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Abstract. Private, corporate and public Wireless Local Area Networks 
(WLAN) Hot-Spots are emerging. In this rapidly evolving environment, the 
configuration of WLAN access points raise the classical problem of re-using 
limited radio resources. In this paper, the problem of dynamic frequency alloca-
tion of WLAN access point in a highly competitive multi-provider Hot-Spots 
environment is addressed. Our solution aims at working in locations where 
planned and ad-hoc deployments might be side by side. An on-line adaptive op-
timization process is proposed and relies on available information delivered 
only by the local access points in order to maintain the quality of service as 
high as possible. This optimization process is implemented on a scalable and 
highly flexible agent-based framework. The easy deployment of intelligent 
agents in a real WLAN network and their integration in a simulation context al-
lows us to perform extensive tests for small and large-scale networks. The pro-
posed approach has been tested on a limited but practical demonstrator that 
showed encouraging results. 
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1   Introduction 

The evolution of telecommunications is characterivzed by an increase in bandwidth 
availability and an increase in user mobility.  

Mobile networks are evolving to support flexible access services and offer increas-
ingly higher bandwidths as well as attractive pricing. For example, several mobile 
operators are about to offer new complementary services named here “Hot-Spot” 
access [1–3]. Hot-Spot solutions provide broadband mobile public access to the Inter-
net and to corporate intranets. The coverage of a WLAN Hot-Spot is typically poor 
compared to a 2G and 3G mobile cellular solution but this limitation can be seen as an 
advantage to provide end-users with high bandwidth capacity. Current Wireless Local 
Area Network (WLAN) technologies deliver services access around 100 meters. Sev-
eral mobile operators currently present WLAN Hot-Spot access as a complement to 
their GPRS and future UMTS offerings. User applications will have to be able to 
roam from one local Hot-Spot to another. For example: a user can access to her com-
pany’s Email from the hotel lobby and access it again at the airport gate. 

Despite many shortcomings with respect to security and inter-network or inter-
operator roaming, WLAN IEEE802.11b products are increasingly becoming very 
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popular in many countries. Many reasons can be mentioned for such a success: low 
price, software support and a very successful interoperability under the WiFi logo. 

WLAN products continue to raise new expectations since they can demonstrate ef-
ficient LAN access at rates above 2 Mbps (IEEE 802.11), at 11 Mbps for the IEEE 
802.11b specifications, or even several tens of Mbps in the near future (IEEE 802.11a 
and HIPERLAN)1. 

In this paper, we propose a novel approach to address the dynamic frequency allo-
cation of WLAN Access Point (AP) in a multi-provider Hot-Spots environment, in 
order to maintain high level of Quality of Service (QoS) taking into account users' 
traffic. In Section 2, a description of the WLAN channel allocation problem and man-
agement issues are outlined. Our intelligent agent based approach to tackle the chan-
nel allocation problem of the WLAN access points is described in Section 3. Section 4 
briefly presents the fundaments of frequency optimization. Section 5 shows some 
preliminary results in our test environment, and Section 6 concludes this paper. 

2   Channel Allocation in WLAN Networks  

Corporate users and, as price decreased, campus communities [4], have been the first 
to exploit the benefits of WLAN based on the IEEE802.11x family of standards. Pri-
vate users are also using the technology to avoid new wires in their homes and some-
times to share Internet access with other users. An increasing number of telecommu-
nication operators and visionary companies have identified new business models for 
the deployment of public WLAN access at popular locations (Hot-Spots) or in their 
business premises [5]. As a single example close to the authors, the Swiss operator 
Swisscom Mobile has launched commercial services based on public WLAN Hot-
Spot access based on GSM subscriptions or special value cards since the end of 
20022. 

In this rapidly evolving environment, the deployment of WLAN has to face typical 
issues regarding optimal utilization of radio resources that can be provided within the 
allocated radio spectrum. The complexity of the optimization problem is amplified by 
the fact that all WLAN stakeholders, from private to business entities, share the same 
spectrum allocation without any cooperation unless proprietary bi-lateral agreements 
could be arranged. For example, a public WLAN Hot-Spot operator might find diffi-
culties to offer its service at the bus stop near a popular restaurant, which has installed 
its own WLAN coverage. Adding private WLAN users in the flats above the restau-
rant further illustrates the need for an autonomous management of the WLAN access 
points. A manual and static configuration of each access points, besides being tedious, 
could only provide an acceptable solution for the conditions found during the meas-
urements survey. A better solution would be to centralize some information about all 
the access points potentially interfering. Based upon a centralized database, the best 
frequency allocation could be computed. However, this solution is not possible in 
practice because it does not scale to a very large number of access points. Further-
more, the conditions can be quite complex since the access points are deployed in 
planned or ad-hoc manners depending on operators and service providers.  

