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a b s t r a c t

We propose an adaptive online load-balancing protocol for multi-gateway Wireless Mesh
Networks (WMNs) which, based on the current network conditions, balances load between
gateways. Traffic is balanced at the TCP flow level and, as a result, the aggregate through-
put, average flow throughput and fairness of flows improves. The proposed scheme
(referred to as Gateway Load-Balancing, GWLB) is highly responsive, thanks to fast gate-
way selection and the fact that current traffic conditions are maintained up-to-date at
all times without any overhead. It also effectively takes into account intra-flow and
inter-flow interference when switching flows between gateway domains. We have found
the performance achievable by routes used after gateway selection to be very close to
the performance of optimal routes found by solving a MINLP formulation under the proto-
col model of interference. Through simulations, we analyze performance and compare with
a number of proposed strategies, showing that GWLB outperforms them. In particular, we
have observed average flow throughput gains of 128% over the nearest gateway strategy.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction and motivation as the gateway selection problem, and the set of nodes
Wireless Mesh Networks (WMNs) have recently at-
tracted much attention. They are comprised of mesh rou-
ters and mesh clients. Mesh routers are generally static
(or quasi-static) in nature and are interconnected by wire-
less links. They serve as an infrastructure wireless back-
bone, providing connectivity to mesh clients. Typically, a
subset of routers have direct connectivity to a fixed infra-
structure (e.g. a wired network such as the Internet) and
serve as gateways to the mesh nodes. WMNs provide a
cost-effective way to deploy a wide-area network and offer
services such as Internet connectivity.

Gateway nodes are a key component of WMNs. In many
applications of WMNs most traffic will be directed to/from
gateways. When the network uses multiple gateways, one
important consideration is the strategy employed to asso-
ciate nodes with a particular gateway, i.e. through which
gateway does a node send/receive traffic? We refer to this
. All rights reserved.
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served by a gateway as its domain.
The selection of gateways influences the traffic distribu-

tion and load pattern inside the WMN. It is important to
balance load between gateways to avoid overutilized and
underutilized regions. Load imbalance can easily occur
due to a number of factors, such as heterogeneous traffic
demands, time-varying traffic and uneven number of
nodes served by gateways. This can lead to inefficient use
of network capacity, throughput degradation and unfair-
ness between flows in different domains.

On the other hand, arbitrary load-balancing can hurt
performance. In a wireless multi-hop network, interfer-
ence (namely inter-flow and intra-flow interference) has
a major role in network performance. Association of nodes
to gateways must be chosen carefully, as it is important to
maintain traffic locality and avoid flow interactions. Solv-
ing the problem therefore requires knowledge of the
WMN to ensure high performance.

In addition, because traffic is dynamic and can vary fre-
quently and unpredictably, gateway selection must be able
to adapt to the current traffic conditions.

There are two approaches to solve the problem: central-
ized and distributed. The distributed approach generally
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involves each router choosing the best gateway based on a
routing protocol and metric used in the WMN.1 To balance
traffic, the routing metric must reflect current load. Exam-
ples of metrics which directly or indirectly take load into
account include ETX [2], ETT [3] and MIC [4]. Distributed
approaches must deal with several issues. One is gateway
flapping, where a node continually changes its gateway
selection. This occurs, for example, when multiple nodes
discover an underutilized gateway at the same time, and
switch simultaneously to this gateway, overloading
it. Convergence time is also an issue because the time
required to converge to a stable gateway selection may
be longer than the time between traffic variations. Another
issue is the overhead required to broadcast up-to-date load
information through the network. For these reasons, in a
distributed approach merely relying on a load-aware rout-
ing metric is not sufficient. In the next section we examine
existing centralized and distributed approaches.

In this paper we study the benefits of centralized gateway
selection, where the problem is solved outside the WMN.
We develop an online algorithm called Gateway Load-Bal-
ancing (GWLB) which, given the current network condi-
tions, efficiently selects gateways for every node or flow.
We assume that most traffic is directed to/from the Internet.
As such, there is no added overhead involved to determine
current network load (this information is collected by gate-
ways as traffic passes through them). The solution can be
recalculated periodically with a very high frequency to en-
sure responsiveness. Because it is calculated centrally, it will
not suffer from convergence issues. Furthermore, gateway
flapping does not occur, and a node can be prevented from
switching gateways until a specified time elapses. To pre-
vent harmful load-balancing due to severe interference,
the potential interference generated by gateway selection
is taken into account based on knowledge of the network
topology. Finally, we balance traffic at the TCP flow level,
thus improving the throughput and fairness of flows. For
these reasons, the proposed solution is suitable for imple-
mentation in practical and dynamic WMN scenarios.

The rest of the paper is organized as follows. In Section
2 we review related work. In Section 3 we describe the
network model, define and formulate the gateway load-
balancing problem. Section 4 describes the Gateway selec-
tion algorithm. Section 5 explains the GWLB protocol. In
Section 6 we study the performance obtained by GWLB
against optimal selection found by solving a MINLP formu-
lation of the problem. Section 7 shows and analyzes proto-
col performance based on simulations with ns-3. Finally, in
Section 8 we summarize our conclusions.
2. Related work

2.1. Centralized gateway selection

Many works [5–8] study the general problem of central-
ized routing in WMNs, which involves calculating routes
1 When using this strategy, there must be a mechanism to ensure that
traffic from the Internet to a mesh router enters the network through the
gateway chosen by the router (e.g. as in [1]).
between every active source-destination pair. These solu-
tions can be applied to the gateway selection problem, by
assuming the existence of a ‘‘virtual’’ node (representing
the Internet) connected to every gateway. This node is
the source and destination of all traffic from/to the
Internet. The routes calculated by these solutions will
therefore determine the gateway used by nodes. Most cen-
tralized routing approaches have the following important
drawbacks:

� Assume knowledge of an offline traffic matrix, which
specifies the demand between all source-destination
pairs [5,6], or allocate rate for every source [7,8].
� Use throughput models of the network that assume that

the capacity of the network (links and contention
regions) is known. To achieve this, they rely on simply-
fing assumptions: interference-free graph model [8],
synchronized time-slotted access [6], binary interfer-
ence models and throughput estimation [5,7].
� Calculate splittable flow, where the demand between a

source and destination is split among multiple paths
[6,7].

There are several limitations in the above assumptions
when designing a solution for practical scenarios:

Traffic matrices are frequently used for traffic engineer-
ing in ISP networks, where capacity is above utilization. In
this paper, however, we assume that the traffic matrix is un-
known and, furthermore, contend that it cannot be known in
WMNs for two main reasons: (a) because the capacity of a
WMN is limited, users will tend to use all available capacity.
This means that routing affects resulting demands, and
those demands do not necessarily reflect user requirements.
As soon as routing changes, demands can change; (b) traffic
is dynamic and can constantly change.

