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Abstract. In mobile ad hoc networks (MANETs) mobile nodes do not
have access to a fixed network infrastructure and they set up a commu-
nication network by themselves. MANETs require implementation of a
wireless Medium Access Control (MAC) layer. Existing MAC algorithms
that consider no mobility, solve the problem of eventually guaranteeing
every node with a share of the communications bandwidth. In the context
of MANETs, we ask: Is there an efficient MAC algorithm when mobility
is considered?

MANETs are subject to transient faults, from which self-stabilizing
systems can recover. The self-stabilization design criteria, and related
concepts of self-�, liberate the application designer from dealing with
low-level complications, and provide an important level of abstraction.
Whereas stabilization criteria are important for the development of au-
tonomous systems, adaptation is imperative for coping with a variable
environment. Adapting to a variable environment requires dealing with
a wide range of practical issues, such as relocation of mobile nodes and
changes to the motion patterns.

This work proposes the design and proof of concept implementation of
an adapted MAC algorithm named Chameleon-MAC, which is based
on a self-stabilizing algorithm by Leone et al., and uses self-� methods in
order to further adapt its behavior according to the mobility characteris-
tics of the environment. Moreover, we give an extensive treatment of the
aspects and parameters that can bring the algorithm into the practical
realm and we demonstrate documented behavior on real network stud-
ies (MICAz 2.4 GHz motes) as well as using simulation (TOSSIM [32]),
showing improved overhead and fault-recovery periods than existing al-
gorithms.

We expect that these advantages, besides the contribution in the al-
gorithmic front of research, can enable quicker adoption by practitioners
and faster deployment.

� An extended version appears in [31] as a technical report. This work is partially
supported by the ICT Programme of the European Union under contract number
ICT-2008-215270 (FRONT’S).
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1 Introduction

Mobile ad hoc networks (MANETs) are autonomous and self-organizing systems
where mobile computing devices require networking applications when a fixed
network infrastructure is not available or not preferred to be used. In these
cases, mobile computing devices could set up a possibly short-lived network for
the communication needs of the moment; in other words, an ad hoc network.
MANETs are based on wireless communications that require implementation of
a Medium Access Control (MAC) layer [40]. MAC protocols need to be robust
and have high bandwidth utilization and low communication delay [38]. The
analysis of radio transmissions in ad hoc networks [19] and the relocation anal-
ysis of mobile nodes [30] show that MAC algorithms that employ a scheduled
access strategy, such as in TDMA, might have lower throughput than algorithms
that follow a randomized strategy [such as slotted ALOHA 1, 34]. However, the
scheduled approach offers greater predictability, which can facilitate fairness [21]
and energy conservation. This work proposes the design and proof of concept im-
plementation of an adapted MAC algorithm named Chameleon-MAC, which
is based on a self-stabilizing algorithm [30] and uses new methods and techniques
in order to further adapt its behavior according to the mobility characteristics
of the environment. Through extensive treatment of the aspects and parameters
of the new algorithm, we show that the algorithm in [30] can fit into a practical
realm and we demonstrate documented behavior on real network studies (MICAz
2.4 GHz motes) as well as simulation (TOSSIM [32]), showing improved overhead
and fault-recovery periods when compared with existing algorithms.

1.1 A Case for Adaptive Self-� in MANETs

The dynamic and difficult-to-predict nature of mobile networks gives rise to
many fault-tolerance issues and requires efficient solutions. MANETs, for exam-
ple, are subject to transient faults due to hardware/software temporal malfunc-
tions or short-lived violations of the assumed settings for modeling the location
of the mobile nodes. Fault-tolerant systems that are self-stabilizing [10, 11] can
recover after the occurrence of transient faults, which can cause an arbitrary
corruption of the system state (so long as the program’s code is still intact). The
self-stabilization design criteria, and related concepts of self-� [4], liberate the
application designer from dealing with low-level complications, and provide an
important level of abstraction. Consequently, the application design can easily
focus on its task – and knowledge-driven aspects.