                                                           
1  http://www.alcatel.com/atr 
2  http://www.swisscom-mobile.ch/sp/4EGAAAAA-fr.html, visited March, 2, 2003. 
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In current deployment of WLAN hot spots, the frequency channel is fixed manu-
ally [6] and will be changed only if consumers complain or if a new survey is under-
taken by WLAN operators.  

We developed an autonomous management system that will detect the new situa-
tion and adapt the radio resource allocation so that the quality of service is maxi-
mized. 

2.1   Towards Agent-Based Management 

This paper describes the architecture of an autonomous and adaptive management 
system dedicated to on-line optimization of access point channel assignment; the 
process mainly relies on environmental information issued from the surrounding ac-
cess points and information exchange between enhanced access points.  

The target architecture resorts to autonomous software agents which can run on 
physically distributed or centralized platforms. From a logical viewpoint, each soft-
ware agent is delegated to a single access point. Technical information such as the 
currently used frequency channel, the number of users, the number of rejected pack-
ets, etc. are gathered by each software agent and constitute their internal knowledge, 
i.e. their internal representation of the local environment. The implementation of 
advanced mechanisms to exchange internal knowledge between agents will enable the 
enhanced access point to perform a local optimization. 

One of the major characteristics of the proposed solution resides in its ability to 
deal with currently deployed WLAN networks in concordance with the established 
IEEE 802.11 standards [7][8] and related management systems. Thus, management 
techniques directly rely on standardized protocols and information models making a 
vendor-independent implementation possible. Simple Network Management Protocol 
(SNMP) has become the de facto standard for IP network management. SNMP is 
commonly use to manage IP based elements and also for wireless elements. 

3   Intelligent Agent Approach 

The management of future WLAN networks will have to cope with highly competi-
tive environment where several operators will deploy their own infrastructure in the 
same geographical areas. Furthermore, the diversity of WLAN equipments will make 
such a network very heterogeneous. As a consequence, centralized network manage-
ment systems will be not sufficient to control fine-grained resources allocation with 
respect to the available frequency spectrum. On the other hand, legacy management 
systems such as SNMP-based systems can not be ignored in the overall architecture. 
The elaboration of hybrid centralized and de-centralized network management sys-
tems therefore constitute a general trend, not only for WLAN networks but also for 
other mobile networking technology like ad-hoc networks [9]. 

In this context, intelligent agents can be considered as one of the most promising 
approaches addressing issues related to distributed applications in the rapidly expand-
ing communication industry [10].  Intelligent agents can be seen as a software pro-
gram that can perform specific tasks for a user and possesses a degree of intelligence 
that permits it to perform parts of its tasks autonomously and to interact with its envi-
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ronment in a useful manner [11]. An intelligent agent exhibits the following proper-
ties: autonomy - the agent is capable of following its goal autonomously that is, with-
out interactions or commands from the environment - reactivity - the agent is capable 
of reacting appropriately to influences or information from its environment - pro-
activity - under specific circumstances, the agent can take the initiative in performing 
appropriate actions - social ability -  the agent is able to communicate with other 
agents and to interact with its environment in order to fulfill its tasks.  

Intelligent agents have been considered for network management in numerous re-
search projects3. These various projects have led to multi-layer agent architectures in 
which each layer implements different abstraction views; examples of such layers are 
the co-operation layer, the planning layer and the reactive layer. In this context, the 
Belief-Desire-Intention [12] probably constitutes one of the most popular agent archi-
tecture and has also been considered, under different forms, in agent-based network 
management systems. 

The development of agent standards in telecommunication is obviously a sine qua 
non condition for the successful deployment of software agents in large-scale net-
works. The most popular agent standard at the moment is the Foundation for Intelli-
gent Physical Agents (FIPA)4. 

The framework we propose in this paper consists of a simple architecture in which 
we mainly exploit the message and communication facilities provided by the agent 
platform on the one hand, and the capability of an agent to implement different paral-
lel behaviors on the other hand. Details about agent behavior are given in Section 3.2. 

