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1 Introduction

The major aim of the AEOLUS Sub-Project 5 is that of extending global computing to
users connected by heterogeneous mobile/dynamic ad-hoc networks.

According to the declared objectives, our annual research activity has focused on the
following issues.

e Studying different wireless network models that well simulate the heterogeneous
scenarios where global computing functionalities use to work on. This task has been
carried out from both analytical and experimental points of view.

e Providing dynamic-resource and role-assignment strategies that guarantee some con-
nectivity properties of the wireless network and, at the same time, the node energy
consumption is minimized.

e Designing communication protocols for mobile ad hoc networks in presence of un-
predictable and non-homogeneous faults.

A major novelty of our approach is that Issues 2 and 3 have been also considered together
as a multi-criteria optimization problem that considers several levels of the network ar-
chitecture.

We remind (see also the previous Deliverables of WP 5.1) that our approach departs
significantly from standard theoretical research in ad hoc networks. This is due to the
aim of implementing some particular functionalities over wireless heterogeneous systems
arising in the context of Global Computing. The main features of the issues studied in
this WP concerns both (i) the adopted network model and (7i) the particular adopted
techniques for the design and the analysis of the proposed algorithmic solutions.

As for the first issue, the major novelty of our research lies in considering networks
having non-uniform node fault probability. Furthermore, we consider self-organized, het-
erogeneous sensor networks where different roles and functionalities are assigned to nodes
according to their physical wireless connectivity and sensing characteristics. We indeed
identify the need of organizing a wireless/sensor networks according to the tasks appro-
priate for each sensor node based on their initial deployment in the network.

As for the second issue, the global computing applications require the design of efficient
communication protocols which are very flexible and easy to implement in order to be
adapted and applied in hybrid networks where nodes may have different technology and
energy power. For this reason, rather than designing very complex and involved protocols,
we focus our attention on the performance analysis of simple fully-distributed protocols
based on simple techniques such as the greedy and divide-et-impera ones.



2 Modelling heterogeneous wireless networks

2.1 Sensor networks as random intersection graphs

The uniform random intersection graphs model Gy, p,  was first introduced by Godehardt
and Jaworski in [27]. In this model, to each of the n vertices of the graph, a random
subset of A\ elements of a universal set of m elements in total is independently assigned.
Two vertices u,v are then adjacent in the G, ., » graph if and only if their assigned
sets of elements have at least one element in common. This model is closely related
to random intersection graphs Gy, ,,,p (introduced by Karoniski, Sheinerman and Singer-
Cohen [30] and Singer-Cohen [43]), in which each one of m labels is chosen independently
with probability p by each one of n vertices, and there are edges between any vertices with
overlaps in the labels chosen. The G, ,, \ seems to behave similarly to Gy, ., When one
can show concentration on the number of labels chosen by a vertex in the latter (which can
happen for quite large \). However, notice that for small values of A such concentration
results do not hold, and the statistical behavior of the two models is quite different.

Importance and motivation. Random intersection graphs may be used to model sev-
eral real-life applications characterized by local interactions quite accurately (compared
to the G, 5 model where edges appear independently with probability p). In particular,
the G, 5 model is inappropriate for describing some real world networks (like sensor and
social networks) because it lacks certain features of those networks, such as a scale free
degree distribution and the emergence of local clusters. One of the underlying reasons
for this mismatch is its independence of the edges, in other words the missing transitivity
that characterizes such networks: if vertices x and y exhibit a relationship of some kind in
a real world network and so do vertices y and z, then this suggests a connection between
vertices x and z, too.

For example, we consider the following scenario concerning efficient and secure com-
munication in sensor networks: The vertices in our model correspond to sensor devices
that blindly choose a limited number of resources among a globally available set of shared
resources (such as communication channels, encryption keys etc). Whenever two sensors
select at least one resource in common (e.g. a common communication channel, a common
encryption key), a communication link is implicitly established (represented by a graph
edge); this gives rise to communication graphs that look like random intersection graphs.
Particularly for security purposes, the random selection of elements in our graphs can
be seen as a way to establish local common keys on-line, without any global scheme for
predistribution of keys. In such a case, the set of labels can be a global set of large primes
(known to all) but each node selects uniformly at random only a few. Two nodes that have
selected a common prime can communicate securely. Notice that no other node can know
what numbers a different node has selected. Thus, the local communication is guaranteed
to be secure.