Whereas stabilization criteria (and the related self-� concepts [4]) are impor-
tant for the development of autonomous systems, adaptation is imperative for
coping with a variable environment. In the context of MANETs, adapting to a
variable environment requires dealing with a wide range of practical issues, such
as relocation of mobile nodes, and changes to the rate or pattern by which they
move [17]. Adaptation has additional aspects in the context of fault-tolerance,
such as resource consumption [11, 16]. For example, high rates of churn and
concurrent node relocations can significantly increase the overhead.
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MANETs require MAC protocols that can provide robustness, high through-
put, and low latency [38]. Broadly speaking, existing implementations of MAC
protocols are based on carrier sense multiple access with collision avoidance
(CSMA/CA) and cannot predictably guarantee these requirements [6, 7]. The
design of the Chameleon-MAC algorithm takes a fresh look at time divi-
sion multiple access (TDMA) algorithms. The Chameleon-MAC algorithm
automatically adjusts the choice of timeslots according to the characteristics of
a variable environment (just as the Chamaeleonidae lizards adapt their chro-
matophore cells according to their surrounding colors). The adaptive design of
the Chameleon-MAC algorithm offers robustness, a greater degree of schedule
predictability than existing CSMA/CA algorithms, and better resource adaptive-
ness than existing TDMA algorithms. Such advantages allow quicker technolog-
ical developments and faster industrial deployment of MANETs.

1.2 Relocation Model

While MAC algorithms have been extensively studied in the context of MANETs,
both numerically and empirically, analytical study has been neglected thus far.
Until now, it has been speculated that existing MAC algorithms (that do not
consider mobility of node) would perform well in MANETs. Alternatively, alge-
braic equations are used for modeling the kinetics of mobile nodes [5]. Kinetic
models are difficult to analyze; it is hard to consider arbitrary behavior of mobile
nodes and transient faults.

We consider an abstraction of model, named relocations analysis, which sim-
plifies the proofs of impossibility results, lower bounds, and algorithms [30].
Models for relocation analysis focus on the location of mobile nodes rather than
emphasizing the “movements of the mobile users” [as in 8]. The location of mobile
nodes changes in discrete steps that are determined by a small set of parameters,
rather than in continuous motion and by complex rules [as in kinetics model of
5]. The analytical results for this abstract model hold for a large set of concrete
mobility models that can implement it. For example, a relocation analysis model
can be used to estimate the throughput of MAC algorithms in realistic highway
scenarios (cf. Section 5.4). Thus the studied model can improve the understand-
ing of MANETs by facilitating an analytical study of its algorithms in system
settings that can represent realistic scenarios.

1.3 Our Contribution

Algorithmic properties and systematic studies. We propose the
Chameleon-MAC algorithm; an adaptive, self-� MAC algorithm that takes
the scheduled approach and adapts to the variable environment of MANETs. We
study the algorithm in an abstract and universal relocation model, and imple-
ment it in a real network of wireless MICAz 2.4 GHz motes. The relocation model
allows us to compare the Chameleon-MAC algorithm to self-stabilizing MAC
algorithms, such as the ones by Leone et al. [30], Herman-Tixeuil [21], slotted
ALOHA [1] and p-persistent CSMA/CA (with and without back-off) [40]. This
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study and proof of concept includes an extensive treatment of the aspects and pa-
rameters that can bring the algorithm into the practical realm and demonstrate
documented behavior on real network studies (MICAz 2.4 GHz motes) as well as
using simulation (TOSSIM [32]). The study also shows that the Chameleon-
MAC algorithm maintains higher throughput than [1, 21, 30, 40], while it also
reveals other properties of interest.

Abstract-study-model properties and possibilities. Thus far, the de-
signers of fault-tolerant algorithms for MANETs have considered a plethora of
mobility models [8] for modeling the location of mobile nodes. Therefore, it is
difficult to compare different MAC algorithms for MANETs. Our study model is
an abstract relocation model used to analytically compare MAC algorithms [as
in 30] or to conduct experimental study and evaluation as we do in this work.
In [30], the properties of the model are briefly explored. The present work demon-
strates further that the relocation model is sufficiently abstract to describe a va-
riety of situations, and detailed enough to allow comparative studies of different
algorithms.

