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The proliferation of wireless local area network (WLAN) deployments
in enterprises, public areas, and homes will cause frequent geographical
coverage overlap among multiple networks. A recent growing interest is
the coordination among WLAN providers for efficient resource manage-
ment over a large coverage area. While radio resource management for a
single WLAN has been studied extensively, little research work addresses
cooperative resource management over multiple WLANs. The lack of co-
operative resource management can cause significant performance degra-
dation due to inter-WLAN interference. Moreover, unbalanced loads
among multiple networks can incur congestion in a few WLANs while
foregoing unused excess resources in others. Hence, resource manage-
ment among multiple WLANs can make the best use of available radio
resources and accommodate more users system-wide. In this chapter,
a fully decentralized cooperative resource management framework using
multi-agent systems for multiple WLANs in interference environments
is explained that incorporates the predictability of network states and
decentralized control through multi-agent systems. The proposed frame-
work emphasizes the underlying predictability of network conditions and
promotes management solutions tailored to different interference envi-
ronments. The impacts of both inter-WLAN co-channel interference
and co-located interference sources from wireless personal area networks
(WPANs) are considered.
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1.1. Introduction

There has recently been a remarkable increase in the usage of IEEE 802.11-
based wireless local area networks (WLANs) [1] due to low cost, installation
simplicity, and high data rates. Many hot spots are emerging and multi-
ple WLANs are being deployed within a small geographic vicinity such
as office buildings, multi-tenant residential complexes, city downtown ar-
eas, and university campuses. Different WLANs in a particular area may
be deployed by different operators. In such an environment with multiple
WLANs co-existing, a growing interest is that WLAN providers may set
up reciprocal agreements and coordinations so that mobile users may share
the usage of multiple WLANs.

A direct benefit of resource sharing among multiple WLANs is the ex-
pansion of network coverage. A WLAN usually suffers limited communica-
tion range. By integrating different overlapping WLANs, WLAN providers
can offer value-added inter-WLAN roaming services to subscribers who need
wider roaming areas. Meanwhile, mobile users can roam among multi-
ple networks, enjoying the wide-area wireless access. Another benefit of
this integration is the cooperation of resource management among multiple
WLANs. Radio resources of each network are usually managed indepen-
dently. The lack of cooperative resource management can cause significant
performance degradation due to inter-WLAN interference [2]. Moreover,
unbalanced loads among multiple networks can incur congestion in a few
WLANs while foregoing unused excess resources in others. Hence, resource
sharing among multiple WLANs can make the best use of available radio
resources and accommodate more users system-wide. At the same time,
WLAN providers may also benefit from being able to improve service qual-
ity and network utilization through cooperative WLAN resource manage-
ment.

WLANs and wireless personal area networks (WPANs) often operate in
a shared spectrum, the 2.4GHz unlicensed industrial, scientific, and med-
ical (ISM) band. When a WLAN such as the IEEE 802.11b is co-located
with a WPAN such as Bluetooth or the IEEE 802.15.4 low-rate WPAN
(LR-WPAN), the issue of coexistence between different wireless networks
needs to be considered to ensure their performance requirements are main-
tained [3–6]. Co-location of wireless services may occur under a number
of different scenarios. For example, a WPAN can be deployed to support
a sensor array within the same location as an established WLAN. Alter-
natively, a hierarchical network structure based on the strengths of each
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wireless service is straightforward to envision, where WPANs support lo-
cal connectivity and WLANs provide the backbone for multiple WPANs.
Therefore, resource management of WLANs will operate in a dynamic RF
environment often involving a diverse set of co-located wireless services.

Co-located wireless networks operating in the same unlicensed frequency
band can cause interference to each other because of spectral overlap. In-
terference sources will impact mobile stations differently due to variations
in RF path loss. Even if stations are at fixed locations, dynamics in the
environment will significantly impact the RF propagation characteristics.
These variations make it difficult and costly, in terms of radio resources,
to maintain performance requirements. Hence, it is imperative that the
dynamic effects of interference be incorporated into network management
and control decision-making.

Network management can be implemented through a centralized or dis-
tributed control method, or a hybrid one. A centralized method involves a
centralized controller and is able to provide the global optimal solution, but
requires periodic global information gathering on network states at the cen-
tralized controller and has the weakness of scalability. On the other hand, a
distributed method has the advantages of scalability and easy collection of
local inputs, but may lead to local optimal solutions and longer convergence
time of solution-finding. A recent research effort on distributed control is
to apply the agent technology to intelligent network management and data
harvesting. Agents are autonomous entities that receive sensory inputs
from the environment and then act on it using their effectors based on the
knowledge they have of the environment [7]. A multi-agent system (MAS)
allows for the distribution of knowledge, data, and resources among individ-
ual agents and its modularity supports the development and maintenance
of complex highly reliable systems [8]. Multi-agent systems are also easier
to scale up as they can speed-up computation due to concurrent processing;
they have less communication bandwidth requirements since processing is
located nearer the source of information and facilitate real-time responsive-
ness as processing, sensing, and effecting can be co-located. Several distrib-
uted control algorithms based on multi-agent systems are proposed to solve
centralized control problems efficiently and proved to converge to the global
optimal solution [9–12]. Various multi-agent systems have been deployed
on wireless sensor networks (WSNs) and other distributed networks for
data processing and energy conservation in an intelligent fashion [13–15].
However, no existing work has addressed using multi-agent systems for co-
operative network management for multiple WLANs and incorporated the
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dynamics of the interference environment into control decision-making.
Although a considerable amount of research on radio resource manage-

ment in a single WLAN has been proposed [16–19], cooperative resource
management for multiple WLANs remains largely unexplored. Moreover,
few protocols and algorithms incorporate the prediction of dynamic RF
operational statistics from interference environments and investigate the
application of multi-agent systems for distributed intelligent network man-
agement. Therefore, predictability-based cooperative resource management
for multiple WLANs using multi-agent systems is proposed in this chapter.
Predictability-based approaches may capture the effects of the time-varying
nature of network links. It also helps determine the degree to which the
state of the network can be reliably observed. By using predictability-based
management approaches with the help of multi-agent systems, the changing
operating conditions of multiple networks and the potential interference to
WLANs from diverse co-located devices can be captured in advance and
this information can be distributed timely through multiple agents, which
may help the decision-making of resource management.

In this chapter, we focus on how to adaptively manage shared system-
wide resources under time-varying network conditions among multiple
WLANs in WLAN/WPAN interference environments. The impacts of both
inter-WLAN co-channel interference and co-located interference sources
from WPANs are considered. A fully decentralized resource management
framework that incorporates the predictability of network states and the
coordination between physical environment modeling and network manage-
ment using multi-agent systems is proposed.

The rest of this chapter is organized as follows. In Section 1.2, exist-
ing work on WLAN resource management is described. In Section 1.3,
a centralized multi-domain WLAN resource management approach is first
introduced. The goal of this centralized approach investigation is to get
design insights and performance benchmark for the proposed decentralized
approach. In Section 1.4, the proposed framework for decentralized WLAN
resource management based on multi-agent systems is explained in detail,
followed by the conclusions in Section 1.5.

1.2. Existing Work on WLAN Resource Management

Resource management for WLANs include dynamic channel assignment,
dynamic transmit power control, and load balancing [16]. In this work, we
focus on resource management for load balancing.
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Resource management for load balancing in wireless networks has been
extensively studied. In cellular networks, load balancing is usually achieved
through dynamic channel allocation [20, 21]. This technique is not as suit-
able in WLANs where each access point (AP) normally uses one channel.
Another approach is to use cell overlapping to reduce the blocking prob-
ability of calls and maximize the network utilization [22, 23]. In [24, 25],
load balancing integrated with coordinated scheduling techniques for multi-
cell packet data networks is proposed. However, these techniques consider
different objective functions such as call blocking probability, which is not
applicable for the load balancing issue in the WLAN context [18].

