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Abstract

Communication infrastructures of highly distributed
software architectures are often complex to configure and
costly to manage. Dynamics in the environment leading to
a need for self-adaptation will further complicate mainte-
nance. For this purpose we introduce Geminga, a service
discovery approach for application in ad hoc networks and
self-configuration of communication infrastructures. Tai-
lored to unreliability in communication, it bridges the gap
between traditional application domains of distributed ar-
chitectures and groups of mobile robots. The applicability
of Geminga is shown by adapting it to a software framework
for autonomous soccer robots.
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1 Introduction

Communication infrastructures of highly modular distri-
buted software architectures are often complex to configure
and costly to manage. This is especially true for archi-
tectures where the configuration is dynamic and frequently
changing. Autonomous mobile robots acting in dynamic
environments are one example for such a scenario which
gained more and more importance in recent years. Spica,
introduced in [1, 2], is a sophisticated model-driven deve-
lopment framework for mobile robotics which promotes a
modular, service-oriented, and platform independent soft-

ware development approach for communication infrastruc-
tures.

Typical tasks of autonomous mobile robots involve ne-
gotiation of tactics, assignment of roles, and exchange of
environmental information. Each of these tasks is repre-
sented as a service in a Spica-based robotic software archi-
tecture. As services represent self-contained software struc-
tures, they are free to request further information from other
sources and can even provide new information source them-
selves. Service-orientation not only leads to increased mo-
dularity but also addresses heterogeneity issues. Different
types of robots will provide different services and will thus
be equipped with different sensors and actuators. A rescue
scenario, for example, might involve airborne robots as well
as ground machinery. For robotic soccer, a quite homoge-
neous but specialised hardware platform will be used. The
structure and approaches followed for cooperation and col-
laborations in these scenarios differ fundamentally.

In this paper we introduce Geminga, a multi-purpose ser-
vice discovery and matching approach for mobile robotics
that complements communication infrastructures generated
with Spica. Each participating system runs one instance of
Geminga, allowing service providers to announce the avai-
lability and the interfaces of their services. In turn, lo-
cal software modules that request certain service functio-
nality are informed about its availability, covering all ser-
vices available in the network. Geminga does not establish
communication channels by itself, but triggers their creation
between service consumers and providers in the service.

1.1 Service Discovery in Mobile Robotics

Geminga is designed for mobile robots which are
connected via wireless networks. Such media are known
to be vulnerable to failures whereby mobile robots may get
unavailable or leave a group unattended at any time even
during controlled operation. This may also be caused by
physical effects or system failures. Hence, measures have
to be taken to make dynamic negotiation processes robust.

Adaptation capabilities have to deliver reliable results,
even when used in such unreliable environments. Simplicity
in design and protocol interaction is known to contribute to
the robustness of a communication approach. Below, we
propose a list of some desired functionality for Geminga.

• Distributed Operation . No central knowledge repo-
sitory or discovery service can be employed because
otherwise, discovery is vulnerable to network unavai-
lability. The approach should furthermore consume
low bandwidth and therefore involve only sparse pro-
tocol interactions. It must be robust against network
failures.

• Passive Operation. Service consumers should be able
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to listen to the communication in the network in a mi-
nimally invasive manner without influencing service
providers in any way.

• Scalability. The system should scale up to about30

participants. This number is derived from the average
size of a group of mobile robots including control and
monitoring instances. In our case about ten robots and
an arbitrary number of additional clients are involved.

• Self-Management. The proposed architecture should
be self-configuring or require only minimal configura-
tion effort.

• Semantic Matching. The approach should be kept ge-
neric and allow matching of semantic service types.

This paper is organised as follows. InSection 2, we discuss
related work in the domain of service discovery.Section 3
then introduces Geminga, our approach for service dis-
covery in mobile robotics. A brief discussion of results
obtained during an experimental evaluation is shown in
Section 4. We conclude the paper inSection 5and point
to future work.

