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Preface

This volume contains the papers presented at the Student Session of the 10th
European Agent Systems Summer School (EASSS) held on 7th of May 2008 at
the New University of Lisbon, Portugal.

The Student Session, organised for students by students, is designed to en-
courage student interaction and feedback from the community. By providing the
students with a conference-like setup, both in the presentation and in the re-
view process, students have the opportunity to prepare their own submission,
go through the selection process and present their work to each other and their
interests to their fellow students as well as internationally leading experts in the
agent field, both from the theoretical and the practical sector.

The goal of the Student Session is to provide the speakers with constructive
feedback and means to be introduced to the community. Therefore, the compet-
itive elements often found in conferences (best paper award, best presentation
award) are intentionally omitted. Preparing a good paper is a difficult task, prac-
ticing it is the benefit of the Student Session.

All submissions were peer-reviewed and accepted paper submissions were
assigned a 25 minute slot for presentation at the Summer School. Typically
a presentation either detailed the intended approach to a problem or asked a
specific question, directed at the audience.

The review process itself was extremely selective and many good papers could
not be accepted for the final presentation. Each submission was reviewed by 4
programme committee members on the average, who decided to accept the 6
papers that are presented in these proceedings.

Overall, the EASSS’08 Student Session as well as the Summer School in
general were a great success, which would not have been possible without the help
of a number of people. We, the organisers of the Student Session, would like to
thank the whole EASSS’08 committee, especially João Leite and Mehdi Dastani,
for giving us valuable advice, as well as Hanno Hildmann, who introduced us
into chairing the Student Session. Furthermore we like to thank the reviewers
for giving feedback to the students. Finally our thanks go to Luis Antunes, who
volunteered in chairing the second track of the Student Session. We had a great
time, and we are looking forward to seeing all of you next year in Hungary.

May 2008 Tina Balke
Tobias Küster
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Using Multiagent Systems for Mobility Management in 
Heterogeneous Network of Things 

Atiq Ahmed, Leila Merghem Boulahia, Dominique Gaïti
{atiq.ahmed, Leila.merghem_boulahia, Dominique.gaiti} @utt.fr 

ICD/ERA, FRE CNRS 2848,  
Université de Technologie de Troyes,  

12 rue Marie Curie, 10010 Troyes Cedex, France 

Abstract. Today, there is a strong trend of people becoming more and more 
dependent on wireless networks because of that, for the past few years, in particular, 
mobility management and service continuity have become increasingly difficult 
tasks, and network applications often need to maintain efficient connectivity graphs 
for various purposes. A very interesting paradigm, ‘The knowledge Plane’ was 
proposed by Clark as a new construct to improve network management and 
applications. For improving handover decisions by taking into consideration Quality 
of Service (QoS) parameters (delay, bandwidth, packet loss, etc.), we propose to use 
a knowledge plane in heterogeneous network environments, which will be managed 
by the Multiagent system. The knowledge plane will be highly dependent upon 
knowledge derived from information contained in participating nodes of the 
network. It will be distributing the agents in the wireless nodes across the network 
for taking Handover decisions with the help of knowledge present in the network.  

Keywords: Heterogeneous Networks, Internet of Things, Knowledge Plane,  
Mobility Management, Multiagent Systems  

1 Introduction 

In the past few years, Wireless Networks have emerged as the future of Internet changing 
an overall infrastructure of the network. As computing and communication devices 
become smaller and cheaper, the potential for “ubiquitous computing” becomes more real. 
People begin to imagine computers as things that are embedded into the environment, 
rather than placed on a desktop or carried around by them everywhere. The need is to 
have such an autonomy that can provide access all the time to every thing hence providing 
connectivity everywhere. Many new concepts have arisen from this idea, including terms 
such as “smart environments”, “ubiquitous computing” and “pervasive computing”. 
However, the underlying concept is simple: If computing and sensing units become small 
enough, they might be integrated in every place providing a rich flow of anytime-
anywhere services and this concept also gives rise to Internet of Things (IoT) (Fig 1) [12]. 
Radio Frequency IDentification (RFID) is one of the candidates, so far, for the IoT, 
including other technologies like Wi-Family, GPRS (General Packet Radio Service), 
UMTS (Universal Mobile Telecommunication System), ZigBee, Sensors, UPnP 
(Universal Plug and Play), DLNA (Digital Living Network Alliance), etc. 

The current telecommunications market consists of many large networks built in a 
range of different technologies (for example GSM, UMTS, Wi-Family, etc.). Generally, 
when a customer uses a service for which network access is needed, only a single network 
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and one end-to-end path are used, even when many other suitable network connections are 
available to this user. If the access network has to be altered, for example, due to 
insufficient signal strength, in many cases the connection is first broken and then re-
established via a new network. This wastes time and is inconvenient for the user. Hence, 
Mobility and continuity of service between different networks (for example Wifi to GPRS 
and GPRS to WiMax) is a very important issue to be dealt with. For a better service and 
more efficient use of the network, a switch from one network to another should be made 
seamlessly, while the connection is maintained at the same QoS level during the mobility. 

Fig 1: Internet of Things [12] 

The wireless technologies currently deployed focus on providing network connectivity. 
Each service has its own requirements with respect to bandwidth, delay, jitter and packet 
loss, etc. jointly called the quality of service parameters. We need an architecture that 
makes it possible to set these parameters for every segment of the end-to-end network, in 
order to realize the service. The architecture should target mobile services that will use 
several of these wireless technologies like for example, video streaming starting at the 
home WLAN and continuing outside.  In some cases, QoS parameters cannot be 
maintained across networks because while doing the handover between two different 
networks, normally, there is a possibility of packet loss and delay. As the focus is on the 
service and the user experience, service adaptation needs to be integrated in the network 
architecture and realised by the agents. We have organised this paper in the following 
manner: in the second section, we will present the description of our context of IoTcR 
(Internet of Things connected by Radio) and some of the technologies studied in this 
context. In section 3, some existing work related to handover techniques will be presented, 
which will be followed with our proposition of using a knowledge plane (KP) with 
Multiagent systems in section 4. And finally, we will conclude the article. 

2 Internet of Things Connected by Radio 

IoTcR (Internet of Things connected by Radio) can be treated as a particular case of 
Internet of things defined in the context of mobile and wireless networks. In this IoTcR 
network, the major challenge is to ensure end-to-end service continuity with a certain 
amount of quality of service during mobility. It must support the mobile users to be able 
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to pursue their applications through an interconnection of IoTcR cells. Now, we will 
describe our scenario, which is developed with our partners in the SUN (Situated 
Ubiquitous Networks) project, financed by ANR (Agence Nationale de Recherche), 
National French Research Agency. The goal of this project is to ensure end to end 
continuity of service with QoS during mobility in heterogeneous networks.Following are 
some of the technologies that have been studied in the context of IoTcR network. 

2.1 RFID 

In IoTcR network, RFID is one of the candidates. It is a method for remotely storing and 
retrieving data using devices called RFID tags or transponders. An RFID tag is a small 
object, such as an adhesive sticker, that can be attached to or incorporated into a product. 
RFID tags are composed of an antenna connected to an electronic chip. These chips 
transform the energy of radio-frequency queries from an RFID reader or transceiver to 
respond by sending back information they enclose. Finally, a computer hosting a specific 
RFID application or middleware pilots the reader and processes the data it sends [12]. 
RFID has very interesting characteristics like, it is possible to scan tags in motion; and the 
tags do not need to be in direct line of sight of the RFID reader. Having labelled or tagged 
objects being identifiable in an ubiquitous and flexible manner is already a good start. 
Building a network out of these objects, so that with a unique number one can easily 
retrieve information about them, would enable much more interesting use cases. 

2.2 Wi-Family 

Wireless technologies have evolved into a heterogeneous collection of network 
infrastructures providing a wide variety of options for user’s access such as WiFi and 
cellular networks. Based on WiFi technology, Wireless Local Area Networks (WLANs) 
have demonstrated an exceptional success in recent years because of their high-speed data 
transmission and flexible deployment. WiMAX (Worldwide Interoperability for 
Microwave Access), is a telecommunications technology aimed at providing wireless data 
over long distances in a variety of ways, from point-to-point links to full mobile cellular 
type access. It is based on the IEEE 802.16 standard, which is also called Wireless MAN. 
The WiMAX forum describes WiMAX as "a standards-based technology enabling the 
delivery of last mile wireless broadband access as an alternative to cable and DSL"[10]. 
The bandwidth and reach of WiMAX make it suitable for the following potential 
applications:  
- Connecting Wi-Fi hotspots with each other and to other parts of the Internet,  
- Providing high-speed data and telecommunications services,  
- Providing nomadic connectivity and so on. 
Apart from Wi-family, ZigBee and UMTS are also very important types of networks 
present currently. ZigBee is a low data rate, low power consumption, low cost, wireless 
networking protocol targeted towards automation and remote control applications. ZigBee 
is expected to provide low cost and low power connectivity for equipment that needs 
battery life as long as several months to several years but does not require data transfer 
rates as high as those enabled by Bluetooth. In addition, ZigBee can be implemented in 
mesh networks larger than is possible with Bluetooth. Universal Mobile 
Telecommunications System (UMTS) is one of the third-generation (3G) cell phone 
technologies, which is also being developed into a 4G technology. Currently, the most 
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common form of UMTS uses W-CDMA (Wideband Code Division Multiple Access) as 
the underlying air interface. It is standardized by the 3GPP (3rd Generation Partnership 
Project), and is the European answer to the IMT-2000 (International Mobile 
Telecommunications-2000) requirements for 3G cellular radio systems.  

We can see that all the above described technologies are very different in nature and 
hence, they create a heterogeneous network of things. In this section, we have tried to 
explain the heterogeneity in our IoTcR Network while depicting some of the technologies. 
In the next section, we will present some of the related work in the mobility management. 

3 Mobility In IoTcR Network 

In order to support real-time or multimedia applications using end-to-end IP, it is 
necessary to support the requirements of mobile or broadband wireless access. Mobility 
management and continuity of service has been very important issues to handle for the 
past few years. Mobility management supports mobile terminals, allowing users to roam 
while simultaneously offering them incoming calls and supporting calls in progress. In the 
next section, we will describe some of the techniques of mobility that are present in 
literature. 

Various Approaches for Mobility  

There are many solutions in literature that have been presented for the Mobility/Handover 
Management. Mobile IP (MIP), the mobility enabling protocol for the Internet, introduces 
several new concepts in the case of handover on Layer 3. MIP enables terminals to move 
from one sub-network to another as packets are being sent, without interrupting this 
process with the help of Home agent and a Foreign agent with a care-of address [13] (Fig 
2). The home agent intercepts any packets destined to the mobile node, and tunnels them 
to the mobile node’s current location. Thus, it is necessary for a mobile node to register its 
location at the home agent. The time taken for this registration process combined with the 
time taken for a mobile node to configure a new network care-of address in the visiting 
network, amounts to the overall handoff latency. Thus, the handoff latency in Mobile IP is 
primarily due to two procedures, namely, the address resolution and the (home) network 
registration. 

