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Abstract. This paper presents ETHNOS-IV - a real-time programming
environment for the design of a system composed of different robots, devices
and external supervising or control stations. ETHNOS is being used for
different service robotics applications and it is has also been used successfully
used in RoboCup in the Italian ART robot team during the Stockholm ’99
competition. It provides support from three main point of views which will be
addressed in detail: inter-robot and intra-robot communication, real-time task
scheduling, and software engineering, platform independence and code-reuse.
Experimental results will also be presented.

1 Introduction

Among the positive aspects of the RoboCup [5] we believe that the emphases on
multi-robot coordination and integration is particularly important. In fact most of the
practical applications of mobile robotics for service tasks in civilian environments
consist in systems composed of multiple robots communicating with each other, with
external sensing and actuating devices, and with external supervising workstations
[2]. In our opinion the research in robot architectures, currently mostly focusing on
single robots and on the difficulties in the integration of different paradigms of
representation (symbolic, diagrammatic and procedural) and of different types of
robot-environment interactions (reactive and deliberative) [1] [3], should also address
this scenario and the problems it involves. For example in the RoboCup a robot soccer
player must allow a successful intra-robot integration of the different activities (visual
perception, path planning, strategy planning, motion control, etc.) spanning over many
different types of representation (raw sensor data, images, symbolic plans, etc.), but
also guarantee a successful inter-robot integration by supporting communication and
co-operation. The robot and system architecture should also allow for different levels
of autonomy: the single robot, more robots in cooperation among themselves or also
with external devices or supervising stations.
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This paper focuses on these problems, presenting ETHNOS1-IV - a real-time
programming environment for  the design of a system composed of different robots,
devices and external supervising or control stations - which has been used for
different applications and which has also been successfully used in the Italian ART
robot team during the Stockholm ’99 competition. ETHNOS pr ovides support from
three main points of view which will be addressed in detail:

- from the communication perspective it supports and optimises transparent inter-
robot information exchange across different media (cable or wireless).

- from the runtime perspective it provides support for the real-time execution of
periodic and aperiodic tasks, schedulability analysis,  event handling, and resource
allocation and synchronisation.

- from the software engineering perspective it provides support for rapid
development, platform independence and software integration and re-use.

2. ETHNOS IV

ETHNOS IV (Expert Tribe in a Hybrid Network Operating System) is the latest result
(the fourth version), in a project that began more than four years ago, for the study
and development of a programming environment for autonomous robotic systems. It
has been designed in order to support a specific hybrid cognitive model (HEIR [8])
but, since it is sufficiently general, it has also been used in other cognitive or
architectural organisations. It is composed of:

- ETHNOS IV, a dedicated distributed real-time operating system, from which the
overall environment takes its name, supporting different representation,
communication, and execution requirements,

- a dedicated network communication protocol designed for both the single robot
and the multi-robot environment, specifically taking  noisy wireless
communication into account,

- an object oriented Application Programming Interface (API) based on the C++
language (and a subset based on Java),

- a set of additional development tools (a robot simulator,  a Java-applet template,
etc.)

The reference architecture of a single robot, and consequently of the ETHNOS
operating system, is entirely based on the concept of expert, a concurrent agent

                                                          
1In ETHNOS the expression “expert tribe” signifies an ana logy between a robotic system and a
tribe composed of many experts (concurrent agents) in different fields (perception, actuation,
planning, etc.). The term “hybrid” indicates the support to the integration of deliberative experts
with experts responsible for reactive and partially reactive behaviours; the term “network”
refers to the possibility of distributing components (groups of experts) on a computer network.
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responsible for a specific deliberative or reactive behaviour. Experts are members of a
tribe which are distributed in separate villages (network computers) normally
depending on their computational task. An example related to the HEIR cognitive
model is depicted in figure 1. Three non-hierarchically organised components can be
noticed, each characterised by the type of knowledge it deals with: a symbolic
component (S), handling a declarative explicit propositional formalism, a
diagrammatic component (D), dealing with analogical, iconic representations, and a
reactive behaviour based component (R). The experts (depicted as circles) are also
classified depending on the component they belong to: symbolic(S), diagrammatic(D)
or reactive(R). Each group corresponds to a different set of computational tasks,
distinguished depending on: the type of cognitive activity carried out, timing
constraints, type of data managed, duration, etc.
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Fig. 1. HEIR Cognitive Architecture

