy con-
sumption, computational effort or cost. Though mobile service
robots have to cope with limited energy resources, using
control systems of limited computational capacity. Compared
to current industrial robots, modern mobile service robots for
domestic use have to act quickly in dynamically changing
environment without external help. These requirements entail
an improvement in robotic technology focusing on efficient
object recognition and complex autonomous robotic behavior.
A main issue is to integrate advanced motion control to
accomplish complex action patterns.

Due to these endeavours there has been established a
progressive way to match with similar researches: robot soccer.
Grouped in different categories (leagues) the efficiency of new

1http://www.tinyphoon.com

technologies for future robots are evaluated. In this paper the
proposed concepts have been designed for a tiny two-wheel
driven robot called Tinyphoon, which preliminary generations
[1] were playing soccer in the MiroSOT league. Meanwhile
the robot is being advanced to a fully autonomous robot. The
robot’s components are distributed over several units, whereas
the motion unit performs main tasks of motion control. In the
following, an introduction of the Tinyphoon’s system architec-
ture with its mechanical and electrical components is given.
Afterwards the software subsystems with their algorithms are
described.

A. Problem Analysis

The design of a complete autonomous mobile robot of
this size demands new approaches for hardware and software
implementation to meet a series of challenges:
• Autonomous behavior requires ”intelligence” integrated

in the robot itself.
• In order to achieve highly dynamic behavior of the robot,

fast processing of essential information is necessary.
• As processing power for data processing is limited, sen-

sory data has to be reduced to a extracted set of relevant
information for recognition processes.

• Low power consumption of processor hardware repre-
sents a strong limitation for all mechanical equipment,
e.g. sensors and electric drive.

• The size of the system is limited to a cuboid of
75x75x150mm.

Facing these restrictions, no standard industrial solutions for
sensors, processing unit or electrical drive can be used entail-
ing the need for complete new robotic design from scratch.

II. PRELIMINARY WORK

Within the Center of Excellence for Autonomous Systems
at the Vienna University of Technology2 an architecture for
a tiny, fully autonomous, mobile robot, called Tinyphoon [2]
was developed. The primary innovative objective achieved by
the design of the tiny robot is to enable it to act completely
autonomously within its environment deriving motion planing
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without external main frame. To fulfill this requirement, gener-
ally speaking the robot is composed of distributed components
based on a modular architecture, consisting of two principal
units, each one dedicated to a different set of tasks. These
units are: the motion unit and the vision unit interacting with
the mechanical subsystem. The robot has to be capable of
processing the whole data stream from its on-board sensors
within itself, without the help of an external host computer.
The key challenge in the design of the Tinyphoon (Fig. 1)
is to design low power high performance electronics and
optimized software algorithms. The time available for creating
a behavioral response is extremely short so that the whole
calculation process, starting with the sensory perception of
the environmental data, has to be finished within a few
milliseconds [3].

Fig. 1. Tinyphoon Robot

A. Mechanical Subsystem
The chassis of the Tinyphoon is made of fiber-reinforced

plastics and houses two DC motors and a rechargeable battery.
It is designed to have a very low lying center of gravity.
The motors can speed up the robot to more than 2.5m/s
with an acceleration of more than 5m/s2. Two high precision
encoders with a resolution of 512 steps reduces the tolerance
to 0.5cm/m. Another outstanding feature is the rotatable head
for the vision system.

B. Motion Unit
The motion unit (Fig. 2) controls the motors and is equipped

with various sensors: two two-axis acceleration sensors, a gyro
sensor and a magnetic field sensor. A processor from Infi-
neon3’s XC series is used for collecting data from the analog
sensors and for recording the movement of the wheels. The
motion control is implemented using an Analog4’s Blackfin
processor.

3http://www.infineon.com
4http://analog.com

(e) Infineon XC, (f) Analog Devices Blackfin DSP,
(g) Motor Driver Unit, (h) Gyro Sensor,

(i) 2x Acceleration Sensors, (j) Magnetic Field Sensor,
(k) 2.4 GHz Radio Module

Fig. 2. Motion Unit

C. Vision Unit

The vision unit extends the Tinyphoon robot with stereo
vision capabilities. Two CMOS cameras with a resolution of
320 x 240px can be connected to the board, which is equipped
with 2 Blackfin DSP Core Modules. Fig. 3 shows the hardware
configuration.

