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Abstract— A still growing number of software concepts and
frameworks have been proposed to meet the challenges in the
development of more and more complex robotic systems, like
humanoids or networked robotics. The issue of hard realtime
in combination with distributed execution, however, has not
been the main focus of such concepts, but is essential for
building and controlling mechatronic systems. Here we discuss
the speci�c demands of complex mechatronic systems and show
criteria to evaluate the suitability of a software concept for
such systems. Using these criteria we discuss some prominent
robotic software concepts and present our own concept, the
“agile Robot Development” (aRD) concept [1]. The benchmarks
we used to evaluate the aRD concept can serve as a �rst step
to a standardized benchmark suite for software concepts for
mechatronic systems.

I. I NTRODUCTION

Over the last years robotic systems reached a new level
of complexity. Unlike systems with a six degrees of freedom
(DOF) arm with a gripper or simple mobile robots, we see
now torque controlled redundant arms, articulated hands,
humanoid walking robots, cooperating swarms of mobile
robots or service robots communicating with sensor networks
installed in their environments. To address the challengesof
developing software for such systems a number of software
concepts and frameworks have been proposed. This number
is still growing as until now no general abstraction has been
found that �ts well with all the speci�c demands of the
diverse robotic applications and hardware.

Prominent representatives are ORCA [2], MARIE [3],
MIRO [4], Player [5], OROCOS [6] MCA [7], OpenHRP
[8], MiRPA [9], YARP [10] and Microsoft Robotics Studio
[11]. They are all based on the idea, that a complex robotic
system should be composed from interacting modules or
components in the sense of the component-based software
engineering approach [12] with all its bene�ts as �exibility,
code reuse or decoupling of the development �ow in a team.
To allow the components to be distributed on a network of
heterogeneous computers all approaches also provide tools
for simplifying and standardizing communication.

In this paper we are addressing the speci�c demands
for a software concept when using it to build and control
highly complex mechatronic systems. Characteristic for such
systems, like the humanoid upper body system Justin [13]
(see Fig. 1), are the high number of DOF and sensors (in
Justin every DOF has position and torque sensors) and the

Fig. 1. An example for a complex mechatronic system: the DLR upper
humanoid body Justin [13] with 41 DOF. This system is built from two
DLR-LBR-III arms with 7 DOF each, two DLR-Hand-II with 12 DOFeach
[14] and a torso with 3 DOF.

computationally demanding control loops in the kHz range
running over all DOF.

In the following we �rst analyzes a complex mechatronic
system and present criteria to evaluate the suitability of a
software concept for developing such a system. Then we
discuss a number of prominent robotic software concepts
while having these criteria in mind. Sec. IV introduces a sim-
ple software concept, the “agile Robot Development” (aRD)
concept [1], we developed at our institute to pragmatically
address the demands of mechatronic systems and in Sec. V
we evaluate the aRD concept by means of a number of
benchmarks, which can serve as a �rst step to a standardized,
much more elaborate benchmark suite for software concepts
for mechatronic systems.

II. A NALYSIS OF MECHATRONIC SYSTEMS

In this section we �rst analyze a concrete complex mecha-
tronic system, our humanoid upper body Justin [13], and
then show criteria which in our experience are important in
evaluating the suitability of a software concept for developing
such a kind of system.



Fig. 2. System overview of the complex robot system “Justin”resembling anetwork of calculation blocks and communication links. There is a realtime
and a non-realtime part. In the former the granularity of theblocks is usually �ner and the blocks represent a hierarchy of different controllers for each robot
component (JC=joint control, AC=arm control, TC=torso control, FC=�nger control) which are connected via device-driver blocks (dev) to the hardware
and run with different rates (0.3ms up to 3ms). In addition there are blocks for computing the inverse kinematics (invkin) or interpolation (ipol) or blocks
that control the sequence of execution (state machine) getting commands from higher-level blocks. In the non-realtimepart the blocks are typically more
monolithic applications like a 3D-viewer or GUI for user interaction or a vision system and path planner in combination with an execution control block
(EC) for higher-level intelligence. As main operating systems QNX [15] is used in the realtime and Linux in the non-realtime part and for the developments
hosts.