Within this general framework, ETHNOS supports (throughout its protocols or APIs)
or performs (throughout its kernel calls) different functions:

- it supports the creation of, and access to, shared representations (in the figure the
KB and the different iconic instances D1, D2, etc.).

- It allows the concurrent execution and real time scheduling of different experts
transparently and efficiently implemented as real-time threads, and their
transparent synchronisation when accessing the above shared resources.

- It supports both asynchronous and synchronous intra-robot, inter-expert
communication.

- It supports transparent asynchronous inter-robot communication.
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- It allows experts to suspend, waiting for the occurrence of specific events
(reception of particular message types or even combinations of them) to avoid
wasting computational time. Moreover it allows each expert to specify a desired
period of execution which the Posix real time scheduler will transparently be
instructed to respect.

The next sections will deal with these properties in greater detail.

3. Communication

One of goals of the RoboCup competition is to encourage the comparison and
exchange of methodologies, techniques and algorithms within the robotics and
artificial intelligence community. A common programming environment which,
without imposing significant constraints on the single components, allows to easily
put together the result of different researchers within the same group (or possibly also
across different groups) is certainly a contribution in this direction. In harmony with
this goal, the ETHNOS programming environment allows the robots to be
programmed  in such a way that the different experts can be integrated, during
development but also at run time, with little or no intervention in the software of the
expert itself, thus facilitating both rapid prototyping and dynamic architectural
reconfiguration. The first property facilitates the development of a robot application
(from a set of components or behaviours) even by non highly specialised
programmers (for industrial purposes but also for didactic activity in student projects,
particularly relevant in RoboCup); the second property  allows the system to easily
scale-up to a robot capable of different complex activities and thus able to switch at
run-time from a configuration in which it is performing a certain task (for example in
which the active behaviours are responsible of path planning, navigation and obstacle
avoidance) to a totally different configuration (for example in which the behaviours
are responsible of object grasping and manipulation).

These properties are achieved by exploiting a suitable inter-expert communication
protocol which comprises of three  different communication methods:

- asynchronous message-based communication,
- synchronous access to an expert based on the type of service,
- access to a shared representation.

The first method is the most general of the three and it is at the base of ETHNOS
applications, in particular in the communication between experts of different type (i.e.
handling different types of representations).  It is a message-based communication
protocol (the EIEP – Expert Information Exchange Protocol [7]) fully int egrated with
the expert scheduler. The EIEP encourages  the system developer to de-couple the
different experts in execution, to reach, as close as possible, the limit situation in
which the single expert is not aware of what and how many other experts are running.
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In this way an expert can be added, removed or modified at run-time without altering
the other components of the system.

Expert de-coupling is achieved by eliminating any static communication link. The
EIEP is essentially an efficient implementation of a blackboard in a network
distributed environment. In fact, the EIE protocol is mainly based on an asynchronous
message-based method in which the single expert subscribes to the particular message
types, known a priori. When another expert publishes any message of the subscribed
types, the subscriber receives it transparently. In this way, an expert does not know,
explicitly, who the sender of a message is or to which other experts, if any, its
message is being distributed. Moreover, the same principles apply also if the
application is distributed in a computer network: messages are distributed and
received regardless of the particular machine on which they were produced or on
which an expert subscribed [9]. Thus, from this point of view, the same application is
programmed in the same way, whether it will run with all the experts executing on the
same computer (robot soccer player) or with the experts executing on different
computers connected in a network (soccer player and supervising station or remote
high-level component responsible of non time-critical computationally intensive
tasks). Figure 2 illustrates this concept.
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Fig. 2. Equivalence between centralised and decentralised configuration

The second method provides synchronous access in a way that is similar (from the
programming point of view) to function calling. Analogously to the asynchronous
communication, is based on two primitives:

- an expert declares the external services it can carry out: examples might be get-
robot-position, increase-robot-speed,

- an expert requests a particular synchronous service to the operating system.