(b) Dual Core Blackfin DSP on a Core Module
(b) Single Core Blackfin DSP on a Core Module

Fig. 3. Vision Unit

D. Communication between the Units

All units of the robot are interconnected with a real-time
bus, in order to guarantee that messages arrive in time and with
minimal jitter, which is required for prediction and feedback
control algorithms.

III. CONTROL CONCEPT

The control of Tinyphoon is based on its vision system.
The vision sensor generates information of the environment.



However, for motion control the feedback from the motors’
encoder, acceleration and gyro sensors are used.

Fig. 4. Control Concept

The World Model Repository (WMR) (Fig. 4) processes
the data generated by the vision system and fuses them with
movement data provided by the navigation as well as with
pre-existing information of the environment. The movement
positions which are necessary for the trajectory planning are
calculated based on specified tasks and the view of the world
provided by the WMR. The movement control direct the robot
to its given target using the motion data from the navigation.

IV. VISION SYSTEM

The vision system integrated in Tinyphoon allows the robot
to detect edges, lines, spheres and plane rectangles in an 3D
space. Spheres and rectangles are handled as objects and must
be predefined in an object model. The vision system can
localize objects relative to the position of the robot. Objects
are identified in the image plane first by their color. An exact
detection will be applied exclusively in the local area around
the corresponding color blob. A shape model extracted with
the aid of the object model represents the 2D projection of
objects. Based on this shape model the search algorithm for a
local area of a blob is selected to determine the correspondence
between the blob and an object. Similar to [4] the dataflow is
used to rate detected objects so that an accuracy value can give
information how appropriate the detection was. Fig. 5 shows
the flow-chart of the program used in the vision system. The
known weakness of this approach, which has been reported in
the majority of similar hardware designs e.g. [5], [6] and [7]
is the limited L1 cache of the used controllers. This problem
can be avoided by an extensive use of the DMA controller
to hold only the necessary data in the L1 cache. The used
Analog Devices Blackfin BF561 DSP is a dual core digital
signal processor which allows to process two captured images
of the stereo system at the same time. An edge depth map
builds the base to extract 3D lines by using a line algorithm
similar to [8]. A manual calibration of the exposure time,
black/white balance and other camera settings is essential that

both images are representing the same color for one object.
The dynamic change of the camera resolution and a smaller
search window in the image allows to system to work at least
with a frequency between 5 and 20Hz.

Fig. 5. Data flow of the object detection. The large arrows mark the in- and
output.

V. WORLD MODEL REPOSITORY

The World Model Repository (WMR) serves as an interface
between the sensor data providing units (vision and motion)
and the movement position calculation. As described in Sec-
tion IV the vision unit provides relative position of predefined
colored geometric objects like an orange golf ball. From
the motion unit odometric data from the internal sensors is
provided. Based upon the data from the WMR a new target is
calculated. Afterwards the designated movement is transmitted
to the motion unit and as feedback to the WMR.

Data provided by the WMR adapted for the application field
of robot soccer can be divided into two categories:
• Static data: Static data do not change during the game

consisting of the shape and coloring of the playground,
the ball, the teammates and the opponents. Also infor-
mation like maximum speed, number of robots per team
belongs to this category.

• Dynamic data: As the ball and all robots change their
position during the game, they have to be estimated and
predicted using sensor data and estimation algorithms like
Kalman filter [9] or particle filter. The position contains
the axis x,y, the heading ϕ and the quality of the position
estimation q.
In case the shape of the opponents is not known in
advance, the data have to be handled as dynamic data,
too.



Fig. 6. Situation on the Playground

Fig. 6 shows a typical situation in robot soccer. The robot A
in the upper left section perceives via vision sensor information
about the ball position, the position of one of the opponents
(C)5 and the opponent goal. Obviously no current information
about the two robots B and D outside the visual field is
available. Using the odometric sensor data and the relative
position of the visible goal the self localization is performed.
Furthermore the ball position and the positions of visible
robots are estimated. If a robot gets out of the vision field,
the uncertainty of the position estimation increases vastly
with time. Thus the position of robots with no information
update for several estimation rounds are treated as unknown.
Unlike robots, the ball has a linear movement, which allows
a position estimation and prediction even without new sensor
information. Because of this and the fact that the ball is the
most important object of a unique shape, the ball position will
be estimated at any time.