Concrete-study-model scenarios and conclusions for practice. Based on
the abstract relocation model, we show how to describe concrete mobility models
for Vehicular Ad-Hoc Networks (VANETs) that, due to the nodes’ mobility, have
regular and transient radio interferences. We also systematically study the role
of the local estimation of global parameters, because mobile nodes do not have
direct knowledge about the model’s global parameters and their impact on the
throughput. Furthermore, we use the aforementioned models to study the algo-
rithms with varying mobility parameters and demonstrate that the Chameleon-
MAC algorithm adapts in variable environments that have radio interferences.
Namely, the study shows that the Chameleon-MAC algorithm quickly recov-
ers from radio interferences that occur due to the nodes’ mobility in VANETs.
Moreover, even in scenarios with no mobility, the Chameleon-MAC algorithm’s
throughput is higher than the one of existing implementations [1, 21, 30, 40]. We
present measurements, on a real network of MICAz 2.4 GHz motes, that validate
this observation, which we first obtain through TOSSIM [32] implementations.

2 Preliminaries

The system consists of a set of communicating entities, which we call (mobile)
nodes (or (mobile) motes). Denote the set of nodes by P (processors) and every
node by pi ∈ P .

Synchronization. We assume that the MAC protocol is invoked periodically
by synchronized common pulses. The term (broadcasting) timeslot refers to the
period between two consecutive common pulses, tx and tx+1, such that tx+1 =
(tx mod T )+ 1, where T is a predefined constant named the frame size, i.e., the
number of timeslots in a TDMA frame (or broadcasting round).
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Communication model. We consider a standard radio interference unit (such
as CC2420 [36]) that allows sensing the carrier and reading the energy level
of the communication channel. Sometimes, we simplify the description of our
algorithms and relocation models by considering concepts from graph theory.
Nevertheless, the simulations consider a standard physical layer model [27].

At any instance of time, the ability of any pair of nodes to directly com-
municate is defined by the set, Ni ⊆ P , of neighbors that node pi ∈ P can
communicate with directly. Wireless transmissions are subject to collisions and
we consider the potential of nodes to interfere with each others’ communications.
We say that nodes A ⊆ P broadcast simultaneously if the nodes in A broadcast
within the same timeslot. We denote by Ni = {pk ∈ Nj : pj ∈ Ni ∪ {pi}} \ {pi}
the set of nodes that may interfere with pi’s communications when any nonempty
subset of them, A ⊆ Ni : A �= ∅, transmit simultaneously with pi. We call Ni

the interference neighborhood of node pi ∈ P , and |Ni| the interference degree of
node pi ∈ P .

3 Models for Relocation Analysis

We enhance the abstract relocation model of [30] using geometric properties that
can limit the node velocity, unlike the earlier model [30]. In order to exemplify
concrete models that can implement the proposed abstract one, we consider two
mobility models that are inspired by vehicular ad hoc networks (VANETs).

3.1 Abstract Model Definitions

In [30], the authors use relocation steps, rt, that relocate a random subset of
nodes, Prt , and require that the number of nodes that relocate at time t is at
most α|P |, where α ∈ [0, 1] (relocation rate) and time is assumed to be discrete.
The relocation steps of [30] are random permutations of the locations of the
nodes in Prt . Namely, within one relocation step, a mobile node can relocate to
any location. Thus, the model in [30] does not limit the node velocity.

This work looks into different scenarios in which each mobile node randomly
moves in the Euclidian plane [0, 1]2. Initially, n vertices are placed in [0, 1]2, in-
dependently and uniformly at random. The relocation steps in which a bounded
number of nodes, pi ∈ Pr, change their location, pi(t) = 〈xi(t), yi(t)〉, to a ran-
dom one, pi(t+ 1), that is at a distance of at most β ≥ distance(pi(t), pi(t+ 1)),
where t is a discrete time instant, β ∈ [0, 1] is a known constant named (max-
imal) relocation distance and distance(pi, pj) =

√
(yj − yi)2 + (xj − xi)2 is the

geometric distance. We note that β limits the node speed in concrete mobile
models that implement the proposed abstract model.

3.2 Concrete Model Definitions

Relocation analysis considers an abstract model that can represent several con-
crete mobility models. We consider two concrete mobility models that are in-
spired by vehicular ad hoc networks (VANETs). The models depict parallel and
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unison motion of vehicles that move at a constant speed and in opposite lanes.
The first model assumes that the mobile nodes are placed on a grid and thus the
radio interferences follow regular patterns. The second model considers vehicle
clusters that pass by each other and thus their radio interferences are transient.