2 Related Work

Service discovery in computer networks is a broad do-
main. There are many different approaches which tar-
get discovery, integration, and configuration of services or
hosts. Robust service discovery schemes for unreliable or
ad hoc networks are, however, still subject to active re-
search.

In Service-oriented Architectures(SOA), service disco-
very plays an important role for automated service compo-
sition [3, 4, 5, 6, 7]. TheUniversal Description, Discovery
and Integration(UDDI) [8] resembles a standardised direc-
tory service which realises one possible service discovery
approach for SOA architectures. Being a centralised ap-
proach, it is not considered any further in this context.

Zeroconf[9] comprises a set of technologies facilitating
automatic network configuration and discovery of services
and devices. Well-known implementations areBonjour by
Apple and the open source projectAvahi. A Zeroconf archi-
tecture builds on an extension of theDomain Name System
(DNS) by embedding service description records (DNS-
SD) [10]. Multicast-enabled DNS (mDNS) [11] simplifies
DNS queries in local area networks by allowing multicast
queries.

The UPnP working group specifies an automatic net-
work configuration approach very similar to Zeroconf. It
builds on theSimple Service Discovery Protocol(SSDP)
[12] which itself relies on HTTP.

Zeroconf lacks the flexibility required for dynamic ro-
botic systems whereas UPnP depends on HTTP and TCP,
violating the previously mentioned bandwidth constraints.

TheService Location Protocol(SLP) [13] provides ser-
vice discovery for local area networks. Devices joining the
network use multicast for initial service discovery. After-
wards, the transmissions still are mostly message-oriented.
Actors in an SLP-enabled infrastructure areUser Agents
(searching for services),Service Agents(providing ser-
vices), and, optionally,Directory Agents(offering caching
functionality). SLP is designed for reliable communication
and thus not feasible for dynamic ad hoc systems.

In [14], Lenders et al. present a service discovery ap-
proach modelled after electrostatic fields. It is lean, robust,
and completely decentralised. It resembles a form of publi-
sh/subscribe system where processes can subscribe to mes-
sages containing information on specific subjects. The sys-
tem explicitly targets mobile ad hoc networks without rou-
ting capabilities and therefore introduce own routing func-
tionality.

Geminga follows a similar approach but relies on the
routing capabilities provided by the underlying network. It
can thus do with fewer messages and less protocol interac-
tions.

Elvin [15] is a distributed event routing and delivery ser-
vice with publish/subscribe semantics, featuring a sophisti-
cated content-based subscription system. Subscriptions are
formulated using an Elvin-specific requisition specification
language and content is specified as key-value pairs. Elvin
installations comprise a central router component, several
of which may be federated. Being a sub-concept of content-
based subscription, the type-based subscription approachof
Geminga is more suitable for the application domain we are
dealing with.

3 Geminga Distributed Service Discovery

The pulsarGemingain the constellation Gemini, clo-
ser to Earth than any other known pulsar, is the inspiration
for the name of our service discovery approach. TheGe-
minga Service Discoveryis developed in conjunction with
the Spica [1, 2] development framework for autonomous ro-
bot software. More specifically, Spica supports developers
in creating the communication infrastructure required fora
distributed, modular software architecture. To allow such
an infrastructure to automatically configure and adapt itself
to changes in the network configuration, a robust service
discovery is required. In the following, we will refer to ins-
tances of Geminga asparticipantsand to the modules of the
robot software interacting with them asservice peers, since
they act as service provider, service consumer, or both.

Addressing the requirements worked out inSection 1
and taking into account the related work analysis, we use
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a beacon-based service discovery approach similar to [14].
Each participant announces its published and subscribed
services on a regular basis, providing the other participants
with a snapshot of its local state. This announcement floo-
ding introduces an upper boundary for scalability which,
however, is well above the specifications stated in the re-
quirements.

Each participant maintains a local data structure for sto-
ring received beacons. Outdated entries are automatically
purged after a given amount of time automatically. Service
matching is based on the locally stored announcements and
will be discussed inSection 3.6in detail.