As mentioned before, there are three different types of
localization: 1.self localization, 2. ball localization, and 3.
robot localization. The self localization is realized by means
of a particle filter integrating the external sensed position data
and the internal motion update measured by the odometry.
To predict the linear moving ball, a combination of the
Kalman filter with a direction change utility calculating the
reflexion of the ball on a border during following the predicted
path. Observed robots are processed in singular observations.
Even if a robot is visible in two consecutive rounds, these
observations will be handled independently. Due to the limited
sensory data in combination with the non linear movement of
robots the localization of other robots is hardly feasible.

The generated dynamic position data is stored in position
vectors whereas the a priori knowledge about the shape of
the robots and the playground is stored using geometric rep-
resentations. In order to determine the validity of a position —
which means in case of a soccer game it must be inside
the borders of the playground — a grid cell decomposition is
performed. Each cell has a size of e.g. 5×5cm2 and its value
represents the believe that the position is inside. Due to the
uncertainty of position estimations the probability does not
drop from 1 to 0 at the borders. The value starts fading at the

5The position information quality of the opponent robot may be reduced
due to the fact, that it is only partially visible.

closest position to the borders where it is for sure within the
borders. 0 will be reached at the opposite point outside of the
playground. Fig. 7 shows such a grid where black represents
1 and white 06, the levels of gray represent a value between
0 and 1.

Fig. 7. Precalculated map for distances to the boards and the general believe
that the position is inside the playground

The white lines which convergent in one point represent an-
other precalculated value — the distances from a position to the
borders at various directions. These distances are calculated for
every cell. Using a distance sensor and a particle localization,
the quality of the self localization can be increased [10].

To enhance reliability and availability of position data, in-
formation exchange among the teammates may be introduced.

VI. COMMUNICATION

The Tinyphoon is equipped with a communication system
that interconnects all units. Since the robot acts autonomously
in a very dynamic environment gathered information is only
valid for a very short time. A real-time communication system
is proposed for transferring all necessary information timely
and with a minimal jitter. It has to fit the needs of such a
deeply embedded system like the Tinyphoon. Fault tolerance
is currently not considered. But a malfunction of the commu-
nication system can be detected and a transition to a fail-save
state can be initiated.

A. Importance of Real-Time Communication

In the automotive and avionics industry the application of
real-time communication has become as a matter of course
over the last years. The growing complexity of embedded
systems leads to modular and distributed design, which al-
low considering each subsystem on its own to increase the
flexibility and the reusability of the system.

Timing requirements do not only concern each single sub-
system but also the communication system providing the
interconnection. Traditionally, communication is performed
by means of event-triggers in deeply embedded systems like
the Tinyphoon. If an event happens, a data packet will be
sent to inform the other subsystems. The timeliness of this
communication cannot be guaranteed because it depends on
the cooperation of every subsystem. Even if a mechanism for

6The white border in the middle of the fade represents the real playground
and is drawn for visualization purposes



prioritizing packets is implemented like in CAN [11], commu-
nication timings (e.g. meeting the deadlines and restraining the
jitter) cannot be assured. The occurrence of too many events
in a period of time inhibits the communication completely.
Hence, the behavior of the subsystems is only defined in the
functional domain but it remains undefined in the temporal
domain and the system lacks temporal composability [12].
Therefore, a real-time communication system is necessary to
allow a global scheduling of the communication.

B. Benefits of Real-time Communication

The modular design of the subsystems in both, the value and
the time domain guarantees the derivation of full functionality
of communication when enhancing the architecture adding a
new subsystem. Moreover a unit can be exchanged by another,
that performs the same service in a different way without
revalidating the communication.

The assignment of data packets to a specific time slot can
be used as an implicit time stamp that is valid throughout the
cluster. A global time base can be established for synchroniz-
ing all subsystems (e.g. the current state of the motion unit can
be recorded at the same moment as the vision unit captures an
image). Fusing this synchronized data is much simpler than
fusing data collected in different points in time.

The real-time communication system guarantees a limit
of the latency and therefore confines the reaction time and
makes it predictable. Moreover, the low jitter of the real-time
communication makes feedback control algorithms stable. The
majority of algorithms can only deal with a fixed latency.