Approaches for load balancing in a single WLAN can be classified into
two categories. One is association control through which the network re-
distributes client associations among APs more or less uniformly so that no
one AP is unduly overloaded [16]. The other is capacity control through
which the network adjusts the maximum allowable throughput of each AP
so that heavy-loaded APs can have more capacity to support users [2].
Three different techniques are proposed for association control. The explicit
channel switching algorithm requests client stations to explicitly change
their association from an overloaded AP to a less loaded neighboring AP
[18, 19]. This algorithm trades off received signal strength with load by
forcing stations to switch from an overloaded AP with a stronger signal to
a lightly loaded AP with a possibly weaker signal within the radio range
of the stations. In [17], an algorithm incorporating transmit power control
and channel switching is proposed. Load balancing is achieved by adjusting
transmit power of neighboring APs to change their radio coverage pattern.
In this way, the coverage area of the overloaded AP is reduced, causing
some of its client stations to handoff to lightly loaded APs with enlarged
coverage areas. The third technique is network directed roaming under
which the network balances load by providing explicit feedback to users
about where to roam to get the services they require [19]. This technique
can achieve global load balancing over the entire WLAN, while the first two
try to distribute load among neighboring APs.

All the above load balancing schemes are designed for a single WLAN.
They cannot be directly applied to multi-domain WLANs because they can-
not provide system-wide fair resource allocation among multiple networks.
Co-located WLANs often use the same limited number of orthogonal chan-
nels (e.g., three orthogonal channels are available in IEEE 802.11 b/g net-
works). Hence, the effect of inter-domain co-channel interference becomes
severe as the number of co-located WLANs increases. The load of a cell
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in one domain determines the level of its interference on other co-channel
cells both inside and outside the domain. Therefore, achieving system-
wide fair resource allocation should not be restricted to only independent
load balancing per domain without global cooperation. It should incor-
porate the load and interference interactions between different domains.
In [2], an inter-domain radio resource management scheme for WLANs is
proposed. This work provides an exciting insight into the optimization of
resource sharing among multiple domains. However, the interactive effects
of co-channel interference among multiple domains are not considered in
the optimization process.

To the best of our knowledge, very little research work addresses co-
operative resource management over multiple WLANs. Moreover, very
little work on resource management for either single or multiple WLANs
has considered the interference from possible co-located WPANs in the op-
erational environment. As stated previously, WPAN interference sources
require the WLAN to consume additional network resources in order to
maintain performance requirements. Therefore, it is imperative that the
dynamic effects of co-located WPAN interference be incorporated into net-
work management.

1.3. Third-Party-Based Centralized WLAN Resource Man-
agement

Multi-domain WLAN resource sharing and management can be imple-
mented through either a centralized approach or a decentralized approach.
Under the centralized approach, a centralized controller collects estimates of
resource utilization and interference level from all APs in multiple WLANs
and generates global optimal control decisions to feed back to each AP.
The resource optimization under the centralized architecture can achieve
the global optimal performance, which can be used as a performance bench-
mark for the decentralized approach.

Therefore, we first conduct research on using a centralized resource op-
timization approach for multi-domain WLANs. Then, the performance
results from this centralized approach will be used as a benchmark for our
proposed decentralized approach to achieve the global optimal performance.
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1.3.1. Third-Party-Based Centralized Architecture

We first propose a third-party-based centralized resource management ar-
chitecture for the integration of multiple WLANs. A new entity, local net-
work controller (LNC), is connected to all the APs of multiple WLANs, as
shown in Fig. 1.1. WLANs under the control of an LNC form a WLAN
cluster. The LNC acts as a radio resource coordinator across domains and
takes care of issues related to inter-domain roaming and resource sharing
within a WLAN cluster. The LNC can integrate any number of WLANs
belonging to different providers. As the number of domains in a WLAN
cluster increases, the LNC can be built in a hierarchical structure to make
it more scalable. As shown in Fig. 1.1, a global network controller (GNC)
is connected to all LNCs supporting inter-WLAN-cluster roaming and re-
source sharing. When a mobile station (MS) roams between WLANs in
different WLAN clusters or when load balancing over multiple WLAN clus-
ters needs to be addressed, the GNC is involved for resource management.
A third-party agent can be the operator of the LNCs and GNC. It is re-
sponsible for the design, implementation, and maintenance of the control
functions provided by the LNCs and GNC.

Fig. 1.1. Third-party-based multi-domain WLAN resource management architecture.

Providers of different WLANs in a WLAN cluster set up service level
agreements with the LNC. The operator of the LNC generates revenue from
WLAN providers who agree to share their network resources with others.
A similar business model is used by iPass [26] to provide global remote
access services. Through the coordination of the LNC, providers may offer
inter-WLAN roaming services to their subscribers as a value-added service
feature. They can also support communications with better-quality signals
since the impact of interactive interference is globally balanced across the
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WLAN cluster through the control of the LNC. The functions related to
user authentication, billing, security and privacy, and mobility management
can be implemented in the LNC using similar models proposed in [27].
Here, we focus on how to fairly balance system-wide resources in order to
accommodate more users with the least amount of cost.

The LNC gathers the measured resource usage statistics from all the
APs via Simple Network Management Protocol (SNMP) [28]. SNMP also
provides security related functions such as user authentication and mes-
sage encryption [29]. Most enterprise-class APs can support SNMP [2].
APs collect signal characteristics from client stations in each domain. The
IEEE 802.11k task group [30] is developing a radio resource measurement
extension to the IEEE 802.11 WLAN standard. As suggested by the IEEE
802.11k task group, a portion of the signal characteristics are obtained di-
rectly from the WLAN cluster. The data can be augmented by an additional
sensing network, potentially located at each AP, to provide additional data
specifically associated with WPAN interference sources in the environment.
The measured data can then be used by the LNC to generate the control
decisions to optimize the performance of the entire WLAN cluster.

The LNC and APs periodically collect the required information for re-
source management. The LNC calculates the optimal resource allocation
across domains and applies control decisions to APs. The decision-making
is updated periodically in order to address changes in the traffic load and
interference environment. Note that the load at APs does not vary fre-
quently, if stations are not highly mobile. Previous studies on WLAN
measurement and user behavior show that users have a quasi-static mo-
bility pattern [31–33], which means, users are free to move from place to
place, but they tend to stay in the same physical locations for long time
periods [18]. In addition, it is important to remark that the periodic data-
collecting from stations does not imply measuring instantaneous small-scale
multipath signal characteristics which are very time-sensive. Instead, mea-
surements should be targeted at capturing large-scale changes in signal
characteristics due to variations in traffic pattern, station mobility, inter-
ference sources, and interference mobility. In other words, the measurement
is based on the factors which influence the LNC management of the WLAN
performance. Therefore, control decisions need not be updated frequently
and they should target long-term performance improvement. Thus, the
control overhead resulting from the periodic updating can be kept at a
reasonable level.
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1.3.2. Resource Utilization Modeling and Optimization

In this section, we introduce the resource management scheme for multi-
domain WLANs under the third-party-based centralized architecture.

1.3.2.1. Motivation

We first use the example shown in Fig. 1.2 to explain the interactions be-
tween different WLAN domains due to cell load and co-channel interference.
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Fig. 1.2. Cell layout of two co-located WLANs A and B.

In Fig. 1.2, two IEEE 802.11b WLANs, A and B, are co-located in
the considered region. Each circle represents an AP: 13 APs for WLAN A
and 12 APs for WLAN B. The locations of APs and the channels used by
APs are shown in the figure. Since only three non-overlapping channels are
available, the channels are selected so that the APs using the same channel
are geographically separated the furthest.

When multiple WLANs co-locate, the traffic load carried by one WLAN
will impact the resource utilization of other WLANs due to co-channel in-
terference. This is illustrated in Fig. 1.2 by considering cell 4 in WLAN A
which operates on frequency channel 1. If offered traffic load is increased
in this cell, then the impact will be felt in closeby cells sharing the same
frequency channel, i.e., cells 1 and 7 in WLAN A and cells 2 and 8 in
WLAN B. Depending on the RF propagation characteristics, it is possible
for additional cells to be impacted by interference signals which are of suf-
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ficient strength to cause contention within nearby cells. Therefore, stations
in the impacted area contend for the channel based on the additional in-
terference traffic. From the figure, it can be observed that optimizing the
load in domain A independent of the resource requirement of domain B is
likely to impact domain B’s performance. As a result, load balancing tech-
niques designed for one domain may not be suitable for multiple co-located
WLANs if the inter-relationship between co-located domains is not taken
into consideration. This is the motivation for developing a new resource
management scheme in a multi-domain environment.

