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Abstract: Designing a generic robot system architecture is a chaligngsk. Many
design goals, such as scalability, applicability to vasisaenarios, easy integration of
soft- and hardware, and reusability of components need tohsidered. The code
has to be kept easy to read and maintainable by developerssearchers. In this pa-
per we describe the message-based software architectbi@eRbat was specifically
designed to address these goals. It has been successflilydaqo fulfill various and
complex tasks for different robots and scenarios in theecdrdf autonomous mobile
systems. We also examine how Robbie is related to the wigeasl robot operating
system ROS.

1 Introduction

Software systems for autonomous mobile applications areasingly complex as one
has to deal with heterogeneous hardware components, whith to be integrated into
a working system. The software should be easily adaptablarious robotic platforms
and hardware configurations. Different levels of abstomgtiare required and need to be
managed by the software. These requirements lead to ayapalling software size and
complexity. At the same time the system has to remain maiatdé and has to allow easy
integration of new components e.g. for research purposes.

A broad variety of robot architectures already exist foogsin different tasks and appli-
cations. OpenRDK, a modular framework focusing on rapidcettggment of distributed
robotic systems, was presented in [CCINO8]. The main eafithe OpenRDK framework
is a process, called agent. It contains several modulek, a&saa single thread inside the
agent. The idea behind the OROCOS project [Bru01] aims abkshing a community to
design and develop an open source robotics platform. The@Bcode is divided into
different types of modules to manage the huge complexitybid software project. Infor-
mation sharing is done using CORBA. Miro [USEKO02] also us@RBA for information
sharing. Miro is a middleware for mobile robot applicati@msl was designed with multi-
platform support and interoperability in mind. Orca, on w®urce component-based



software engineering framework for robotic applicatioresvproposed in [BKM05]. It
focuses on reusability and customization of software p&ezently ROS [QCG09], an
open-source meta-operating system for robots, was intextiuLike our proposed archi-
tecture, ROS aims at simplifying software developmentdtots by providing a modular,
scalable, and easy extendable system. ROS has many dieslaoi our architecture, but
differs in some key aspects. The relation between ROS antiRebll be discussed in a
later chapter.

In this paper we describe the robot system architecture iRphinich was developed at
the University of Koblenz-Landau to address the requirdmerentioned above. Robbie
is easily adaptable to various hardware and software caafigns. In addition to re-
search purposes, focus was put on designing the archigefttuteaching. Over the past
years the Robbie architecture has proven its advantagesrioug student projects (for
this year’s projects please refer to [TGNL1] and [LHP"11]). It enables the students to
familiarize with a complex research subject in a short time @evelop own ideas that can
be easily tested in practice. We successfully use this sofwrchitecture for different
types of robots participating at various robotic competit: The team of Lisa partici-
pated successfully as finalists at the RoboCup@Hodmerld Championship in Suzhou,
China (2008), Graz, Austria (2009) and in Singapur (2010gne it was honored with the
RoboCup@Home Innovation Award. Robbie competes in the Rap&escutleague
since the RoboCup competitions 2007 in Atlanta, USA. Sihea bur team was honored,
among other prices, with the Inter-league Mapping Chabeagard (2010) and became
German Champion in Rescue Autonomy for the 5th time in 201te fBams competing
at the SICK Robot Dayplaced 1st and 2nd in 2009 and 2010 in Freiburg, Germany (see
Figure 1).

The system’s design goals will be presented in Section yvield by a detailed description
of the components of the system architecture in Section Bliégtions and scenarios will
be shown in Section 4. Additionally, Chapters 5 and 6 willifson the interface to ROS
integrated in our architecture and compare both approadieslose with a conclusion
in Section 7.

2 Design Goals

In designing Robbie we focused on the following goals:

Modular structure and maintainability: Robbie consists of various independent mod-
ules that are connected to the system. Specific tasks arpsniated in isolated
program blocks and can be maintained or redesigned witheuteed to adapt large
parts of the system.