Creation or removal of communication channels bet-
ween the service peers is triggered by Geminga at the res-
pective peers. Such channels may operate in any of the three
modes shown below.

• One-to-one (oto). One-to-one channels are configured
and established only once between two or more parti-
cipants. No information exchange is needed.

• One-to-many/stream (otm/stream). Channels confi-
gured for otm/stream mode are set up and established
passively. They resemble sources for streaming data
with more than one recipient which just have to listen
at specified addresses. Information exchange is requi-
red from providers to consumers only.

• One-to-many/pubsub (otm/pubsub). Channels
configured for otm/pubsub mode are established as
soon as at least one subscriber is present. They are
shut down after the last consumer has withdrawn its
subscription. Bidirectional information exchange is re-
quired between the service peers.

3.1 Geminga SD Layout Decisions

Geminga SD is a core component of the Spica software
development framework, but is designed in a very general
manner which allows for adoption in arbitrary platforms.
Service types are identified using genericidentity tokens
which can either be32bit unsigned numbers, text strings, or
semantic identifiers consisting of aconceptand arepresen-
tation [16]. Using a hash algorithm, numerical identifiers
can be derived from their semantic counterparts.

The service peers on each host access their local Ge-
minga instance as clients in order to publish or request ser-
vices. This interaction relies on theGeminga Client Nego-
tiation Protocol(GCNP) as defined inSection 3.2.

Announcement messages are distributed among all Ge-
minga instances, propagating the locally available services
as well as service subscriptions. The discovery process as
such does not involve any network communication, since it
is based on the aggregated information from other partici-
pants and the information received from local service peers

Provider

Consumer

Provider

Geminga

Geminga Client

Negotiation Protocol

Geminga Host

Figure 1: Geminga with service peers

only. The approach thus becomes insensitive to networking
issues.Figure 1illustrates the layout of a Geminga installa-
tion on a single host with three service peers – two providers
and one consumer – connected via GCNP.

3.2 Geminga Client Negotiation Protocol

GCNP is a simple, text-based protocol used for informa-
tion exchange between service peers and the local Geminga
instance. For this (strictly local) communication, TCP/IP
connections are used.

Geminga informs clients of the availability of a service
as well as subscription events from consumers via GCNP.
It does not create any connection, though. Instead, com-
munication channels between service peers have to be es-
tablished by the peers themselves. In order to ease the in-
tegration with existing software packages, interface stubs
implementing the GCNP are provided for several program-
ming languages. Dynamic channel creation and removal as
well as management tasks are all handled by these interface
stubs in a transparent manner.

3.2.1 Protocol Operation

The structure of all statements exchanged between Geminga
and its service peers obeys the simple grammar below:

<id> <command> <subcommand> <parameters>

Each statement is identified by a32bit unsigned integer
<id> . If it equals0, the statement is either directed at Ge-
minga (system command) or received from it (system res-
ponse). All the remaining values are used to establish a re-
lationship between statements, i.e. between a command and
a response or event. Parameters are collections of key-value
pairs delimited by spaces. The value part may be omitted.
Each message is terminated by aCR+LFsequence.

GCNP currently supports four types of statement, na-
mely messages, commands, errors, and events. We will

3



S
p
ic
a

G
e
m
in
g
a

N
E
G
O
T
IA
T
IO
N

G
R
O
U
P

Provider Geminga Geminga Consumer

Spica Communication Channel

pub create

sub add

sub create

pub add

∆t

Announcements

Figure 2: GCNP interaction and establishment of a Spica channel

shortly outline the characteristics of commands and give an
example for the protocol interactions of GCNP inFigure 2.

3.2.2 Messages

Messages are generated by Geminga to return either infor-
mation concerning the Geminga instance or as response to
a previously issued system command. Here,<command>

specifies the message type whereas<subcommand> may be
used for specialisation. Parameters are completely optional.