Our agent-based framework is therefore composed of intelligent agents, called 
AWM_agents, which exchange information concerning their local environment in 
order to perform on-line optimization by (re-)configuring the access point frequency 
(or channel). The enhanced access point consequently exhibits an autonomous and 
adaptive behavior. 

3.1   Jade and LEAP Agent Platforms 

Jade5 is a freely downloadable Java agent platform, which is fully compliant with the 
last revision of FIPA specifications; the intra-agent activity model defined in Jade is 
based upon a non-pre-emptive concurrency model. A Jade agent is implemented with 
a Java thread, which enables asynchronous inter-platform communication as specified 
by FIPA. The Jade agents can implement one or several behaviors: while intra-agent 
activities are synchronous, inter-agent communication relies on an asynchronous 
process. The behaviors are executed in a thread-per-agent concurrency model, in 
which there is no stack to be saved: they are managed by an internal scheduler im-
plementing a round-robin non-pre-emptive policy among all the behaviors available 
in the ready queue of an agent [13]. The synchronous characteristic of intra-agent 
activity and related cooperative processes makes Jade an attractive agent platform for 
the study of the agent behavior in the context of telecommunication applications, so 
that our AWM_agents have been implemented into the Jade environment. Still, Jade 

                                                           
3  An excellent overview of project activities concerning intelligent agents for network man-

agement can be found in [13]. 
4  http://www.fipa.org 
5  http://sharon.cselt.it/projects/jade 
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is made up of numerous classes and can thus be difficult to implement into embedded 
systems.  

The Lightweight and Extensible Agent Platform (LEAP)6 is a project aiming at the 
realization of a FIPA platform that can be deployed seamlessly on any Java-enabled 
device endowed with sufficient resources and with a wired or wireless connection, 
such as PDAs and smart phones [15]. LEAP significantly contributes to providing 
network devices with an embedded agent platform.  

LEAP appears to be particularly interesting because it can easily be deployed in a 
simple Java processor based platform, which can be connected to any vendor-
independent access point. We are now investigating the deployment of our 
AWM_agent into a LEAP-based Java processor based platform. 

3.2   Agent Behavior 

The Jade agent platform [16] provides a novel approach towards task design with 
generic behaviors. Based on message exchanges between agents, several behavior 
schemes corresponding to various task types are defined in order to enable multiple 
interactions with other agents.  

The behaviors are divided into two main categories, respectively simple and com-
posite behaviors. A simple behavior consists in a task that is activated only once and 
cannot be blocked - oneShotBehaviour - or in a cyclically activated task. A composite 
behavior is made up of several behaviors according to a parent-child relationship; it 
may consist of a sequential behavior - SequentialBehaviour - which executes the sub-
behaviors sequentially and terminates when all sub-behaviors have been executed; on 
the contrary, parallel behavior - ParallelBehaviour - allows the developer to imple-
ment sub-behaviors which can be executed in a non-deterministic order. Finally, a 
behavior can be described with a finite state machine (FSM); the parent behavior 
controls the transitions between the FSM states and activates the behaviors corre-
sponding to the current state. 

From the communication point of view, the agents can interact via intra-platform 
communication: all the agents participating in the interaction are managed by the 
same platform; they reside in the same environment. The agents can also be distrib-
uted over several platforms, in which case they interact via an inter-platform commu-
nication mechanism. In both cases, agents communicate via ACL messages. For ex-
ample, if an agent platform is dedicated to one and only one access point, the hosted 
AWM_agent endowed with an SNMP manager can be logically perceived as the ac-
cess point itself and only inter-platform communication will take place. On the con-
trary, if an agent platform hosts several AWM_agents, the agent platform is responsi-
ble for managing several access points, and intra-platform communication will take 
place between the AWM_agents residing in the platform. 

3.3   AWM Agent Architecture 

In our framework, an AWM_agent is dedicated to an access point and performs three 
basic tasks: at first, the agent continuously monitors its local environment by querying 
the SNMP agent of the access point; the retrieval of particular values from MIB vari-

                                                           
6  http://leap.crm-paris.com 
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ables will give information about the number of frames with errors (MIB:FCS), the 
number of frames delivered correctly (MIB:InUPkt), the number of associated sta-
tions (MIB:NAS) and the frequency channel (MIB:Channel), so that the agent can 
have an internal representation of the environment. Secondly, the agent handles in-
coming messages issued from other agents. The message contents are examined and 
processed accordingly. The exchange of information between neighboring agents 
improves the channel assignment. The agent finally has to perform local computation 
to determine the most appropriate channel. 