Random intersection graphs in general and in particular the uniform random inter-



section graphs model G, ,, » are relevant to and capture quite nicely social networking.
Indeed, a social network is a social structure made of nodes (individuals or organizations)
tied by one or more specific types of interdependency, such as values, visions, financial ex-
change, friends, conflicts, web links etc. Social network analysis views social relationships
in terms of nodes and ties. Nodes are the individual actors within the networks and ties
are the relationships between the actors.

Other applications may include oblivious resource sharing in a distributed setting,
interactions of mobile agents traversing the web etc. In fact there are practical situations
where each communication agent (e.g. a wireless node) gets access only to some ports
(statistically) out of a possible set of communication ports. When another agent also
selects a communication port, then a communication link is implicitly established and
this gives rise to communication graphs that look like random intersection graphs. Even
epidemiological phenomena (like spread of disease) tend to be more accurately captured
by those “interaction-sensitive” random graph models.

Related works. Uniform random intersection graphs were first considered by Gode-
hardt and Jaworski in [27], where they focused on the distribution of the number of
isolated vertices in G, 1 1, as well as the distribution of vertex degrees. The vertex degree
distribution of general random intersection graphs (where the choice of the label sets S,
is made according to a general distribution) was studied independently by Blonzelis [5]
and Deijfen and Kets [22]. Connectivity and communication security aspects of G, , » in
various important settings is studied in [23, 4].

The question of how close G, ., and Gy, are for various values of m,p has been
studied by Fill, Sheinerman and Singer-Cohen in [25]. In [38], the authors investigate
expansion properties of Gy, ., and give tight bounds on the mixing and the cover time
of random walks on instances of the random intersection graphs model. Algorithms for
finding large independent sets in G, ,, , were proposed in [37, 39] (however, no attempt
was made to see how close the independent sets given by those algorithms are to optimal
size). The authors of [24] find thresholds (that are optimal up to a constant factor) for the
appearance of hamilton cycles in random intersection graphs. The efficient construction
of hamilton cycles in Gy, ,,, , is studied in [41]. Also, by using a sieve method, Stark [44]
gives exact formulae for the degree distribution of an arbitrary fixed vertex of G,y for
a quite wide range of the parameters of the model.

Our contribution. As proved in [25], the spaces G, and G,, 5 are equivalent when
m = n%, with o > 6, in the sense that their total variation distance tends to 0 as n
goes to 0o. Also, the authors in [41] show that, when o > 1, for any monotone increasing
property there is a direct relation (including a multiplicative constant) of the corresponding
thresholds of the property in the two spaces. Finally, as noted before, the models Gy, p
and Gy, .\ seem to have similar statistical behavior when we can show concentration of
mp around A, which happens especially when m = w(n) and for p large enough. Hence, it



is very important to investigate what is happening when m = n®, with < 1 and A not
too large compared to m, where the uniform random intersection graphs model seems to
differ the most from both Gy, 1,5, and G, 5.

The main focus of our work [40] is about hamiltonicity and independent sets in the
uniform random intersection graphs model G, , », for the regime o < 1. In particular:

(a) We show that when the number of vertices n is at least (1 +€)("y) In ('), for some
constant € > 0 as small as possible, then G, ;, », with A > 2, has a Hamilton cycle
with high probability (whp), i.e. a very small constant number of labels suffices to
yield hamiltonicity. The proof uses the coupon collector’s problem together with an

interesting combinatorial construction.

(b) By using a far from trivial application of the first and second moment methods, we
show that when m = n® for some fixed constant a < 1 and for all A\ = O(m!/*),
the independence number of the G, ,,, » model is approximately c%\’ where ¢g is the
smallest real number that satisfies ¢g > 1 and

1 1 1 A
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c) Finally we give a note on G, ., that provides bounds on its independence number.
9 7p
Note that this was left open in [37, 39].

2.2 A mobility simulation tool

In [9] we describe the MOMOSE tool, which is a highly flexible and easily extensible
environment for the simulation of mobility models. Indeed, MOMOSE not only allows
a programmer to easily integrate a new mobility model into the set of models already
included in its distribution, but it also allows the user to let the nodes of the MANET move
in different ways by associating any mobility model to any subset of the nodes themselves.
This is especially relevant in our setting, since the devices constituting an overlay computer
are different from each other, and it is even more unrealistic than in traditional settings
to assume the same mobility assumptions to be valid for all the network nodes.