3.2.3 Requests

Requests are issued by service peers to trigger execution
of operations at a Geminga instance. No immediate res-
ponses are generated (except in case of an error). Instead,
responses are delivered asynchronously. The commands for
service publication and subscription are shown below, cove-
ring announcement, modification, and removal of services.

Thepub command allows service providers to configure
service offers. Subcommands are used to trigger creation
(create ), modification (modify ), or removal (remove ) of
an offer. The service itself is characterised by a set of pa-
rameters which includes the channel mode and the service
identity, for example.

The sub command allows service consumers to confi-
gure a service subscription. The subcommands and parame-

ters are identical to their counterparts in thepub command.

3.3 Events

In response to publication commands, subscription
events inform the provider and consumer of changes in their
requests. Events build the foundation for adaptive beha-
viour and thus resemble one of the most important features
of Geminga. The structure of an event is similar to that of
the corresponding request command. The subcommands,
however, may differ.

A service subscription will generate a publication event
(pub ) with the respective subcommand once a service ap-
pears (add ), disappears (del ), or changes its configuration
(modify ). The parameters represent the configuration of
the service.

A service publication will lead to a subscription event
sub with the respective subcommand. The subcommands
and parameters have the same semantics as for publication.

3.4 Errors

In case of an error while executing a command, error
messages are sent back synchronously. The command ele-
ment of the original message is replaced by a triple-digit
error code, the subcommand and parameters are replaced
by a descriptive string.
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3.5 Announcement

Geminga SD follows the simple yet powerful approach
of periodical service announcement. Waiver of elaborate
protocol interaction schemes that handle network failures
is compensated in our approach by providing redundancy
in data transmission. The repeated transmission implicitly
provides this redundancy. Publications and subscriptions
are transmitted in the same announcement message, effec-
tively reducing the number of required messages thanks to
piggybacking.

3.5.1 Geminga Identifier Generation

Before introducing the announcement scheme, we will out-
line the generation of unique identifiers for Geminga ins-
tances. These identifiers are needed because every host –
and hence, each instance of Geminga – potentially has seve-
ral valid network addresses which thus disqualify as unique
identifiers.

First, a random number is generated and broadcast to the
other Geminga instances. If another system already owns
this number, the process is repeated until a unique identifier
was found or an iteration limit has been exceeded. In the
latter case, Geminga shuts down.

If an identifier clash is detected during runtime, all in-
volved participants have to drop their current identifier and
generate new ones using the procedure outlined above. This
will force all Geminga instances to temporarily cancel all
service publications and subscriptions which are then rene-
wed after a new identifier was found.

3.5.2 Service Announcement

By default, services are announced every two seconds. It is
possible to automatically adapt the interval to the number
of participating Geminga instances or the relative message
loss. The latter one is accomplished by monitoring the in-
coming traffic and interpreting its distribution.

Figure 3outlines the format of a Geminga announcement
message. The message header block contains management
information required for processing. It will not be further
discussed here. The address block contains a list of all lo-
cal interface addresses. They are collected during start-up
and required for establishing communication channels. For
each available interface, a unique announcement message is
generated, containing only addresses and services that are
valid for this specific interface. For loopback devices, no
announcements are generated.

The publish and subscribe block lists the local service
peers (providers and consumers) along with their publica-
tions and subscriptions. Each peer is listed with its name
and a32bit unsigned integer number which acts as a uni-
quely identifier within the Geminga instance.
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Figure 3: Geminga announcement message

A peer description contains two lists. The first one des-
cribes service publications along with the channel mode,
the service identity, a priority, and the address index/port
tuple. The priority field is required in the matching process
for arbitration. The second list describes service subscrip-
tions along with the consumer identity, a priority and ad-
dress data. A subscription further contains a list of service
provider identifiers (Geminga and peer identifiers). This en-
ables service consumers to specify their favoured providers
to subscribe to.