In the first step the operating system keeps the information on the types of services
available, defined a priori, and on the experts which can carry them out.  In the
second step the operating system searches the previously stored information and
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provides the expert with the connection to the service required. It is important to
notice that this connection will be maintained until the expert explicitly declares that
it needs the service no further. Thus, during the normal expert execution the service
access will be practically equivalent, in terms of efficiency and behaviour, to a
standard function call. The benefits deriving from this approach clearly emerge only
when experts are dynamically removed or modified. In this case, it is possible that a
service currently in use by some other expert will no longer be available. The
operating system, however, detects the critical situation and, searching again in its
database, re-connects the related expert(s) to another one providing the same type of
service and currently in execution.

The third and last method of communication allow the experts to share information
stored in a common area of memory. It is very important when two or more experts
need to work on the same, analogical or symbolic, data of relatively large dimensions.
In this situation both previous methods are not applicable to real systems: the former,
based on messages, is highly inefficient because of the implicit cost due to dealing
with messages of inevitably large size; the latter implies the ownership of the memory
by a single expert which would therefore share with it its lifetime.

ETHNOS also provides transparent inter-robot communication support. In fact,
using the same EIEP principle, messages can be exchanged on the basis of their
contents not only within the same (potentially network distributed) robot (soccer
player) but also in-between different robots (players within the same team).  However,
in the single robot case, experts running on a particular machine do not have to be
aware of the location of the message receivers  whether on the same machine or on
another one connected in the network; in inter-robot communication the situation is
different and it is often important to know exactly who the sender is. Moreover it is
also important to distinguish internal messages (meaning messages to be distributed
within the machines implementing a single player) and external messages (meaning
messages to be sent from a player to another) to avoid the explosion of unnecessary
network data communication.

In ETHNOS the different experts are allowed to subscribe to communication clubs.
For example, we may envisage a single club to which the different players belong or
even different clubs, one for the reactive components, one for the diagrammatic
components, etc. Message subscription and publication can thus be distinguished in
internal, internal and in a specific club or internal and external in all clubs. Again, it is
the responsibility of the system to dynamically transparently distribute the messages
to the appropriate receivers. Figure 3 shows some example configurations that we
have tested. In particular we are allowing the robots to communicate in a single club
(to which all of them have subscribed) and with an external supervisor (the coach)
which monitors the activity of all the robots.

Moreover since in the Robocup (and in general in mobile robotics) network
communication is often wireless (i.e. radio link, Wavelan©, etc.), because of
interference or because the robot may have moved to a blind zone, transmission
packets are frequently lost. In this context, both TCP-IP and UDP-IP based
communication cannot be used: the former because it is intrinsically not efficient in a
noisy environment; the latter because it does not guarantee the arrival of a message,
nor any information on whether it has arrived or not. For this reason we have also
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designed a protocol for this type of applications, called EEUDP (Ethnos Extended
UDP) because, based on the UDP, it extends it with the necessary properties.

S

DR DRDR

Fig. 3. Example of multi-robot ETHNOS configuration.

The EEUDP allows the transmission of messages with different priorities. The
minimum priority corresponds to the basic UDP (there is no guarantee on the message
arrival) and should be used for data of little importance or data that is frequently
updated (for example the robot position in the environment that is periodically
published). The maximum property is similar to TCP because the message is sent
until its reception is acknowledged. However, it differs because it does not guarantee
that the order of arrival of the different messages is identical to the order in which
they have been sent (irrelevant in ETHNOS applications because every message is
independent of the others), which is the cause of the major TCP overhead. Different
in-between priorities allow the re-transmission of a message until its reception is
acknowledged for different time periods (i.e. 5 ms, 10 ms, etc.).