The overall agent architecture and processes are depicted in Figure 1. 
 
 

 
Fig. 1. AWM Agent Architecture 

We now briefly introduce the general scenario involving our AWM_agents and related 
access points. The optimization algorithm we have implemented is currently being 
patented and is therefore not detailed in this paper. It is however important to mention 
that the overall architecture perfectly suits a wide range of distributed optimization 
algorithms. 

The monitoring task and the message processing are implemented by means of two 
Jade cyclic behaviors. The monitoring process is implemented into the MonitorBe-
haviour, while message handling is implemented into the MsgBehaviour. 

The AWM_agent queries the SNMP agent in order to retrieve the information from 
the access point, which is controlled by the agent (1). In case of interference, the 
agent activates the optimization algorithm (2) and computes the new channel to be 
assigned to the access point. The new channel is set via a SNMP request (3). The 
agent then sends the new channel to the neighboring agents (4). The receiving agent 
reads the message contents, makes sure that it fits the AWM ontology and in turn 
activates the optimization algorithm if necessary (5) to compute the new channel 
based upon the updated information. Finally, the new channel is assigned by means of 
a SNMP request (6). 
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4   Basic Principles for Channel Assignment Optimization 

Classical frequency optimization in cellular networks is based on simple rules regard-
ing frequency channel allocation. Usually, the same frequency and even an adjacent 
frequency cannot be repeated at the same location or neighbored locations. 

The particular definition [8] of overlapping frequency channels in WLAN 
IEEE802.11b with DSSS (Direct Sequence Spread Spectrum) and the CSMA/CA 
(Carrier Sense Multiple Access/Collision Avoidance) technique lead that a more com-
plex rules regarding frequency channel allocation. Indeed, measurements as depicted 
on Figure 2 shows that a better user throughput is obtained when there is either a total 
overlapping or, as expected, no overlapping of the interfering channels allocated to 
different access points.  

 

 

Fig. 2. Throughput measurements versus channel separation 

 

Fig. 3. Optimization function 

Figure 2 reports FTP total throughputs measured in the following conditions: two 
users, each linked to its own access point: one with frequency 6 (AP1) and the other 
access point (AP2) with the frequency channel x (value on the x-axis). The result 
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shows that partial overlapping is worst than a complete overlapping of the frequency 
channels. This can be explained from the effectiveness of the collision avoidance 
(CA) when the two channels are equal. Error rate measurements not reported here 
also shows that partial overlapping of frequency channels lead to a larger number of 
errors, while total overlapping or non-overlapping channels lead to negligible num-
bers of errors. 

The results presented here have been taken into account in the design of our opti-
mization function represented on Figure 3: a value between 0 and 100 is assigned to 
the difference between 2 channels. 
The optimization function is not monotone. Partially overlapping channels lead to low 
numbers. However, re-using the same channel on competing access points is better 
that choosing partially overlapping frequency channels. As expected, choosing non-
overlapping channel leads to the highest score.  

The optimization function provided in Figure 3 can be adapted if necessary to take 
into account other functions if desired. 

5   Experiments and Results 

5.1   Test Bed Environment 

Our test bed environment is based on four access points (AP) representing two Wire-
less Internet Service Providers (WISPs). An Autonomous WLAN Management 
(AWM) agent is connected to each AP and each AP is configured with a Service Set 
Identifier (SSID) that characterizes the WISP. Since The AWM agent must communi-
cate between WISPs, then it is assumed that WISPs have to be inter-connected. At 
least, WISPs must allow their agents to exchange messages. It is recalled that the 
software agent platform chosen in this work simplify greatly this exchange of mes-
sages. Figure 4 shows the test environment, its architecture and the exchange of mes-
sages. Each of the 4 access points has its own PC acting as a proxy for the access 
point. The proxy runs the software agent platform and the software agents that have 
been designed to implement the AWM system.  

Access Points are Cisco Aironet 350 products. The AWM Agent platform is based 
on Jade platform and runs on Pentium-III PCs. Wireless LAN clients are laptops with 
PCMCIA WLAN cards. To test traffic congestion, we have implemented a client 
emulator in the AWM agent. Thus associated terminals can be emulated by this fea-
ture on each AP. 