Another solution for mobility management is present, known as Session Initiation 
Protocol (SIP). Although SIP performs better than MIP in all aspects, including file 
download time, congestion window recovery time, and sequence number sent. 
Nevertheless, the SIP-based approach requires IP encapsulation at both ends as well as 
tunnelling and also handoff takes longer time to complete [13]. 

MIP and SIP could be used in order to support inter-domain mobility (mobility across 
different administrative domains), they both are unsuitable for handling intra-domain 
mobility. In the context of IoTcR, we are still studying mobility protocols in order to 
choose a protocol, which can provide end to end, fast, and flexible continuity of service. 

In the next section, we propose the use of a Knowledge Plane for taking handover 
decisions with the help of agents. 
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Fig 2: MIP Mobility [8] 

4 A Knowledge Plane with Multiagent Systems 

It has been the rule for many years to assume that communication systems could be 
monitored and controlled by a central entity. However, with the growth of the size and 
complexity of communication systems, it has become clear that this assumption is no 
longer valid. One of the paradigmatic cases of a communication system that has had to 
evolve to become autonomic and self-organized is the Internet whose initial centralized 
structure has had to evolve for fully distributed control and management. This trend is 
slowly expanding to all kinds of communications systems. It has given a way to new 
models and paradigms and has opened the door to migrating new research techniques 
from other fields for use in these systems. Among these concepts, there is a concept of 
knowledge plane as well, which is used for bringing the autonomy in the future networks. 
In the next section, we will describe the concept and need of knowledge plane. 

4.2 The Knowledge Plane 

A number of technologies are evolving that will formulate more adaptive and robust 
network architectures intended to operate in dynamic network environments. Thus, we 
propose to use a Knowledge plane (KP) (Fig 3) inspired by the work of Clark [4] that will 
be run by agents. A KP is a pervasive system within the network that builds and maintains 
high-level models of what the network is supposed to do, in order to provide services and 
advice to other elements of the network. The KP has been proposed as a distributed and 
decentralized construct within the internet to gather, aggregate and act upon information 
about network behaviour and operation [4]. We assume that knowledge is understood as a 
set of organized data. The main difference between information and knowledge is that 
knowledge is in context. While information is a composition of raw data, knowledge is a 
set of interrelated data. 
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Fig 3: Knowledge Plane 

The area of Multiagent Systems (MAS) is used for autonomous decision making under 
varying environmental conditions in the networks. An MAS is a system composed of 
multiple interacting intelligent agents, which are able to communicate together, possess 
their own resources, perceive their environment, have a behaviour and have partial 
representation of their environment [5]. Multiagent systems can be used to solve problems 
which are difficult or impossible for an individual agent or monolithic system to solve on 
the basis of the following characteristics. 

4.3 Characteristics of MAS 

We have chosen MAS because of the following characteristics of the agents [6]: 
- Decentralization, it means that no agent has a global vision of the system and the 
decisions are taken in a totally decentralized way; 
- Reactivity, an agent is a part of an environment and its decisions are based on what it 
perceives from his environment and on its current state. It takes a situated view of its 
environment; 
- Pro-activity, it is the ability of setting goals and realizing them; 
- Sociability, it is the ability to distribute the intelligence between the different agents and 
cooperating with other agents in the system. It means that some of the tasks agent can do 
by itself but not the entire task. 
- Adaptability, the agent adapts its actions according to the incoming events and to its 
vision of the current system state. 
After seeing the characteristics provided by MAS that are well suited for the development 
of an autonomous system, we propose the use of agents to build the knowledge plane. 

4.4 Description of the Knowledge Plane 

The Knowledge Plane is a building block for a network that is more reliable. In our view 
point, if possible, KP should be embedded within the network components (for example, 
access points, routers, etc.) so that it can gather useful information from usual control 
algorithms, for example, network connectivity, load, routing information, mobility and so 
on. The advantage of this is that information gathering activity can be performed 
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permanently, with very little impact on network performance. Then, KP should give a 
meaning to the collected data and should convert it into useful knowledge. This data can 
also be called as localised data, as it is collected with a situated view of the environment. 
Next function of the knowledge plane in our view is, providing/distributing the knowledge 
where it shall be useful, in a format that matches the needs and understanding capabilities 
of the recipients, which will be a very important task of the knowledge plane.  

As the information will be distributed in the network, we need to put our agents 
correctly as well so that they can timely gather the knowledge. Agents can be placed in 
the correspondent nodes/ Access Points for doing handover and/or can be distributed 
towards the edge of the wireless network (Fig 4). Multiple wireless networks could be 
present in the environment. KP, built with the agents, will choose the best handover 
algorithm to reach the goal and it will also decide about the values of all the parameters of 
the algorithm chosen. The KP has to configure the control plane which itself configures 
the data plane. Knowledge plane will provide valuable knowledge about the Internet to 
mobility management and applications in a scalable and efficient way. The knowledge in 
the knowledge plane will include among others network topology, and performance 
information (fault, connectivity, latency, bandwidth, etc.). 

Fig 4: Agents and KP 

The agents would be responsible for collecting and sharing knowledge. Apart from this, 
agents can send to each other the keep-alive messages, to know whether the agent in the 
neighbourhood is active or not.  Properly implemented, the knowledge plane should 
continue to improve the network [3]. As we add more knowledge to the knowledge plane, 
it should become more valuable and useful overall.  

Conclusion 

Autonomic networking is a grand challenge, requiring advances in several fields of 
science and technology, particularly systems, software architecture and engineering, 
human-system interfaces, policy, modeling, optimization, and many branches of artificial 
intelligence such as planning, learning, knowledge representation and reasoning, 
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Multiagent systems, and negotiation. Handover management in a heterogeneous network 
environment is a big challenge because the interconnecting technologies are totally 
different. We have proposed to use a Knowledge plane for controlling the network 
decisions related to continuity of service and mobility which is just the state of art of our 
work done so far. The ultimate goal of the knowledge plane is to build a new generation 
of network that can drive its own deployment and configuration, diagnose its own 
problems, and make decisions to resolve them. The KP is a building block for a network 
that is more reliable. Properly implemented, it should continue to improve the network. As 
we add more knowledge to the knowledge plane, it should become more valuable and 
useful overall. For the future work, we are designing an architecture for the 
implementation of our agent approach that can support seamless mobility and could be 
able to take the handover decisions autonomously in the context of IoTcR. 
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Abstract. In the field of multi-agent systems, the social and organisational as-

pects of agency become a major focus of interest. Various methodologies and

infrastructures provide tools for modelling and managing organisation. However,

the management of openness and large-scale organisations remains an open re-

search issue. Particularly, considering the management of constraints and norms

while keeping the agents’ autonomous need to provide suitable abstractions both

at conceptual and implementation step of an organisation infrastructure.

In this paper, we present an approach based on the A&A (Agents and Artifacts)

meta-model. A&A promotes that agents are situated in an environment populated

by artifacts that provide them some services. In the same trend, we are inter-

est to provide an organisation infrastructure based on special kinds of artifacts

called organisational artifacts. These artifacts manage enforcement of organisa-

tional constraints and we dedicated the organisation supervision and regulation

to organisational agents.

1 Introduction

In recent years, organisation has become an important research field in Multi-Agent

Systems [3, 1]. Many models [6, 4] have been, and are still, proposed. Most of them

deal with the control of the autonomous agents so that, at the system level, coherent

functioning is ensured. In [2] it claimed that the different proposals of organisation cen-

tered point of view are define with two important components may be considered: a

declarative Organisation Modelling Language (OML) and an Organisation Infrastruc-
ture (OI). The former is used to define constraints, rules and the cooperation patterns of

an organisation. The resulting description represent what we call an Organisation Spec-
ification (OS). The OI is the infrastructure where a set of agents are bind to accomplish

the overall goal defined in the OS. An instantiation of an OS and its agents form an

Organisation Entity (OE).

Our work is interested in providing tools for an OI with the following requirements:

(1) Provide an open system which can enable heterogeneous agents1 to enter and par-

ticipate in an OE; (2) Enable the management of large-scale, distributed multi-agent

organisations; (3) Provide a normative management in order to regulate agents com-

pliance according to a defined organisation while keeping agents’ autonomous. In this

1 Agents heterogeneity is considerated here in terms of different implementation languages and

reasoning techniques
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paper we present the first steps toward these objectives with our proposal ORA4MAS

(Organisation Artifact and agents for open Multi-Agent Systems).

The remainder of this paper is structured as follow: section 2 presents related works

and our motivations. Following, section 3 describes the basic concepts of our proposal

ORA4MAS. Section 4 presents an overview of its current architecture with the mapping

on the OML Moise+ [9]. Finally section 5 highlight our future works.

2 Related works and motivations

In the literature concerning organisation in multi-agent system, different OML are pro-

posed to design agent cooperation patterns. Among them, AGR [6] is based on the

notions of Agents, Groups and Roles. Each agent can plays several roles within dif-

ferent groups of an organisation. However there is no means to define the relationship

between the groups and the roles. Islander [4], provides tools to define institutions struc-

ture and interactions. The designer may define the roles of the institution, their relation-

ship (communication protocols) in different scenes and the norms assigning agents’

rights and duties according to their roles. Moise+ [9] and MoiseInst [8] propose the

modelling of an organisation in different dimensions: the structural dimension is com-

posed by the hierarchy of groups, each group with its roles, the cardinality of each role

and the relations between these roles. The functional dimension is used to define the

missions, the goals and the plans to be achieved in order to attain the overall goal of the

organisation. The deontic or normative dimension is used to specify the norms defining

obligations, permissions or interdictions related to roles and missions. The contextual

dimension providing by MoiseInst is used to define the different organisational state

(contexts) related to norms.

The corresponding organisation infrastructures assuring the management of an OS

defined with these OML are Madkit for AGR, Ameli [5] for Islander, S-Moise+ [9] for

Moise+, Synai [7] for MoiseInst. As illustrated in [2] they follow the general architec-

ture depicted in Fig. 1.

Fig. 1. General architecture of organisation infrastructure
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The agents interact with the OI through a proxy (e.g. Governor for Ameli, OrgBox
for S-Moise+, OrgWrapperAg for SYNAI) which provide to the agents, predefined

primitives to perform any actions in their organisation. The problem with these proxies

is that, they are implemented in order to take some decision independently to theirs

agents. For instance, if an agent want to perform an action forbidden by a norm the

execution of this action will be avoided by its proxy. Thus, the proxies take the decisions

without taking in account agents’ autonomous.