Furthermore, we assume that network capacity is very
difficult to predict for various reasons, including dynamic
wireless medium, interference and MAC inefficiencies.
For this reason, it is not possible to accurately predict
throughput to guarantee that a certain rate allocation is
feasible.

Finally, we seek an unsplittable flow, where individual
flows cannot be split. Our problem is closely related to
the single-source unsplittable flow problem, which is NP-
hard [9].

Tokito et al. [10] propose a centralized gateway selec-
tion algorithm with the goal of balancing the load served
by gateways. It assumes the current demand of each node
is known, but does not specify how this information is
obtained, and does not take contention inside the WMN
into account when selecting gateways.

We remark that solutions such as the above that require
the demand of nodes to be known assume that their
demand will remain the same after a change in gateway
selection, which is not true when traffic is constituted by
TCP flows.

2.2. Distributed gateway selection

Raniwala et al. propose the Hyacinth architecture for
multi-radio multi-channel WMNs in [1]. The routing
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protocol dynamically maintains trees rooted at each gate-
way, by periodic exchange of load information in the net-
work. The tree to which a node joins determines its
gateway selection. The metrics proposed are based on esti-
mating residual capacity and are not suitable for balancing
elastic traffic. Simulation results for a sample scenario
show a convergence time of two minutes. Mhatre et al.
[11] propose a distributed algorithm to form a delay-opti-
mal routing forest, where a tree is rooted at each gateway.
The algorithm, however, is not load-aware, and instead as-
sumes that all nodes and links in the forest will be active
simultaneously.

Similar to [10], authors in [12,13] propose approaches
with the goal of evening the load served by gateways.
These solutions assume a specific demand for each node
and thus are not designed for TCP traffic. They do not take
contention into account, and convergence time is not
studied.

Other distributed proposals are aimed at switching
nodes to alternate gateways when a gateway becomes con-
gested. These include the protocols WCETT-LB [14] and
AODV-ST [15], which extend existing routing solutions.
These can suffer from gateway flapping. Another example
is the work by Nandiraju et al. [16], in which congested
gateways notify nodes which should switch to another do-
main. This solution does not take into account the effects of
interference when switching nodes and can also suffer
from gateway flapping. Maurina et al. [17] attempt to im-
prove the proposal in [16] by more consciously choosing
nodes to switch between domains (i.e. nodes with greater
traffic and farther from the gateway). One drawback of
these proposals is that they do not balance load in the ab-
sence of congestion. With TCP, domains may not be con-
gested but flow unfairness between domains can occur.

2.3. Multi-gateway association

Other solutions [12,18,19] have proposed associating
nodes with multiple gateways simultaneously. For these
solutions we argue that, by breaking the locality of traffic
in the network, they greatly increase contention and can
perform worse than single nearest gateway association.
For example, in [20] we showed how this occurs with the
FP protocol from [12], in which nodes send to all gateways
in proportion to gateway capacity.

2.4. Contributions of this work

In this work we design a solution that meets the follow-
ing goals:

� Efficient traffic-aware centralized gateway selection.
Because the solution is calculated centrally it does not
suffer from convergence issues and gateway flapping
is easily avoided. Furthermore, the solution is calculated
frequently with a period of a few seconds to adapt to
varying traffic conditions.
� Does not introduce any overhead to determine current

traffic conditions.
� Takes into account the potential interference generated

by gateway selection to avoid harmful load-balancing.
� Balances traffic at the TCP flow level, improving the per-
formance and fairness of flows.

3. The gateway load-balancing problem

3.1. Network and traffic model

We consider WMNs which comprise of wireless static
or quasi-static mesh routers, also called nodes. These nodes
form a wireless multi-hop network. Mesh clients, also
called users, connect to the mesh routers. A subset of
nodes, referred to as gateways, are directly connected to a
fixed infrastructure, which we will assume is the Internet
for the rest of this paper. Each router has one radio inter-
face (e.g. 802.11b or g) for communication with other rou-
ters, using a single common channel. Communication
between nodes and users is done via a separate interface
and channel (wired or wireless).

We assume no accurate knowledge of the capacity and
interference model. This is difficult to obtain in practice in
a WMN and can be subject to frequent change.

Although intra-WMN communication is possible, we
assume that most of the traffic will be received from the
Internet. Users are randomly located in the network. A user
accesses the Internet through one or more links leading
from its router to a gateway. To model Internet traffic real-
istically, we assume that all traffic entering the WMN is
elastic, and that in any instant a user can initiate a connec-
tion to the Internet generating a download flow of any
number of bytes. This is safe to assume, because the major-
ity of Internet traffic today uses TCP. Because users are ran-
domly located and can generate connections at any time,
network conditions can constantly change.
3.2. Gateway load-balancing overview

An Internet flow is a set of TCP packets exchanged be-
tween two endpoints, one in the Internet and one in the
WMN. The network operator is responsible for choosing
the exact properties that define an endpoint.2

Given a set of Internet flows, we want to find the best
gateway for each flow, to optimize their performance (flow
throughput and fairness). We call the router in the WMN
participating in a flow a sink. In general, flows are created
after a user in the WMN connects to a server on the
Internet.

We assume that a routing protocol is executed inside
the WMN, which establishes routes and performs routing
between every pair of nodes in the WMN, including the
gateways. Note that this protocol is not responsible for
gateway selection, but will however route traffic between
the chosen gateways and routers. We do not impose any
such protocol or routing metric.

We require that, at any one time, the traffic belonging to
a flow be served by only one gateway. This is necessary to
simplify routing and to reduce the probability of out of or-
der delivery of packets and Round-trip time variations.
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This relates our problem to the single-source unsplittable
flow problem, which is known to be NP-hard [9,21].

Because routes inside the WMN are already given, the
gateway load-balancing problem consists in choosing the
serving gateway for each flow. Let G be the set of gateways
in the WMN; F the set of current flows and S the set of
sinks. Let G ¼ jGj; F ¼ jFj and S ¼ jSj. A gateway assign-
ment is a function af : F#G. We denote af(fi) = g if flow fi

is assigned to gateway g. The actual path leading from
the gateway g to the flow’s sink d is given by Pg?d, which
denotes the path used by the WMN routing protocol to
connect nodes g and d.

Definition 1. A gateway’s native domain is the set of nodes
closest to the gateway, per the WMN routing protocol
metric.