Regular radio interference. This model is inspired by traffic scenarios
in which the vehicles are moving in parallel columns. We consider m rows,
r0, r1, . . . , rm−1, of m nodes each (m = 20 in our experiments). Namely,
rj = pj,0, pj,1, . . . pj,m−1 is the j-th row. In this concrete model, the axes of
the Euclidian plane [0, 1]2 are associated with scales that consider 1

200 as its dis-
tance units. We assume that, at any time, the location, (xi, yi), of a mobile node,
pi, is aligned to the axes’ scale. Namely, 200xi and 200yi are integers. Moreover,
at any time, the distance between pj,k and pj,k+1 (where k, j ∈ [0,m − 2]) and
the distance between pj,k and pj+1,k (where j ∈ [0,m− 2]) is ψ distance units
(ψ = 10 in our experiments). In the initial configuration, the nodes are placed
on a m×m matrix (of parallel and symmetrical lines). At each relocation step,
the nodes in the even rows move a constant distance, speed > 0, to the right.
Moreover, when the nodes move too far to the right, they reappear on the left.
Namely, the rightmost node in the rows, pj,m−1, becomes the leftmost node in
the row when the location of the pj,m−2 is not to the right of the vertical line,
�up,down, that can be stretched between the location of that nodes pup,m−1 and
pdown,m−1, where up = j−1 mod m and down = j+1 mod m. In Section 5, we
show that the radio interferences of this model follow a regular pattern.

Transient radio interference. This model is inspired by two vehicle clusters
that pass each other while moving in opposite lanes. The clusters are formed in a
process that assures a minimal distance of ψ units between any two neighboring
nodes (ψ = 10 in our experiments). Namely, we start by placing the nodes on
a m × m matrix (of parallel and symmetrical lines), and let the nodes move
toward their neighbors in a greedy manner that minimizes the distances among
neighbors (m = 20 in our experiments). Once the clusters are formed, the cluster
on the right moves towards the one on the left in a synchronized manner. At
each relocation step, they reposition themselves to a location that is a constant
number of units distance, speed > 0, from their current location. In Section 5,
we show that the radio interferences of this model are transient.

4 The Chameleon-MAC Algorithm

An adaptive and self-� MAC algorithm for MANETs is presented. The al-
gorithm is based on a non-adaptive, yet self-stabilizing, MAC algorithm for
MANETs [30]. Leone et al. [30] explain how mobile nodes are able to learn
some information about the success of the neighbors’ broadcasts and base their
algorithm on vertex-coloring; nodes avoid broadcasting in the timeslots in which
their neighbors successfully broadcast. Namely, the algorithm assigns each node
a color (timeslot) that is unique to its interference neighborhood.
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The algorithm by Leone et al. [30] is self-stabilizing; however it is not adap-
tive. For example, the algorithm allows each node to broadcast at most once
in every broadcasting round and assumes that the number of timeslots in the
broadcasting rounds, T , is at least as large as the maximal size of the interference
neighborhoods. Before presenting the Chameleon-MAC algorithm, we explain
some details from [30] that are needed for understanding the new Chameleon-
MAC algorithm.

4.1 Self-stabilizing MAC Algorithm for MANETs

Keeping track of broadcast history is complicated in MANETs, because of
node relocations and transmission collisions. The algorithm by Leone et al. [30]
presents a randomized solution that respects the recent history of the neighbors’
broadcasts based on information that can be inaccurate. However, when the re-
location rate or maximal relocation distance are not too great, the timeslots can
be effectively allocated by the Leone et al. algorithm [30].

This is achieved using a randomized construction that lets every node inform
its interference neighborhood on its broadcasting timeslot and allows the neigh-
bors to record this timeslot as an occupied/unused one. The construction is based
on a randomized competition among neighboring nodes that attempt to broad-
cast within the same timeslot. When there is a single competing node, that node
is guaranteed to win. Namely, the node succeeds in informing its interference
neighborhood on its broadcasting timeslot and letting the interference neighbor-
hood mark its broadcasting timeslot as an occupied one. In the case where there
are x > 1 competing nodes, there might be more than one “winner” (hence caus-
ing collisions). However, the expected number of winners will decrease after each
subsequent round, because of the randomized construction. Why this procedure
is guaranteed to converge is shown in [30]. For self-containment, we include the
pseudo-code description of [30] in Fig. 1.