A. System Overview

The humanoid upper body Justin was developed for per-
forming experiments in the control of two handed manip-
ulation (see Fig. 2 for a system overview). Justin is built
from �ve robot components: two LBR-III arms (7 DOF
each), a torso (3 actuated DOF) and two DLR-Hand-II
(12 DOF) [14]. Each joint is equipped with position and
torque sensors. The single components are connected to the
computing resources by fast digital buses with a bandwidth
of > 8MBit/s and a clock rate of 1kHz. The system allows us
to run a single control loop over all 41 DOF at a rate of 1kHz.
Typical examples for computationally demanding controllers
are gravity compensation, impedance control [16], where e.g.
touching the �nger tip can sensitively move the whole upper
body, or object impedance, where a virtual impedance can
be assigned to an object, which is grasped with both hands
by cooperatively controlling all �nger, arm and torso joints
[17].

The computing hardware is composed from a number
of modern PCs (Pentium 4 and Core2Duo CPUs running
at about 3GHz) connected with a �exible communication
infrastructure built from cheap components like Gigabit-
Ethernet adapters and switches (e.g. one PC usually has more
than one Ethernet link to increase communication bandwidth
or decouple communication channels).

Taking a coarse view on the system, it consists of the
robot hardware connected to realtime targets and in addition

of non realtime computers running applications for user
interaction, perception and planning. Additional hosts run
tools for development and tools that allow for monitoring and
pro�ling of the different parts of the system during runtime.

All of the functionality of the system is represented by
blocks running in realtime or non-realtime. They perform
calculations andcommunicatewith each other. Here we focus
mainly on the realtime part and its connections to the non-
realtime part.

From this it is straightforward to see a robot system as
a decentralized network of calculation blocks and commu-
nication links, in this way de�ning a functional view on
the system. When designing a robot system it is such a
functional, more abstract view one would like to take, having
as little dependencies as possible on, and hence as little effort
as possible in mapping it to the concrete computing and
communication hardware.

B. Evaluation Criteria

It is commonly accepted, that key points for the develop-
ment of complex robotic systems, especially when working
on research prototypes, are, that the used software concept
makes it easy to connect new hardware components like sen-
sors and actuators, to scale computing resources by simply
adding more CPUs, to integrate software components from
different developers and to �exibly recon�gure the physical
as well as the functional communication structure of the



system, which is essential for iterative rapid prototyping. The
special challenge, when the mechatronic part of the system
is large, is, that all of the above features have to be provided
while meeting hard realtime constraints.

To summarize: for complex mechatronic systems a �exible
component-based software concept allowing for distributed
execution while guaranteeing hard realtime is needed.

In the following list we show criteria, which from our
experience, are most important to evaluate the suitabilityof
a software concept for complex mechatronic systems.

� Raw System Performance: What maximal control rates
are possible (without losing any steps) ? How big is
the jitter for periodic events ? How big is the system
overhead (that is the percentage of CPU time the OS,
middleware, etc. consume beside the actual computing
tasks) for control rates in the kHz range ?

� Local Communication Performance: What is the av-
erage and worst case latency for the communication
between components running on the same computer
(e.g. the time between sending a data packet in one and
receiving the packet in the other component) ? How
high is the CPU usage for transporting the packet ?

� Scalability of Computing Power: How does the actual
available computing power scale, when adding CPUs
(as the maximal clock frequencies of modern CPUs
are stagnating adding more CPUs is the only way to
increase computing power in a single computer) ?

� Distributed Communication: Distributed computing is
important for several reasons: 1) to further increase the
computing power; 2) to support the demands of the used
software and hardware modules for different operating
systems and computer architectures and 3) to be able to
reduce the system complexity by providing modularity
also on the hardware level. Important evaluation criteria
here are:

– Communication Performance: What is the average
and worst case latency for the communication be-
tween components running on remote computers ?
How high is the CPU usage for transporting a
packet ?

– Multiple Links and QoS: Is it possible to use mul-
tiple communication links (e.g. multiple Ethernet
ports) and to control in detail the quality of service
of the communication (e.g. high priority realtime
communications should not be impaired by low
priority monitoring and debug communications) ?