Extensibility and adaptability: The modular structure also allows for a simple integra-

1ADAPT is a research focus of the University of Koblenz-Laméia t p: / / adapt . uni - kobl enz. de/
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Figure 1: Our robots using the Robbie system architecturemHeft to right: Rescue robot Rob-
bie (2011), robots for SICK Robot Day (on commercial raciag 007) and with a Pioneer3AT-
platform (2010)), cleaning and disposal robot Waylon (90drid GiGo (Roomba 531 from iRobot
as platform, 2011), household robot Lisa for RoboCup@Hadned 1).

tion of new components. For example making Robbie adaptaliew hardware or
new fields of functions. Further, this structure allows fastfprototyping and testing
of new algorithms which makes it perfectly suitable for st purposes.

Concurrency: Every module connected to Robbie is executed in its own thréhereby
the architecture is perfectly suited for modern computedare that increasingly
relies on multiple processors rather than one single CPU.

Dynamical configuration: Robbie is a loosely coupled system that can be configured via
a special registry allowing to load different sets of moduBy this mechanism the
system is easily adoptable to different scopes of tasksowitthe need of recompil-
ing the program.

Different abstraction layers: Modules for Robbie can be designed on different abstrac-
tion layers. They can either directly communicate with keaark, encapsulate al-
gorithms to perform specific tasks, or control the whole &gagion, thus, realizing
higher-lever behavior. Of course, if required, this alittom layers can be mixed in
one module. From the system’s point of view all modules haeesame interface
disregarding their abstraction level.

Message-basedThe communication between the modules is strictly messaged. All
data that need to be transfered between modules is enctgukink® messages. Mes-
sages are passed to the system and forwarded to the righiergci

Easy to learn: One focus of our research group is teaching robotic teclyydtostudents.
As student projects usually extend over one term only it ry w@portant that stu-
dents can rapidly familiarize with the system and start tbgpiag own components.
The Robbie architecture is perfectly suited for this pugpasit is confirmed by our
successful participation at various competitions.
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Figure 2: The Robbie architecture concept

3 Components and Architecture

The software architecture of Robbie follows a loosely cedplstrictly message-based,
and event driven software design: the center of the ardhiteds a generic, application

independent system core that serves as a dispatcher betfneeeonnected components.
All types of data are transported as messages. So calledlesoghgister at the core and
subscribe to messages relevant to their particular taskmiddule wants to share informa-
tion with another module it has to send a message to the systewhich delegates it to

all subscribers. All inter-module communication is reatlasia the system core. Thus, all
modules are kept independent of each other. The only excepdire tasks concerning the
system as a whole such as recording log-files, profiling agdifg of system notifications

(see Sections 4.6 and 4.7).

Every module is executed in its own thread and is connectdaibyqueues to the core:
Theinbound queue, containing the subscribed messages that are send frororéocthe
module and theutbound queue, containing messages send by the module to the core. The
system can be configured dynamically by a central registy¢bntains various profiles
that store the required modules and configuration settimiga €ertain task.

The concept of the system is presented in Figure 2. The id#@iérchitecture has its
origin in theQuasar windmill [Sie02], but extends this concept by introducing a generic
core and hiding the application specific details in one ofrtioglules.



3.1 System Core

The core’s main task is the exchange of messages betweenanodihe modules are

loosely coupled with the system core: rather than definiegnttcessary modules in the
program code, the required modules are listed in a configurite. These modules are
created on start up and automatically registered at the Wdénen registering, each module
subscribes to messages it is interested in. The core matiagesbscription information

and forwards the messages to all subscribing modules, tiléng the corresponding

modules’ threads.

There are two kinds of message subscriptions: either a reosgaihts to receive all mes-
sages of the specified type or it is only interested in the sewessage of that type. In
the first case the messages are simply added to the inbouné gfithe module. In the

second case the system core checks whether the message &gady contained in the
queue. If not, the message is added to the end of the queuervik, the former message
of that type is replaced by the new one.

3.2 Modules

A module is a thin layer that connects workers (algorithnmg) devices (hardware) with
the system core: It can interpret and create messages foothmunication with the core,
but it also knows how to talk to a particular device or how te tise functionality of a

particular worker. Thus, modules act as glue code betwessettwo worlds. Using this
glue code, the devices and workers do not have to deal witkytsem specific objects
(e.g. messages), and are therefore very independent afriet {robotic) application. The
use of the modules helps also to isolate the generic systearfroon the application spe-
cific parts of the software.