The different organisational services such as registering agents roles, maintaining

organisation’ state according to constraints defined in the OS, coordinate agents’

cooperation, deciding to sanction or not an agent when it does not comply with some

rules or norms are managing by special “agents manager”. S-Moise+ and Madkit

centralise all the organisational services in a same “agent manager”: OrgManager
for S-Moise+; GroupRoleManager for Madkit. These singles “agent manager” will

be probably overloaded in case of managing large-scale organisation. Ameli and

Synai try to distribute organisational services between different “agents manager”:

SceneManager(s), TransitionManager(s) and InstitutionManager(s) for Ameli; Struct-
ManageAg(s), FunctManagerAg(s), ContextManagerAg(s), NormManagerAg for

Synai. Even this can be a good way for managing large scale organisation, these

approaches as the centralise one meld the management of (1) the enforcement of

organisational constraints and coordination functions; (2) The reasoning and deci-

sion making. Considering the fact that agents are autonomous pro-active entities,

and not merely providers of services without any reasoning mechanisms, it seams

that the both organisational aspects state above cannot be managed at the same

abstraction level. Thus, we need to define suitable ways to manage these aspects and

then providing an organisation infrastructure with the requierements highlight in Sec. 1.

Recent works done on MAS environments provide interesting mechanisms to man-

age some MAS dimension such as coordination and openness and to answer to some

of the limitations stated above. More particularly, we will focus on the A&A (Agents

and Artifacts) approach [12] in this paper. The A&A approach is built upon the no-

tions of agents and artifacts. Artifacts are environment abstractions designed to provide

some functions and services to support agents’ activities. They can then be useful for an

organisation designer to encapsulate mediation functionalities between the agents and

their organisation.

3 ORA4MAS Approach

Designing a normative open infrastructure for large-scale multi-agent organisation need

to address the following issues: (i) provide features that enable heterogeneous agents to

be aware of the rules defined in the organization specification (OS); (ii) distribute the

management of organisation constraints through different entities which maintains a

consistent state of the OE. (iii) decentralise the supervision to different agents in order

to ensure a coherent state while keeping agent autonomous.
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In the following subsection, we present how we address these issues by introducing

first the A&A model. Secondly we use its interesting properties to define the building

blocks of our approach.

3.1 Agents and Artifacts Model

Fig. 2. Representation of an Artifact.

The A&A model uses in our approach is

based on the concept of working envi-

ronment . populated by agents and arti-

facts. The artifacts are abstraction repre-

senting function-oriented entities. They are

designed by MAS designers to encapsulate

some kind of functionality, by represent-

ing (or wrapping existing) resources medi-

ating agent activities. The agents are goal-

oriented pro-active entities which can cre-

ate and use artifacts services to perform

their individual and social activities. Fig. 2

shows an abstract representation of an ar-

tifact as defined in the A&A meta-model,

each artifact is mainly composed of:

– an usage interface (UI), which possibly includes a set of operations that agents

can trigger to get artifact services, and a set of observable properties (OP) that the

agents can inspect (observe) without necessarily executing operations on it. The

execution of an operation upon an artifact can result both in changing the artifact’s

state, and in the generation of a stream of observable events that can be perceived

by agents that are using or simply observing the artifact;
– a link interface (LI) is the set of operations provided by an artifact to another artifact

to enable composed functionalities;
– a manual, that is composed of: (i) the function description which is the formal

description of the purpose intended by the designer —the formal description of ar-

tifact UI and OP— (ii) the operating instructions providing the formal description

of how to properly use the artifact so as to exploit its functionalities. Such a manual

is meant to be essential for creating open systems with intelligent agents that dy-

namically discover and select which kind of artifacts could be useful for their work,

and then can use them effectively.

Agents exploit artifacts functionality by calling provided operations and perceiving

the generated events in order to get the result of their requested services. They can

also be aware of artifact observable state by observing OP. This is done by mean of

primitives provided by CARTAGO [11] (Common ARtifact Infrastructure for AGent

Open environment) which is the platform implementing the A&A model.

3.2 ORA4MAS building blocks

Before presenting the building block of our approach, we assume that, an OS defined

with an OML is provided as input of our infrastructure. We define an OML as follows:
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Definition 1: an OML(organisation modelling language) is used to defined the spe-

cific constraints, norms and cooperation patterns representing an explicit Organisation
Specification that agents may fulfill to achieve the overall goal of their organisation.

– The constraints are rules which define the static structure of an organisation. An

agent cannot violate a constraint since the related action is executed after the verifi-

cation of the constraint. We call the management of constraints the regimentation.

– A norm is a rule defining the expected behaviours of an agent in function of its

role. An agent can be not compliant to a norm, however it exposes itself to possible

sanction(s). The management of norms is then done in two step. First, detection and

registering of the actions related to norms. Secondly, the regulation which concerns

the process of decision mainly when the violations of norms occur.

From these definitions of constraints and norms, we distinguish two types of organisa-

tions management: enforcement and supervision. The enforcement concerns the regi-

mentation of constraints and the detection of norms’ actions. This type of management

do not need any kind of reasoning mechanism. It concerns mechanisms of verification

of constraints and computing/registering of norms’ actions. The supervision concerns

the monitoring of the organisation and the regulation of norms. Its need reasoning mech-

anisms in order to take decisions related to norms actions and the good functioning of

an organisation.

To assure these managements, we defined a new type of artifact called organisa-
tional artifact for the enforcement. The supervision is dedicated to agents called organ-
isational agent. We define the building blocks of ORA4MAS as follow:

Definition 2: Organisational artifacts (OrgArts) are those artifacts that agents may

have to use in order to participate in organisation activities on ORA4MAS infrastruc-

ture. They encapsulate organisational constraints defined in the OS and provide or-

ganisation operations mediating agents’ interactions with their organisation and assure

coordination services with the other OrgArts to maintain consistent state of the OE.

Definition 3: Organisational agents (OrgAgent) are agents whose responsibilities con-

cern the monitoring of organisational artifacts and reasoning about organisation dynam-

ics in order to take appropriate decision both to sanction member agents which are not

compliant with norms or to modify OS in order to improve achievement of organisa-

tion goals. Such activities take place almost by creating OrgArts, perceiving generated

events of OrgArts operations and observing updates of OrgArts observable properties.

Definition 4: Member agents (MembAgent) are agents which participate to the

achievement of organisation goals by interacting with OrgArts and by fulfilling con-

straints and norms defined in OS.

An ORA4MAS organisation entity (OE) is then composed by the sets of OrgArts,

OrgAgents and MembAgents.

The particular set of OrgArts of an organisation are designed accordingly to the under-

lying OML. For instance, an organisational model based on the concepts of roles being

played in groups, like AGR may have OrgArts to manage its groups. Each OML will
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then have different types of OrgArts that support the management of the different con-

siderate dimensions. The following Sec. 4 illustrates this approach by presenting with

OML Moise+.

4 ORA4MAS with OMLMoise+

In this section we present the shaping of our approach on Moise+. Since the supervision

management is still a work in progress, we focus on the different OrgArts defined for

this OML. These OrgArts are directly found with the dimensions considered by this

OML, i.e. structural, functional and deontic dimensions.

Fig. 3. ORA4MAS environment with Moise+ OrgArts.

– The GroupBoard is the organisational artifact which enforces and manages a

group instance created from a group specification. Example: SS.Team on Fig. 4.

It provides operations to agent to adopt role(s) in the group and maintains the state

of the group that is accessible with its observable properties: playableRoles, play-
ersOfRole which are respectively the set of roles which can be adopted in the group

and the list of players of each role.

– The SchemeBoard is the organizational artifact that encapsulates and provides the

operations for managing a social scheme defined in the functional dimension (FS).

It maintains the state of missions, goals and plans according to constrains defined

in the scheme specification. Its observable properties enable agents to be aware

of the players of a missions, the possible goal(s) to achieve (cf. goalsStatus and

playersOfMission Fig. 4).
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– The NormativeBoard is the organisational artifact which manages the norms de-

fined in the deontic dimension (DS) within an OE. It maintains information con-

cerning the agents compliance or not according to norms. These information are ac-

cessible in the observable properties agentsStatus. They are used by organisational

agent in their regulation task to take appropriate decisions for norms violation.

– The OrgBoard is an organisational artifact which encapsulates the whole organ-

isation specification of an OE. Each OE may have only one OrgBoard. All the

created instances of GroupBoard, SchemeBoard and NormativeBoard of an OE are

registered in the OrgBoard.

The coordination between the different instances of the OrgArt of an OE are man-

aged through link operations. Example, due to the composition link between groups

and subgroups, a GroupBoard coordinates itself with the sibling descendant or ascen-

dant GroupBoards. For instance a soccer game team is composed with a sub group

attack and a sub group defence. In a same vein, GroupBoard and SchemeBoard are

linked in order to provide to each other information for the management of the consis-

tent and coherent state of an OE. The GroupBoard and SchemeBoard are respectively

linked to a NormativeBoard in order to update information of agent compliance with

the norms of the OE. The OrgArts and their links of an ORA4MAS organisation entity

of a soccer team are illustrated on Fig. 4. The OrgAgents attached to each OrgArt are

just for illustrate the supervision of the OrgArts without any specific repartition.

Because of lack of space we cannot detail the features of each type of OrgArt. The

readers are invited to read paper [10] for more details.

5 Conclusion and Perspectives

In this paper, we have followed the A&A approach to propose on the one hand the

organisational artifacts which encapsulate the functional and coordination aspects of

an organisation, and on the other hand the organisational agents, which are responsi-

ble for the decision and reasoning which concern the management of the supervision

and regulation in an organisations. We have described a reification of ORA4MAS on

Moise+ organisational model resulting in a concrete architecture implemented on top

of CARTAGO [11].

One benefits of this proposal consists in providing an open system for heteroge-

neous agents. More precisely, we expect to formaly describe the manual of each type of

organisational artifact that the agents will use with their own implementation language

will to fulfil the requirements for they actions within the ORA4MAS infrastructure. In

another side, due to possibility to dynamically create instances of organisational arti-

facts, link them together and observe their state, they appear as an interesting way to

distribute the management of a large scale organisation and decentralise the supervision

of an organisation entity.

However the work presented here is still in progress. We intend to instantiate this ap-

proach with different OML such as institutional one (e.g Islander [4] or MoiseInst [8]).