Within the MOMOSE framework a programmer can easily implement new mobility
models and successively simulate the movement of a set of nodes by using any combi-
nation of the mobility models included in the MOMOSE distribution and of the newly
implemented mobility models. During each simulation, the set of the nodes of the networks
is partitioned into an arbitrary number of subsets, each one corresponding to the specific
mobility model governing the movement of the nodes in the subset: however, since each
node has its own logic unit which is independent from the other nodes, different nodes in
the same subset are allowed to play different roles within the same mobility model (for
example, in the PursueModel it is necessary to allow one node to act as the leader of the
subset).



MOMOSE also allows the user to simulate the movement of the nodes within a realistic
environment, where obstacles (such as buildings and barriers) are present: these obstacles
not only limit the movement of the nodes, but they also attenuate the transmission signals
sent by the communication units. The definition of a scenario is flexible enough to allow
the user to define significantly different situations, ranging from people moving within
a building or a campus to robots moving within a disaster recovery environment or to
vehicles moving within an urban environment (such as in a VANET).

During a simulation, one or more data recorders can be used, which allows the user
to collect the interesting data that could be used to produce statistics or reports. The
current distribution of MOMOSE includes a data recorder that produces trace files com-
patible with the NS-2 network simulation environment, which is one of the most popular
network simulator within the research community. As far as we know, the mobility mod-
ules produced for this simulator include only very simple mobility models: MOMOSE
can hence be used in order to produce more realistic mobility patterns, which can be
subsequently used by NS-2 while simulating and evaluating any network protocol.

It thus follows that the impact of this new framework for mobility models in the
analysis of QoS and resource management in heterogeneous wireless networks (i.e. the
subject of WP 5.1) is very important: It allows us to validate protocols and negative (i.e.
impossibility) results over realistic wireless network models arising from Global Computing
scenarios. Previous standard network simulators are not suitable for this task.

2.3 Role assignment for heterogeneous wireless networks

One of the main goals of the analysis of a social network consists of determining patterns
of relationships and interactions among social actors (such as persons and groups) in order
to identify the social structure of the network [10, 11]. To this aim, a social network is
usually represented as a graph, whose nodes denote the network members and whose edges
denote their relationships, which is analyzed from a structural point of view by means of
methods that broadly fall into one of the following two categories: relational analysis
methods that are often used in order to identify central members or to partition the graph
into clusters, and positional analysis methods that examine the similarity between the
connection of two network members with the other members. Role assignment is one of
the main positional analysis methods, whose goal consists of classifying the members of a
social network, so that members which are equally classified can be considered to behave
in a similar way or to play a similar role [33]. If the number of roles is limited, this kind
of classification can turn out to be extremely useful while trying to understand the overall
structure of very complex social networks.

Importance and motivation. Our aim is applying the study of social networks to
the field of heterogeneous wireless networks. Due to their nature, such networks suffer of
problems such as scarce resources (bandwidth / energy supply / ...) and non homoge-



neous node functionalities. Role assignment is a possible way in order to support overlay
applications, often requiring network survivability guarantee as well as specialized node
functionality. Actually, several works have been recently devoted to the study of assign-
ing roles to the nodes of sensor networks: for efficient data aggregation (and, hence, for
reducing the volume of traffic carried by the network thus saving bandwidth and energy)
in the wireless sensor networks; for some forms of self-configuration, where sensor nodes
take on specific functions or roles in the network without manual intervention. In fact,
efficiently self organizing a network hierarchy with specific assignment of roles (or tasks)
to sensors based on their physical wireless connectivity and sensing characteristics is an
important and challenging problem.

Related works. Computing a role assignment for a given network is equivalent to com-
puting a coloring of the network’s nodes, such that the constraint imposed by the role
assignment is satisfied by the colors assigned to the nodes. Different kinds of role as-
signment have been introduced in the literature. A strong structural role assignment, for
example, imposes that if two actors play the same role, then they must have the same
neighborhood [34], while a regular role assignment imposes that if two actors play the
same role, then they must be surrounded by the same set of roles [48, 6]. In [21] we are
interested in another kind of role assignment, that is, ecological role assignments, accord-
ing to which if two network members are surrounded by the same set of roles, then they
must play the same role: in other words, the role played by a social actor is completely
determined by the roles played by its neighbors [7]. The relationship imposed by an eco-
logical role assignment is the opposite of the one imposed by a regular role assignment: a
role assignment that satisfies both constraints is called perfect [8]. As stated by Borgatti
and Everett, an ecological role assignment is easier to understand as a model of social
relationships, in which a member’s neighborhood tends to shape this member into that or
this kind.