Fig. 1 illustrates a simple gateway load-balancing exam-
ple. In this example we assume the use of hop-count as
routing metric and shortest path routing inside the
WMN. In this case, the topology is unbalanced, i.e. the size
of each native domain is different. An unbalanced topology
can contribute to load imbalance, however, most fre-
quently, traffic patterns are responsible for load imbalance
(as is the case in this example where the most loaded do-
main is the smallest one). The colored nodes represent ac-
tive sinks, each participating in one flow. The Nearest
Gateway (NGW) solution, which uses native domains, can
easily lead to load imbalance, as illustrated in Fig. 1a. In
this situation, all flows are routed through GWB, which
means that all the load is concentrated on the region sur-
rounding this gateway. However, the load can be balanced
adequately by routing flows f2 and f4 through GWA (Fig. 1b),
thus utilizing the capacity of domain A and consequently
Fig. 1. Simple gateway load-balancing example. There are two gateways, GWA a
are participating in one flow (flows labeled f1 to f4). Arrows indicate paths follo
legend, the reader is referred to the web version of this article.)
increasing the bandwidth share of all flows. The example
also illustrates that minimizing imbalance usually comes
at the expense of increased path cost (longer paths and
consequently increased interference). Flows f2 and f4 are
routed through longer paths in Fig. 1b. Also note that it
would not be desirable to route flows f1 and f3 through
gateway GWA, because this would create very long paths
which would generate high interference.

The NGW solution can be considered a minimum path
cost solution but can lead to high imbalance. In contrast,
long paths have a high penalty in single-channel multi-
hop wireless networks, where the interference factor plays
a major role. The capacity of a chain of nodes and the local-
ity of traffic are key factors influencing network capacity
[22,23]. Long paths and increased contention can severely
impact performance. It is therefore important to limit path
cost, and a trade-off is involved to optimize both load bal-
ance and path cost. How this optimization is performed
will be explained in detail later.

Our approach to gateway load-balancing is to perform
gateway selection for Internet flows in a centralized man-
ner. The main reason is that a centralized controller located
in one of the gateways or outside the WMN can easily per-
form load-balancing, providing many benefits in this sce-
nario as explained below.

The information needed by the controller for gateway
selection is the current set of flows F and the current net-
work topology and routes. Gateways collect information
on flows at the same time as traffic passes through them
and inmediately send this information to the controller
(a system such as Netflow [24] or IPFIX [25] can be used
for this purpose). Controller and gateway communication
is done through the wired network. Network connectivity
nd GWB, with their corresponding native domains A and B. Colored nodes
wed by flows. (For interpretation of the references to color in this figure
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and routes is assumed to be obtained from the WMN
routing protocol (standard link-state protocols like OLSR
provide this information). With the information of the cur-
rent set of flows, the controller executes a fast gateway
selection algorithm, calculating af and informs the gate-
ways of the new association. Download traffic of a flow will
be injected into the WMN by gateways based on this
association. The gateway used by download traffic will be
recorded in download packets, and the sink will therefore
know which gateway to send upload traffic of the flow to.

This approach has the following benefits. Given that, at
any instant, the controller knows the current set of flows
and given the low complexity of the gateway selection
algorithm, it is possible to periodically recalculate af with
a very high frequency (in our evaluations we have used
an adaptation frequency as high as once per second).
Therefore the controller can react quickly to the changing
network conditions (new flows entering the network and
flows that have ended). Because the solution is calculated
centrally, there are no non-convergence problems which
can arise in distributed implementations. That is, given
the current state, the algorithm converges to an association
af, and this solution remains the same until the next
calculation. In addition, gateway oscillations can be easily
avoided by locking the gateway association of a given flow
for a specified time. Finally, the proposed solution does not
introduce any control overhead in the WMN besides the
routing protocol overhead.

Further details on the GWLB architecture and protocol
for controller-gateway coordination are given in Section
5. In the following sections we focus on the gateway selec-
tion algorithm which is executed periodically at the con-
troller. Table 1 lists the symbols used throughout the text
to explain the algorithm.
3.3. Measuring load

In this work we consider dynamic traffic based on TCP.
Flows are elastic and do not have a specific demand. Rate
control and bandwidth sharing are performed by TCP. In
other words, flows have the property of adapting to the
available capacity and sharing bandwidth between them.
Table 1
GWLB symbols.

G Set of gateways in the network
F Set of Internet flows
S Set of sinks in the network
Su Set of unlocked sinks
af Per-flow gateway assignment function: af(fi) = g if flow fi

assigned to gateway g
as Per-sink gateway assignment function: as(si) = g if sink si

assigned to gateway g
sink(fi) Endpoint of flow fi in the WMN
NDg Native domain of gateway g
Pm?n Path used by the WMN routing protocol to connect nodes

m and n
Ph Maximum accepted path cost
load(s) Number of flows of sink s
load(g) Number of flows assigned to gateway g
VGs Set of gateways which can be used to reach sink s
VG

P
s2Su
jVGsj
Taking the above into account, the load of a gateway g is
measured as the number of flows served by the gateway,
i.e. loadðgÞ ¼ jffi j af ðfiÞ ¼ ggj 8fi 2 F. Imbalance is the
variance of the number of flows served by gateways. If
gateways serve a similar number of flows, we can expect
flows to better share all the network capacity, improving
both average flow throughput and fairness. Our evalua-
tions in Sections 6 and 7 show that this is a suitable
measure to balance load with fairness in mind, better than
metrics employed by previous works. The reason is that
other metrics do not consider the adaptive nature of TCP
flows. For example, when using TCP, congestion is usually
temporary due to congestion control, and is not a reliable
load indicator. In addition, flows do not have a specific
demand but rather tend to use all available capacity
(specially true in a WMN where capacity is limited). This
means that a low number of flows can produce the same
demand as a large number of flows, and therefore the
demand is not a reliable indicator to balance load.

Knowledge of flows is collected by gateways as traffic
passes through them, requiring no overhead in the WMN.

3.4. Measuring path cost

The WMN routing protocol establishes paths between
gateways and sinks. These paths are known by the con-
troller. The controller performs its own estimate of the
cost of these paths. This estimate is used when calculat-
ing gateway selection, in order to avoid using paths that
can cause harmful interference. Note that this cost is
unrelated to the cost of routes measured by the routing
protocol. In this paper, we will always refer to the cost
of paths as calculated by the controller. We now explain
how it is measured.

The controller needs the topology graph and routes
used by the routing protocol to connect gateways and
sinks. This information is assumed to be obtained from
the routing protocol. Note that link-state protocols such
as OLSR already provide this information, with no addi-
tional overhead other than the default routing overhead
(more details on how this information is obtained are gi-
ven in Section 5). Given the topology graph, the shortest
distance (in hops) between all pairs of nodes is known. This
can be calculated by Dijkstra’s algorithm and need not be
recalculated unless the topology changes.

The path cost metric is designed to meet the following
goals:

First of all, it must only depend on the topology. This
means that the cost of a particular path only needs to be
recalculated if the topology changes.

Second, we desire the metric to account for increased
network interference when choosing a serving gateway
for a sink different from its nearest gateway.