We then expect to improve features of the different types of OrgArts and provide a

generic OI running with different OML. Another point of investigation is the definition
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of the supervision process concerning organisational agents responsibilities. The eval-

uation of this work will consist to run our infrastructure with a relevant application in

order to experiment the efficiency of our approach to manage large scale organisation

with the agents of different implementation languages.
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Abstract. The use of sensor networks in different kinds of sophisticated 
applications is emerging due to several advances in sensor technologies and 
embedded systems. However, the integration and coordination of heterogeneous 
sensors is still a challenge, especially when the target application environment 
is susceptible to changes that the system must track and adapt itself to in order 
to fulfil the users’ requirements. These changing scenarios require services 
being provided in different places during the system runtime, and to fulfil this, a 
support for adaptability is needed. In this paper we present some initial ideas to 
use multi-agents in a middleware that aims to provide the necessary support to 
sophisticated sensor network applications.  

Keywords: Agent-based Adaptable Middleware, Wireless Sensor Networks, 
Heterogeneous Sensor Networks. 

1   Introduction 

Sensor network applications are becoming more useful with the possibility to use 
different kinds of mobile sensors to provide more sophisticated functionalities [1] and 
be deployed also in complex scenarios, like where context-awareness is needed [2]. 
However, to support those emerging applications, an underlying infrastructure is 
necessary, and the current proposal is the use of middleware, such as TinyDB [3] and 
COUGAR [4]. The main drawbacks of these state-of-the-art middleware’s that make 
them not very suitable for future envisaged applications, are the assumptions that the 
network is composed only by a homogeneous set of basic or meagre sensors, and thus 
a lack of the intelligence in the network to provide adaptability required to face 
changing operation conditions. Adaptability is a major concern that needs to be 
mainly supported for two reasons. The first is that long deployment time of wireless 
sensor networks may require flexibility in order to make changes according to the 
user requirements that may probably change within the usage life time of the network. 
The second is the fact that wireless sensor networks are being deployed in highly 

17



dynamic environments, implying that applications have to be flexible enough in order 
to continue being useful in changing scenarios.    

This paper presents a work in progress related to the development of an adaptive 
middleware to support sophisticated sensor network applications that must change 
their behaviour according to influences from the environment and the application 
demands. The idea is to use a multi-agent approach to help in the following issues: 
adaptation by code migration and decision planning.  

The remaining of the text is organized as follows: Section 2 presents the overview 
of the proposed middleware. Section 3 describes how the use of agents will help in 
providing middleware adaptation. Section 4 presents some related works and finally, 
section 5 ends the paper with some concluding remarks and future works directions. 

2   Overview of the Proposed Approach 

The general idea is to develop a flexible middleware that can be used to support 
applications in heterogeneous sensor networks. By heterogeneity we mean that nodes 
in the network may have different sensing capabilities, computation power, and 
communication abilities and running on different hardware and operating system 
platforms. The goal is that this middleware fits both meagre and rich sensors. Meagre 
sensors are those with limited resources capabilities, such as piezoelectric resistive tilt 
sensors, with limited processing support and communication capability. Rich sensors 
comprehend powerful devices like radar, cameras or infrared sensors that are 
supported by moderate to high computing and communication resources. In order to 
achieve this goal, it must thus be lightweight, while being scalable in order to provide 
the demands of more sophisticated sensors. The proposed middleware might handle a 
node’s resource usage, in order to assist in distributing tasks among different nodes 
that are capable to accomplish them. Another feature that the middleware may 
provide is the quality of the data required to reply a certain user’s demand. Better 
results can be achieved by choosing the correct set of sensors to perform the 
measurements and collect data. These sensors can be static or moving, on the ground 
or flying over the target area in which the observed phenomenon is occurring. The 
mobility characteristic is also related to the heterogeneity that the middleware will 
address. 

The input to the sensor network system, coordinated by the proposed middleware, 
will be seen as a “mission” that the whole network has to accomplish. In order to 
allow that, a high-level Mission Description Language (MDL) is being formulated 
based on the C/ATLAS test language [5]. This language will allow the user to specify 
- at a high level of abstraction - the data in which he/she is interested, including 
constraints regarding timing and location limits, as well as the measurement rate or 
accuracy desired. The proposed language will also allow hierarchical description of 
the mission goals, with establishment of priorities and other refined details, for 
instance, an application of comparison metrics to evaluate the how well the mission is 
being accomplished.   

Given that the middleware must perform its actions also in very dynamic and 
changing scenarios, one has to take into account that a set of sensors chosen in the 
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beginning of a mission may not be the most adequate during for the whole mission. 
As an example, an area surveillance system receives the mission to survey an area that 
may not allow traffic of certain kinds of vehicles. Ground sensors are set to alarm in 
the presence of undesired vehicles, and unmanned aerial vehicles equipped with 
visible-light cameras are set to fly to the area where a ground sensor has issued an 
alarm to verify the occurrence. However, a sudden change in the weather, for instance 
becoming cloudy and foggy, turns the employment of a visible-light camera useless. 
The adaptation to this type of change in operational conditions will be supported by 
the middleware in order to choose a better alternative, among a set of options, for 
instance by choosing an infrared camera instead.     

The middleware is divided in three parts or layers indicating that they are partly 
using each other in a specific order. Figure 1 presents the overview of the layers of the 
proposed middleware, and a description of each layer is provided in the following.  

Fig. 1. Overview of the Middleware Layers. 

The bottom is called Infrastructure Layer. This layer is responsible for the 
interaction with the underlying operating system and for the management of the 
sensor node resources, like available communication capacities, remaining energy, 
and sensing capabilities. This layer also coordinates the resource sharing based on 
application needs passed through the upper layers.  

The intermediate layer is called Common Services Layer. This layer provides 
services that are common to different kinds of applications, such as QoS negotiation 
and control, and quality of data assurance.  

The top layer is called Domain-Services Layer and has the goal to support 
problem-domain specific needs, such as data fusion support and specific data 
semantic support.   

Multiple applications can run concurrently in the network. The middleware handles 
resource sharing and provides data sharing among applications that need the same 
type of data, allowing a better energy use in resource constrained nodes. In powerful 
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nodes, the middleware can provide more complex services aimed to handle rich data, 
like those related to image processing, and pattern matching. This also means that 
such nodes can take some of the burden from more resource constrained nodes. 

3   Agent-Based Adaption  

As stated before, the use of agents in the proposed middleware should help in the task 
of providing adaptive behaviour. To achieve this goal these agents are divided in two 
classes. The first is responsible for adaptation features in the services provided by the 
middleware, using code migration and updating. The second handles reasoning 
involved in the decision planning concerning the entire network. In the following 
these two ideas are explained, as well as an example of adaptation is provided. 

3.1   Adaptation by Code Migration 

As the network are composed by heterogeneous sensor nodes, those nodes that have 
constraints about their energy consumption, memory space or processing power, 
should run a minimum number of tasks as possible. However, as they are supposed to 
be used in dynamic environments, with changing conditions, requiring different kinds 
of handling, different task set allocations must be used in order to fulfil the actual 
needs in a certain time interval. We propose to use the idea of multiple mobile agents 
to provide services that can be used by the node if the agent is allocated in that node. 
We call them service-agents. This technique is not new; there are related works like 
Agilla [6] that use the same approach. However, our approach uses also multi-agents 
to decide which service-agent is needed in each node of the network at a certain time. 
We also consider other technologies to help in the middleware adaptation, like aspect-
orientation and component-based design, although not discussed further in this paper. 
We refer to [7] for more details about these two technologies. 

The service-agents can be allocated in the Common Services Layer or in the 
Domain Services layer, according to the type of the services they provide. Several 
service-agents can run in a single node, depending on the computation and memory 
limitations of the hardware platform. Meagre platform nodes usually need to allocate 
simpler service-agents, but more powerful nodes can host more sophisticated service-
agents providing more complex services. 

Service-agents can migrate from one node to another, clone and move to another 
node, or simply be unallocated, leaving space for another service-agent. The simple 
migration is used when its services are needed in other locations, and thus no more in 
the present one. The clone of a service-agent occurs when its services also are needed 
in another node, and it is unallocated when there is no node that needs its services. 
This flexibility of service-agents allows the desired adaptation of the network face 
changes in the environment that require different runtime services availability. 
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3.2   Adaptation Planning 

We propose the use of a multi-agent approach to distribute intelligence over the 
network in order to provide a distributed way to decide several key issues about the 
network setup and configuration during its runtime. As our target applications are 
heterogeneous wireless sensor networks deployed in changing environments, and so, 
demanding system adaptations, we need a way to reason about the necessary changes 
and how to implement them.  

The basic idea is that each node attached to the network receives a set of tasks 
(Node-Missions) to perform, and a type of agent, called planning-agent that is in 
charge of help the node in the accomplishment of its node-missions. A node-mission 
characterizes the node contribution to the whole system mission achievement, which 
is called Global-Mission. The node’s internal tasks are called Node-Tasks, and they 
represent the finer-grained tasks that must be performed by a node to accomplish its 
node-missions. Node-tasks are related to the individual nodes concerns, for example 
power consumption handling and sensor capabilities, as well as the management of 
the services provided by the node.  

The planning-agent is responsible for monitoring information about the current 
node’s and assigned node-tasks state during the system runtime, including available 
resources, e.g. communication bandwidth and energy. As some condition changes in 
the environment, like when the weather changes or if one kind of measurement is no 
more possible. For instance, the planning agent has to reason about the node-mission 
assigned to its node’s, and the service-agent(s) that perform the necessary services 
that the node has to provide. They also have to take in account the available resources 
to accomplish the node-mission. The planning-agents in all nodes perform this 
reasoning and, by a consensus, agree in a new distribution of the service-agents in 
order to accomplish the global-mission assigned to the network or in the employment 
of a different set of sensors due to a certain change in the network or environment 
conditions. 

3.2   Example of Adaptation 

As we stated before, the intention in using both planning-agents and service-agents 
is to help in the adaption of the system, face changes in the operational conditions due 
to environments or user requirements changes. In Figure 2, an example of a change in 
operation conditions followed by an adaptation is provided. 

In the scenario presented in Figure 2, the network receives a mission, which is 
partitioned in four sub-missions, one for each sensor node. Service-agents are 
distributed around the sensor nodes according to the initial conditions to accomplish 
their sub-missions. In the left part of the Figure 2, t1 represents the initial 
configuration established for sensor node 1 and 2 to accomplish their respective sub-
missions. However, a change in operating conditions occurs, due to environment or 
user requirements change. The initial configuration does not meet anymore the system 
needs to accomplish the mission. So, planning-agents allocated in the nodes exchange 
information and agree in a new configuration, what occurs in time t2, in the middle of 
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the Figure 2. After the agreement, a service-agent from node 1 is migrated to node 2 
and one service-agent from node 2 is unallocated, as shown in t3. 

Fig. 2. Changing Scenario and Adaptation Example 

4   Related Work 

Code replication and migration are ideas that have inspired parts of the present 
proposal. Some state-of-the-art middleware for sensor networks uses this kind of 
ideas, as discussed in the following. 