III. SOFTWARE CONCEPTS

In this section we brie�y discuss the suitability of a
number of prominent robotic software concepts for complex
mechatronic systems while having the evaluation criteria of
Sec.II-B in mind.

ORCA [2], MARIE [3], MIRO [4] and Player [5] are used
in mobile robotics, where the realtime constraints are rather
soft with rates in the 100 Hz range. Also Microsoft Robotics
Studio [11] is targeted on soft realtime applications so far,
as the underlying operating system (OS) is Windows XP.

OROCOS [6] provides hard realtime and has been success-
fully used in robotic applications with control rates of more
than 500 Hz and up to two independently controlled 6 DOF
industrial robots. However, it is questionable if OROCOS
in its current form can cope with the complexity of e.g. a
humanoid robot with some ten to 100 torque-controlled DOF,
where distributed computation in hard realtime is inevitable.
In the current version of the “Real Time Toolkit” (RTT
1.2.1) of the OROCOS project all communication between
distributed components is still based on a CORBA layer
(an alternative “Distribution Library” is only planned for
the future), for which realtime execution is not possible
as the manual states: “Components should not call remote
components during real-time execution.” [18].

OpenHRP [8] is designed for the development of
humanoid robotics applications. It is based on RT-
Middleware [19] for inter-component communication which
uses CORBA and so allows for distributed execution. In
all applications reported so far, however, the hard realtime
parts running the low level controllers with rates in the kHz
range have been implemented in monolithic modules using
proprietary communication to reach the desired performance.

MCA [7] is used for complex robotic systems like the
humanoid robot ARMAR [20]. It allows for a hierarchical
composition of e.g. controller components while providing
hard realtime. But as it uses TCP/IP for network communi-
cation, the concept does not natively provide hard realtime
for distributed execution.

MiRPA [9] is a portable middleware for robotic and
process control applications. When using QNX it provides
hard realtime even for distributed computing and it allows
for the con�guration of the QoS of communication channels
between components. In [21] an application example with a 6
DOF parallel kinematic robot performing a high-performance
assembly task with control rates in the kHz range is reported.
How well MiRPA scales to applications with signi�cantly
more DOF and more (networked) PCs has to be shown.

YARP [10] is another concept used in a number of
complex robots like Domo [22]. It is lightweight, allows for
the con�guration of the quality of service (QoS) of the inter-
component communication and is portable by using ACE
[23]. In all the reported robotic applications the low level
high rate controllers run on dedicated DSP boards. But as
YARP also supports the realtime OS QNX [15], it would be
interesting to see how it performs in a complex mechatronic
system like Justin with high control rates and distributed
computing on networked PCs.

IV. T HE ARD CONCEPT

In this section we give an overview of the software
concept, the “agile Robot Development” (aRD) concept, we
developed at our institute to meet the speci�c demands of
complex mechatronic systems. The main guidelines for the
implementation were (1) to meet the hard realtime constraints
in the kHz range, (2) to keep it �exible and easy to use in
the context of building research prototypes and (3) to keep
it small and lightweight.



Fig. 3. Final realization of the complex robot application of Fig. 2 with the aRD concept. The controllers of the realtimepart are generated from
Simulink models (indicated by the screenshot) running distributed on two QNX PCs. To connect aRDnet stand-alone blocks, like the device-driver blocks,
and blocks in the Simulink model the aRDnet suite provides Simulink stub blocks (blocks inside the grey area in the Simulink screenshot correspond to
the controller structure from Fig. 2, whereas the blocks outside this area are the additional stub blocks). Communication between two blocks running on
different computers is realized by anardnet -bridge consisting of anardnet block (small �lled circles) on each side. During the �nal integration phase
of all the parts of the robot application the originally planned computer setup (see Fig. 2) had to be massively changed because of problems with the
availability of drivers and libraries. The �exibility of the aRDnet concept, however, allowed for this changes to take place by simply changing the startup
scripts, but only little adaption in the functional blocks was necessary.

In our institute we successfully use the aRD concept in
a variety of complex applications ranging from humanoid
robotics (see Fig. 3 for the concrete realization of the Justin
system) over telepresence [24] and virtual reality setups [25]
up to space and medical robotics.