This practical test environment has a limited size and can be used to demonstrate 
the feasibility of our approach and determine the user experience under different the 
frequency adaptation algorithm. Simulation environment has also deployed using the 
Generic Network Management Tool (GNMT) [17] described in the next sub-section. 
In this case, larger network with several tens of access points have been simulated. 
Comparisons with the practical test environment can also be performed. 

5.2   Preliminary Results 

In this section, we briefly present the first results we obtain with our experimental 
environment. Figure 5 presents the four access points with virtual interference links. It 
is recalled that a Virtual Interference Link (VIL) is defined as a communication chan-
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nel between two access points which are subject to interfere each with other. Cur-
rently, VIL topology is determined and configured manually by editing a property file 
for each AWM_agent. Automatic VIL discovery mechanism is currently being in-
vestigated. 

Fig. 4. Test environment architecture 

The number appearing on each VIL corresponds to the difference of frequency 
channel between APs. For example, AP1 is configured on channel 13 and AP2 is also 
on channel 13, therefore the number 0 (=|freq(AP1)-freq(AP2)|=|13-13|) is circled on 
the VIL (AP1, AP2). 

MIB Parameters have been introduced in Section 3.3. In the beginning of our ex-
periment, we have configured each access point on the channel 1. We have then asso-
ciated a certain number of stations (mobile users) to the access points according to the 
following scheme: two stations (users) are associated to AP1, three to AP3, five to 
AP2 and no station is associated to AP4. The numbers depicted on the figure shows 
the final (and stable) configuration we obtain after less than 10 minutes. It is impor-
tant to see that the optimization algorithm takes into account the possibility to have 
two access points configured with the same channel (AP1 and AP2). As explained in 
Section 4, having two neighboring access points on the same channels may be consid-
ered as a better solution than having a small difference of frequency. 

Figure 6 shows the adaptive process over time and, hence, the evolution of the as-
signed frequency channel for each access point. A different line profile (size and 
style) is given to each AP. 

The optimization algorithm must obviously ensure that the process will converge 
and avoids cycles. The algorithm we implemented becomes stable after a few min-
utes. This algorithm is being patented, thus no more details are provided. During the 
optimization process, the APs may change several time their frequency channel. A 
user associated with a particular access point loose a few packets during the 1 to 3 
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seconds break occurring at each change of frequency channel. Practically, the end 
users do not feel these losses especially if the newer operating systems are used.  

 

Fig. 5. Final values when the adaptive process becomes stable (circle number is on VIL) 

Fig. 6. Evolution of the adaptive process over time 

6   Conclusions 

An approach to address the problem of dynamic frequency allocation for WLAN 
access point in a multi-provider Hot-Spots environment has been presented. The op-
erating frequency channel at each access point is modified in order to increase the 
quality of service measured at the access points. This channel (re-)configuration is 
performed via SNMP. Several parameters are combined in a metric defined to objec-
tively measure the performance at each access point and compare the results to its 
neighbors. In our demonstrator, four parameters obtained from the MIB access points 
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have been used: the number of frames with errors (FCS), the number of frames deliv-
ered correctly (InUPkt), the number of associated stations (NAS) and the frequency 
channel.  

The exchange of information between access points regarding performance meas-
ures and newly assigned channel plays a central role in the solution presented here. 
Advanced communication mechanisms rely on the Jade agent-platform. Our agent-
based framework is composed of intelligent agents, called AWM_agents, which 
closely interact in order to keep an up-to-date internal representation of their local 
environment and therefore to perform on-line optimization by (re-)configuring the 
frequency channel of the access point. 

The architecture and functionalities of our solution has been explained. Each ac-
cess point is controlled by an AWM_agent. The AWM_agent queries a SNMP agent in 
order to retrieve the information from the access point. In case of interference, the 
agent activates an optimization algorithm and computes the new channel to be as-
signed to the access point.  

Preliminary results have been presented to illustrate the feasibility of our approach. 
The stability of the optimization process has been tested on the demonstrator and the 
simulator. Measurements demonstrated that frequency channels can be modified with 
little perturbation to the users associated to a given access point.  

Future work will focus on extending the demonstrators to a large number of access 
points in a campus environment. Further tests and measurements will also be per-
formed on the simulator. Furthermore, improvements of the optimization algorithm 
will be investigated. 
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