1.3.2.2. Overview of the Resource Management Scheme

The goal of the resource management scheme is to minimize the total system
cost by adjusting resource allocation in each domain. The cost is what the
system needs to pay to support all the client stations to achieve performance
requirements. It is related to the available radio resources for supporting
the offered load in each domain and mitigating interference from the opera-
tional environment. The LNC manages resource sharing across domains by
controlling the maximum allowable throughput of each AP. When the max-
imum allowable throughput at an AP changes, the available radio resources
of the cell is limited. Consequently, the cell utilization changes which leads
to a different system cost. Therefore, minimizing the overall system cost
is equivalent to finding the optimal allowable throughput at each AP. In
addition, WPAN interference can adversely affects the WLAN performance
by changing its resource utilization requirements and thereby needs to be
considered. Moreover, due to the dynamics in the RF environment, signal
characteristics, traffic load, and interference intensity are time-variant. As
a result, the optimal resource allocation decision should be dynamically
adjusted to reflect the influences of the time-varying environment.

The resource management scheme under the third-party-based central-
ized architecture includes three steps. First, based on the overall traffic load
distribution at all the APs in a WLAN cluster, the impact of co-channel in-
terference at each cell can be calculated. Then, by incorporating the impact
of interference from other sources in the operational environment, the com-
munication cost of the overall system can be derived which is a function
of cell load, co-channel interference, and interference from other wireless
services. Second, the LNC finds the optimal pattern of maximum allow-
able throughput at each AP in multiple domains. In other words, the LNC
decides which AP should provide how much capacity to its users. This op-
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timal throughput pattern results in the minimum system cost. Finally, the
LNC sends control signals to APs to instruct them on how to update their
allowable resources for users based on the calculated optimal throughput.
Therefore, by the global control of the LNC on restricting the maximum al-
lowable throughput at APs, the effect of co-channel interference is balanced
across multiple domains and thereby the overall system resource utilization
is minimized. Note that it is up to the individual WLANs to determine
which method should be used to achieve the optimal throughput, e.g., load
balancing within the domain, limiting average throughput, etc.

1.3.3. Problem Formulation

There are four possible resource management scenarios in multi-domain
WLANs as follows:

(1) Intra-domain resource optimization without the consideration of poten-
tial interference from co-located WPANs,

(2) Intra-domain resource optimization with the consideration of potential
interference from co-located WPANs,

(3) Inter-domain resource optimization without the consideration of poten-
tial interference from co-located WPANs,

(4) Inter-domain resource optimization with the consideration of potential
interference from co-located WPANs.

Scenarios 1 and 2 are the cases that each domain optimize radio resource
usage independently. The already proposed load balancing techniques de-
signed for a single WLAN can be applied to scenario 1. Scenarios 3 and 4
involve the LNC to help control the resource allocation in each domain.

The intra- and inter-domain load balancing issue can be formulated
as an optimization problem. The LNC controls the maximum allowable
throughput of each AP. It periodically optimizes the resource usage in each
domain by minimizing the overall system cost function F (·) where F (·) is
the total communication cost the system needs to pay for supporting all
the client stations. More specifically, assume there are M domains in a
WLAN cluster. Let NT = [N1, N2, · · · , NM ] be the number of APs in each
domain. Hence, for a particular domain j, there are Nj APs in the network.
Let CT

j = [C1j , C2j , · · · , CNjj ] be the maximum allowable throughput of
each AP in domain j. The objective function and the constraints for intra-
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domain resource optimization in domain j are:

Minimize Fintra(Cj) =
Nj∑

i=1

Φ(fij(Cij , Ico ij , Ie ij))

Subject to fij(·) ≤ 1

eTCj ≤ TDj

Cmin ≤ Cij ≤ Cmax (1.1)

where fij(Cij , Ico ij , Ie ij) is the normalized resource usage at cell i in do-
main j, Ico ij is the co-channel interference from other cells in the domain
to cell i, and Ie ij is the interference from other co-located WPANs to cell
i. The resource usage at a cell is determined by the cell utilization U ,
co-channel utilization Ico, and environmental interference Ie. The cell uti-
lization U can be approximated by calculating the ratio of the measured
load to the maximum allowable throughput [2], i.e., Uij (Ie ij) = ρij(Ie ij)

Cij
,

where ρij is the time-varying measured load at cell i in domain j. Thus,
fij(Cij , Ico ij , Ie ij) is:

fij(Cij , Ico ij , Ie ij) = Uij (Ie ij) + Ico ij (Ie ij)

=
ρij (Ie ij)

Cij
+ Ico ij (Ie ij) (1.2)

where Uij(·), ρij(·), and Ico ij(·) are functions of the WPAN interference
as presented in Section 1.3.3.2. Φ(·) is a mapping function to map the re-
source usage to cost. It should be chosen as a convex function to get an
effective strategy to facilitate optimization [34]. eT is a unit vector with
adequate dimension and TT

D = [TD1 , TD2 , · · · , TDM ] is the maximum capac-
ity of each domain. If no inter-domain resource cooperation, the maximum
domain throughput is the maximum data rate that can be supported by
WLAN products. Cmin and Cmax are the minimum and maximum allow-
able throughput in each cell, respectively. (1.1) shows that for intra-domain
resource optimization, the LNC finds the maximum allowable throughput
for each AP in the domain which results in the minimum communication
cost.

For inter-domain resource optimization, the LNC not only finds the
optimal throughput pattern for all the APs, but also determines the op-
timal capacity for each domain. In other words, the LNC optimizes the
global resource sharing among multiple domains by finding the optimal
TT

D = [TD1 , TD2 , · · · , TDM
] which leads to the minimum overall system

cost. The objective function and the constraints for inter-domain resource
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optimization in domain j are:

Minimizing Finter(Cj) =
Nj∑

i=1

Φ
(
f̃ij(Cij , Ĩco ij , Ie ij)

)

Subject to f̃ij(·) ≤ 1

eTCj ≤ TDj

Cmin ≤ Cij ≤ Cmax (1.3)

Here, f̃ij is different from that in (1.1) since Ĩco ij includes interference from
co-channel cells both inside and outside domain j. The optimal allowable
throughput C∗

j is given by

C∗
j = arg min

Cj

Fintra(Cj) (1.4)

or

C∗
j = arg min

Cj

Finter(Cj). (1.5)

After the LNC finds the optimal resource allocation, resources at each
domain should be updated. Therefore, at each time step, TDj is updated
to optimize the global resource sharing. Assume T

(m)
Dj

is the maximum
capacity of domain j after time step m. Then at time step m + 1, TDj

should be updated based on

T
(m+1)
Dj

= T
(m)
Dj

+ α
(
ψDj − Ê[ΨD]

)
(1.6)

where α is a constant controlling the update rate, ψDj is the cross-domain
impairment for domain j which is obtained by

ψDj = Finter(Cj)− Fintra(Cj) (1.7)

and Ê[ΨD] is the sample mean over ΨD =
[
ψD1 , · · · , ψDj , · · · , ψDM

]
.

Hence, Ê[ΨD] = 1
M

∑M
j=1 ψDj . The LNC periodically finds the optimal

resource allocation and instructs APs updated resources based on (1.6).

1.3.3.1. Interference from Co-located WLANs

The method used for deriving Ĩco ij is the same as presented in [2], which
is

Ĩco ij =
M∑

d=1

Nd∑

`=1
6̀=i

[
δ`d|ij · U`d · S`d|ij/Sij

]
(1.8)
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where

δ`d|ij =





1 AP frequency channels are the same for
cell ` in domain d and cell i in domain j

0 otherwise
(1.9)

Nd is the number of APs in the dth domain, Sij is the coverage area for
cell i in domain j, and S`d|ij is the overlap region between cell i in domain
j coverage area and the interference area of cell ` in domain d. Every AP is
assigned a single frequency channel and MSs are assumed to be uniformly
distributed within the AP’s coverage area. MSs are associated with their
nearest AP. The coverage area and interference area are approximated by
circles. As in [2], the ITU-R P.1238-2 indoor path loss model was used in
evaluating S`d|ij which is expressed as

PL = 20 log10 f + 10n log10 d− 28 (dB) (1.10)

where PL is the RF signal propagation path loss based on distance d be-
tween the AP and the MS, f is the carrier frequency in MHz, and n is the
path loss exponent.