The current implementation of the aRD concept consists
of aRDnet, a simple software suite developed at our institute.
In addition we provide a seamless integration of atoolchain
based on Matlab/Simulink/RTW [26] and RTLab [27], as
Matlab/Simulink is the quasi-standard tool for simulationof
robot dynamics and controller design. As main operating
systems we use QNX Neutrino [15], a POSIX-compliant
microkernel realtime OS, for the realtime target and Linux
for the non-realtime computers. Reduced support is also
given for VxWorks and Windows XP.

In the aRD concept each block is an individual process
running an arbitrary executable which, as part of the network,
sends and receives data packets. Each block can have multi-
ple input and output ports, but each output port is connected
to exactly one input port of an arbitrary block with matching
data formats.

A. The aRDnet Suite

aRDnet is laid out as a simple software suite that sup-
ports and standardizes the communication between blocks.
The suite consists of four parts: First, a library for easy

implementation of a block's input and output ports. Second,
the ardnet executable realizing communication between
blocks running on different computers. Third, a template for
writing Simulink stub blocks, which allows for easy com-
munication between aRDnet blocks and Simulink models.
Finally, tools for a coordinated startup and shutdown of the
system.

1) aRDnet Library:The aRDnet library provides a simple
C/C++-interface, which allows us to easily build interfaces
to other programming languages, e.g. by using SWIG [28].
The interface consists of only �ve functions:

� create and init for creating and initializing the
input and output ports of a block. The properties of
a port can be con�gured by special command line
arguments provided at startup to the block's process.

� send for non-blocking sending of a data packet through
an output port.

� rec and tryrec for blocking and non-blocking re-
ceiving of data from an input port.

The size and format of a data packet can be different for
each port of each block, but is static and de�ned at compile-
time.

The connection scheme of the blocks' ports is determined
by providing command line options at startup of each block's
executable. For each port of a block a separate name is
speci�ed. Connections are simply determined by matching



port names for input and output.
The current implementation of the aRDnet library achieves

all of the above by adding only a thin layer of abstrac-
tion over the functionality of the underlying operating sys-
tems. Basically, only the POSIX “named shared memory”,
semaphores and mutexes are used. .

2) ardnet executable:The ardnet executable serves
two important purposes with regard to the communication
abilities in the network of blocks. Being also based on the
aRDnet library it can be seen as a block, however, with
special features.

First, ardnet realizes the communication between two
blocks on different computers by running a corresponding
pair of ardnet processes as a network bridge. For this
purpose ardnet has built-in functionality for transmission of
data over the network providing a “virtual wire” between the
two communicating blocks.

In the current implementationardnet uses bare UDP
sockets (with packet sizes up to 64K). In combination
with switched and point-to-point Ethernet connections this
allows for an ef�cient (see Sec. V for benchmarks) and
reliable communication without lost or out-of-order packets.
The binding between the twoardnet blocks is done by
specifying the corresponding hostname and port number as
command line options.

A detailed control of quality of service (QoS) is possible
by choosing different network connections, e.g. point-to-
point or switched Ethernet, using separate network stacks
(a particular feature of the QNX microkernel architecture)
and �nally by adjusting process priorities. This way we have
been able to achieve realtime communication over four ports
with a rate of 1kHz on each line (for details see section V
and Fig. 4).

The second purposeardnet serves is to provide aport
multiplier block. Thereforeardnet can be con�gured to
have one input but multiple output ports. Each data packet
arriving at the input is distributed onto all output ports.

3) Simulink stub: To connect aRDnet blocks to blocks
implemented in a Simulink model the aRDnet suite pro-
vides a template S-function code. This easily allows one to
generate a stub block for Simulink representing the actual
block. The connection between the aRDnet block and its
stub is implemented with the help of the standard aRDnet
library mechanisms. This allows for a seamless integration
of a Simulink model in the network.

4) Startup and Shutdown:Starting the decentralized net-
work of blocks distributed over a network of computers is
done by using a hierarchy of scripts very similar to the way
a Unix system starts up. A master script calls subscripts for
setting up particular system parts, which again can call sub-
subscripts and so on.