Our contribution. Given a graph G = (V, E), for any node v € V, N(u) denotes the
neighborhood of u. A coloring of G which uses k colors is a surjective function r : V' — [k].

Given a coloring r of G which uses k colors, the colorhood of a node u € V' with respect
to r is defined as the set

Cr(u)={iec[k]:Fve N(u) [r(v)=1]}.
A coloring r of a graph G = (V, E) is ecological [7] if, for any u,v € V,
Cr(u) = Cr(v) = r(u) = r(v).

Observe that any graph can be ecologically colored with one color. However, it is not true
that any graph can be ecologically colored with n colors, where n is the number of nodes of
the graph: Two nodes with the same neighborhood must be colored with the same color.



The number of distinct neighborhoods contained in a graph is thus an upper bound on
the number of colors that can be used by any ecological coloring. We say that a graph
G = (V, E) is neighborhood distinct (in short, ND) if, for any u,v € V., N(u) # N(v).

Given a graph G = (V, E), we define an equivalence relation py on the vertices of
G as follows: two vertices u,v € V are equivalent if and only if N(u) = N(v). The
neighborhood graph corresponding to G is the ND graph G = (Vy, Ex) where Vi is the
set of equivalence classes with respect to the relation py, and (z,y) € Ey if all nodes in the
equivalence class x are adjacent to all nodes in the equivalence class y. The neighborhood
degree ng of G is defined as the number of nodes in G. It is easy to see that: (1) A
graph can be ecologically colored with k colors if and only if its neighborhood graph can
be ecologically colored with k colors; (2) Each graph G can be ecologically colored with
ng colors and it cannot be ecologically colored with & > ng colors.

In [21] we prove that, for any graph G with ng distinct neighborhoods, and for any
integer k with 1 < k < ng, G admits an ecological coloring which uses exactly k colors.
This coloring can be computed in polynomial time by means of a bottom-up approach.

3 Range assignment and network lifetime

Following previous work within AEOLUS, in [2] we study the problem of establishing
broadcast communication from a given source node in a wireless network with the mini-
mum energy consumption for communication; the corresponding problem is called Mini-
mum Energy Broadcast Routing (MEBR). Problems of this kind are crucial in AEOLUS
in order to efficiently use wireless subnetworks as part of the overlay computer. See the
survey [16] for an overview of the known results for the problem.

3.1 Definitions and related works

Formally, given a set of stations S, let G(S) be the complete weighted graph whose nodes
are the stations of S and in which the weight w(x,y) of each edge (x,y) is the transmission
power required for a direct communication between x and y. A power assignment for S is
a function p : S — R assigning a transmission power p(z) to every station in S. A power
assignment p for S yields a directed communication graph GP = (S, A) such that, for each
(x,y) € S?, the directed edge (z,y) belongs to A if and only if p(x) > w(x,y), that is if x
can directly transmit to y. The total cost of a power assignment is cost(p) = > g p().

The MEBR problem for a given source s € S consists in finding a power assignment
p of minimum cost such that GP contains a directed spanning tree rooted at s (and
directed towards the leaves). In general, the problem is unlikely to have polynomial-time
approximation algorithms with approximation ratio o(Inn) [20], where n is the number
of stations. Logarithmic (in the number of stations) approximation algorithms have been
presented in [15, 18, 19]. An important case of practical interest is when stations lie in a
d—dimensional Euclidean space. Then, given a constant « > 1, the power consumption



needed for a correct communication between x and y is dist(z,y)*, where dist(x,y) is the
Euclidean distance between the locations of x and y. The problem has been proved to be
NP-hard for @ > 1 and d > 1, while it is solvable in polynomial time for « =1 or d =1
[18, 20, 12).

Several attempts in the literature have been made in order to find good approximation
algorithms for Euclidean cases. A fundamental algorithm to provide an approximate
solution of the MEBR problem is the MST heuristic [49]. It is based on the idea of tuning
ranges so as to include a minimum spanning tree of the cost graph G(S). More precisely,
denote by T'(S) a minimum spanning tree of G(S). The MST heuristic considers T'(.5)
rooted at the source station s, directs the edges of T'(S) towards the leaves, and sets the
power p(x) of every internal station x of T'(S) with k£ > 0 children 1, ...,z in such a way
that p(x) = max;=1__pw(z,z;). In other words, p is the power assignment of minimum
cost inducing the directed tree derived from 7'(S) and is such that cost(p) < ¢(T(S5)),
where ¢(T'(S)) denotes the total cost of the edges in T'(.S)). Therefore, the approximation
ratio of the heuristic is bounded by the ratio between the cost of a minimum spanning
tree of G(S) and the optimal cost.