In a similar fashion to (1.9), Ico ij is defined based on the co-channel
interference within domain j only:

Ico ij =
Nd∑

`=1
` 6=i

[
δ`j|ij · U`j · S`j|ij/Sij

]
. (1.11)

1.3.3.2. Interference from Co-located WPANs

Next, we explain how to obtain the interference from co-located WPANs,
Ie. Fig. 1.3 illustrates a general scenario in which cell i in domain j (located
at xAP ij) and an associated MS (located at xSTA ij) are co-located with
the kth WPAN (located at xBT k). We use Bluetooth technology as an
example of WPANs to derive Ie here. Due to the WPAN interference,
packet retransmissions can be required in order to successfully transmit
a packet between the AP and MS. The packet retransmission, in essence,
increases the traffic load within the cell and thereby increases the utilization
of the cell, i.e.,

Uij (Ie ij) =
ρij (Ie ij)

Cij
=

ρijNTx(i, j)
Cij

(1.12)

where NTx(i, j) is the expected number of transmissions required to suc-
cessfully transmit a packet within cell i in domain j based on the local
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WPAN interference environment. The expected number of transmissions
can be evaluated by

NTx(i, j) = 1 +
Pr[C|i, j]

1− Pr[C|i, j] =
1

(1− Pr[C|i, j]) (1.13)

where Pr[C|i, j] is the probability of requiring a packet retransmission due
to interference from one or more WPAN interference sources, i.e., the prob-
ability of collision is given by

Pr[C|i, j] =
W∑

k=1

Pr[Ck|i, j]−
W∑

l=1

W∑

k=1
k 6=l

Pr[Ck|i, j] · Pr[Cl|i, j] + · · · (1.14)

where W is the number of co-located WPAN interferers. (1.14) assumes the
collision probabilities, Pr[Ck|i, j], for each of the active interference sources
are independent. Pr[Ck|i, j] takes into account the dynamics between the
interference signal’s characteristics and the desired signal’s characteristics
at the intended receiver.

@xAP_i,j

AP

xAP_i,jBT_kx      ,Dist (                       )

x       , xSTAAP_i,jDist (                     )
@x

BT_k

WPAN

@xSTA

STA

Fig. 1.3. Cell layout with co-located WPAN interferers.

In order to evaluate NTx(i, j) based on (1.13), the collision probability
Pr[Ck|i, j] needs to model the specific interference scenario. For the scenario
where WPANs based on Bluetooth technology are operated in an IEEE
802.11b WLAN environment, the collision probability is associated with
the likelihood that a Bluetooth packet and an IEEE 802.11b packet are
time and frequency coincident and the interference signals have sufficient
power to cause an error. In evaluating Pr[Ck|i, j], the likelihood that the
interference and desired signals are both time and frequency coincidence
needs to be determined such that the interference signal has sufficient power
to cause an error in the desired packet’s reception. Based on the relative
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timing between the IEEE 802.11b packet transmission with the Bluetooth
packet frame timing, the number of Bluetooth packets time coincident with
the 802.11b packet transmission is either nr or nr − 1 with corresponding
probabilities Pr[nr] and Pr[nr − 1]. Based on typical packet lengths for
each of the wireless standards, nr is either 1 or 2 [3]. These two events are
independent. Therefore,

Pr[Ck|i, j] = Pr[nr] Pr[Ck|i, j, nr] + Pr[nr − 1] Pr[Ck|i, j, nr − 1] (1.15)

where Pr[Ck|i, j, nr] is the probability of collision given the IEEE 802.11b
packet overlaps in time with nr Bluetooth packets. Since Bluetooth trans-
missions are based on frequency hopping, the likelihood of frequency coin-
cidence for each of the nr packets is independent. Therefore,

Pr[Ck|i, j, nr] = 1− (
1− LBT Pr

[
Cf |i, j, ΩI/S(i, j, xBT k)

])nr (1.16)

where the parameter LBT models the loading factor for a given Bluetooth
piconet, i.e., the percentage of time slots utilized by both the master and the
slaves. Pr[Cf |i, j, ΩI/S(i, j, xBT k)] is the probability the interfering signal
is frequency coincident with sufficient power to cause interference within
cell i in domain j. The term ΩI/S(i, j, xBT k) represents the interference-
to-signal-power ratio (I/S) in dB at the receiver. For this study, the I/S is
characterized for each cell by evaluating the received signal power at the AP
from a typical MS located within its coverage area. The I/S ratio expressed
in dB is given by

ΩI/S(i, j, xBT k) = ΩBT k−ΩAP −10n log10

(
DistE(xAP , xBT k)
DistE(xAP , xSTA)

)
(1.17)

where ΩAP and ΩBT k are typical IEEE 802.11b and Bluetooth trans-
mit powers, respectively, expressed in dBm, n is the path loss ex-
ponent, DistE(x, y) is the Euclidean distance between x and y, and
DistE(xAP , xSTA) is the expected distance between the AP and an
MS within its coverage area. Based on the Bluetooth hopping
sequence uniformly covering the ISM band with bandwidth BUL,
Pr

[
Cf |i, j, ΩI/S(i, j, xBT k)

]
is expressed as:

Pr
[
Cf |i, j, ΩI/S(i, j, xBT k)

]
=

2
BUL

∫ BUL/2

0
Pr

[
ΩI/S(i, j, xBT k) ≥ γ(foffset)|foffset

]
dfoffset

(1.18)
where γ(foffset) is a random variable representing the susceptibility of the
802.11b receiver to Bluetooth interference based on the frequency offset,
foffset, between the two signals’ carrier frequencies. γ(foffset) is modeled
as a Gaussian random variable based on analysis with empirical data.
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1.3.3.3. Summary

The procedure of the multi-domain WLAN resource management scheme
under the third-party-based centralized architecture is summarized in Fig.
1.4.

APs within the WLAN cluster
Obtain WLAN traffic load from

Obtain/Measure WPAN activity

within the WLAN cluster

D
ψ

j
Evaluate cross−domain impairment, 

Dj
T

(m+1)
C

j
*Provide            &        to WLANs within the WLAN cluster 

Update the WLAN cluster:

LNC operations for optimizing resource utilization

at each time step:

N     (i, j)Tx

__Estimate input of WPAN interference on

APs within the WLAN cluster,

intra jF      (C )

Evaluate intra−domain resource

optimization, min

j
*C  jinterF      (C )

Evaluate inter−domain resource

optimization, min                 &

Dj Dj D
ψ

j
ΨD

(m+1) α
(m)

T      = T   +   (      − E[    ])^
Evaluate maximum capacity constraint

for all domains within the WLAN cluster:

Update environment profile:

Resource utilization optimization/evaluation

Fig. 1.4. Procedure of the inter-domain WLAN resource management scheme.
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1.3.4. Performance Evaluation

In this section, we conduct simulation to demonstrate the performance
improvement of the inter-domain resource management scheme, compared
with the intra-domain schemes and the inter-domain scheme but without
the consideration of interference from co-located WPANs.

1.3.4.1. Simulation Environment

We simulate a two-domain WLAN environment with WLAN A and B co-
located. Both WLANs are IEEE 802.11b-compliant networks. The loca-
tions of APs and the channels used by APs are the same as shown in Fig.
1.2. Multiple Bluetooth nodes are also co-located with the two WLANs.
Their communications interfere with each other.