Impala [8] is a middleware used in applications dedicated to the study of wildlife. 
It has some strength in relation to adaptabilities, update and fault-tolerance mostly due 
to its event-based programming with highly modularized code. The drawbacks of this 
approach are that it has no support for data fusion and that the domain application is 
rather simplistic. Comparing with our proposal, we use multi-agents not only to move 
functionalities within the system, but also to provide intelligent behaviour and 
reasoning to support mission and environment adaptations.  

Agilla [6] is the first mobile agent middleware of WSN implemented in TinyOS 
[9]. This approach uses agents that can move from one node to another, and it also 
allows multiple agents to run in the same node. These characteristics provide the 
desired features of energy saving, as the agents can run near to the data avoiding 
unnecessary communication, and it allows multiple applications to run concurrently in 
the network. The major drawbacks are related to the lack of an authentication policy 
to monitor agents’ activities, and the difficult maintainability due to its programming 
model. We have some ideas in our work that go close to the ones presented in Agilla. 
However, the same comments made regarding Impala fits also in a comparison with 
Agilla. Another drawback is that Agilla runs only over TinyOS, and we propose not 
to be restricted to one operating system. Agilla use the mobile agents only to run 
application-specific tasks, while in our approach, a broader idea is proposed, using the 
agents to provide services that can be more specific to a certain domain application 
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(being hosted in the Domain Services Layer), or more general, supporting different 
kind of applications (agents hosted in the Common Services Layer). 

Maté [10] consists of a virtual machine which runs atop of TinyOS hiding 
asynchrony and race conditions. Its strength is represented by the division of the 
program into small self-replicating capsules that are self-forwarding and self-
propagating. The major drawbacks are that it has high energy consumption and that 
its programming model is not flexible enough to support a wide range of applications; 
an update of a capsule can not be done only in a single node, it is spread over the 
whole network. On the other hand, we propose to support the flexibility to run a 
broader range of applications, adapting, updating or modifying only specific nodes in 
the network, and like this also save energy, as only the nodes that need a certain 
adaptation are reached. This feature also focuses the support for heterogeneity.    

5   Concluding Remarks and Future Work 

This paper reports about an ongoing project that is in its initial stage. The study of 
literature in the area of wireless sensor networks indicated that there is a need for 
research in the area of adaptable middleware for heterogeneous sensor networks [1] 
[11]. Wireless Sensor Networks - composed both by small and simple resource 
constrained sensors as well as more sophisticated sensor nodes - need an approach 
that find the best trade-off to handle the different capabilities in order to provide 
meaningful information based on the gathered data.  

An ongoing study is being performed in order to find the best suited partitioning of 
services to be hosted in each of the layers of the proposed middleware. In relation to 
that, the group is also discussing the best possible distribution of functionalities 
among components and services provided by agents. It is an important issue as we 
intend to address heterogeneous nodes with different capabilities that can 
accommodate different sets of services. Another important topic under discussion is 
the formal definition of the MDL (Mission Description Language). Some directions 
are under analysis in which a promise one is the use of scripts, such as those used in 
SensorWare [12], but with a higher abstraction level approach.   

However, as this work is in its initial phase, we did not discuss about underlying 
details like how to achieve consensus among the planning-agents yet. It is certainly a 
major concern that we have to address during the development of the planning 
strategy and the methods for system coordination. Related works in this area, such as 
[13], are being analysed. Besides that, we are aware about the energy issues related to 
this concern. The message exchange in order to achieve the consensus among 
planning-agents must be minimal. Another important topic that we are analysing is 
how to implement the agents running space and the coordination among these spaces. 
Two ideas considered are the use of tuple space, as used by Agilla and a virtual 
machine like proposed in Maté [10]. The advantages and drawbacks of each are being 
studied as well as the search for other alternatives.  
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1 Introduction

A sign is a combination of hand movements, facial expressions, and head move-
ments. A sign with only hand movements is called manual signs, whereas signs
which also include head movements or facial expressions are called non-manual
signs. The aim of the Sign Language Tutoring Tool is to help users learn isolated
signs by watching recorded videos and enable them try the same signs [1]. The
system records a user’s video, while she is performing a sign. After analyses of
user’s sign performance, the system gives the user feedback both verbal and an-
imated. The system can recognize not only manual signs, but also non-manual,
complex signs, that involve both hand movements and head movements and face
expressions. The system uses a classifier for recognition, by which it can assess
some similarity value with a level of certainty for user’s sign performance. The
Turkish Sign Language Tutoring Tool is specialized for Turkish Sign Language.

The current system is a stand-alone application. However, in reality the same
application will need to be run in different locations with different data. This
obviously calls for a distributed architecture. A possible architecture would be
to have a collection of stand-alone applications in which there is no interaction
between agents. In such a system although agents may improve their classifica-
tion capabilities due to learning and experience, they will not be able pass their
experiences to others and they will be not be able benefit from experiences of
others.

Another possible architecture would be a centralized one, in which agents
are geographically seperated, but they share a common database and a common
classifier. But in reality we know that agents may not be online all the time,
hence they cannot access to the database and the classifier. In addition to that,
videos may belong to a certain individual who do no want to share it.

Taking all these into account, we propose a cooperative multiagent system
of Sign Language Tutoring Tools, which consist of many agents distributed geo-
graphically [2]. Each agent represents an agent that runs a sign language tutor.

� The author is supported by The Scientific and Technological Research Council of
Turkey (TUBITAK) under grant 107E021.
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Agents are connected via Internet. Each agent is associated a local database
and a classifier. Agents can improve its classification performance due to its own
experience. An agent may decide to include a practice sign in its training data
or a sign language teacher may add a new training data. Moreover, agents can
help each other classify signs by exchanging classification requests. Since agents
have their own local databases they can make a decision even they are offline.

2 Possible Challenges with the Architecture

In this section we state several example cases in order to better show different
challenges. We will use Figure 1 as an example setup. In this figure we have four
agents. Each agent can talk with each other. Agent 1 (the agent at station 1) is
asked to make a decision on user’s sign performing video, i.e. the sign of ”school”.
That is Agent 1 will either decide that the user-performed sign is ”school” or
not. In order to come up with a better decision Agent 1 passes the user’s video
of sign school to other agents and requests them to state their ideas about the
user’s video. The following examples depict interesting situations that require
systematic decision making.

Fig. 1. A Setup for the Distributed Sign Language Recognition System

Example 1 Each agent can decide if a sign is performed right or wrong. However
agents may not be confident on their decisions, hence they can request others
to provide opinions (i.e. in form of votes). In Figure 1 Agent 1 receives votes for
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”right” from Agents 2 and 4 which means they find it similar enough to actual
sign of school, whereas it receives a ”wrong” vote from Agent 3 which means it
does not find user’s performance similar enough. In addition to ideas of other
agents Agent 1 also has its vote for ”right”.

Example 2 The previous case assumes all agents equally knowledgeable. Ac-
tually, there are two important criteria for decision: Accuracy: How similar is
the performance of the user to the real sign, Certainty: How certain about that
accuracy. In Figure 1, Agent 2 says the user’s video is the sign of school with a
high accuracy but with a low certainty. Agent 3’s response is, similar to Agent
2’s, ”The performed sign is very similar to sign of school but I am not sure”.
Apart from those Agent 4 says ”I am sure that the user’s performance is not the
sign of school”. In addition to the ideas of other agents, Agent 1 has no idea on
the user’s video, meaning its certainty level is very low or zero (But it has many
ideas to run a weighted majority voting on it).

Example 3 Before sending user’s video, Agent 1 sends the word whose sign is
performed to each agent. After each agent receives the word, they have vote to
elect the one from whom to request a decision for the user’s performance. Hence,
after all agents agree on the agent which will make the decision, Agent 1 sends
the user’s sign performance to that agent.

Example 4 It is very likely that we have high number of agents. In such a
case, it is possible that most agents have low certainty. Hence the aggregation
of their votes may influence the system in a wrong way. But instead, each agent
can model others based on expertise and direct queries accordingly. Let there
be several other agents in Figure 1 and let Agent 1 be requesting votes of other
agents on the sign of ”theater”. Since agent 1 thinks that an agent knows very
well signs about art and literature, it directs query accordingly, and not request
from every other agent in the system.

3 Parameters of Decision Making

There are several parameters that affect an agent while it evaluates an idea of
accuracy with some level of certainty about a user video:

– How well my classifier is trained for this particular sign?
– Who entered my training data, a deaf person, a sign language teacher or a

sign language student?
– When my training data was entered? For instance the resolution of my train-

ing videos may be low, because they are old.
– What is the amount of data used to train my classifier?

In Example 1 each agent has an idea about whether the user’s video is the
sign of school, meaning right or the user’s video is not the sign of school, meaning
wrong. Consider we apply a plurality voting protocol which means the candi-
date with highest number of votes wins [3]. Our candidates are the user’s sign
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performance video is right or the user’s sign performance video is wrong. Each
agent votes by responding to Agent 1. In Example 1 the user’s sign performance
video is right receives 3 votes whereas the user’s sign performance video is wrong
receives only 1 vote. Hence Agent 1 concludes that the user performed the sign
of school right.

In Example 2 each agent responds how similar the sign of school and the
user’s video are similar (its accuracy), and how certain it is about that accuracy
(its certainty). In Example 2 although two of agents argue that the user’s video
has high accuracy, Agent 1 will decide that the user’s video is wrong, because
Agent 4 is certain that the user’s video is not the sign of school. In order to be
able come up with such a conclusion, Agent 1 considers accuracy values of other
agents using their certainty values.

Before considering Examples 3 and 4, an agent is required to have a model of
other agents in order to enhance its decision making process. One way to make
agents construct models of other agents is to give feedback about its decisions up
to now. For instance Agent 1 decided that the subject performs the corresponding
sign of the word ”school” correctly relying on the certainty of Agent 3. After
sometime, a teacher manually checks decisions of Agent 1 and recognizes that
while the subject could not perform the sign of the word ”school” correctly,
somehow, Agent 1 accepted it. The teacher inputs that feedback to the agent,
and immediately Agent 1 changes its beliefs about Agent 3 in some sense negative
direction. The reverse can also happen. Models can have several dimensions, i.e.
expertise on an ontological subject, how much to trust to certainty value, how
much to trust to accuracy.

In Example 3, agents elect one of them to make the decision. It is equal to
saying we have number of agents many candidates and number of agents many
voters. We can apply any voting mechanism to elect the decision maker. Let’s
consider Single Transferable Vote (STV) [3]. In STV the winner is determined
after rounds. In each round each candidate receives points as the number of
votes in which it ranks highest. In each round the candidate with the lowest
score is eliminated. The last remaining candidate is the winner. The name comes
from that the votes are transferred from most popular to the next most popular
candidate in terms of voters of the eliminated candidate. After electing the agent
to make decision, Agent 1 can get this decision and reply to the subject.