When creating new modules the user can choose betpassive andactive modules. A
passive module sleeps until an incoming message from themsysre wakes its thread.
The module processes the information, generates one oratemessages as response
and sends them back to the system core. This kind of modulesuially used to pro-
cess data generated by other modules. Like passive moduetds modules react when
new messages arrive. Additionally, they are periodicatijivated (e.g.every0ms).
This type of modules is used to poll and transmit data fronssento the system core.
When subscribing to a message there are two ways of dealithgtém: Message-
Handl i ng: : Al waysDel i ver is the standard case that lets the module process every
new message that arrives. When this option is sdtdesageHandl i ng: : Keep-

Onl yNewest only the latest message of that type is stored in the queugeahbdule.
This behavior is necessary if messages with a high frequamcsubscribed and the mod-
ule wouldn’t be able to handle them all in time, which mearet the module needs to
queue them (bottleneck effect).

Apart from connecting workers and devices to the system seseeral modules exist that
cover specific tasks required by a robotics system. Furdmespplication control module



can be connected to the system core to control the wholemymstéo encapsulate higher-
level behavior. Examples for this specialized modules dmair respective role in the
Robbie system will be presented in Section 4.

3.3 Messages

A robotic system has to deal with large amounts of data, ssicblar images or 2D and 3D
laser range data. Wrapping the data into messages wouldpeeéficient, especially if
more than one receiver subscribed to the data. Therefdsettepointers to the messages
are sentto the modules and the core takes care of the memoagement: After a module
is done with a message, it signals the system core that thestadt used anymore. When
all modules notified the system core that the message is ¢ttt data associated with
the message is released and the message itself is deleted.

All messages have the capability to serialize and to ddemridnemselves. This way, the
messages can be written to a logfile or sent via a (wirelesgjonke to an operator station
that can be used to monitor and control the robot.

3.4 Devices

To perceive its environment and to interact with it, a robedas certain hardware compo-
nents. All these components like sensors, manipulatorBeordbot platform itself need
to be connected to the software system. In the Robbie acthitethe so called devices
communicate with a certain piece of hardware. This comnaiitia can be either directly
by encapsulating a custom hardware driver or by using eatéhmaries. In order to make
devices easily exchangeable, they do not know about modul@gssages.

3.5 Workers

Other important components of the system are workers. A&rdska small set of program
code which fulfills a certain task for the application by imyplenting a specific algorithm.
Like devices, workers can use external libraries and do nowkabout modules or mes-
sages. Unlike devices workers never communicate with hameldirectly. Therefore, they
can be used independently of the underlying hardware phatfo

4 Applications and Scenarios

In this Chapter we describe common use cases that arise wbiléng with robot plat-
forms. We explain how the Robbie architectures is adoptelabtalle these scenarios.



Various tools allow easy adaptation, configuration, visagion and debugging of soft-
ware developed in this framework.

4.1 Dynamic Configuration

The setup of the Robbie architecture can be customized vienfigarration file. The file
contains a hierarchical XML structure describing profilesdifferent purposes. To select
a profile its name has to be supplied as command line argunteen starting the appli-
cation. Each profile defines which modules are loaded at tteisystart. Since modules
are used as glue code to devices, a profile also defines whidivéie is used. Further,
configuration values and thresholds for algorithms are ddfinthe configuration profiles.
The appearance of the GUI can also be customized, displayilyghe relevant informa-
tion whereas unnecessary tabs and widgets are hidden.iéwhdly, objects, persons and
speech commands can be loaded with each profile.

The parameters of the XML-file are represented lahue-Tag. The name of parameter
has a prefix defining the types bool, int, float or string. A gloBonf i g-Object mod-
eled as a singleton can access the data depending on itsetgp€(nfi g: : get | nt,
Config::getString).

Some modules (such as the navigation module) might be naadachost all profiles.
To facilitate the definition of new profiles and avoid repéaiteclusion of the same set
of fundamental modules, a profile can include parent profil&#hen a parent profile is
included all of its properties are automatically added ®iticluding profile. Thus, only
the configuration values specific for the including profileai¢o be defined. This config-
uration structure also allows to test different systempgthardware configurations and
algorithm thresholds without recompiling the whole pragreode.