4. Real-Time Expert Scheduling

An overall architecture for the development of RoboCup players should, in our view,
permit the integration of reactive planning and control activities (whose execution is
critical for the system and which therefore have real time requirements) with
deliberative ones (whose execution is not critical for the good functioning of the
system but which can increase performance in many situations).

In ETHNOS IV this is achieved in the following way. The different experts can be
scheduled following different policies: real time Experts can be mapped into different
Posix Threads (on one extreme) and scheduled as stated by the Rate Monotonic
algorithm[6] with a Deferrable Periodic Server[11] (we chose this algorithms because
of their ease of implementation with every Posix compliant OS) or executed into one
single thread (on the other extreme) and scheduled following the non pre-emptive
EDF algorithm [4]. In both cases the deliberative activities are performed in a lower
priority thread which executes in the background.

When ETHNOS is given a particular set of experts  and it is asked to schedule
them, its kernel acts as follows:
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- Each expert (both periodic and sporadic) is executed many times for an
approximate analysis of its worst execution time.

- For each expert (both periodic and sporadic) the scheduling conditions (the Rate
Monotonic conditions or the EDF algorithm ones depending on the scheduling
policy we choose) are tested referring to its period (or the minimum time between
two consequent runs) and its worst execution time.

- If the scheduling is possible, expert are scheduled as stated by the Rate Monotonic
or the EDF algorithm.

- Should an expert miss its deadline (this is possible because of the approximate
execution time analysis) a very simple recovery policy is adopted: the next
deadline of the expert is obtained by adding the expert’s period to the end of the
last run (not to the end of the previous period). This is equivalent to changing the
phase of the expert, saving the processor from computational overload and from
the consequent deadline-missing by other experts.

- The background expert is scheduled when no other expert is ready for execution.
Should we need a temporary intensive activity of the background expert (for
example if the robot needs to perform planning activities because of a particular
situation) it is a matter of the specific application to suspend or reduce real time
tasks activities to leave more computational time to the background ones.

5. The Programming Interface

ETHNOS-IV has been designed to facilitate the development of complex distributed
real-time applications even by non highly specialised users. This is particularly true in
the RoboCup context, in which the exchange of research results between attending
teams assumes a relevant interest. Moreover it should be outlined that within the ART
team, in which different research groups (belonging to different Universities or
Research Institutes) are involved in the same project by conducting separate research
activity, these properties have been extensively exploited. In fact, different research
units involved have adopted ETHNOS IV as their reference underlying architecture
(for the soccer player for which they are responsible) even though they adopt different
scientific solutions.

As a programming environment for the development of robotics applications,
ETHNOS provides an object oriented programming interface (EPI-Ethnos
Programming Interface) for the software implementation of the different components
of the architecture. The EPI consists of a library of abstract C++ classes related to all
the elements of the architecture, encapsulating their properties and their common
behaviours. For example, the abstract class ETExpert is the base class for defining the
behaviour of a generic expert; ETPeriodicExpert, ETAperiodicExpert and
ETBackgroundExpert classes inherit its properties and pose further constraints on the
expert timing characteristics. The user that needs to build a new expert must simply
inherit the appropriate expert class.
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6. Experimental Results

ETHNOS has been tested and used in service applications in hospitals and museums
on different robots (TRC Labmate,  GenovaRobot Snoopy robot) equipped with
different sensor devices: ultrasonic proximity sensors, bumpers, laser positioning
system, camera, etc.  Within  the RoboCup context, ETHNOS has been adopted by
our laboratory in the Università di Genova, by the Università di Padova, by the
Università di Parma and by the Politecnico di Milano. The first three have used as a
mobile base an ActiveMedia Pioneer vision guided robot especially modified with
additional devices (kicker, compass). For this purpose we have redesigned the Pioneer
control libraries to directly communicate via serial interface to the robot (thus
bypassing the Saphira architecture and allowing for an accurate, real time control of
the actuators).