In Example 4 each agent models other agents in the system. An agent, when
it is requested by the user to recognize a performance, requests a subset of other
agents for help. The agent decides which subset of agents to ask using its models.
Since agents improve via experience, these models need to be dynamic. So we
need methods for updating models of others. Since there are a lot of agents, each
agent may not be able to model each other. If an agent does not know whom
to ask exactly, it can ask to another agent that she thinks that may know. The
queried agent may either reply an answer or refer to another agent.

In Figure 2, our generic multiagent protocol, an agent can request classifica-
tion of a sign performance. And an agent may respond with as correct or wrong,
certainty and accuracy tuple, or a referral.
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Fig. 2. Generic Multiagent Protocol

4 Discussion

In this study, we develop a cooperative multiagent system for sign language
tutoring. We study different techniques for distributed decision making. After
implementation of the system, we also have plans to experimentally evaluate the
performance of such a system.

A training data will be distributed to each agent. Each agents training data
is not disjoint from others, that means there may be intersections. After receiv-
ing its portion, each agent will train its classifier using its portion of training
data. The training data may include errors or variations of the same sign on
purpose, since we suppose to have such cases in reality. To test majority and
weighted majority voting, we will run test data over the system and calculate
the percentage of success, how many times agents made the correct decision.
Whereas for model-based approaches we will measure how successful the models
of agents are.

There are also some issues on which we are not clear about. The first is
the compositional decision case. Agent is requested to recognize a sentence in
sign language. We can assume that the sentence is divided into its parts. Agent
decides on each part individually with support of other agents using one of
the models described above. And then it makes a final composed decision. The
question is How to combine individual decisions?

The second issue is dialects of the sign languages. There are dialects of Turk-
ish Sign Language. Assume there are two different signs for the word father.
And two different agents are educated for the different fathers. Then here is the
problem: For the performance of the sign father one agent says right, whereas
other says wrong and actually they are both saying the correct thing. How to
recognize and deal with dialects?

Durfee discusses challenges in Distributed Problem Solving and Planning,
using several problems and possible and proposed solutions to those problems
[4]. He states that distributed problem solving requires marhsalling of distributed
capabilities in the right ways which thus requires to solve the problem of how
to solve together. To come up with such a solution, agents need to communicate
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for task sharing and result sharing. For task sharing, he discusses contract-net
protocol in terms of several problems and possible solutions to those problems.
He states that in order to achieve a confident and complete distributed problem
solving agents should share their results.

In [5], a proposal of cooperative decision making and support system is given
for general organization. There are different realizations of a cooperative decision
support system: It may be a communication system between decision makers,
who are people or it may be a system of decision making units in cooperation
with other elements of the system. They argue that in organizations, partners
should be able model others in enough depth to be able to request complex
tasks from others. Further, partners should be able to go into necessary level of
communication in order to use these complex detailed.
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Abstract. In this paper we set the directions to follow in order to build
a resource management module as a component of service oriented com-
puting system. We intend to use peer-to-peer architecture in designing
the system for its scalability, fault resistance and openness advantages.

1 Introduction

I am first year PhD student, finalizing PhD courses in summer 2008 and prepar-
ing a research proposal to be covered in my PhD thesis. By participating at
EASSS08 I will use the received feedback concerning my research theme in or-
der to make myself clear on the feasibility of the methods and tools I intend
to approach and to get further expert guidance regarding my future work. An
important issue for me is to assess a right research question and clarify the re-
search directions I will follow during my PhD. This work was supported in part
by the National Authority for Scientific Research under contracts PN II 91-049
and IDEI 573/2007.

Nowadays, computing services are done by grid systems, which harness a
large quantity of resources in a centralized manner. Such systems are TeraGrid
[9] in USA, Grid5000 [2] in France and National Grid Service [5] in UK. These
networks form closed and strong controlled systems. Therefore, the access to
these systems requires security certificates and their scope is mainly for run-
ning scientific experiments. Hence, the trust in these systems originates in their
closeness. Another aspect we consider important to mention is that grid systems
obey client-server paradigm. This implies failure points (server nodes) and sacri-
fices the scalability of the system. In this context, it is known the difficulty and
inefficiency of adapting server parameters as the number of clients grow.

Besides, P2P systems are applications that aggregate resources (widely used
for file-sharing) from Internet users [7]. The structured P2P systems proved to
be scalable because of the lack of centralization, auto-adaptable - they succeed
to solve the absence of structure using internal mechanisms, highly dynamic.
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In order to better fulfill the above mentioned drawbacks, we aim to design a
P2P system that delivers service oriented computing; we have in mind a market-
like platform for managing resources of the system. Our research target is to:

– Choose an appropriate P2P architecture and
– Identify a specific behavior for peers.

After designing the system we intend to implement a software system using Sim-
Grid platform; this would provide us with both simulation and real-life results.
Therefore, the resulting software system would meet the following desiderata:

– Openness - users can easily join the system (without going through a human
authentication), and also leave it at their wish.

– High scalability - the system copes with a great number of users; these can
join the system from everywhere Internet is available.

– Dependability - the system is reliable, providing a quality service concerning
correctness and trustworthiness of results.

– Market-place structure - peers can freely play roles both from demand and
offer classes in order to fulfill own desires.

– Efficiency regarding the use of different types (size, quality) of resources,
which we will further detail in section 4

From the previously discussed features emerge the research challenges, which
we will present in next following sections. We will consider in our presentation
the interdisciplinary character of our proposal, searching solutions in multi-agent
systems and economics field. The interference with these domains is needed for
designing peers behavior and is further discussed in sections 3 and 4.

2 System architecture

Our first concern regards the particular type of P2P architecture that we should
employ for our system. We consider as suitable a structured P2P architecture,
because protocols from this category supply highly satisfactory values [6, 8, 3]
for the following parameters:

– resource location correct and guarantied
– algorithm complexity - logarithmical

A still intricate issue of our architecture is whether to allow hybrid P2P ar-
chitecture or not. We are conscious that equipping our system with super-nodes
might improve the efficiency (faster service delivery). Apart from common peers,
super-nodes can also play global (wider scope than neighboring zone) roles for
certain functionalities. These two categories are detailed in next paragraph. A
well-known and undesirable consequence of having centralized functionalities is
the security threats, because bearing nodes become failure points. A server fail-
ure generally leads to disabling the entire sub-system dependent on it.
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On the other hand, pure P2P architectures are able of dispensing with any
participating node. If a node fails, its functionality is absorbed by a part of re-
maining participants. This is a strong advantage, insuring a permanent stay-up
for the system, though supporting system reliability. However, in this situation
the system looses execution speed when centralized information is needed. Such
a situation is tackled by the management of information about aggregated re-
sources, aspect that we will widely discuss in section 3. Since each approach
hybrid and pure architectures has both strong and weak points we assume that
an optimal solution would be a balance between them. Therefore, if a mix proves
to be more suitable, we would compose it by deciding for every functionality
whether it should be centralized or not.
Having in mind the particularities of different types of functionalities and also
making a link to the hybrid-pure architecture problem we present two types of
peers:

– Common peer, which can:
• inject a task in the system request for a service
• contribute with resources for:

∗ computing or
∗ storing purposes

– Super-peer, which is a common peer enhanced with resource management
extra-capabilities. The existence of nodes of this type brings into discussion
the hybrid architecture.

We further define the notion of accumulator i.e. a peer equipped with resource
management capabilities. We will use this denomination in section 3, where the
resource management problem is detailed.

2.1 Overlaying Internet consequences

The issue of employing structured P2P architecture for our system, also dis-
cussed in previous section brings scalability performance. Hence, with such a
structure the system will scale well (logarithmic) [6, 8, 3] even at the Internet
extent. This advantage supports our will to use resources of any computer con-
nected to Internet.

Since Internet is such widely spread and continuously extending, our over-
laying system must cope with its increasing dimensions. Since any Internet user
is supposed to freely join and leave the system, the overall system is highly
dynamic. Thus, a few research questions arise from this direction:

– How should be a specific task carried out by peers in order to deliver results
when currently-working nodes fail (by any reason)?

– How to deal with bad-behavior peers? Some participants can intentionally
deliver incorrect results as answers to their received tasks or place useless
heavy-duty tasks so that other service-demanding nodes are debarred from
service. These kinds of peers are considered to affect our system just like
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viruses do with a computer. Thus, we search a feasible solution to minimize
their effects. This issue is another missing brick in the system-trust wall
that we are willing have in our system. Thus, we consider useful employing
a reputation system as in [4] for influencing negotiating peer behavior -
discussed in next section. By this method, peers are categorized based on
their previous actions performed in the system, and all users act accordingly
to this information.

3 Resource management

The problem of managing resources is central to our work. The way we will
tackle it will influence all other system functionalities design. In this section we
will discuss the assumed approaches which are determined by the P2P structure
we would employ.

We firstly divide the resource management problem in two main actions to
be performed by our system:

– Resource aggregation encompasses all actions to be done, all collaborations
and negotiations between peers so as the shared atomic resources virtually
become one globally available one.

– Resource (service) delivery - allocating (delivering) the aggregated resource
to demanding users.

Aggregation

In the next paragraphs of this section we will present the action of aggregating
the resources, with its two variants:

– Centralized and
– Distributed

According to MARA survey [1] there are two allocation procedures: central-
ized and distributed (decentralized). Each of them has important characteristics,
which we will further discuss in the context of our system; in our discussion we
will consider both aggregating and allocating actions.

The centralized paradigm would allow in our system accumulators as super-
peers, leading to a hybrid structure. These accumulators would be responsible
for centralizing information about other peers that share resources. In this sit-
uation, there must be a periodical running process of updating the respective
information; that is, tracked peers announce the accumulator of modifying own
shared resource quotas or even its premeditated system departure. A question
here would be about the number of peers to be tracked by the super-peer; this
value has to be artificially set as the system evolves. This aspect is implied by
the client-server paradigm drawbacks mentioned in section 2.
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Hence, we can assert that the centralized resource aggregation procedure
is static, since there is a location where information about a group of shared
resources is kept and is periodically updated. The update procedure is a both-
ways communications between an accumulator and the resource owner: from the
owner side for announcing sharing parameters or resource availability and from
the accumulator when checking tracked resource presence. Obviously, maintain-
ing this information brings an extra-charge to the accumulator.