4.2 Higher-level behavior

Our robots already participated in different competitianith a broad variety of tasks. In
the RoboCupRescue league the robot has to navigate thraigiukated disaster environ-
ment, create a map of the area and find simulated victims. TBup@Home league
specialized on tasks that arise in a household environntéare, the robot has to follow
and recognize people, carry objects and react to speech andmfirom the user (Figure
3). The tasks the robot has to master at the SICK Robot Dayllysieange at every
competition. So far, the robot had to drive through parcasr&st as possible or had to
recognize numbers and navigate to targets in the order givéme identified numbers. Of
course, these tasks were solved completely autonomously.

Though these fields of application are diverse the Robblgteature was easily adopted to
handle them. This easy adaptation is possible by integratinapplication control mod-
ule defining higher-level behavior. An application contnobdule is basically a normal
module with a state machine designed for a particular task the desired higher-level



behavior). Depending on its state, the module triggersdomehtal tasks (e.g. navigation,
image processing) by sending the corresponding messaggeattidular behavior can be

activated on start up by loading a profile which includes tbeesponding application

control module.

Figure 3: Higher level behaviors required to assist humarsily life: detection, recognition and
following of people (left), detection, recognition and gping of objects (middle and right) for
RoboCup@Home.

4.3 Scene Graph

The scene graph describes the geometric layout of the rithistdefined in an XML-file
and represents the robot using the tree data structure. réaast modeled with glob-
ally unique nodes that contain transformations as accusdifatations and translations.
This mechanism allows a comfortable conversion betwedprdifit coordinate systems
(e.g.robot and world coordinates) for every part of the tofidnus, object manipulation
by actuators becomes easier as the position of the end@ffent be calculated exactly.

In a multi-robot scenario (Section 4.5) the robots shareranson map. All robots are
included in the same scene graph. Therefore, every robotsskthe positions of all other
robots in the map.

The scene graph is managed by BeeneG aphModul e. It processes all messages
from actuators such as a pan-tilt unit or an arm and the rslpatse from mapping. After
each change of the robot geometry, the module updates the gcaph and informs other
modules by sending&ceneG aphMessage.

4.4 GUI

The Robbie framework offers a GUI that can be run directlyt@nrbbot or on a different
computer via WLAN (please also refer to Section 4.5). The igerface is implemented
using Qt 4 and OpenGL. It allows to monitor the system androbtie most important
modules and hardware components.

The 3D visualization included in the GUI evolved into a vemypiortant tool for under-
standing and improving the complex algorithms needed fadlg futonomous robot. It
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Figure 4: GUI during the Demo Challenge competition of theb&®oup@Home in Magdeburg
(2011): top camera view (top left), bottom camera view (tight), 3D-view with scene graph of
robot, map and navigation path, points of interest and lda& (bottom left). Control elements
are located on the bottom right that allow to manually cdrtne robot, gripping or human-robot
interaction related tasks.

includes a model of the robot represented by the scene goéystacles detected by the
laser range finder and optionally further relevant infoiprasuch as the planned path or
points of interest on the map (see Figure 4).

Further important features of our GUI are a 2D map of the exgaloegion, a convenient
interface to learn and recognize people and objects, mamndfol of the robot and its
actuators and the possibility to create and send messagiestfiog purposes. The playback
mode and the system monitoring also included in the GUI aseriteed below in more
detail.

4.5 Client and Server

The software can be used in a client-server scenario, whersdrver is running on the
robot and clients can be connected from various other coenpuitr robots. Messages
are send over the network: storing and deserialization éeraplished as described in
Section 4.6.

This mechanism allows to remotely monitor and control tHetoAn application is found
in the RoboCupRescue league. While the robot autonomouglpmres the arena and
searches for simulated victims, it is monitored by a remgerator. When a potential
victim is found, the robot asks the operator to confirm it.tRer, the operator can stop the



robot if an emergency arises (e.qg. if the robot enters arructstred area).

Another application of the client-server scenario are irolbot systems. As described
in [TGNL*11] we are using a second robot for the participation in thed@up@Home

league. The robots are programmed to show a cooperativeibelaad exchange infor-
mation via wireless LAN.

4.6 Logging and Playback

The creation of lodfiles is an essential debugging tool ferdbvelopment of algorithms
that evaluate sensor data. It allows to run the algorithreatgrlly with the same data to
guarantee valid evaluation results. It is also necessargdwelopers working with the
robot, as the hardware resources are limited.