The performance of the MST heuristic has been investigated by several authors [1,
18, 20, 26, 32, 36, 47]. The analysis in all the above papers focuses on the case a > d
(MST has unbounded approximation ratio when o < d) and is based on elegant geometric
arguments. The best known approximation ratios are 6 for d = 2 [1], 18.8 for d = 3 [36]
and 3% — 1 for every d > 3 [26]. The known lower bounds [20, 47] are 6 for d = 2 (and,
hence, the upper bound of [1] is tight), 12 for d = 3 and exponential for general d. Despite
the considerable research effort in the area during the past years, prior to [17], no algorithm
had been theoretically shown to outperform the MST heuristic in the Euclidean case, and
the improvement of the corresponding ratios was a longstanding open question.

Several other heuristics have been shown to perform better than MST in practice, at
least for 2-dimensional instances. The most famous among them is probably algorithm
BIP (Broadcast Incremental Power [49]). Starting from the source, it builds a tree in
steps as follows: at each step, it includes the edge to an uncovered station that requires
the minimum increase of power. BIP has been shown to be at least as good as MST while
the best known lower bound on its approximation ratio is 4.33 [47].

3.2 Experimental results

In last year’s report [17], a new approximation algorithm for the MEBR problem is pre-
sented. For any instance of the problem where the minimum spanning tree of the cost
graph G(S) is guaranteed to cost at most p times the cost of an optimal solution for MEBR,
the algorithm achieves an approximation ratio bounded by 21n p — 21n 2 + 2, which expo-
nentially improves upon the MST heuristic. Surprisingly, the algorithm and the analysis
do not make use of any geometric arguments and still the results significantly improve the
previously best known approximation factor for Euclidean instances of the problem. The



corresponding approximation ratio is reduced (when o > d) from 6 [1] to 4.2 for d = 2,
from 18.8 [36] to 6.49 for d = 3 and in general from 3¢ — 1 [26] to 2.20d + 0.61 for d > 3.
In the 2-dimensional case, the achieved approximation is even less than the lower bound
on the approximation ratio of the BIP heuristic.

We have implemented using Matlab the algorithm of [17] as well as several variations
and have experimentally compared these algorithms to the MST and BIP heuristics. A
list of experiments were conducted and the results are reported in [2]. All variations of the
algorithm run in time O(n®) where n is the number of points. In our experiments, we have
used sets of up to 100 random points on the 2-dimensional and 3-dimensional Euclidean
space. A threshold parameter (taking values between 0 and 5) has been introduced in
order to slightly modify the local decisions taken by the algorithm. We point out that
this parameter is fixed to 2 in the original description of the algorithm in [17]. Our results
demonstrate that, at least for random points on Euclidean spaces, the best results are
achieved by setting this parameter to 1.5. In this case, the energy reduction is approxi-
mately 25%. Such a reduction has not been observed for any of the existing algorithms
in the literature (see [3] for a previous experimental study) including the BIP heuristic as
well as more sophisticated heuristics. We have also observed an interesting behavior one
the performance of the algorithm. While for values of the threshold parameter smaller
than 2 the algorithm computes efficient broadcasts, for higher values the output of the
algorithm is comparable to (i.e., as bad as) that of the MST heuristic.

3.3 Theoretical results: Energy consumption vs performance of the pro-
tocol

In [13, 14] the Network Lifetime and Min Energy Broadcast problems have been consid-
ered, respectively. We have introduced the first provably good broadcasting protocols for
two important wireless scenarios.

In [13] we consider static ad-hoc wireless networks where nodes have an initial bat-
tery charge and they may dynamically change their transmission range at every time slot.
When a node v transmits with range 7(v), its battery charge is decreased by r(v)2. The
goal is to provide a range assignment schedule that maximizes the number of broadcast
operations from a given source (this number is denoted as the length of the schedule). This
maximization problem is known to be NP-hard and the best algorithm yields worst-case
approximation ratio ©(logn), where n is the number of nodes of the network. We consider
random geometric instances formed by selecting n points independently and uniformly at
random from a square of side length /n in the Euclidean plane. We first present an efficient
algorithm that constructs a range assignment schedule having length, with high probabil-
ity, not smaller than 1/12 of the optimum. We then design an efficient distributed version
of the above algorithm where nodes initially know n and their own position only. The
resulting schedule guarantees the same approximation ratio achieved by the centralized



version thus obtaining the first distributed algorithm having provably-good performance
for this problem.