We define the X and Y axes as shown in Fig. 1.5. AP1 of WLAN A
is located at the origin (0, 0). Each AP is separated by 30 meters. APs
of domain A and domain B are placed alternately: 13 APs of domain A
and 12 APs of domain B. Their channels are selected so that APs using
the same frequency channel are separated geographically the furthest. The
coverage area of each AP is approximated as a circle with radius 30 meters.
Two Bluetooth nodes are located 10 meters away in the X direction and 20
meters away in the Y direction to each AP of domain A, respectively. An
example of the simulated WLAN and WPAN co-existence environment is
an office building with two WLANs deployed. Each office room may have
a Bluetooth device, e.g., a Bluetooth-enabled palm pilot, a laptop with
Bluetooth interface, or a Bluetooth headset, causing interference to WLAN
communications.

The simulation parameters for WLANs and the Bluetooth are listed in
Table 1.1. Using the WLAN outlined in Table 1.1 with (1.10), the WLAN
co-channel interference radius is ∼ 82m. This is the radius within which
one AP will impact another AP’s performance given they are co-channel.
The impact of Bluetooth interference is based on evaluating (1.13), using
(1.14) through (1.18) and evaluating the Pr [Ck|·] versus I/S. In evaluating
I/S, DistE(xAP , xSTA) = (cell radius) /

√
2.

1.3.4.2. Traffic Load Characterization

For 802.11b-compliant systems, the maximum data rate at each cell is
11Mbps. However, due to the PHY and MAC layer overhead, the net
throughput is approximately 6Mbps [35]. Based on the study on a campus
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Fig. 1.5. Simulation environment with co-located 802.11b and Bluetooth.

Table 1.1. Simulation parameters.
IEEE 802.11b WLAN

Domain A Domain B

Number of APs 13 12
Radio Frequency 2.4GHz
Number of Channels 3
Transmit Power 15 dBm
Cell Radius 30 m
Carrier Sense Threshold -82 dBm

Bluetooth
Radio Frequency 2.4GHz
Transmit Power 10 dBm

Other Parameters
Path Loss Exponent 3
Measurement Interval 5 min

WLAN shown in [2], the traffic load at an AP possesses characteristics of
the truncated Pareto distribution with cutoff values equal to the upper limit
of the MAC layer throughput, i.e., 6Mbps for IEEE 802.11b WLAN. The
cumulative distribution function (cdf) of a generalized Pareto distribution
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is:

P (x) = 1−
(α

x

)β

(1.19)

where α and β are the location and scale parameters, respectively [36]. In
addition, the traffic burst duration at an AP also follows a Pareto distrib-
ution. Therefore, we use the two-state Markov traffic model shown in Fig.
1.6 for our simulation. There are two Pareto distributions involved in the
model: one for the traffic load with a cutoff value at 6Mbps and the other
for the HIGH/LOW state duration. The traffic is generated at both states
with a burst threshold 100kbps, which means, when the generated traffic
load is less than 100kbps, we assume the AP is at the LOW state. The
parameters used for generating the two Pareto distributions are listed in
Table 1.2.

Pareto Pareto

Pareto

Pareto

HIGH LOW

Fig. 1.6. Traffic model for simulation.

Table 1.2. Traffic parameters.
IEEE 802.11b WLAN

Domain A Domain B

HIGH-State Load α 0.0096Mbps 0.0054Mbps
HIGH-State Load β 0.61 0.75
HIGH-State Load Cutoff 6Mbps
HIGH-State Duration α 2.1 min
HIGH-State Duration β 0.89
LOW-State Duration α 5.3 min
LOW-State Duration β 0.51

Bluetooth
Probability of Node Active 0.6

The Bluetooth traffic model is also based on a Markov model. Activity
is checked on a five-minute interval and the traffic switches from an ON to
an OFF state with probability given in Table 1.2. While in the ON state,
the traffic load within the Bluetooth piconet corresponds to the Pr [Ck|·].
Details of the traffic load model can be found in [3].
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1.3.4.3. Simulation Results

In the following, we demonstrate the performance of the four different re-
source management schemes, i.e., intra-domain resource optimization with-
out the consideration of interference from co-located WPANs (in short,
intra|(no WPAN)), intra-domain resource optimization with the considera-
tion of interference from co-located WPANs (in short, intra|WPAN), inter-
domain resource optimization without the consideration of interference from
co-located WPANs (in short, inter|(no WPAN)), and our proposed inter-
domain resource optimization with the consideration of interference from
co-located WPANs (in short, inter|WPAN).

Intra-Domain Optimization without Ie:
Fig. 1.7 shows the total system cost of the intra|(no WPAN) scheme.

The solid line represents the sum of Fintra(·|(No WPAN)) for each domain,
where Fintra(·|(No WPAN)) is obtained through (1.1) with Ie equal to 0,
i.e., NTx(i, j) = 1, ∀i, j. Since this scheme does not consider the impact
of inter-domain co-channel interference and interference from co-located
WPANs, we re-evaluate the results by evaluating the optimal throughput(
C∗

j

)
intra|(no WPAN)

using the inter-domain cost function with WPAN

interference, i.e.,
(
C∗

j

)
intra|(no WPAN) = arg min

Cj

Fintra (Cj|Ie = 0) (1.20)

and results re-evaluated with

Finter

((
C∗

j

)
intra|(no WPAN) |Iebased on WPAN interference

)
(1.21)

The new cost is illustrated by the dashed line in the figure. It is shown in
the figure that the new cost is alway higher or equal to the optimal system
cost supported by the intra|(no WPAN) scheme. The gap between the two
lines indicates the extra cost the intra|(no WPAN) scheme should pay for
interference mitigation in order to achieve the performance requirements
expected by the scheme.

Intra-Domain Optimization with Ie:
Fig. 1.8 presents the total system cost of the intra|WPAN scheme. The

solid line represents the sum of Fintra(·|WPAN) for each domain, where
Fintra(·|(No WPAN)) is obtained through (1.1). Similar to the above case,
we incorporate the impact of inter-domain interference into the optimal cost
provided by the intra|WPAN scheme and show through the dashed line the
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Fig. 1.7. Comparison of total cost for intra-domain optimization without consideration
of WPAN interference.

actual cost the system should pay in order to achieve the expected per-
formance. Fig. 1.7 and 1.8 tell us that independent resource optimization
inside each domain cannot handle inter-domain interactions. If the system
does not spend extra resources to reduce the effect from inter-domain inter-
ference, the communication quality will be lowered and the overall system
resource utilization is not minimized for the offered traffic.

Inter-Domain Optimization without Ie:
Next, we present the performance of resource management when taking

into account the co-channel interference from other co-located WLANs.
Fig. 1.9 plots the total system cost of the inter|(no WPAN) scheme in
the solid line and the re-evaluated data by incorporating the impact of
interference from co-located WPANs in the dashed line. It is observed
from the figure that the gap between the two lines is smaller than those in
Fig. 1.7 and 1.8. The optimization control decisions made by the inter|(no
WPAN) scheme are based on not only the cell utilization caused by the
stations communicating in the co-channel cells inside each domain, but also
the interference caused by the stations communicating in other co-located
WLANs using the same frequency channel. Therefore, comparing with the
intra|(no WPAN) and intra|WPAN schemes, the inter|(no WPAN) scheme
results in lower system cost to maintain the same performance quality.
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Fig. 1.8. Comparison of total cost for intra-domain optimization with consideration of
WPAN interference.
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Fig. 1.9. Comparison of total cost for inter-domain optimization without consideration
of WPAN interference.

Inter-Domain Optimization with Ie:
Finally, we demonstrate the performance of our proposed inter-domain

resource management with the consideration of environmental interfer-
ence, i.e., the inter|WPAN scheme. Fig. 1.10 plots the performance
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comparison of three schemes. The solid line is the cost difference of
the intra|(no WPAN) scheme to the proposed inter|WPAN scheme, i.e.,∑

Fintra(·|(No WPAN)) − ∑
Finter(·|WPAN), while the dashed line is

the cost difference of the inter|(no WPAN) scheme to the inter|WPAN
scheme, i.e.,

∑
Finter(·|(No WPAN)) − ∑

Finter(·|WPAN). The figure
shows that the other two schemes always pay higher cost than the pro-
posed inter|WPAN scheme since the cost difference is always larger than
zero. The proposed inter-domain scheme can save up to 99.8% and 47.3%
cost compared to the intra|(no WPAN) scheme and the inter|(no WPAN)
scheme, respectively. The results indicate that the inter-domain cooperative
resource management scheme is more cost-efficient for a WLAN/WPAN in-
terference environment.
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Fig. 1.10. Cost difference of intra-domain optimization without Ie to inter-domain op-
timization with Ie as well as inter-domain optimization without Ie to inter-domain op-
timization with Ie.