To allow for the startup of a distributed system from a
single central command station the aRDnet suite provides the
ardstart command for starting up programs and scripts
on a remote computer. In additionardstart does book-
keeping of what has been started where and at which level
of the subsystem hierarchy. This information is needed for a

coordinated shutdown of the whole system or only speci�c
subsystems and is exploited by theardkill command of
the aRDnet suite.

V. BENCHMARKS

In this section we present an evaluation of the aRD concept
(an updated version of the evaluation from [1]), by means of
a number of benchmarks, which roughly correspond to the
criteria in Sec. II-B. Although one could think of a much
more elaborate evaluation, almost for none of the software
concepts discussed in Sec. III at least such a minimal evalu-
ation has been published. So, we see these benchmarks as a
�rst step to a standardized, much more elaborate benchmark
suite for software concepts for mechatronic systems.

If not otherwise mentioned in the following all measure-
ments were performed on “modern” PCs with Pentium 4
processors running at 3GHz.

� High Rate: In a HIL (hardware-in-the-loop) setup a
simple Simulink model reads analog values from an
I/O-card and records them to the harddisk. At a rate of
30kHz the system introduces only little overhead (e.g.
due to scheduling) of less then 10% of CPU-time.

� aRDnet Performance: The worst case minimal round-
trip time for a data packet of 1kByte size between two
blocks running on QNX realtime targets is measured.
“Minimal” means here, that the second block sends
the packet immediately back after receiving it. For two
blocks on the same computer the round-trip time is
20 � s. For two blocks on different computers connected
by an ardnet bridge over a 1Gbit-Ethernet point-
to-point connection the time is200 � s (and 160 � s on
average).

� Multirate: A robot arm is connected to a VxWorks
computer, which sends the sensor and actuator data at a
rate of 1kHz via anardnet bridge to a QNX realtime
target running a Simulink model with a controller also at
a rate of 1kHz. The very same Simulink model contains
a subsystem running at a rate of 10kHz for reading in
analog values from a sensor via an I/O-card.

� Deterministic Execution and Jitter: In the very same
system as above, we could increase the average CPU
load of the Simulink model up to a level of 90% before
losing simulation steps, even while running debug and
pro�ling tools over a second network connection. This
implies that system jitter, even in case of the 1kHz
network communication rate viaardnet , is smaller
than 100� s.

� Two-Hand-Arm Setup (see Fig. 4): For a preliminary
study for the humanoid robot Justin two arms and
hands are connected to four VxWorks computers each
communicating at a rate of 1kHz via a point-to-point
ardnet bridge with the QNX realtime target. All 40
DOF could be controlled at a rate of 1kHz by one
Simulink model.



Fig. 4. The setup used for preliminary studies on bimanual manipulation before the actual building of Justin . The four robotic components (arms
and hands) are each connected to a VxWorks computer (mixed Intel and PPC processors), which communicate at a rate of 1kHz over four separate
1Gbit-Ethernet point-to-point connection with the QNX PC.Due to its microkernel architecture the QNX system could guarantee for realtime execution by
running four independent network stacks with high execution priority for each of the four Ethernet ports, while at the same time monitoring and pro�ling
data was sent to the development hosts over two additional Ethernet ports with additional network stacks, however, running with low priority. This is in
contrast to the VxWorks systems, where, although having twoseparate Ethernet ports, all data, realtime or not, has to beprocessed in the same network
stack and therefore no monitoring is allowed to not impair the realtime communication.

VI. CONCLUSION

It is commonly accepted that software concepts for build-
ing complex robot systems have to support component-based
software engineering, as well as concurrent and distributed
execution. However, when building systems with a strong
mechatronic element, a software concept has to provide all
of these, while still meeting hard realtime constraints.

To decide, which of the numerous available robotic soft-
ware concepts are suited for this domain of application more
or less standardized evaluation criteria are needed. Ideally
also a standardized benchmark suite would be available, at
least for the low level computing and communication perfor-
mance. Criteria and benchmarks for higher level properties
of software concepts such as “ease of use” or “elegance of
design”, however, are much harder de�ne and reserved to
future work.
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