In [14] we consider the MEBR problem in random-grid networks where nodes are
chosen independently at random from the n points of a \/n X \/n square grid in the plane.
The probability of the existence of a node at a given point of the grid does depend on that

point, that is, the probability distribution can be non-uniform. By using information-

theoretic arguments, we prove a lower bound (1 — ¢)Z on the energy cost of any feasible
solution for this problem. Then, we provide an efficient solution of energy cost not larger
than 1.12047.

A major challenge in this topic is to provide efficient distributed solutions. We present
the first fully-distributed protocol that constructs a broadcast range assignment of energy
cost not larger than 8n, thus still yielding constant approximation. The energy load is
well balanced and, at the same time, the work complexity (i.e. the energy due to all
message transmissions of the protocol) is asymptotically optimal. The completion time
of the protocol is only an O(logn) factor slower than the optimum. The approximation
quality of our distributed solution is also experimentally evaluated. All bounds hold with

probability at least 1 — 1/n®0),

4 Quality of service for multihop wireless networks

Integrating an ad hoc wireless network, and specifically mesh networks, into an Overlay
Computing Platform poses a number of challenges due to the nature of the radio medium.
IEEE 802.11 is often considered as the underlying wireless technology of multihop wireless
networks. But the use of 802.11 in such networks raises some issues. The two main
problems concern fairness and efficiency. If some stations cannot access or cannot access
correctly to the medium, these nodes can disconnect the network. Such a disconnection
may affect the behaviour of the whole network or prevent some nodes from providing a
given service to the overlay computer. On the other hand, if fairness and efficiency are
achieved, QoS guarantees may be expected and/or provided by/for upper layer and thus
for the user application of the overlay computer.

Different kinds of solutions have been proposed to overcome these problems. One ap-
proach is to design new MAC protocols that provide alternatives to the IEEE 802.11 MAC
protocol and that try to increase fairness or/and efficiency in the network. Section 4.1
describes a new MAC protocol that is fully local while being fair and efficient.

Although these solutions are of some interest, it should probably take some time before
new wireless network interface cards based on one of these solutions are developed and
released. Moreover, as these solutions try to be as simple and local as possible (important
features for a MAC protocol), it is difficult for them to tend towards a targeted fairness
scheme. Another approach is to design a solution at higher layers, above IEEE 802.11,
by regulating the incoming rate at the MAC layer. This regulation is achieved via a rate
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allocation in order to limit the appearance of congestion and obtain a better fairness among
the flows. Section 4.2 describes a rate allocation algorithm that ensures a fair distribution
of bandwidth between end-to-end flows in multihop wireless networks.

4.1 SBA: A simple backoff algorithm for wireless ad hoc networks

Many researches have tackled the problem of fairness and efficiency in ad hoc networks.
Most of the existing solutions provide either efficiency or fairness, but very few solutions
consider both of them. The goal of our work, described in [42] is twofold: i) to design
a simple backoff algorithm that is efficient and fair and ii) to study the possibilities and
the limits of such a simple approach. We mean by simple that the algorithm behaviour
relies only on local information, as successful transmissions and collisions undergone by
each station without taking advantage of the carrier sensing mechanism or the packets
that can be decoded. The algorithm is also simple in the sense that, contrary to the BEB
algorithm, it has only two distinct contention windows. The difference between BEB and
our algorithm, called hereafter SBA for Simple Backoff Algorithm, is the way of choosing
the contention window to use for the packet transmission. SBA uses the same contention
window for all the packets it has to send in a given time interval. At the end of this interval,
some computations are done to choose the contention window for the next interval.

In SBA, we keep the main principles of the MAC protocol of the 802.11 DCF: a
packet is emitted on the radio medium after a DIFS and a backoff time (during which
the medium must be free) and in unicast mode, the data packet is acknowledged after
a SIFS. Compared to 802.11, SBA has only two different contention windows, one large
called hereafter CW,,,,. and one small called CW,,;,,. SBA uses local information gathered
during a given time interval to adapt the contention window for the next time interval.
The length of this interval must not be too short to avoid possible oscillation and not be
too long to increase the reactivity of the algorithm. The time interval used in SBA is fixed
and the same for all stations (denoted A).