1.4. Decentralized WLAN Resource Management Using
Multi-Agent Systems

The centralized architecture often has the single-point failure and scalabil-
ity problem. In order to achieve managing resources fairly among multiple
WLANs through a fully decentralized way, a multi-agent system-based ap-
proach is proposed to achieve information sharing and decision distribution
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among multiple WLANs in a distributed manner. WLAN providers may
set up service-level agreements among themselves on how much data can
be exchanged among agents. Compared to using a centralized controller, a
multi-agent system-based approach is more scalable.

1.4.1. Multi-Agent-Based Architecture

We propose a resource management architecture for multiple WLANs us-
ing multi-agent systems, as shown in Fig. 1.11. Multiple WLANs are
co-located within a particular geographic area. Communications inside the
surrounding WPANs such as Bluetooth networks and WSNs generate in-
terference to WLAN activities. An agent is located inside each AP within
each WLAN and interacts with agents within its neighborhood. An agent’s
neighborhood consists of those agents with whom it has frequent interac-
tions. These interactions include sharing of data and negotiating about
resource assignments. Individual agents act as radio resource coordinators
and cooperate with agents in their neighborhood to take care of resource
management across multiple WLANs.

The agent at each AP collects the statistics from the measured opera-
tional environment as well as its neighborhood and estimates the required
parameters for optimizing system performance based on predictive models.
The agents use the measured data to generate local control decisions and
try to optimize the performance of the entire WLAN system in a distributed
fashion through agent interaction and coordination.

Agent interaction is an essential aspect of this architecture. Agent in-
teraction occurs on the backbone network connecting all the APs. There-
fore, the bandwidth requirement for agent interaction is not a critical issue.
However, since multiple agents contribute to the control of optimal resource
allocation across WLANs, they need to decide what information should be
exchanged among neighbors, how often to exchange this information, and
which neighbors should act as relay nodes for the data. When a control de-
cision is made, an agent also needs to decide what actions its effector should
take and how the control decision should be distributed to the desired area.

1.4.2. Framework of Predictability-Based Resource Manage-

ment

Fig. 1.12 presents a block diagram of a general framework for physical
environment prediction and resource management using agent technolo-
gies. The major functional blocks are: WLAN and WPAN cluster, RF
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Fig. 1.11. Architecture of decentralized WLAN resource management using multi-agent
systems.

environment sensing (RES), and agent operations which include predictive
parameter estimation (PPE) and resource management optimization. They
are explained in detail as follows.

• WLAN and WPAN Cluster: Each MS in WLANs operates within
a dynamic RF environment comprising time-varying co-channel inter-
ference sources and time-varying interference sources from co-located
WPANs. The agent inside each AP periodically collects measured sta-
tistics from the dynamic RF environment required for resource manage-
ment.

• RF Environment Sensing (RES): This block is used to provide es-
timates of the signal characteristics from both MSs within the WLAN
cluster as well as potential interference sources within the operational
environment. Part of the functions defined in this block can be provided
by the specifications of IEEE 802.11k radio resource measurement [30].
Statistics related to WPAN environmental interference levels should be
provided from an additional sensing component inside each AP. Mea-
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Fig. 1.12. Block diagram of physical environment prediction and agent operations.

surements would be targeted at capturing large-scale changes in signal
characteristics due to variations in shadowing, MS mobility, interference
sources, and interference locations. In other words, the RES needs to
measure the factors which influence the resource management of the
WLAN performance.

• Agent Operation — Predictive Models for Parameter Estima-
tion (PPE): Estimates of signal characteristics are input to the agent in-
side each AP. An agent also receives data from its neighborhood through
agent interaction and coordination. The general concept for the PPE
block is to use predictive models to generate parameter estimates re-
quired by the resource management optimization. The parameters to be
estimated include:

(a) Link Quality: link quality between each MS and its AP.
(b) Link Quality Rate: rate of changes in the expected link quality

between each MS and its AP.
(c) Throughput: throughput for each WLAN cell based on the oper-

ational environment characteristics, current offered traffic, and pro-
jected offered traffic.

(d) Transmission Latency: expected time delay and the variance in
the transmission time delay between each MS and its AP.
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(e) Handoff Latency: expected probability distribution of the time de-
lay required for an MS to be handed off from one AP to another.

• Agent Operation — Resource Management Optimization: This
block analyzes the parameter estimations and makes instructional de-
cisions to optimize the overall WLAN performance based on designed
optimization models. Instructional decisions include the optimal trans-
mit power at APs, the optimal channel APs should operate in order to
minimize interference levels and make the best use of overall resources,
whether or not to accept association requests from specific MSs, whether
to direct specific MSs to be associated to another AP for load balancing,
and so on. These decisions are updated periodically in order to address
changes in the traffic load and interference environment. They should
target long-term performance improvement. The operational changes
are downloaded to the WLAN cluster with the help of agent effectors
and distributed to the neighborhood of agents through agent interaction
and coordination.
Resource management optimization includes two components:

(a) Utilization Modeling and Optimization (UMO): This block
finds the optimal utilization, i.e., the maximum allowable through-
put, of each AP based on the environmental information agents pos-
sess. The decision of the optimal utilization is used by the EOU block
(which is explained in the following) to generate specific strategies to
achieve the optimal utilization at each AP.

(b) Strategy to Effect Optimal Utilization (EOU): Given the op-
timal utilization of each AP, instructional decisions are generated to
achieve the optimal utilization while minimizing interference to the
environment. Operational changes are negotiated within the agent’s
neighborhood and applied to the WLAN cluster. They are also fed
back to the UMO block to update the optimal utilization decision.

1.4.3. Predictive Models for Parameter Estimation

The predictive parameter estimation (PPE) models provide an intelligent
interface between the operational environment and the resource manage-
ment optimization algorithm. The PPE uses observations from both the
RES and APs within an agent’s neighborhood. These observations are used
in conjunction with a fundamental understanding of WLAN operations to
extract necessary information concerning the time-varying signal charac-
teristics and the impact of interference on WLAN operational parameters.



May 2, 2007 2:20 World Scientific Review Volume - 9in x 6in chp2˙DecentralizedWLANResourceManagement˙final

A Framework for Decentralized Wireless LANResource Management 29

The outputs of these predictive models are then utilized in the development
of resource management schemes described in the next section.

A conceptual approach for implementing the PPE is illustrated in Fig.
1.13. The approach is based on using a set of integrated analytical models
which utilize input from the RES and the agent interaction to estimate the
dynamically varying control signals. The PPE includes analytical models
to predict the current and near-term impact of the channel, MS trajectory,
handoff latency, interference, and network traffic. In order to ensure that
the control signals are being adequately estimated, the initial set of para-
meters used to optimize the control signals are intentionally selected to be
extensive and inclusive. As introduced in Section 1.4.2, the initial set of
parameters is given by UT

ij = [Lij Rij Sij Tij Hij ], where Uij is the MS
profile for the ith MS and the jth AP and it is defined for all MSs and APs
within an agent’s neighborhood, including the AP with which the MS is
associated. The parameters in the profile are: Lij — link quality, Rij —
link quality rate, Sij — throughput, Tij — transmission latency, and Hij

— handoff latency.

Fig. 1.13. Conceptual diagram for the PPE approach.