For these reasons, the cost of a path from a gateway g to
a sink s is measured as the expected interference of the
path to nodes which are not likely to be served by g. That
is, we desire the path to minimally interfere with nodes
not served by the gateway. We define the set of nodes
likely to be served by a gateway as the sinks closest to it
(per the WMN routing metric). Note that this measure also
implicitly accounts for path length (longer paths will have
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increasingly higher cost because they will be farther away
from the gateway and closer to nodes of other domains).

To derive this metric, we first define the distance of a
node to a set of nodes, and the distance of a path to a set
of nodes.

First we give some definitions:

� A path p is a sequence of unique nodes such that there
exists an edge in the topology graph connecting each
node to the next node in the sequence.
� jpj is the number of nodes in path p.
� d(n,m) is the distance between nodes n and m, defined

as the number of edges in a shortest path connecting
them (in terms of hops).

The distance of a node n to a set of nodes D is the mini-
mum distance from n to a node in D, as shown in Eq. (1).
The distance from a path p to a set of nodes D is the arithme-
tic mean of the distance of nodes of p to D, as per Eq. (2).

dnðn;DÞ ¼min
m2D
fdðn;mÞg; ð1Þ

dpðp;DÞ ¼
P

n2pdnðn;DÞ
jpj ; ð2Þ

pcostðPg!sÞ ¼ �dpðPg!s; S� NDgÞ: ð3Þ

Finally, the cost of a path from gateway g to sink s is the
negative distance of the path to nodes which are not in
the native domain of g. The less distance to nodes which
are not in the native domain of g, the higher the cost. The
maximum path cost is 0.

Note that distance is measured in hops. In [26] we
proved that a distance metric based on hop-count can cor-
relate highly with Euclidean distance between nodes, and
is suitable for measuring spatial separation. Increased spa-
tial separation decreases the probability of interference.

3.5. Gateway selection problem

The problem consists in finding a flow-gateway associ-
ation af that balances the load of gateways and limits the
path cost inside the WMN, consequently increasing flow
throughout and fairness. To that end, we propose solving
the following multi-objective problem:

PGS : min
af

max
g2G
floadðgÞg;

X
fi2F

pcostðPaf ðfiÞ!sinkðfiÞÞ

2
4

3
5: ð4Þ

The first objective seeks to minimize the maximum num-
ber of flows served by a gateway. The second objective
seeks to minimize the cost of paths in order to avoid inter-
ference in the network.

By minimizing the utilization of a gateway, the capacity
of the gateway domain can be shared among fewer flows,
increasing average flow throughput. Because load is bal-
anced across contention regions, fairness is improved
(e.g. by avoiding cases where there are regions with many
contending flows and regions with few). Aggregate
throughput can also improve by routing through otherwise
unused gateways.

Two modes of association are supported: (a) per-sink
association, where all flows of the same sink use the same
gateway, and (b) per-flow association where no such
restriction exists (i.e. flows of the same sink can arrive
through different gateways). The advantage of per-flow
association is that it can achieve better load balancing
(although this benefit may not be attainable in single-
channel WMNs as will be explained later), while the
advantage of per-sink association is that it only needs to
store sink-gateway associations and gateway selection is
performed faster.

The key to solving PGS is determining the optimal trade-
off between the objectives, establishing bounds on what is
considered a valid path. This trade-off can vary from net-
work to network, and depend on its current conditions,
and as such can appear rather difficult to determine in
the absence of an accurate network model.

In the next section we propose a method to solve the
problem and show how with basic knowledge and under-
standing of the network topology and traffic, and using an
approximation algorithm, high-performance gateway
selection can be efficiently calculated. In Sections 6 and 7
we evaluate this.
4. Gateway selection procedure

The gateway selection algorithm (GSA) is executed cen-
trally in the controller. To solve PGS, we impose an upper
bound on the cost of valid paths, i.e. paths with cost higher
than this bound are not considered valid. This determines
the set of paths which can be used to reach a particular
sink, and this in turn translates into the set of gateways
which can serve the sink. We then focus on minimizing
the first objective, which constitutes a load-balancing
problem equivalent to the Restricted Scheduling problem
[27], which in turn is an instance of Scheduling in Unre-
lated Parallel Processors [28]. These problems are NP-hard,
and are closely related to the single-source unsplittable
flow problem (restricted scheduling can be expressed as
an instance of it [9]). In the restricted scheduling problem,
there are n tasks and m machines. A task can only be as-
signed to a subset of machines. The objective is to assign
tasks to machines such that the makespan is minimized.
In our case, the gateways are the machines, and the flows
(or alternatively sinks) are the tasks. The time to process
a task is one (per-flow association) or the number of flows
of the sink (per-sink association).

Because the problem is NP-hard, we propose a heuristic
algorithm to quickly approximate an optimal solution. A fast
algorithm is essential in order to be able to calculate flow-
gateway associations periodically with a high frequency.

4.1. Generating candidate paths

The valid paths (gateways) to reach a sink s are given
by:

VGs ¼ g 2 G : pcostðPg!sÞ 6 Ph

� �
: ð5Þ

This list is ordered in ascending order of cost, and updated
when the cost of a path changes. The cost of a path is
recalculated if the path to the sink changes, or the topology
changes.
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Possible values of the threshold Ph are in the [�X,0]
range, where �X is the highest cost of a path in the NGW
solution. This guarantees that every sink has at least one
valid gateway. A higher threshold increases the number
of alternative paths to reach a sink (and number of balanc-
ing options), but higher path costs will decrease perfor-
mance. Finding a good value for the threshold requires
some knowledge of the network characteristics, mainly,
the average interference range (spatial reuse), and hop dis-
tance correlation with Euclidean distance (which essen-
tially depends on the average link distance). A lower
interference range permits a higher path cost, while a very
high interference range may even prevent exploiting gate-
way load-balancing. The value of Ph should be set close to
the average interference range.

4.2. Gateway selection algorithm

GSA (Algorithm 1) is a fast greedy algorithm to solve
PGS, which focuses on evening the load of gateways, with-
out incurring in high path costs.

As mentioned, the load-balancing problem matches the
restricted scheduling problem, which is NP-hard. To our
knowledge, the best approximation algorithm to solve this
particular problem was recently proposed by Gairing et al.
[27]. However, because our system has a requirement for
high responsiveness, we propose using a faster algorithm
which achieves near optimal results on average [29]. Our
algorithm is an adaptation of the List Scheduling algorithm
commonly used in task scheduling problems. We choose a
special order for the sinks which, for this particular in-
stance of the problem, we have found to offer better results
than similar existing heuristics [29].