Besides, the distributed approach would determine us to equip each peer with
accumulating behavior. That is, moving the resource management capacity from
super-peers (privileged nodes) to each peer. In this case, the resource manage-
ment information maps on the neighboring scheme; this means that the number
of peers to be tracked is natively set, thus the system remains scalable. This
latter rendering has the advantage of keeping the purity of the structure, which
avoids central points of failure. We also mention portability as a consequence of
this approach, since every structured P2P architecture employs a neighboring
scheme.

We will present now another distributed allocation procedure which is not
based on the neighboring scheme, but on the DHT mechanism itself. This would
be as follows: any peer can receive a service demand, and on its own, will follow
the next steps to delivering the resource:

– First, evaluate the demand ampleness
– Fragment the demand and associate random numbers to each chunk (group

of tasks)
– For each chunk number, find the corresponding participating node and try

to hand over the chunk

When negotiation with a node fails, another number is generated and associ-
ated to the respective chunk and the process redone. We notice in this situation
that resource aggregation is done live (right after receiving the service request);
and apart from the centralized approach, information about the shared resource
is more accurate because the moment of using the resource is closer from the
moment it has been contacted. This particular approach totally avoids centraliz-
ing information about resources. We also consider it a possible alternative, since
we not know the feasibility of any of the two presented.

Allocation using market-place like algorithms

As previously mentioned, the second main action to be performed in re-
source management is allocation. Having on one hand a queue with tasks from
different demanding peers and peers available to work on the other, allocation
means deciding what task goes to which peer. This is the point where we expect
economics and agents realm to help us find a suitable solution. Aggregating a
resource means to keep track of location and other details of a resource, but allo-
cating (in our system) implies negotiation. An agreement between the resource
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holder and the demander has to be done for a successful service transaction.
Thus, we believe that peers should be equipped with a well structured negotiat-
ing behavior.

The following discussion is connected to the resource allocating problem and
shows that peers can be financially motivated to participate with resources. We
assume that motivating peers will make them improve the quality of the shared
resource stay-up time. We envision our system as a market-place for peers that
share resources (offer) and peers that need resources (demand). This means that
sharing peers ask for a price for their resources and asking ones pay a certain
price; though, the computing service is financially evaluated. The aspect of effec-
tively allocating resources implies considering a price limit the demanding peer
is willing to pay and another limit under which sharing peer will not cooperate.
The challenge here is to find a suitable protocol for connecting peers from offer
with those from demand. Achieving this, will lead to successful transactions and
also keeps to minimum centralization.

Solving the problem of paying is a challenge regarding how the entity respon-
sible for this functionality looks like. This question should have answers that go
along with our previously presented desiderata. However, paying the service is a
more seldom executed operation, so it is not worth charging each peer with such
functionality. This observation conveys us to a possible solution of considering
super-peers to be responsible for the payment procedure for peers who shared
resources.

4 Resource granularity

As each Internet user can freely participate with resources, we expect many of
them to contribute with relatively small quantities; that is contributing with a
reduced number of FLOPS. This fact raises the question whether a minimum
resource quantity limit should be assessed in order to consider it a resource-
unit. If service-computing is freely spread to Internet, we think this will imply
a higher resource fragmentation degree compared to one from classic grid sys-
tems. Though, having in mind the principle of efficiency, which is connected to
the quantity a good or service is delivered, we consider worthful for our system
to organize low-contributing peers into alliances. Thus, a leader peer will nego-
tiate in the name of and will represent peers affiliated to a particular alliance.
We parallel the two kinds of peers, considering their contributing capacity with
peers and super peers; these types differ one from another based on speed con-
nection and are treated differently by the system [10].

Figure 1 shows a fragment of our system, in which light-colored peers form
alliance A; these nodes contribute with a small number of FLOPS and are rep-
resented in the system by node tagged with L (leader). Dark-gray nodes denote
peers with enough available number of FLOPS to be considered a resource unit.
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Hence, they negotiate for themselves only.

Fig. 1. A system fragment, with 4 peers forming alliance A

The reasons for a peer to join an alliance would be a greater chance to
receive tasks and a better negotiated price for its work. It is generally known
that poor individuals have fewer strong points into negotiation process than
organized groups. Organizing low-contributing peers in alliances brings two main
advantages on both sides:

– Makes resources more usable because system deals with a larger (grouped)
resource. This principle obeys an efficiency criterion, since a demanding peer
would deal only with L peer and benefit from the resources of entire alliance;
deal means the process through which demanding peer goes from the first
contact with another peer to obtaining final results from it.

– Better satisfies the alliance members; these get more tasks and money.

5 Conclusion and future work

As we presented, we have questions about the solutions for our aimed resource
management system considering a P2P architecture. For achieving the system
goals, we plan to start from basic version of system with its main functionali-
ties and simulate its behavior. Based on the obtained results, we will continue
by modifying peers behavior and add functionalities; with each version we try
to move closer to an efficiently resource management system which financially
motivates users.
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Abstract. We present a framework for the automated verification of time and

communication requirements in systems of distributed rule-based reasoning agents

which allows us to determine how many rule-firing cycles are required to solve

the problem, how many messages must be exchanged, and the trade-offs between

the time and communication resources. We extend CTL∗ with belief and commu-

nication modalities to express bounds on the number of messages the agents can

exchange. We propose a temporal epistemic logic, LCRB , that can be used to ex-

press both bounds on time and on communication. We provide an axiomatisation

of the logic and prove that it is sound and complete.

1 Introduction

A key application of multi-agent systems research is distributed problem solving which

allow groups of agents to collaborate to solve problems which no single agent could

solve alone (e.g., because no single agent has all the information necessary to solve

the problem), and/or to solve problems more effectively, e.g., in less time than a single

agent. For a given problem and system of reasoning agents, many different solution

strategies may be possible, each involving different commitments of computational re-

sources and communication by each agent. For a given system of agents with specified

inferential abilities and resource bounds it may not be clear whether a particular prob-

lem can be solved at all, or, if it can, what computational and communication resources

must be devoted to its solution by each agent. For example, we may wish to know

whether a goal can be achieved if a particular agent, perhaps possessing key informa-

tion or inferential capabilities, is unable (or unwilling) to contribute more than a given

portion of its available computational resources or bandwidth to the problem.

There has been considerable work in the agent literature on distributed problem

solving e.g., [3–5] and on distributed reasoning e.g., [6, ?]. Much of this work analyses

the time and communication complexity of distributed reasoning algorithms. However,

while we have upper (and some lower) bounds on time requirements for reasoning in

distributed systems, possible trade-offs between resources such as time and communi-

cation are less clear. In [1], we investigated resource requirements for time, memory

and communication for systems of distributed resolution reasoners.

� Abdur Rakib and Nguyen Hoang Nga are PhD students, Natasha Alechina is an Associate

Professor and Brian Logan is a Lecturer at the University of Nottingham.
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In this paper, we focus on a more detailed investigation of time and communication

trade-offs for rule-based reasoners.

2 Systems of communicating rule-based reasoners

The system consists of nA agents, A = {1, . . . , nA} , where nA ≥ 1. We will assume

that each agent has a number in A, and use variables i and j over A to refer to agents.

Each agent has a program, consisting of propositional Horn clause rules, and a working

memory, which contains facts (propositions).1 If an agent i has a ruleA1, . . . , An → B,

the facts A1, . . . , An are in the agent’s working memory and B is not in the agent’s

working memory in state s, then the agent can fire the rule which adds B to the agent’s

working memory in the successor state s′.
In addition to firing rules, agents can exchange messages regarding their current

beliefs. We assume that there is a bound on communication for each agent i which

limits agent i to at most nC(i) messages. Each agent has a communication counter,

ci, which starts at 0 and is not allowed to exceed the value nC(i). The exchange of

information between agents is modelled as an abstract Copy operation: if a fact A is in

agent i’s working memory in state s, A is not in the working memory of agent j, and

agent j has not exceeded its communication bound (cj < nC(j)) then in the successor

state s′, A can be added to agent j’s working memory, and cj incremented. Intuitively,

this corresponds to the following operations rolled into one: j asking i for A, and i
sending A to j. This is guaranteed to succeed and takes one tick of system time. The

only agent which pays the communication cost is j. These assumptions are made for

simplicity; it is straightforward to modify our definition of communication so that the

‘cost’ of communication is paid by both agents, communication takes more than one

tick of time, and communication is non-deterministic. An agent can also perform an

Idle operation (do nothing).

A problem is considered to be solved if one of the agents has derived the goal.

The time taken to solve the problem is taken to be the total number of steps by the

whole system (agents firing their rules or copying facts in parallel, at most one operation

executed by each agent at every step). The communication cost for each agent is the

value of communication counter for that agent.

As an example, consider a system of two agents, 1 and 2. The agents share the same

set of rules:

RuleB1 : A1, A2 → B1 RuleC1 :B1, B2 → C1

RuleB2 : A3, A4 → B2 RuleC2 : B3, B4 → C2

RuleB3 : A5, A6 → B3 RuleD1 : C1, C2 → D1

RuleB4 : A7, A8 → B4

The goal is to deriveD1 and agent 1 has A1, A2, A3 and A4 in its working memory,

and agent 2 has A5, A6, A7, A8 in its working memory. In this example, the agents

require one communication and five time steps to derive the goal. (In fact, this is an

optimal use of resources for this problem, as verified using Mocha, see section 5). In

1 The restriction to propositional rules is not a very drastic assumption: if the rules do not contain

functional symbols and we can assume a fixed finite set of constant symbols, then any set of

first-order Horn clauses and facts can be encoded as propositional formulas.
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this work, we investigated the variations on this synthetic ‘binary tree’ problem. We

vary the number of rules and the distribution of ‘leaf’ facts between the agents. For

example, a larger system can be generated using 16 ‘leaf’ facts A1, . . . , A16, adding

extra rules to derive B5 from A9 and A10, etc., and the new goal E1 derivable from

D1 and D2. We have chosen this form of example because it is typical of distributed

reasoning problems and can be easily parameterised by the number of leaf facts and the

distribution of facts to the agents.

3 The logic LCRB

We begin by defining an internal language for each agent. This language includes all

possible formulas that the agent can store in its working memory. Let P be a finite set

of common alphabet of facts. Let Π be a finite set of rules of the form p1, . . . , pn →
p, where n ≥ 0, pi, p ∈ P for all i ∈ {1, . . . , n} and pi �= pj for all i �= j. For

convenience, we use the notation pre(ρ) where ρ ∈ Π for the set of premises of ρ and

con(ρ) for the conclusion of ρ. For example, if ρ = p1, . . . , pn → p, then pre(ρ) =
{p1, . . . , pn} and con(ρ) = p. The internal language IL, then, includes all the facts

p ∈ P and rules ρ ∈ Π . We denote the set of all formulas of IL by Ω = P ∪Π , where

Ω is finite.