The local information, known and used by a station, is the length and the time needed
to transmit each packet (T, is the time spent by a station in successful transmissions and
T.o is the time spent by the station in collisions during A), as the number of successful
transmissions and the number of collisions it undergoes during A, and denoted by Ny
and Ng, (resp.). From the station point of view, the medium can be occupied by other
stations, or occupied by its transmission resulting in a successful transmission or in a
collision, or the medium can be idle. We denote the probability for the medium to be
in each state by Plocc], P[suc], P[col] and P[free| respectively. These four probabilities
cannot be accurately computed by using only local information as defined previously, but
they are approximated by: P[suc| = TZ‘C, Plcol] = %, P[free] = (NCO’JFNS“C)X(CWFDIFS)
(where cw is the mean backoff time) and Plocc] = 1 — (P[suc] + P[free] + P|col]).

The code of SBA is presented in Algorithm 1. As we have only two states, the algorithm

can be seen as the transition between these two states. Algorithm 1 shows how the
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statistics gathered during the A period are used to adapt the contention window to use.

Algorithm 1 SBA
1: if (P[suc] < Plocc] + P[free]) then
CW — CWpin
if (Pleol] >r && (rand{0,1}=1)) then
CW — CWnaz
end if
if ((P[free] <s && Plcol] > 0) || (Nsuc + Neor = 0)) then
CW — CWnaz
end if
else
CW «— CWiaa
end if

CoOOND U W

By simulations carried out with NS2, we compare SBA with IEEE 802.11 and several
alternatives to 802.11 that solve some performance issues raised by the use of 802.11 in
ad hoc networks. These results show that SBA achieves a good trade-off between fairness,
efficiency and simplicity.

4.2 A practical and fair rate allocation for multihop wireless networks
based on a simple node model

This work is also described in D1.5.3.

In [45], we provide a rate allocation algorithm that ensures a fair distribution of band-
width between end-to-end flows in multihop wireless networks. It was designed with the
practical aspects in mind and implemented into a protocol that was simulated under NS-2.

Most solutions require to identify maximal cliques or maximal independent sets in the
wireless links contention graph [46], which is likely to be slow to compute in practice. We
propose to use a simpler medium sharing model that can be directly deduced from the
network topology. It is based on the fact that two nodes at carrier sensing range won'’t
emit at the same time according to the DCF mode of IEEE 802.11. Experiments have
shown that the carrier sensing range is around twice as large as the communication range
obtained with slow data rates (2 or 1 Mb/s). Because of this, our model specifies that 2
nodes at a distance of 2 hops share the bandwidth.

The problem of the flow rates maximization can be written as follows:

MAXIMIZE: IT o
feo

(1)
UNDER THE CONTRAINTS: Vne N > z;<C
1€V (n)
where ¢ is the rate of flow f, x; is the total bandwidth consumed by node i and V'(n) is

the 2-hop neighbourhood of node n. [] ¢f expresses the fact the we wish to maximize
fed
the rates allocated to flows while ensuring a proportional fairness between flows. By using

Lagrangian optimization, this optimization problem can be solved in a distributed way
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such that each emitting node can determine its own rate by exchanging local information
with nodes in its 2-hop neigbourhood.

Implementing a rate control algorithm into a real protocol poses a number of challenges,
such as limiting the overhead of the protocol and dealing with asynchronism and lost
packets. So as to minimize the overhead, we have taken advantage of the Hello messages
used by the AODV routing protocol and made slight changes to them so that its hello
messages carry the various information our algorithm needs.

We have simulated this protocol in NS2 in various configurations, with very encouraging
results:

e Although asynchronism and lost packets affect significantly the convergence speed,
optimal rates are reached within 20-30 seconds in our simulations. Although these
values depend a lot on the topology, these results suggest that our protocol is
tractable in a real environment.

e Our protocol greatly increases the fairness of the allocations, by preventing starving
flows, which is the main issue with 802.11-based ad hoc networks.

5 Bandwidth and capacity allocation in wireless mesh net-
works

The Round Weighting Problem, in the settings of Wireless Mesh Networks, consists in
computing the most efficient allocation of bandwidth to connections. The static, or off-
line, version of the problem, is defined by fixed traffic demand f(u,v) for any two devices
u and v in the network, and the fixed topology of the network.