The analytical models required for the PPE are built upon established
models reported in the literature for the channel model [37–41], the station
trajectory model [42], and the traffic model [19, 32, 33]. The interference
model is one of the critical components of the PPE. As derived in [3], the
parameters in Uij are dependent on the interference environment where
the WLAN is operating. According to [3–6, 43–48], coexistence analysis is
based on evaluating the probability of collision, Pr[C]. Analytical models
derived in [3–6, 43–48] are central to evaluating Pr[C] and are also partially
explained in Section 1.3.3.2 when deriving the interference from Bluetooth
to WLANs under the third-party-based centralized architecture.
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The building layout in Fig. 1.14 is used to illustrate the operation of the
PPE and the interaction between the various analytical models. Based on
the RF propagation characteristics within the building, both APs depicted
in the figure can provide service to an MS located at almost any point
within the building layout. In addition to the WLAN, Bluetooth piconets
are located throughout the building and will impact the WLAN activities
depending on the Pr[C]. The shading in the figure represents the likelihood
that the AP1’s signal received at an MS will be corrupted by Bluetooth
interference. The Pr[C] varies from 0 to 0.50. For example, at Pr[C] =
0.25, on average every fourth packet needs to be retransmitted in order to
successfully transmit the packet. The agent within AP1, estimates the MS’s
Pr[C] based on observations on Bluetooth piconet activities provided by
the RES and based on an estimate of the MS’s location. As illustrated in
the figure, using AP1’s PPE Pr[C] estimate for MS1, the set of parameters
U11 can be predicted. In addition, due to the proximity of AP2, U12

can be provided to AP1 through agent interaction. Furthermore, using the
directional estimate for MS1, a time sequence for U11 can be estimated
by AP1’s PPE with a corresponding confidence interval provided for each
estimate. The PPE can therefore provide a powerful tool for enhancing the
resource management optimization process.

Fig. 1.14. Pr[C] analysis results overlaid onto the floor layout based on a specific Blue-
tooth interference profile.

The estimations of Uij based on the PPE approach is outlined as follows.
Link Quality, Lij , estimated based on the expected packet error rate,
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E[PER], of the link between the ith MS and the jth AP. As derived in [3],
in an interference environment, E[PER] = Pr[C]. Given multiple interfer-
ence sources with corresponding Pr[Ci] and assuming the interferences are
independent, E[PER] =

∑
Pr[Ci]−

∑∑
i 6=j Pr[Ci]Pr[Cj ] + · · · .

Link Quality Rate, Rij , estimated based on the expected rate of
change in Lij . As illustrated in the example above, the station trajectory
model, channel model, and interference model are used in estimating the
rate at which the link quality changes. The station trajectory model is used
to estimate of the direction and rate of movement for the MS, which can
be estimated using a similar approach presented in [42].

Throughput, Sij , detailed analytical models for evaluating the
throughput for IEEE 802.11 CSMA/CA-based medium access control
(MAC) have been developed in [49, 50]. In [49], the proposed analyti-
cal throughput model is based on a two-dimensional Markov chain which
takes into account the probability of collision for MSs. We have extended
this model to take into consideration the effect of co-channel interference
on the analytical throughput in WLANs with multiple co-channel cells [51].
In addition, we can also extend the throughput model to include Pr[C] due
to interference from sources other than 802.11 transceivers. It is similar to
the Markov model developed in [52] to evaluate packet transmission latency.
Therefore, a complete analytical representation of WLAN cell throughput
considering different interference sources can be developed. In addition to
the channel, station trajectory, and interference models, the traffic model
will also play a key role in estimating the throughput.

Transmission Latency, Tij , a first-order approximation for the
expected packet transmission latency is derived in [3], E[T ] =
Tnormal (1 + αPr[C]) (1− Pr[C])−1, where Tnormal is the time required to
transmit a packet given no interference and α is a proportionality constant
relating the Tnormal to the time required to retransmit a packet, αTnormal.
In addition, a more detailed analytical expression for expected packet trans-
mission latency has been derived in [52], which is based on a more accurate
model of the IEEE 802.11 back-off algorithm.

Handoff Latency, Hij , we have conducted research on setting up
an analytical model for handoff latency analysis based on IEEE 802.11b
medium access control scheme [53]. This model considers comprehensive
factors which influence the WLAN handoff latency such as medium access
collision probability, binary exponential back-off latency, packet transmis-
sion delay, queuing delay at APs, and so on as well as the range these
factors affect the handoff latency. The outcome of this research is the prob-
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ability distribution of the handoff latency in a certain range based on the
offered traffic load and network conditions in the WLAN. Therefore, from
this research, we can predict the likelihood the handoff can be finished at
a certain moment.

1.4.4. Resource Optimization Using Multi-Agent Systems

1.4.4.1. Overview of Resource Management Optimization

The goal of the utilization modeling and optimization (UMO) block is to
adjust resource allocation in each WLAN in order to minimize the total
system cost. Based on the optimal utilization for each AP derived from the
UMO, the strategy to effect optimal utilization (EOU) block inside each
agent generates corresponding strategies to satisfy the optimal utilization
requirement for each cell. These strategies include instructing the APs
on which channels they should operate, which transmit powers they should
use, whether or not to accept association requests from specific MSs, and so
on. These actions are needed to make dynamic channel allocation, dynamic
transmit power control, and load balancing possible, which can be expected
to significantly improve the performance of multiple WLANs [16]. In this
research, we focus on dynamic load balancing, i.e., finding the optimal set of
MSs under each AP and instructing specific MSs with which AP they should
be associated. The association control from the EOU helps re-distribute
loads across neighboring APs by requesting MSs to explicitly change their
association from an overloaded AP to a less loaded neighboring AP so that
no one AP is unduly overloaded.

In a distributed implementation, the multi-agent system directs the APs
to re-distribute associations of MSs. MSs that are re-distributed perform
handoffs to a new AP. The re-distribution process considers the optimal al-
lowable throughput S∗ of each AP, which is calculated in order to minimize
the overall cost in the agent neighborhood. Each agent negotiates with
other agents in its neighborhood to decide which MS should be handed off
to a neighboring AP; when to initiate the handoff; and when to complete
the handoff. This coordination among neighboring agents will result in
event triggers which indicate the need to balance the traffic load based on a
distributed constraint optimization algorithm. The result of applying such
an optimization algorithm is an optimal handoff strategy, i.e., the EOU
strategy.

Distributed Constraint Optimization Problems (DCOPs) have been
used as fully distributed algorithms to solve existing centralized problems
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efficiently [9, 10]. In the following discussion, we first present a model based
on a multi-agent DCOP to illustrate our distributed approach to dynamic
load balancing.

1.4.4.2. Scenario of WLAN Handoffs for Load Balancing Using
DCOP Algorithm

A discrete multi-agent DCOP [11] is a tuple 〈A, X,D, R〉, where

• A = {A1, . . . , An} is the set of agents interested in the solution; in the
WLAN context, each access point APi is assigned an agent.

• X = {X1, . . . , Xm} is the set of variables; in the WLAN context, each
APi has a variable Xi for MSi, which represents the new associated APj

after a handoff.
• D = {d1, . . . , dm} is a set of domains of the variables, where each domain

di is the set of APs in APi’s neighborhood.
• R = {r1, . . . , rp} is a set of relations where a relation ri is a utility

function which provides a measure of the value associated with a given
combination of variables. In WLANs, R represents objective functions,
which are provided by the UMO block in Fig. 1.12. They are similar to
(1.3) shown in the centralized implementation.

We describe a simple WLAN scenario, as shown in Fig. 1.15 to explain
how to use the DCOP algorithm for WLAN load balancing. In this scenario,
three APs are depicted in the figure at (x, y) locations AP1: (0, 0); AP2:
(45, 90); AP3: (90, 0). In addition, there are three MSs depicted in the
figure. The MS1 remains stationary at location (-45, -45) during the five-
second duration of the simulation from t0 to t5. MS2’s location at t0 is
at (20, 55) and moves in the x-direction at 5 meters per second. MS3’s
location at t0 is at (75, 87) and moves in the negative y-direction at 3
meters per second.

The goal of the DCOP algorithm is to dynamically assess the MS asso-
ciations with the APs at time tk based on the estimate of the state of the
MSs at time tk+1 where tH = tk+1− tk is the fixed time required to handoff
an IEEE 802.11 MS from one AP to a neighboring AP. For simplicity, for
the simulation shown below, the handoff latency, tH , is an expected value
and tH = 350 ms corresponding to the expected handoff latency associated
with the standard IEEE 802.11 protocol [54].