Fig. 4. Left: Mo2ro Robot developed by Politecnico di Milano, Middle: TinoZoff developed by
the Università di Parma, Right: ActiveMedia® Pioneer used by Università di Genova and
Università di Padova

In the Politecnico di Milano it has been implemented on a robot platform they
developed (Mo2ro, additional information can be found at the internet web address:
http://airlab.elet.polimi.it/projects/robocup.htm)  which is equipped with kickers and
an omnidirectional vision sensor. Both RoboCup robots are depicted in figure 4.
It is worth mentioning that the solutions of the different groups that adopted ETHNOS
differed not only in their robots but also in the control architecture: subsumption
based control, fuzzy logic control, artificial potential field based control, evolutionary
learning. These diversities emphasise both the flexibility of ETHNOS and its
fundamental role in the co-ordination of heterogeneous robots.

During the Stockolm99 competition the ETHNOS architecture will be fully
exploited, in particular for the real time selection and execution of robot behaviours.
The ETHNOS based architecture we are using in Genova  is illustrated in figure 5.
The lower level real time experts and middle level soft real time experts have the
following functions:

- communicate with sensors and actuators
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- update two diagrammatic representations: VIEW (a snapshot of what the robot
currently sees suitably processed to clearly distinguish the objects in the scene) and
LPS (a local perceptual space describing the situation of the field known to the
robot due to its perceptions or the information coming from the other team mate
robots)

- perform real-time navigation.

LPSVIEW

Navigator

View Handler

x Trajectory
generator

Motion
controller

Camera
perceiver

Camera Robot Actuators/Kickers

positioner

Odometry

KB

LPS Analyser

Planner

Global positioner

Team Mates
Communicator

Wavelan®

Fig. 5. ETHNOS based RoboCup Architecture

The latter in particular is responsible for ball following, ball pushing and obstacle
avoidance, exploiting a non linear trajectory generator called x. The upper background
experts analyse the information on the LPS to extract symbolic information on the
match and perform high level action planning which tunes the behaviour of the real
time navigator. Figure 6 depicts a photo taken during the experimenting of the
architecture in which the robot has to reach the ball while avoiding the black obstacles
on the floor.
The communication properties of ETHNOS have also been exploited to develop a
graphical monitor for displaying and debugging the team activity during a match. In
fact the monitor can receive some of the information that is being exchanged between
the robots simply by subscribing to the team club and to the desired message types. In
figure 7 some snapshots of the monitor during a real match have are illustrated. The
small dark circle represents the ball, the larger light circles represent the opponent
team robots and the other black objects are the team mate robots for which the recent
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trajectory is also depicted. It can be easily noticed that there are many overlapping
opponent robots. This is because a circle is draw relatively to the opponent perception
for each robot which slightly differs because of positioning and perceptive errors.

Fig. 6. ART Pioneer robot follows the ball while avoiding  black obstacles

  

Fig. 7. Robot and ball positions perceived during a match

On the left figure the black team is scoring by pushing the ball directly into the goal.
In the middle the opponent team is counterattacking and therefore the robot on the left
is rapidly returning in defence. On the right figure the robot is preparing to kick the
ball towards the goal while a team mate is positioning as a back up. Notice that in
many cases there are sharp changes in the robot trajectory. This is either due to a
change in the ball position  or it is a movement to attempt to avoid an opponent (no
longer depicted because out of the perceptive field of the robot).

7. Conclusions

This paper presented ETHNOS, a programming environment for real time control of
distributed multiple robotic systems. Its properties have been described as well as its
influences on the development of a soccer team for RoboCup. This year’s competition
in Stockholm has shown the importance of ETHNOS in the co-ordination of an
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heterogeneous team of robots independently developed. In particular it is work
mentioning the ART managed to reach the finals and show effective and efficient co-
ordination despite the fact that the robots played together less than a handful of times
before the competition.

It is also worth mentioning that ETHNOS is publicly and freely available for non-
commercial use to academic and research institutions. An on line HTML user guide
can be found at the following address: http:// www.ethnos.laboratorium.dist.unige.it.
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