Logfiles are recorded when running the software server modbis profile theMessage-
Logger Modul e writes previously defined incoming messages to a file. Inlak
mode the logfile is read and played by fAleaybackModul e. The previously recorded
messages are deserialized and send to the system core. He@ystem’s point of view
there is no difference between playback mode and operatittmttae actual hardware
robot. During the playback of logfiles the GUI has the sameuiags in server mode with
an additional control window to control time and speed ofgitag/back (see Figure 5). In
this mode the hardware is replaced by virtual devices thabeacontrolled via the GUI.

When messages are changed logfiles may not be compatibleoampecause data might
be missing when trying to deserialize the message. In ocdéeal with this problem, a
version system is used that stores a version number duringatialization of messages.
The deserialization constructor of the message reads te®aanumber and differentiates
between the versions of the messages.

4.7 Debugging and Profiling

Another debugging tool is offered by tiRe of i | er Mbdul e. The corresponding GUI-

tab displays relevant system information (Figure 6). Thé&J@Bage of the whole appli-

cation as well as of every loaded module is presented. Ruttiheenumber of messages
in the inbound and outbound queue, the number of droppedagessand the module’s
status or, if available, the state of the state machine gladied. This module offers a

convenient way to find blocking threads or detect messagseo

A special component of the architecture, fhreacer , records debug notifications in an
HTML-lodfile. Four types of notifications are distinguishestrors, warnings, infos, and
system infos (the latter displays very detailed informatioThe system tab in the GUI
allows to filter these notifications to record only a certgipet (e.g. errors and warnings)
in the HTML-lodfile.
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Figure 5: Graphical user interface during logfile playbatke robot’s scene graph is shown in the
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annotated in the 3D view (blue box with red point cloud). la #ame window the image data from
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Figure 6: Graphical user interface for software and systeanew.
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Figure 7: Schematic description of the communication betwRobbie (black) and ROS (blue).
The small dotted lines indicate shared pointer transfetifercommunication between modules in
the Robbie architecture. The large dotted lines are TCPeaxiiums that require data copy. The
threads for modules and nodes in Robbie are encapsulatediigle process while roscore and
other nodes run in separate processes.

5 Extensions

This Section describes the interface to ROS integratedarRibbbie architecture. Sim-
ilar to Robbie, the software modules in RD@alled nodes in the ROS nomenclature)
communicate by sending messages. Since ROS is supportethlyeacommunity, that
provides many solutions for general robotic applications,developed an interface con-
necting Robbie to ROS. The main idea is to keep on the one ha&ndbust and extensive
implementations of Robbie and on the other hand to enhaneighithew features which
can be easily integrated from ROS.

Figure 7 gives a schematic overview of the communicatiomwéeh Robbie and ROS.
From ROS’ point of view, the Robbie architecture is représety a node. The changes
in Robbie include an additional ROS dispatcher (besideRdixbie system core) that man-
ages the messages transfered by ROS nodelets within Rdtbikelets in Robbie act as
a linkage between the two systems. They can subscribe atidiptdpics (ROS message
types, see [QCG09)) via shared pointer transfer within Robbie and also hatite com-
mon Robbie messages. Beyond the functionalities provigeRdbbie, nodelets are able
to use the common ROS functionalities, which is depicted@$ Rodes communicating
with the roscore in Figure 7.

The integration of ROS enables us to use the rviz visuatinatiof. A screenshot of our

5Documentation of open-source Robot Operating System RQ$: / / www. r 0s. or g/
6Documentation of ROS package rvizt p: / / www. ros. or g/ wi ki / rvi z



robot with various sensor data in the 3D visualization emvinent is depicted in Figure 8.
The rviz-interface was realized by a ROS nodelet in Robbé¢ thceives scene graph,
map, point clouds and other messages from Robbie modulékirvthe nodelet this data
is transformed into ROS message formats (e’dotf scene graph) and made available to
roscore. The rviz tool needs to run at the same time and sbbdcrthese messages. It
allows us for example to monitor the robot’s transformati@e, visualize laser data and
the points of interest in the current map in a 3D scene. Thigalization tool is suitable as
a fast debugging tool since sensor data can be visualizéyl éé@wvever, it can not replace
the complete Robbie user front-end because it does notgeaviull control software and
overview of all sensors and system states at one glance.
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Figure 8: The rviz visualization tool showing various viszations of sensor data. In this view
points of interest, e.g. start and exit, an occupancy maipotndaser (orange dots), top laser (blue
dots), Time-of-Flight data and tf-data for the robot’'s segnaph are visualized.