The syntax of LCRB includes the temporal operators of CTL∗ and is defined in-

ductively as follows:

– � (tautology) and start (a propositional variable which is only true at the initial

moment of time) are well-formed formulas (wff) of LCRB ;

– cp=ni (which states that the value of agent i’s communication counter is n) is a wff

of LCRB for all n ∈ {0, . . . , nC(i)} and i ∈ A;

– Bip (agent i believes p) and Biρ (agent i believes ρ) are wffs of LCRB for any

p ∈ P , ρ ∈ Π and i ∈ A;

– If ϕ and ψ are wffs of LCRB , then so are ¬ϕ and ϕ ∧ ψ;

– If ϕ and ψ are wffs of LCRB , then so are Xϕ (in the next state ϕ), ϕUψ (ϕ holds

until ψ), Aϕ (on all paths ϕ).

Other classical abbreviations for ⊥, ∨, → and ↔, and temporal operations: Fϕ ≡
�Uϕ (at some point in the future ϕ) and Gϕ ≡ ¬F¬ϕ (at all points in the future

ϕ), and Eϕ ≡ ¬A¬ϕ (on some path ϕ) are defined as usual. For convenience, we

also introduce the following abbreviations: CPi = {cp=ni | n = {0, . . . , nC(i)}} and

CP =
⋃
i∈A CPi.

The semantics of LCRB is defined by LCRB transition systems which are based on

ω-tree structures. Let (T,R) be a pair where T is a set and R is a binary relation on T .

(T,R) is a ω-tree frame iff the following conditions are satisfied.

1. T is a non-empty set.

2. R is total, i.e. for all t ∈ T , there exists s ∈ T such that tRs.
3. Let < be the strict transitive closure of R, namely {(s, t) ∈ T × T | ∃n ≥ 0, t0 =

s, .., tn = t ∈ T such that tiRti+1∀i = 0, . . . , n− 1}.
4. For all t ∈ T , the past {s ∈ T | s < t} is linearly ordered by <.
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5. There is a smallest element called the root, which is denoted by t0.
6. Each maximal linearly <- ordered subset of T is order-isomorphic to the natural

numbers.

A branch of (T,R) is an ω-sequence (t0, t1, . . .) such that t0 is the root and tiRti+1

for all i ≥ 0. We denote B(T,R) to be the set of all branches of (T,R). For a branch

σ ∈ B(T,R), σi denotes the element ti of σ and σ≤i is the prefix (t0, t1, . . . , ti) of σ.

A LCRB transition system M is defined as a triple (T,R, V ) where:

– (T,R) is a ω-tree frame,
– V : T ×A → ℘(Ω∪CP ) such that for all s ∈ T and i ∈ A: V (s, i) = Q∪{cp=ni }

for some Q ∈ ℘(Ω) and cp=ni ∈ CPi. We denote V ∗(s, i) = V (s, i) \ CPi.
The truth of a LCRB formula at a point n of a path σ ∈ B(T,R) is defined induc-

tively as follows:

– M,σ, n |= �,
– M,σ, n |= start iff n = 0,
– M,σ, n |= Biα iff α ∈ V (s, i),
– M,σ, n |= cp=mi iff cp=mi ∈ V (s, i),
– M,σ, n |= ¬ϕ iff M,σ, n �|= ϕ,
– M,σ, n |= ϕ ∧ ψ iff M,σ, n |= ϕ and M,σ, n |= ψ,
– M,σ, n |= Xϕ iff M,σ, n+ 1 |= ϕ,
– M,σ, n |= ϕUψ iff ∃m ≥ n such that ∀k ∈ [n,m)M,σ, k |= ϕ andM,σ,m |= ψ,
– M,σ, n |= Aϕ iff ∀σ′ ∈ B(T,R) such that σ′≤n = σ≤n, M,σ′, n |= ϕ.

The models of LCRB satisfy a set of constraints on the accessibility relation. In-

tuitively, each R is composed of an nA-tuple of agents’ actions performed in parallel.

We will next define precisely the set of actions that each agent can perform. They are

Rulei,ρ, Copyi,α and Idlei where i ∈ A, ρ ∈ Π and α ∈ Ω.Rulei,ρ is the action of an

agent i firing ρ; Copyi,α the action of copying α from another agent and Idlei is when

agent i does nothing and moves to the next state.

We set constraints on the set of models such that the two following conditions are

satisfied: (i) any transition between two states of the model corresponds to the effect of

actions done by all agents inA and (ii) for any action of an agent inA that is applicable

at a state s of the model, then there exists another state s′ and a transition from s to

s′ which corresponds to the effect of the action. To formalise those two conditions, we

have the following definitions. 2

Definition 1. Let (T,R, V ) be a tree model. The set of effective transitions Ra for
an action a is defined as a subset of R and satisfies the following conditions, for all
(s, t) ∈ R
1. (s, t) ∈ RRulei,ρ iff ρ ∈ V (s, i), V (s, i) ⊇ pre(ρ), con(ρ) /∈ V (s, i) and V (t, i) =

V (s, i)∪{con(ρ)}. This condition says that s and t are connected by agent i’s rule-
fired transition if the following is true: ρ is a rule of i, V (s, i) contains all premises

of ρ but not its conclusion and the conclusion of ρ is added to the next state t of i.

2 Page limitation does not permit us to provide the axiomatisation systems and the proof of

sound and completeness of LCRB , so we skip it completely.
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2. (s, t) ∈ RCopyi,α
iff α ∈ V (s, j) where some j ∈ A and j �= i, cp=ni ∈ V (s, i)

such that n < nC , α /∈ V (s, i) and V (t, i) = V (s, i) \ {cp=ni }∪ {cp=n+1
i }∪ {α}.

In this condition, s and t are connected by a Copy transition of agent i iff i has

copied so far at most nC(i) − 1 messages from other agents, at s, i does not have

α in its working memory while another agent j does and at the next state t, α is

added into the working memory of i and its message counter is increased by one.

3. (s, t) ∈ RIdlei iff V (t, i) = V (s, i). The Idle transition does not change the state.

Below, we specify when an action is applicable. Note that we only enable deriving a

formula if this formula is not already in the agent’s working memory.

Definition 2. Let (T,R, V ) be a tree model. The set Acts,i of applicable actions that
an agent i can perform at a state s ∈ T is defined as follows:

1. Rulei,ρ ∈ Acts,i iff ρ ∈ V (s, i), pre(ρ) ⊆ V (s, i) and con(ρ) /∈ V (s, i).
2. Copyi,α ∈ Acts,i iff n < nC(i) where n is from cp=ni ∈ V (s, i), α �∈ V (s, i),

α ∈ V (s, j) for some j ∈ A.
3. It is always the case that Idlei ∈ Acts,i.

Finally, the definition of the set of models corresponding to a system of rule-based

reasoners is given below:

Definition 3. M(nC) is the set of models (T,R, V ) which satisfies the following con-
ditions:

1. cp=0
i ∈ V (t0, i) where t0 is the root of (T,R) for all i ∈ A.

2. R =
⋃
∀aRa.

3. For all s ∈ T , ai ∈ Acts,i, there exists t ∈ T such that (s, t) ∈ Rai for all i ∈ A.

4 Model checker encoding

It is straightforward to encode a LCRB model for a standard model checker, and to

verify resource bounds using existing model checking techniques. For the examples re-

ported here, we have used the Mocha model checker [2], due to the ease with which

we can specify concurrently executing agents in reactive modules, the description lan-

guage used by Mocha. The presence or absence of each fact in the working memory

of an agent is represented by a boolean state variable aiAj which represents the fact

that agent i believes fact Aj . The initial values of these variables determines the initial

distribution of facts between agents.3 In the experiments reported below which used the

binary tree with 8 leaves , all derived (non-leaf) variables were initialised to false, and

only the allocation of leaves to each agent was varied.

The actions of firing a rule, copying a fact from another agent and idling were

encoded as a Mocha atom which describes the initial condition and transition relation

3 We can also leave the initial allocation of facts undetermined, and allow the model checker

to find an allocation which satisfies some property, e.g., that there is a proof which takes less

than 7 steps. However for the experiments reported here, we specified the initial assignment of

facts to agents.
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for a group of related state variables. In our encoding, each agent is represented by a

module. A particular distributed reasoning system is then simply a parallel composition

of the appropriate agent modules.

The specification language of Mocha isATL, which includesCTL. We can express

properties such as ‘agent i may derive belief α in n steps’ as EXn tr(Biα), where

EXn is EX repeated n times, and tr(Biα) is a state variable encoding of the fact that

α is present in the agent’s working memory (e.g. tr(Biα) = aiAj if α = Aj). To obtain

the actual derivation, we can verify an invariant which states that tr(Biα) is never true,

and use the counterexample trace to show how the system reaches the state where α is

proved. To bound the number of messages used, we can include a bound on the value of

the message counter of one or more agents in the property to be verified. For example,

EXn (tr(Biα)∧tr(cp=0
i ∨cp=1

i )), where tr(cp=0
i ∨cp=1

i ) is translated to the statement

ai counter < 2, bounds the number of messages used by agent i to be at most 1. The

encoding of the models and translation of the properties from LCRB into the Mocha

specification language does not involve a significant overhead in comparison to other

model-checking problems.

5 Experimental results

We have experimented with the above mentioned ’binary tree’ example with varying

size considering single and multi-agent cases and then investigated different distribu-

tions of leaf facts between the agents.

Case Agent 1 Agent 2 # steps # messages

1. A1 −A8 7 -,-

2. A1 −A7 A8 6 0,3

3. A1 −A7 A8 6 1,2

4. A1 −A7 A8 7 1,1

5. A1 −A7 A8 8 1,0

6. A1 −A6 A7, A8 6 0,2

7. A1 −A6 A7, A8 6 1,1

8. A1 −A6 A7, A8 7 1,0

9. A1 −A4 A5 −A8 5 1,0

10. A1, A3, A5, A7 A2, A4, A6, A8 7 2,3

11. A1, A3, A5, A7 A2, A4, A6, A8 11 0,4

Fig. 1. Resource requirements for optimal derivation in 8 leaves cases

Figure 1 shows the number of derivation steps and the number of messages for each

agent for varying distributions of 8 leaves. Similar trade-offs are apparent for a problem

with 16 leaves4. However in this case there are a larger number of possible distributions

of leaves, and, in general, more trade-offs for each distribution.

4 Due to space limitations the experimental result table has been omitted.
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Although these examples are very simple, they point to the possibility of complex

trade-offs between time and communication bounds in systems of distributed reasoning

agents. For more complex examples, we would anticipate that such trade-offs would

be harder to predict a priori, and our framework would be of correspondingly greater

utility.

6 Conclusions

In this paper, we proposed an approach to modelling and verifying resource require-

ments of distributed rule-based reasoners. We showed how to reason about time and

communication bounds in such systems.
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