For the purpose of this example, the state of the MSs within a WLAN is
defined by two parameters: the AP utilization and the link quality between
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Fig. 1.15. Scenario for illustrating the DCOP algorithm for WLAN load balancing.

the MS and AP. The AP utilization is based on the number of MSs asso-
ciated with it during time interval tH . Based on the current IEEE 802.11
protocol, each MS can only be associated with a single AP. Therefore, the
association between APj and MSi at time tk is given by

ρij(tk) =
{

1. APj and MSi are associated at time tk
0, APj and MSi are not associated at time tk

(1.22)

Assuming the traffic offered by each MS is on average the same, then the
AP utilization is estimated by

ρj(tk) =
M∑

i=1

ρij(tk), (1.23)

where M is the total number of MSs within the WLAN.
The link quality is based on the expected received power over a trans-

mission distance of dij(tk) between APj and MSi at time tk given by

PR(dij(tk)) = PT − (20 log10 fc + 10n log10(dij(tk))− 28) (dBm), (1.24)

where PT is the WLAN transmit power, PT = 20 dBm; fc is the WLAN
carrier frequency, fc = 2.4 GHz; n is the pathloss exponent, n = 3; dij(tk)
is the Euclidean distance between APj and MSi at time tk. In the figure,
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the boundary for each AP’s coverage range is depicted as a circle around
the AP based on the power received threshold, γ, of -82 dBm.

The received power by MS1 from the three APs remains constant over
the duration of the simulation and are [-78.7, -90.9, -89.2], respectively for
[AP1, AP2, AP3]. The received power by MS2 and MS3 from each of the
APs changes continuously over the 5 second scenario based on the mobility
profile for each MS. The corresponding received power versus the scenario
time is illustrated in Fig. 1.16 and 1.17.
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Fig. 1.16. Received power at MS2.

For the scenario described above, suppose each access point APi is rep-
resented by an agent Ai. Each MSj is initially associated with an APi at
time tk. Each APi has a variable Xi for MSi, which represents the new
association APj at time tk+1. Hence, Xi is equivalent to ρij(tk+1) defined
in (1.22). At any point in time, only a subset of the agents will be involved
in the resource-allocation process, which means that the multi-agent sys-
tem is constructed dynamically. Periodically, each agent listens to handoff
event triggers. The event triggers for handoffs are usually requested from
MSs need to be handed off or when an AP is overloaded. They initiate
agent local computations and communications with other agents in the
neighborhood to handle the resource-allocation problem.

The DCOP is viewed as an optimization problem with the following
criteria:
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Fig. 1.17. Received power at MS3.

Criterion I: Maximize the utilization of each AP in order to accommo-
date more users, i.e.,

Maximize ρj(tk+1) (1.25)

Subject to PR(dij(tk+1)) > γ, ∀i, j|ρij(tk+1) = 1

Criterion II: Maximize the minimum received power by each MS in order
to improve the link quality and minimize the likelihood of packet loss, i.e.,

Maximize min
i,j|ρij(tk+1=1)

(PR(dij(tk))) (1.26)

Criterion III: Distribute the load amongst viable APs in order to increase
fairness as well as increase the overall system-wide utilization, i.e.,

Minimize max
j,l

(|ρj(tk+1)− ρl(tk+1)|) (1.27)

Criterion IV: Each MS can only be assigned to one AP at any time
according to the current IEEE 802.11 standard, i.e.,

∑

j

ρij = 1 (1.28)

We describe a simple distributed algorithm to solve the DCOP which
will specifically consider the handoff process at three time slots: tk = 0,
the start time; tk = 1.75, when MS2 crosses the boundary of AP3; and
tk = 2.45, when MS3 crosses the boundary of AP3. We assume that for
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each of the three time slots, the MSis have the following initial association:
MS1 is associated with AP1, MS2 and MS3 are both associated with AP2.
The destination APs computed by the decision process described below are
independent of the agent performing the computation.

1.4.4.3. Time tk = 0

Each agent Ai inside APi will identify all values for the variable Xi that
satisfy criterion I, II, III,and IV. Criterion I and II can be verified locally
within an agent, while criterion III requires communications with other
agents about their respective assignments in order to determine the load of
the APs.

Agent A1 (at access point AP1) computes the value assignment for X1

to be AP1, as it is the only AP from which the power received is greater
than γ (-82 dBm). Criterion II is consistent with this value. Agent A2 (at
access point AP2) computes the value assignment for X2 to be {AP1, AP2}
as the power received from each of the two APs is greater than γ. Criterion
II would lead to X2 being assigned AP2 as it maximizes the minimum power
received. Agent A3 (at access point AP3) computes the value assignment
for X3 to be AP2 as it is the only AP from which the power received
is more than γ. Criterion II is consistent with this value. In order to
verify criterion III, the agents exchange their assignment information and
independently compute the load information. Although AP2 has both MS2

and MS3 associated with it and AP3 has none associated with it, this is
determined to be a fair load since a reassignment of either MS2 or MS3 to
AP3 would cause criterion I to be violated. Criterion IV is consistent with
this assignment.

Hence the final assignment at time tk = 0 is X1 = AP1; X2 = AP2;
X3 = AP2.

1.4.4.4. Time tk = 1.75

Agent A1 computes the value assignment for X1 to be AP1, as it is the only
AP from which the power received is greater than γ (-82dBm). Criterion
II is consistent with this value. Agent A2 computes the value assignment
for X2 to be {AP1, AP2} as the power received from each of the two APs
is greater than γ. Criterion II would lead to X2 being assigned AP2 as
it maximizes the minimum received power. Agent A3 computes the value
assignment for X3 to be AP2 as it is the only AP from which the power
received is more than γ. Criterion II is consistent with this value. In order
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to verify criterion III, the agents exchange their assignment information
and independently compute the load information. Although AP2 has both
MS2 and MS3 associated with it and AP3 has none associated with it, this
is determined to be a fair load since a reassignment of either MS2 or MS3

to AP3 would cause criterion I to be violated. Constraint IV is consistent
with this assignment.

Hence the final assignment at time tk = 1.75 is X1 = AP1; X2 = AP2;
X3 = AP2.

1.4.4.5. Time tk = 2.45

Agent A1 computes the value assignment for X1 to be AP1, as it is the only
AP from which the power received is greater than γ (-82dBm). Constraint
II is consistent with this value. Agent A2 computes the value assignment
for X2 to be {AP1, AP2, AP3 } as the power received from each of the
three APs is greater than γ. Criterion II would lead to X2 being assigned
AP2 as it maximizes the minimum received power. Agent A3 computes the
value assignment for X3 to be {AP2, AP3} as the power received from both
APs is more than γ. Criterion II would lead to X2 being assigned AP2

as it maximizes the minimum received power. In order to verify criterion
III, the agents exchange their assignment information and independently
compute the load information. AP2 has both MS2 and MS3 associated
with it and AP3 has none associated with it. Using simple backtracking, it
is determined that the AP utilization is best optimized for all three criteria
when X2 is reassigned to AP3 (power received is -69.6505 dBm) and X3

retains its association with AP2 (power received is -81.6561 dBm). Criterion
IV is consistent with this assignment.

Hence the final assignment at time tk = 2.45 is X1 = AP1; X2 = AP3;
X3 = AP2.

1.5. Conclusion

In this chapter, a framework for resource management across multiple
WLANs in interference environments is introduced. The framework is
based on multi-agent systems for decentralized information sharing and
network management decision-making. It emphasizes the predictability of
the time-varying network states using predictive models and incorporates
the impact of interference into the resource optimization. A centralized re-
source optimization approach under a third-party-based architecture is first
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explained. The performance of the centralized approach is used as the per-
formance benchmark for the proposed decentralized approach. Then, the
functional details of each component under the multi-agent system-based
decentralized architecture are introduced. A handoff scenario is used to
explain how to use a DCOP algorithm, a fully distributed algorithm based
on the multi-agent system, to make the handoff decisions for load balanc-
ing. This chapter is aimed at conveying to the research community the
importance of cooperative network management for multiple WLANs and
introducing a novel decentralized network control framework suitable for
large-scale networks in interference environments.
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