6 Discussion and Future Work

In this section the limits and possibilities of the Robbietdiecture will be discussed. We
compare our system to ROS as it has become a commonly usedidespvead robot
architecture.

Both architectures provide similar concepts: modules@&Rhbbbie architecture are related
to the concept of nodes in ROS. Modules in Robbie run in s¢pdnaeads as do ROS
nodes if they are integrated in a nodelet manager as noddletginally (i.e. without

"Documentation of ROS packagehif t p: / / ww. r os. or g/ wi ki / t f



the integration in a nodelet manager) ROS nodes would rueparate processes. As
processes do not share memory, this may result in a largerstrobdata that needs to be
copied for the communication between nodes. In the Robbhmdwork all modules are

encapsulated in one process, but run in different threatierefore, the communication
between them is accomplished via shared pointer trandfiés.bEhavior is also depicted in
Figure 7. Of course running the whole architecture in onegse has also a downside: if
one of the modules does not work properly the whole proceaffasted (e.g. if a device is

not initialized correctly on startup the whole system neledse restarted). Consequently,
a crash in one of the modules leads to a crash of the wholensyste

However, the numerous advantages are far more significaetcdmpact implementation
of the software is the basis of our custom made GUI that almasontrol and monitor
the whole system. Contrary, ROS nodes often come with a a&paser interface or com-
mand line output. Since fast setup, configuration and dabggge essential tasks when
participating at competitions like the RoboCup the Robbahigecture is better capable of
suiting our needs. On the other hand, the tools provided b$ ROilitate developing and
prototyping of new components.

The usage of messages as interfaces to modules providestaactibn of functionalities
and reduces the complexity for developers. In ROS messageslated to certain topics
that define the type of a message. Robbie messages are loelagdyl to topics, but topics
can be defined by developers when designing a new messa@gg it necessary. Apart
from the communication by messages ROS provides so csd#fettes. Services define
a certain communication behavior between nodes: one regaeds to be followed by a
response. In Robbie this behavior can be modeled by a modh&esbing and sending
messages that act as request-response services, but powadure calls per se are not
available.

Our architecture needs to be easy to learn and maintainabtésaused for educational
purposes. Hence, in contrastto ROS, itis only programmal@e+, which may constrain
advanced programmers, but helps to keep readability. Lafiles in ROS define which
nodes and configuration values should be started. Profikb&iRobbie configuration are
the counterpart and can be easily used to combine moduleafigurations for a certain
task.

In future we plan on using more ROS components to communigiétehardware instead
of developing own hardware interfaces. We believe that ltetter to rely on hardware
components developed and maintained by a large commurtitg.vilill allow us to focus
on the development of new algorithms for image processingidn-robot interaction and
task planning.

Further, we intend to extract suitable components from thigtie architecture and model
them as ROS nodes like it was done for the talking head intrediin [TGNL*11]. If such
components prove themselves useful we plan on publishérg tind thus contribute to the
ROS community. Hence, both systems may benefit from each ibtihey are combined
in a reasonable way: ROS to easily integrate new deviceseatdres and share software
with a large community, Robbie to run a compact, easy to laathmaintainable system
with extensive implementations and features with visaiim and control interface.



7 Conclusion

We explained the fundamentals of our message-based rofidtemture and its further
enhancements. Robbie offers a modular structure and isteasyintain, extend, and
adapt to different robot platforms. The extension of Robtith the widely spread robot
platform ROS was introduced. ROS is a generic architechutenay contain much over-
head and be very complex. However, it is a widely spread guietfthat offers lots of
open-source implementations by a large community. We stidiet the integration of
ROS into Robbie is accomplished while keeping an easily tstdedable and maintain-
able platform for educational purposes. This allows us ®prefabricated components
from ROS (e.g. the control of devices), and on the other haads on our research (e.g. on
sensor processing and visualization).
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