We only show and explain the per-sink association var-
iant, which is the one used in the simulation tests. The per-
flow variant is very similar, only eliminating the restriction
that all flows of a sink use the same gateway. Although
per-flow association achieves better balance at a similar
path cost, the performance results observed in a single-
channel WMN are almost identical to the per-sink algo-
rithm. This is due to increased contention in the network
and around the sinks.

GSA iterates over the list of currently unlocked sinks,3 in
each iteration choosing the best gateway for the selected
sink. The fitness of the solution depends highly on the order
of sinks. A heuristic is used to order the sinks, determined by
the comparison function of Algorithm 2.

Algorithm 1. GSA per-sink selection algorithm.
3

to
1:
Unlo
a gate
Su :¼ fsi 2 S : :lockedðsiÞ ^ loadðsiÞ > 0g

2:
 as(si) ; "si 2 Su
3:
 Sort Su // Comparison sort based on Algorithm 2

4:
 for si 2 Su do

5:
 asðsiÞ  argming2VGsi

loadðgÞ

6:
 load(as(si)) load(as(si)) + load(si)
cked sinks are sinks with no locked flows. When a flow is allocated
way, GWLB locks the flow for a specified time (see Section 5).
Algorithm 2. Sink comparison function used for sorting.
1:
 function less_than(s,t) do

2:
 if (jVGsj = 1) and (jVGtj > 1) then

3:
 return true

4:
 if (jVGsj > 1) and (jVGtj = 1) then

5:
 return false

6:
 if loadðsÞ

jVGs j >
loadðtÞ
jVGt j then
7:
 return true

8:
 else

9:
 return false
First we explain the greedy algorithm. In line 1, the list
of unlocked sinks is initialized, containing sinks currently
unlocked (with no locked flows). Because these sinks are
now free to be routed through any gateway, their current
gateway association is cleared (line 2). The list of unlocked
sinks is ordered in line 3. For each unlocked sink, GSA
chooses the current least loaded gateway (less number of
flows) as its current gateway (lines 4–6). Note that if there
is more than one least loaded gateway, the one with lowest
cost to reach is chosen, because VGs is ordered in ascending
order of path cost. This contributes to generating paths
with lower cost.

The comparison function of Algorithm 2 is a less-than
operator which determines the order of sinks. Sinks with
only one valid gateway are selected first to be assigned
(lines 2–5). For all other cases (lines 6–9), a heuristic sim-
ilar to Longest Processing Time (LPT) first is used. The LPT
heuristic specifies that jobs with more load go first (in this
case sinks with more flows). For this particular problem,
however, we find that it is also important that sinks with
more alternatives be picked last, because they offer more
possibilities of balancing load, and these possibilities
should not be used up too early. We combine both factors
in the decision (line 6).

Theorem 1. The time complexity of GSA in the worst case is
O(S + F + jSujlogjSuj + VG).
Proof. Line 1 requires traversing all sinks and all flows in
the worst case: O(S + F).

In line 3, the list of unlocked sinks is sorted by a
comparison sort, requiring O(jSujlogjSuj).

The loop of lines 4–6: Line 5 requires traversing the valid
gateways of the sink. The loop runs in OðjSuj VG

jSu j þ jSujÞ ¼
OðVGþ jSujÞ ¼ OðVGÞ. h
5. Gateway load-balancing architecture and protocol

This section contains details on the GWLB architecture
and protocol. This mainly refers to the process by which
the controller coordinates with gateways to obtain the
necessary network state, communicates the flow-gateway
association to gateways and how they apply the solution.

The controller can be co-located with any one of the
gateways or be an independent device. Controller and
gateways communicate through the wired network. In
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case of failure a new controller is elected from the remain-
ing gateways. A simple election protocol can be used, e.g.
choose the gateway with lowest ID (e.g. IP address). Gate-
ways collect network state and send it to the controller.
Based on the current state, the controller calculates the
serving gateway of each flow. The gateway selection algo-
rithm (explained in Section 4) executes periodically in the
controller every GT seconds (in our evaluations GT = 1).
Each time the flow-gateway association af is calculated,
the controller sends af to gateways in order to enforce
the solution.

5.1. Routing download traffic

Download traffic is routed based on the current associ-
ation af, i.e. a gateway is responsible for injecting the traffic
of its assigned flows inside the WMN:

� If a gateway g receives traffic of flow fi and the flow is
not assigned to g, i.e. af(fi) – g, the gateway forwards
the traffic to its serving gateway af(fi) (directly or via a
tunnel through the wired network if the gateways are
in different sub-networks).
� If the traffic belongs to one of its served flows, i.e.

af(fi) = g, it routes it through the WMN using the config-
ured routing protocol. The gateway records its address
in the packets’ header.

5.2. Routing upload traffic

When a sink has to send upload traffic of a flow, it sends
it to the gateway last used by download traffic of the flow
(this information is recorded in download packets). If the
gateway is currently unknown, it sends it to the nearest
gateway (per the WMN routing protocol metric).

5.3. Network state monitoring

To calculate a flow-gateway association af, the control-
ler needs the following information:

� WMN topology graph.
� Routes from every gateway to every sink: Pg!s 8g 2

G; 8s 2 S.
� Knowledge of active flows F.

Topological information and routes are obtained by
gateways from the WMN routing protocol and this infor-
mation is sent to the controller. The frequency used by
the routing protocol to send this information is indepen-
dent of GT.

TCP traffic is classified into flows. Traffic classification is
performed by the gateways when traffic passes through
them, and this information is sent to the controller. A sys-
tem such as IPFIX [25] can be used for this. Note that these
systems employ two basic mechanisms to determine if a
flow has finished: flow aging (no packets have been ob-
served for a specified time) and detection of TCP session
termination messages.

The controller will have knowledge of all flows but,
obviously, flows with a duration shorter than GT are not
guaranteed to be taken into account by the GSA. This does
not pose a problem when GT is very small, because the
flows which are not taken into account will be very
small-sized flows, which have negligible repercussions on
the imbalance of network traffic.

5.4. Gateway maintenance

The first time a controller is elected, and every time a
new gateway appears or disappears, the controller obtains
the current network state, recalculates af and informs all
gateways. This is done to react to the presence of gateways
in the network, adapting to the gateways present at any
time. If a gateway fails, its flows will be re-routed through
the remaining gateways. If the controller shuts down or
fails, a new one is elected.

5.5. Load-balanced gateway selection

The load-balancing algorithm executes every GT sec-
onds, choosing the serving gateway of every flow. The algo-
rithm was explained in Section 4.

When a serving gateway is chosen for a flow, the flow is
locked for Lockt seconds. The algorithm will not re-route
locked flows. A sink is considered locked if one of its flows
is locked.