4.2 The Chameleon-MAC Algorithm

The Chameleon-MAC algorithm adapts to a variable environment in which
relocation parameters, as well as the size of the interference neighborhoods, can
change. Moreover, the algorithm adapts its behavior according to the state of the
allocated resources, i.e., nodes adjust their timeslot allocation strategy according
to the distribution of assigned timeslots. In order to do that, the algorithm
employs new methods and techniques that achieve self-� properties [4].

Definition 1 is required for the presentation of the Chameleon-MAC
algorithm.
Definition 1 (Timeslot properties). Consider the interference neighborhood,
Ni : pi ∈ P , and its timeslot assignment in Ni, which we denote by [νi,s], where
νi,s = {pj ∈ Ni : sj = s}, where sj is the timeslot used by processor pj ∈ Ni.
We say that timeslot s ∈ [0, T − 1] is:
– empty; if no neighbor in Ni transmits in timeslot s, i.e., |νi,s| = 0,
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Variables and external functions
2 MaxRnd = number of rounds in the competition

s:[0, T-1 ] ∪ {⊥} = next timeslot to broadcast or null (⊥)
4 competing: boolean = competing for the channel

unique: boolean = indicates a unique broadcasting timeslot
6 unused[0,T-1 ]: boolean = marking unused timeslots

MAC fetch()/MAC deliver(): layer interface
8 broadcast/receive/carrier sense/collision(): media primitives

10 Upon timeslot(t)
if t = 0 then (∗ On the first timeslot perform a test ∗)

12 (∗ Was the previous broadcast unsuccessful? ∗)
if ¬ unique ∨ s = ⊥ then

14 (∗ Choose again the broadcasting timeslot ∗)
s ← get random unused()

16 unique ← false (∗ reset the state of unique ∗)
unused[t ] ← true (∗ remove stale information ∗)

18 (∗ Get a new message and sent it if everything is ok ∗)
if s �= ⊥∧ t = s then send(MAC fetch())

20
Upon receive(m) do MAC deliver(m)

Function get random unused() (∗ selects unused timeslots ∗)
24 return select random({ k ∈ [0,T-1 ] |unused[k ] = true })

26 Function send(m)
(competing, unique, k) ← (true, true, 1) (∗ start competing ∗)

28 while k ≤ MaxRnd ∧ competing = true (∗ stop competing? ∗)
with probability 2(−MaxRnd+k) do

30 broadcast(m) (∗ try acquiring the channel ∗)
competing ← false (∗ quit the competition ∗)

32 with probability 1 − 2(−MaxRnd+k) do
wait until the end of the competition time unit

34 k ← k + 1

36 (∗ Stop competing when a neighboring node starts transmitting ∗)
Upon carrier sense(t) (∗ a neighbor is using timeslot t ∗)

38 if competing = true then unique ← false
(competing, unused[t ]) ← (false, false)

40
(∗ Collisions indicate unused timeslots ∗)

42 Upon reception error(t) do unused[t ] ← true

Fig. 1. The self-stabilizing MAC algorithm for MANETs by Leone et al. [30], code of
processor pi

– congested; if more than one neighbor transmits in timeslot s, i.e., |νi,s| > 1,
– well-used or unique; if exactly one neighbor transmits, i.e., |νi,s| = 1, and
– unused; if no neighbor or more than one neighbor transmits, i.e., |νi,s| �= 1

and thus timeslot s is not properly assigned.

Variable relocation rate and distance. MAC algorithms that follow the
scheduled approach spend some of the communication bandwidth on allocat-
ing timeslots. We consider such algorithms and relocation models with constant
parameters, in order to explain the existence of a trade-off between the through-
put and the convergence time. Then, we explain how to balance this trade-off
by adapting the algorithm’s behavior according to the relocation parameters.