VII. PREDICTIVE TRAJECTORY TRACKING AND
PROPRIOCEPTIVE NAVIGATION

For Tinyphoon a predictive control algorithm is used, which
enables both trajectory tracking and point stabilization [13].
This algorithm is deployed in conjunction with a propriocep-
tive navigation algorithm, as depicted in Fig. 8.

traj
nav track dyn kin

pos

meas

u

Fig. 8. Control Algorithm

A. Navigation

Navigation using either inertial or odometric data for posture
estimation is known as proprioceptive navigation or dead reck-
oning as opposed to exteroceptive navigation [14]. Naturally,
the position error is subject to unbounded accumulation. Nev-
ertheless, improved proprioceptive navigation systems help in-
crease the allowable travel distance between absolute position
updates [15].

The standard method for sensor fusion is extended Kalman
filtering (EKF), e.g. [16], [17]. An EKF yields an optimal es-
timate in the sense that the statistical variance of the estimated
states is minimised. However, biased measurement produces
erroneous estimates. Typical sources of measurement bias are

inevitable sensor drift for inertial sensors and inaccuracies of
geometric parameters and wheel slip for odometric measure-
ment.

To overcome the effects of wheel slip or bumps (causing dis-
continuous ground contact), which introduces a non-systematic
error into odometry, inertial data is used only transiently during
periods where odometric measurements seem to be unreliable.
Aside from these periods, odometric measurement is used
exclusively, because it is not affected by drift and has little bias
when properly calibrated, [15], [18]. The novelty in the used
approach is the usage of both gyro and acceleration sensors to
transiently substitute for wheel encoder data when necessary,
thus enabling reliable side-slip angle estimation and tangential
slip detection and ultimately allowing for slip control [19].

B. Trajectory Tracking Control

The kinematics of the unicycle-type mobile robot are a
classical example of a nonholonomic nonlinear control system,
also called nonholonomic integrator (NHI), [20]. It was first
shown by Brockett in [21], that this type of system cannot
be stabilised by continuous, time-invariant feedback, although
it is controllable in a nonlinear sense. Furthermore, it can be
shown using a methodology by Isidori in [22], that the NHI
cannot be feedback-linearised.

Among the major strategies for trajectory tracking and
path following control are approaches making use of dynamic
posture error models [23], [24], concepts involving integrator
backstepping [25], [26] and dynamic feedback linearisation
[27], [28]. Most control schemes (including a discontinuous
scheme in [29]) designed for trajectory tracking suffer from
singularities or loss of controllability at zero reference velocity,
i. e. they are incapable of compensating residual posture errors
after the reference trajectory reaches a stationary point.

Posture stabilization poses a much more difficult problem.
The various approaches trying to circumvent the restrictions
pointed out in [21] include sliding mode control or similar
discontinuous control laws [30], [31], time-varying controls
[32], hybrid control laws employing logic-based switching
[33] and concepts making use of invariant manifolds [34].

Posture stabilisation does not necessarily involve a pre-
planned trajectory. As a consequence, it is impossible to
influence the way how the target posture is reached and
therefore obstacles can not be taken into account.

According to [28] ”the necessity of using two different
control laws for trajectory tracking and posture stabilization”
is evident illuminating the problem. Our novel approach is
employing numerical optimization of the control inputs rather
than any explicit feedback control law. This solves both the
trajectory tracking and the posture stabilization problem. As
another feature of the proposed scheme a possible side-slip
angle (as estimated by the navigation part of the algorithm) is
taken into account [35].

VIII. CONCLUSION

This paper shows efficient control concepts for a mo-
bile robot coping limited in size, power consumption, and



processing capacity. Field-in tests on the play ground and
performance evaluation have verified the simulated results
(Fig. 9). Within these simulations correct obstacle avoidance
and trajectory tracking control has been evaluated. Showing
the high efficiency of real-time object recognition in order of
few milliseconds suggests the capability to operate in highly
dynamic environments. With the implementation of a mod-
ular design splitting the components into diverse distributed
units interconnected by means of real-time communication,
allows the reuse and separated enhancement of all subsystems.
Although the first application field has been robot soccer,
the majority of methods can be adapted for all kinds of
autonomous mobile robots in several application fields.
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Fig. 9. Reference and actual trajectories (obtained at 24.4 frames per second
by video measurement) for corner (left) and square (right)
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