5.6. Benefits of GWLB strategy

There are important benefits to the proposed strategy:

� The only required overhead is the normal routing proto-
col overhead, and the recording of the gateway address
in download packets. Flow classification and book-
keeping is done at the controller and gateways. Distrib-
uted protocols require periodic advertisement of load
(e.g. gateway load) through the whole network. Fre-
quent advertisements can introduce too much over-
head, degrading performance, while a low frequency
will limit adaptation to changing conditions.
� Low-complexity load-balancing algorithm which can be

executed periodically with a high frequency, adapting
promptly to changing conditions.
� Prevents gateway flapping and non-convergent behav-

ior, because the solution is calculated centrally. Gate-
way flapping can occur when multiple nodes discover
an underutilized gateway at the same time. The nodes
then switch simultaneously to this gateway, overload-
ing it. In a distributed protocol (e.g. Hyacinth), a mech-
anism is needed to prevent this situation. However, this
mechanism normally results in arbitrary decisions as to
which nodes switch and which do not, leading to sub-
optimal solutions.
� Frequent gateway oscillation of a given flow is also pre-

vented by locking a flow for a specified time when a
gateway is chosen.

6. Analysis of GSA routes

Gateway selection calculated by GSA determines the set
of routes which will be used to transfer Internet traffic (we
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call these GSA routes). In this section we study how
these routes approximate routes found by optimally
solving a rate allocation and routing problem which as-
sumes perfect knowledge of the capacity and interference
model.

6.1. Gateway load-balancing MINLP formulation

This formulation involves routing and rate allocation in
order to optimize a throughput and fairness criteria.

Let F be the set of flows, and ri the rate of flow i (we as-
sume that upload traffic is negligible and optimization in-
volves the download direction). Let F ¼ jFj and G ¼ jGj. A
reasonable objective for WMNs is proportional fairness of
flows, which can be achieved by maximizing the aggregate
utility of flows, when the utility of a flow is given by ln(ri)
[30].

A flow can be routed through G different paths, corre-
sponding to the paths from each gateway to the sink. A
solution must choose the serving gateway of each flow
or, in other words, the route the flow uses. To represent
this, we define G flows (called routed flows) for every origi-
nal flow, each served by a different gateway. The number
of routed flows is thus F � G. Let tij be the routed flow of
flow i assigned to gateway j, with rate xij. We assign a bin-
ary integer variable bij to each routed flow, indicating
whether it is active or not. Only one routed flow of a flow
can be active:

PG
j¼0bij ¼ 1;8i 2 F.

We thus have ri ¼
PG

j¼0bijxij. The network model deter-
mines the remaining problem constraints. A model which
has been frequently used defines contention regions of
the network as maximal cliques of the contention graph
[31]. In the contention graph, each vertex is a link of the
network graph, and there is a link between vertices when
they contend. Interference is determined by the Protocol
Model [22]. In this model, a transmission is successfully re-
ceived only if the distance between sender and receiver is
less or equal to the transmission range, and if no other
node within interference range of the sender or receiver
is transmitting at the same time (this assumes that the
sender performs physical carrier sensing). Transmission
and interference range are fixed global quantities.

A solution is given by the vector x ¼ ðbijxijÞ; 8i 2 F;

8j 2 G. The clique-flow matrix [31] R = {Rqt} represents
the number of links the routed flow t is using in clique q.
Let the vector C = (Cq) be the vector of achievable channel
capacities in each of the cliques. Given the above consider-
ations, the problem can be formulated as:

Popt : maximize
XF

i¼0

ln
XG

j¼0

bijxij

 !
; ð6Þ

subject to : Rx 6 C; ð7Þ
XG

j¼0

bij ¼ 1 8i 2 F; ð8Þ

baj � bbj ¼ 0 8ða; bÞ 2 F� F

: sinkðaÞ ¼ sinkðbÞ 8j 2 G: ð9Þ

Constraint (9) is optional, used to enforce per-sink routing.
The constraint forces every pair of flows of the same sink to
have the same value of binary variables, thus guaranteeing
that they are routed through the same gateway.

6.2. Routes comparison of PGS and Popt

To study how GSA routes can approximate routes found
by Popt we use the following methodology:

� Solve random traffic scenarios in a WMN topology with
Popt. Given a set of flows, this obtains the optimal routes
and rate allocation which maximize the aggregate util-
ity of the flows.
� Solve the same scenarios with GSA (Algorithm 1). This

determines the GSA routes for the given flows. To eval-
uate the quality of these routes and compare with Popt,
we determine the maximum aggregate utility of flows
which can be achieved using these routes, and compare
with the aggregate utility calculated by Popt. To this
end, we input the paths determined by GSA into the
NLP version of Popt, which only performs rate allocation.
In this version, there are no integer variables because
routes are fixed.

Because routes found by Popt depend on a particular
network and interference model (Eq. (7)) (based on the
protocol model of interference), this methodology allows
us to compare both solutions under the same model.

The topology used consists of a static network of 100
nodes placed randomly in a square 2000 m � 2000 m area.
The topology is connected, with a minimum distance of
160 m between nodes, and maximum distance of 250 m.
There are four gateways, one in each corner of the square.
The protocol model of interference is used to generate the
conflict graph and cliques, which determine constraints of
the optimization problems. Maximum transmission range
is 250 m and interference range is 550 m. Clique capacity
is set to 280 KB/s. GWLB is configured with Ph = �2.5
(represents a cost value close to interference range).

To generate random traffic with and without imbalance,
we vary the number of flows in each gateway’s native
domain. The number of flows per native domain is a value
in {0,5,10,15,20}. We generate scenarios using all possible
combinations of flows. Because there are four domains and
five possible quantities of flows per domain, the total num-
ber of different scenarios is 54 � 1 = 624 (eliminating the
case with zero flows). For every unique scenario, flows
are randomly assigned to a sink in the native domain.

To solve the MINLP problems, we used the Couenne sol-
ver [32,33], with the following parameters: a time limit of
three hours, absolute termination tolerance of 1e � 9 and
relative termination tolerance of 0.005. All problems were
solved before the time limit. Note that the level of approx-
imation to the optimal solution depends on the tolerance
thresholds, i.e. the solver may not reach the optimal solu-
tion, but rather a solution close to the optimal.

For comparison, we include routes used by NGW solu-
tion. In addition, to show the importance of taking path
cost into account when selecting gateways, we define
two gateway selection solutions which perform load-
balancing in the same way as GWLB, but with little or no
regard to path cost. They are called arb_lb1 and arb_lb2,
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respectively. In both solutions, all gateways can be used to
reach every sink, i.e. jVGsj ¼ G; 8s 2 S. Both solutions use
Algorithm 1, with the following differences:

� In arb_lb1, if there is more than one least loaded gate-
way in one iteration, one is chosen at random (line 5
of Algorithm 1).
� In arb_lb2, if there is more than one least loaded gate-

way in one iteration, the least cost gateway is chosen
(default behavior of Algorithm 1).