This message structure, along with a space efficient en-
coding scheme, allows for reasonably sized announcement
messages even if dozens of services are involved. Speci-
fied in SpicaML/MDL, the Spica modelling language for
message formats [2], the message structure is generated au-
tomatically for all required platforms. It is further possible
to authenticate, encrypt, and compress the message.
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3.6 Matching

Geminga instances maintain a data structure for the most
recent announcements received from the other systems. Ba-
sed these announcements, the matching process can be exe-
cuted locally. Each system therefore listens to the announ-
cements exchanged in the negotiation group and carries out
extensive matching operations on the local host without dis-
turbing other participants. The stored announcements are
indexed in several ways, each representing a search crite-
rion required for the matching process. The most important
indices are outlined below.

The indices on service publications or subscriptions
consist of five fields which uniquely identify a service des-
cription: the service peer and Geminga identifiers, the ser-
vice identity, the channel mode, and the service address.
Addresses are compared based on scope equivalence.

If a service consumer requests certain functionality, the
collected announcements (including the locally available
services) are searched. Depending on the number of search
results, an arbitration step is carried out, based on the prio-
rity specification.

Once a match was found, a GCNP event is triggered for
the respective local peer. In case of modifications of already
processed service requests, a modification event is genera-
ted respectively.

For each service, Geminga maintains a timestamp of the
last update and an index thereon. Service request and offer
entries not updated for a given amount of time are removed
from the data structure. Hence, inaccessible services or out-
dated subscriptions are invalidated automatically. Peersare
sent a GCNP event, informing them of the removal of the
service or subscription.

Since service providers and Geminga instances are not
guaranteed to always sign off cleanly but rather may quit
without notification, the automated invalidation is a very
important feature.

4 Results

The software architecture of the Carpe Noctem soccer
robots of Kassel University1 is based on a Spica-generated
communication infrastructure. Using Geminga, we were
able to create a highly modular, distributed, and self-
configuring software architecture. Provided services are
discovered and integrated automatically with no additional
configuration expenses.

The Geminga approach has been evaluated experimen-
tally during the RoboCup German Open championships
2008 in Hannover, Germany. Geminga was responsible for
negotiation and adaptation of communication links whereas

1http://carpenoctem.das-lab.net/

the Spica-generated communication infrastructure handled
the message distribution.

Each of the six Carpe Noctem robots typically executes
six independent modules. These are connected one ano-
ther and to four other modules located in monitoring sys-
tems outside the playing field. Within a robot, nine services
are provided. Each service generates messages at33Hz,
resulting in about297 messages per second. In addition,
each robot subscribes to seven external services which ty-
pically send messages with a frequency between1Hz and
10Hz. About50 messages are received per second, inclu-
ding messages from the five other robots. Finally, each ro-
bot provides about six further services to external subscri-
bers. Most of them exhibit a message rate of rarely more
than one message per second. One service distributes the
robot’s internal state with a message rate fixed to exactly
10Hz. This results in about20 messages per second for out-
bound traffic. The robots successfully competed with the
other teams and finished4th in the tournament.

These tests have shown that the Geminga approach was
able to automatically establish communication links and
manage the communication infrastructure in a resource ef-
ficient and reliable fashion. Even during periods of network
instability the communication infrastructure configuration
persisted.

5 Conclusions and Future Work

Geminga is a simple yet powerful service discovery
scheme based on a beacon-oriented service announcement
approach. It explicitly dispenses with elaborate negotiation
and notification protocols in order to be less sensitive to net-
working issues. This renders the Geminga service discovery
especially useful for application in unreliable communica-
tion networks.

Each host communicating with other Geminga-enabled
hosts executes a single Geminga instance. Implementing
a client-server architecture, Geminga allows local service
providers and consumers to connect and use its services
through the Geminga Client Negotiation Protocol (GCNP).
This includes the discovery, matching, and management of
services.

In the near future, the semantic matching capabilities
of Geminga will be developed further. Therefore, support
of semantic identifiers will be extended to integrate onto-
logy lookups including reasoning. Research will be further
conducted on arbitration techniques for selecting and mer-
ging multiple data sources.
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