The objective is to schedule radio transmissions in order to satisfy these demands, in
such a way that, on average, about f(u,v)dt units of traffic travel from u to v during a
time interval dt. In classical wired networks, this corresponds to the multi-commodity
flow problem, which has been extensively studied in the literature. In this problem, there
is an undirected graph G = (V, F), a capacity function ¢ : E — Q7 and a traffic demand
function f: V xV — Q7, such that f(u,v) is the amount of traffic that has to be routed
from vertex u to vertex v.

A solution for this problem is a positive function ®, such that for any path P in the
graph, ®(P) € Q" is the amount of traffic routed through P. Given ®, the load (use) of
an edge e € E is simply calculated as load(e) = > p..c p ®(P). Therefore, ® is feasible if
and only if load(e) < c(e). The goal is to satisfy the demand constraints:

> o(P) = f(u,0)
PeP,P connecting u to v

where P denotes the set of all non-trivial paths in G.
Unfortunately, radio signals are subject to signal attenuation, and to interference con-
straints: a device cannot understand a radio transmission if the quality of the signal is
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not good enough, with respect to media noise, and also to other radio signals. This means
that, in radio networks, transmissions must be performed in communication steps, such
that interfering transmissions do not happen at the same time. In other words, the com-
munication resource that has to be shared, is not the set of links as in classical networks,
but physical space. We model the attenuation and interference constraints of the problem,
assuming that two relations are given: a transmission relation, defined over the devices in
the network, and determining if a transmission from u to v is possible; and an interference
model, defined over the potential transmissions, and determining which transmissions can
be performed concurrently. We assume that the nodes are synchronized, and that the traf-
fic pattern is fixed, and known in advance, or steady enough so that it can be estimated.
During a communication step, some radio transmissions take place. We assume that these
transmissions are successful when they do not interfere with each other. Such a pairwise
non-interfering set of links is denoted as a round.

Summing everything up, solving the RWP requires to solve jointly a multi-commodity
flow problem and a weighted fractional coloring problem.

In [31], we model non-interfering radio transmissions as independent sets. We then
relate the complexity of round weighting to the complexity of various independent set
problems (e.g. maximum weight independent set, vertex coloring, fractional coloring).
These equivalence are obtained by studying the dual of the Round Weighting problem.

From this relation, we deduce that in general, round weighting is hard to approximate
within n'~=¢ (n being the size of the radio network). We also provide polynomial (exact
or approximation) algorithms e.g. in the following two cases: (a) when the interference
constraints are specific (for instance for a network whose vertices belong to the Euclidean
space), or (b) when the traffic demands are directed towards a unique node in the network
(also called gathering, analogous to single commodity flow).

We also study the Euclidean-metric case and show that, in this case, the problem
remains NP-hard, but admits a PTAS. Similarly, gathering instances in the graph-metric
case admits a 4-approximation in general graphs. Moreover, we give an explicit formula

for the optimum, when the graph is a path.

In [28], we focus on the gathering case where data are sent to the gateways, therefore
the flow subproblem is a single-commodity problem. This is the core optimization of
wireless mesh networks provisioning. The RWP input corresponds to G with the capacity
¢, and the network bandwidth proportion between each router and a given set of gateways.
Each link of the network if allocated a capacity that is given by the flow problem solution.
Simultaneously, we find a set of weighted rounds which induces the routers capacity and
such that the total weight is minimized. Indeed, minimizing this weight means maximizing
the bandwidth of each link, that is its capacity divided by the total weight of the rounds.

We present a mixed integer linear programming model and we use a branch-and-price
algorithm to solve the problem. A column generation approach is used to avoid dealing
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with the exponential set of rounds and the branch-and-bound algorithm to turn integer
the flow (network packets). We run experiments on networks from the literature, with
different number of gateways. Experimental results as well as theoretical insights let us
conjecture that the round-up property holds for RWP considering uniform-traffic.

In [29], we give exact or almost exact bounds for the same problem in the specific case
of regular grids. Under very general hypothesis on the traffic demand, we mainly prove
that the throughput is determined by the bottleneck around the base station. We deal
with two cases: the base station located in the center and in the corner. We use dual
lower bounds and describe a protocol which is optimal when the traffic is uniform.

[35] is dedicated to a specific work about the impact of the MAC layer type on the
capacity of the network. Using linear programming models, we compare the capacity of a
network with MAC link per link acknowledgment to the case were the acknowledgments
are done by the transport layer (TCP like).
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