Fig. 2 shows the results. Each point is the average result
of the scenarios that fall in that category. Confidence inter-
vals are shown at the 95% level. Fig. 2a–c present the re-
sults under varying total number of flows in the network,
while Fig. 2d–f present the results under varying flow
imbalance between native domains. Fig. 2a and d show
the objective maximized by the MINLP and NLP problems
(aggregate utility of flows). Fig. 2b and e show the mini-
mum rate of flows, and Fig. 2c and f show the average rate
of flows. As we can see, the performance of GSA routes is
very close to the performance of routes found by Popt.
The performance of arb_lb1 is noticeably worse than
NGW in most cases. The arb_lb2 solution is also seen to
perform worse than NGW in some cases, and rarely per-
forms better.

The solutions found in this section seek the optimal rate
allocation to achieve proportional fairness, given a protocol
model of interference. In the next section, we evaluate
GWLB by simulation using TCP flows.
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Fig. 2. Performance comparison between MINLP, GWL
7. Performance evaluation

We evaluate the performance of GWLB in WMN scenar-
ios with multiple gateways and a varying number of users
in each native domain. We simulate GWLB with ns-3 [34]
and compare it against three different gateway selection
solutions: NGW, MLI [12] and MAU [17]. We choose to
compare with MLI and MAU because, from our under-
standing of different proposed load-balancing protocols,
they represent one of the best performing solutions of
two different approaches used in the literature to execute
load-balancing (explained in Section 2). MLI seeks to even
the load of gateways and MAU seeks to alleviate conges-
tion by switching sinks from congested to uncongested
gateways. In [20], we found MLI to be the best performing
of the protocols in [12]. MLI indirectly takes contention
into account, which enables it to perform better than solu-
tions with similar goals.

MLI and MAU are distributed protocols, but our imple-
mentation of them is centralized with no control overhead.
Therefore, our implementation achieves an upper bound
on their real performance.

For MLI, decisions are made centrally with complete
knowledge of the topology, in each execution switching
border sinks (sinks which neighbor nodes assigned to a dif-
ferent gateway) to a less loaded gateway. Border sinks are
the first to receive advertisements from gateways different
from their current gateway. In addition, the results of MLI
illustrate the performance of its load metric, which is
based on the current residual load of a gateway. Hyacinth
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Table 2
ns-3 wireless parameters.

Wifi standard 802.11b @ 11mbps constant rate
Path loss model Log-distance, exponent = 2.7
RTS/CTS Disabled
Transmit power min{p:PER(p, l) 6 5%} "l 2 L
Energy detection
threshold (EDth) (W) RxPower(max neighbor distance)
Carrier sense
threshold (CSth) (W) EDth � 10�9/10
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[1], which uses a routing solution similar to MLI, also uses
this metric. As we will see, this metric is not suitable for
scenarios with TCP flows, where the flows generally use
all available gateway capacity, i.e. the residual capacity of
the gateways is always close to zero, independent of flow
imbalance between gateways.

In our implementation of MAU, a decision is made cen-
trally to switch the best candidate sink of a congested gate-
way to its nearest uncongested gateway. Load is measured
as the average queue length of the gateway during a time
period. It is measured at the gateway because they are
the likely bottlenecks. As we will show, congestion is not
a reliable measure for balancing TCP flows. Flows perform
congestion control, therefore congestion is usually tempo-
rary and does not correlate with the number of flows
served by a gateway.

7.1. Simulation environment

We have implemented the protocols in ns-3 in the fol-
lowing manner (illustrated in Fig. 3). Wired links are
100 Mbps and wireless links are 11 Mbps. There is a server
A outside the WMN to which users connect, and sends
data to them. A is connected by a wired link to another
machine B, which implements and runs the different solu-
tions. B is connected by wired links to every WMN gate-
way. When B receives traffic directed to the WMN, it
forwards it to the appropriate gateway based on the cur-
rent gateway selection (which is algorithm-dependent). B
knows the complete topology, active flows, and can read
the state of gateway queues. Routing inside the WMN is
static shortest-path based on hop-count.

The parameters used to configure wireless interfaces
and propagation in ns-3 are shown in Table 2. The transmit
power chosen is the minimum power that guarantees a
Packet Error Rate (PER) of at most 5% for all links in the
network (with no concurrent transmissions). The energy
detection threshold is the received power at the maximum
link distance. Carrier sense threshold is derived based on a
ratio of CSth/EDth of �9 dB. We choose this ratio because it
produced maximum aggregate throughput in numerous
tests.

The WMN topologies consist of static networks of 100
nodes placed randomly in a square 2000 m � 2000 m area.
All topologies are connected, with a minimum distance of
160 m between nodes. There are four gateways, one in
each corner of the square, resulting in four domains.

Traffic is TCP. Users connect to A, generating flows. For
each user, the time between start of connections follows an
exponential distribution with k = 1/10,000 ms, and the size
Fig. 3. Simulation architecture implemented in ns-3.
of the download traffic of a flow follows an exponential
distribution with k = 1/65,000 byte. Simulations last until
all flows finish, with users starting connections during
the first 100 s.

The number of users per native domain varies in
{0,5,10,15,20,25}. Given a topology, we generate scenar-
ios using all combinations of users on every native domain.
Because there are four domains and six possible quantities
of users per domain, the total number of different scenar-
ios given a topology is 64 � 1 = 1295 (excluding the case
where all domains have zero users). We have generated 5
topologies which gives a total of 6475 scenarios. For every
unique scenario, users are randomly assigned to a node in
their native domain.

We have set the parameters of GWLB to GT = 1s,
Lockt = 1s and Ph = �2.5. A value of GT = 1s provides high
responsiveness to changing conditions. For Ph, we have
chosen a value close to the average interference range.
Both MLI and MAU are also applied every second. The con-
gestion threshold value of MAU is set to 50%. The parame-
ters for the MLI scheme are Dl = 1.3 and PMLI = 0.7, as in
[12].

Confidence intervals are shown at the 95% level.
7.2. Performance metrics

We use the following metrics to study protocol perfor-
mance. Flows refer to TCP download flows: (i) Total net-
work throughput – total data bytes delivered by the
network divided by the time elapsed since the first packet
was sent and the last packet was received; (ii) Flow dura-
tion – time elapsed since the first packet of a flow was sent
and the last packet was received; (iii) Flow throughput – the
number of bytes delivered divided by the duration of the
flow; (iv) Flow throughput fairness – rates the fairness of
the throughput achieved by flows in one scenario using
Jain’s fairness index.

The flow duration and throughput per scenario is taken
as the median value of all flows. The median is chosen due
to the frequent presence of outliers and skewed distribu-
tion of the flow metrics. For example, there can be
scenarios where one flow benefits from a much higher
throughput than other flows.
7.3. Results and analysis

Fig. 4 shows results under varying number of users in
the network. Each point is the average result of the scenar-
ios which fall in that category. It therefore includes results
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Fig. 4. Performance comparison of GWLB, NGW, MLI and MAU with varying number of users in the network.
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from a number of heterogeneous scenarios (with different
topology, number of users, users per domain and location
of users in each domain).

We can see in the figure that GWLB outperforms all pro-
tocols across all metrics. On average, MAU will perform
similar to NGW, and MLI will perform better than both
when the number of users is not too high, but degrading
afterward.

As the number of users increases, load and number of
flows increases, which leads to higher aggregate through-
put (as long as there is sufficient capacity), and to lower
average flow throughput. By balancing load, GWLB is able
to maintain higher flow throughput, which also translates
to higher aggregate throughput. When the number of users
in the network is very large (more than 75) the native do-
mains have a similar number of users, and GWLB defaults
to the NGW solution, or a close-to-NGW solution. This also
explains why the different protocols tend to converge on
high load. The duration of flows follows a similar pattern.
Note that congestion has a considerable impact on flow
duration. Finally, we can also see that GWLB achieves bet-
ter fairness between flows, by balancing load between
gateways.

The results also show that MLI and MAU have inconsis-
tent behavior. At best, MAU performs slightly better than
NGW, and with high number of users performs worse.
There are two main reasons for this: as explained earlier,
MAU uses congestion as a load indicator, which is not
reliable because it is usually temporary when using TCP.
In addition, the choice of sink to switch when congestion
is detected is suboptimal. When a domain is congested,
the sink which maximizes ETX � rate is chosen, where
ETX is the routing metric from the sink to its current gate-
way. With TCP flows, and due to the nature of multi-hop
wireless transmission, flows of sinks closer to the gateway
will have higher throughput. As a result, MAU may not se-
lect sinks which are farthest from the gateway but rather
halfway. This means that the path to the new gateway will
be longer, leading to increased contention in the network.

As for MLI, its performance is good when the number of
users is below 50 but starts to degrade afterward, to the
point of performing worse than NGW. This indicates that
MLI makes erroneous decisions. The main reason behind
this is that it attempts to even the load but does not take
into account that TCP flows are elastic, and as such, differ-
ences in load do not necessarily correlate with differences
in number of flows.

In addition to the results shown, it is important to note
that comparing the throughput achieved by flows in the
same scenario with GWLB over NGW, we have that the
improvement in flow throughput per scenario when using
GWLB is on average 128%. It is also important to note that
the throughput of GWLB is noticeably less than NGW
(more than 5%) only in 4% of all the scenarios tested, which
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indicates that GWLB seldom makes erroneous decisions,
specially by avoiding arbitrary load-balancing (high path
cost) which can increase contention and therefore prove
detrimental.

Fig. 5 shows results under varying user imbalance be-
tween domains. This is measured as the standard deviation
of the number of users in every native domain. Same as
above, each value shown is the mean value taken from a
large number of heterogeneous scenarios.

As in the above tests, GWLB performs best. We can ob-
serve how MLI once again makes erroneous decisions,
which manifest when the imbalance is low. Only when
the imbalance is high MLI distances itself from the other
solutions. The performance of MAU is at best slightly better
than NGW.

Increasing load imbalance progressively produces con-
gestion in one or more domains, which leads to lower flow
throughput and fairness and increased flow duration. Be-
cause GWLB balances load it is less affected by this. The
performance of NGW is worse and decreases faster with
increasing imbalance. Also, we can see that the difference
in fairness between GWLB and NGW increases with load
imbalance. By balancing load between gateways whenever
possible and avoiding congestion, GWLB is more capable of
maintaining inter-domain flow fairness.
(a)

(c)
Fig. 5. Performance comparison of GWLB, NGW, MLI and MAU
7.4. GWLB adaptation frequency

The responsiveness of the protocol depends on the fre-
quency with which it adapts to changes in network condi-
tions. Because at any instant the controller has knowledge
of the current set of flows, responsiveness depends on the
frequency with which it recalculates flow-gateway associ-
ations, as explained in Section 3. In this subsection we
evaluate the responsiveness of the protocol under highly
dynamic traffic scenarios.

Tests are performed in one network topology with the
same architecture and characteristics as described in Sec-
tion 7.1. We generate scenarios with fixed number of ac-
tive users in {5,10,15,20,25,30}. Given a quantity of
users, we generate 100 random scenarios, totaling 600 un-
ique scenarios. In each of these unique scenarios with x ac-
tive users, the set of x users which are active at a time
changes every 10 seconds and is chosen at random. A user
is randomly assigned to a sink and generates connections
in the same manner as described in Section 7.1, with the
only difference that the time between start of connections
follows an exponential distribution with k = 1/5 s (this is to
generate connections within the user’s 10 s interval). Note
that this produces scenarios which are highly dynamic.
Connections start at second 25 and end at 125. A lower
(b)

(d)
with varying user imbalance between native domains.
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Fig. 6. Performance of GWLB in dynamic scenarios with varying adaptation frequency (determined by GT).
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period GT enables the protocol to adapt more quickly to
changing conditions. We vary GT in {1,10,30,60} s. The
other GWLB parameters remain as before.

The results are shown in Fig. 6. As we can see, the best
performance is obtained with the highest frequency of
adaptation, and the difference tends to increase with the
number of users. When GT is very low (one second), GWLB
can respond quickly to changing conditions and is suitable
for use in highly dynamic scenarios. Note that GT can be as
low as the time required to execute GSA.
8. Conclusions

Load-balancing between gateways in a WMN can be of
crucial importance. Imbalance between domains can easily
occur due to a number of reasons, including unplanned
gateway placement or heterogeneous traffic demands.
The limited wireless link capacity aggravates the problem,
turning gateways into bottlenecks, which can easily lead to
congestion. Moreover, the roaming of end-systems across
the network together with variable radio conditions con-
tribute to make demands more dynamic over time.

In this paper we have proposed GWLB, a highly respon-
sive online protocol which dynamically adapts to network
conditions, balancing the load of gateways. It achieves
improvements over shortest path routing in both
throughput and fairness in scenarios with load imbalance.
Importantly, because it is TCP flow-aware, balances traffic
at the TCP flow level, and takes into account the effects
of interference of flows when switching between domains,
it is suitable for implementation in realistic scenarios. The
simulations conducted in ns-3 prove its effectiveness, and
its advantage over previously proposed schemes. It outper-
forms all the alternatives tested. In particular, it achieves
an average flow throughput gain of 128% over the nearest
gateway strategy. GWLB specially distances itself from
other solutions when congestion or load imbalance be-
tween domains increases, showing that the protocol can
cope more effectively in these situations.
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