Obviously, there is a trade-off between the throughput, τ , and the communi-
cation overhead, h, because τ +h is bounded by the communication bandwidth.
The throughput of MAC algorithms that follow the scheduled approach is guar-
anteed to converge within a bounded number of broadcasting rounds, 	. The rate
by which they converge depends not only on the model’s parameters, but also
on the communication overhead, h. For example, the more bandwidth that the
Leone et al. algorithm [30] is spending on competing for timeslots, the greater
recovery each broadcasting round provides, and consequently, the shorter the
convergence period is. This is a trade-off between the throughput, τ , and the
convergence time, 	, which is settled by the communication overhead, h. Com-
plementing the Leone et al. algorithm [30], the Chameleon-MAC algorithm
balances this trade-off.

The Chameleon-MAC algorithm lets nodes adjust the communication over-
head that they spend on competing for their timeslot according to an estimated
number of unique timeslots (cf. Definition 1). The intuition behind the balancing
technique is that the energy level becomes low as the nodes successfully allocate
unique timeslots, because there are fewer collisions. Thus, after a convergence
period, the nodes can reduce the communication overhead, h, by using less of
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the communication bandwidth on competing for their timeslots. Namely, they
adjust the value of MaxRnd of Figure 1. The eventual value of h depends on the
parameters of the relocation model, because the nodes should not stop dealing
with relocations. Namely, in order to cope with relocations, the nodes should
always deal with events in which their broadcasting timeslots stop being unique
due to the relocation of mobile nodes. Such relocations cause message collisions
and higher energy level in the radio channels. The Chameleon-MAC algorithm
copes with such changes by letting each node gradually adjust the amount of
communication bandwidth it spends competing for timeslots.

Thus, when the relocation parameters are constants, the communication over-
head, h, is set to a value that balances the trade-off between the throughput, τ ,
and convergence period, 	.

Variable size of interference neighborhoods. The Chameleon-MAC al-
gorithm follows the scheduled approach because of its greater predictability com-
pared to the random access approach. Namely, the nodes are allocated unique
timeslots from the TDMA frame (cf. Definition 1). The Chameleon-MAC al-
gorithm considers frames of a fixed size and adapts the timeslot allocation ac-
cording to the size of interference neighborhoods complementing the Leone et
al. algorithm [30].

The presentation of the techniques in use is simplified by considering the two
possible cases: (1) the size of pi’s interference neighborhood, Di, is not greater
than the TDMA frame size, T , i.e., Di ≤ T and (2) Di > T (where pi ∈ P is a
node in the system). Notice that the procedures are concurrently executed and
do not require explicit knowledge about Di.

◦ Di ≤ T . In this case, the Chameleon-MAC algorithm allocates to each
node at least one timeslot. Node pi publishes (in its data-packets) the number of
timeslots, Ti ∈ [0, T ], that it uses in order to facilitate fairness requirements (i.e.,
attach this information to message m send in line 30 of Figure 1). The fairness
criterion is that |Ti −Mi| ≤ 1, where Mi is the median of timeslots allocated
to the neighbors of pi. The nodes apply this fairness criterion when deciding on
the number of timeslots to use.

◦ Di > T . The algorithm employs two methods for dealing with cases in
which there are more nodes in the neighborhood than TDMA timeslots; one for
facilitating fairness and another for contention control.

Fairness can be facilitated by letting the nodes transmit at most � consecutive
data-packets before allowing other nodes to compete for their (already allocated)
timeslots, where � is a predefined constant.

The contention control technique is inspired by the p-persistent CSMA algo-
rithm [40]. It assures that, at any time, an expected fraction of p ∈ (0, 1) mobile
nodes that do not have unique timeslots would compete for an unused one and
(1−p) of them would defer until a later broadcasting round (cf. Definition 1). i.e.,
each node that needs to change its broadcasting timeslot decides, with probability



Chameleon-MAC: Adaptive and Self-� Algorithms 477

p, to attempt to use the new timeslot in the broadcasting round that immediately
follows [as in the Leone et al. algorithm 30], and with probability (1 − p) it skips
that broadcasting round. Namely, the function get random unused() in lines 23 to
24 of Figure 1, returns ⊥ with probability (1 − p).

This process can be repeated for several timeslots until the node decides, with
probability p, to attempt to use one of the unused timeslots.

The combination of the methods for facilitating fairness and contention control
aims at allowing nodes to eventually acquire a unique timeslot. The successful
reservation of unique timeslots for the duration of � broadcasting rounds depends,
of course, on the nodes’ relocation.

Adaptive timeslot allocation strategy. The Chameleon-MAC algorithm
employs two methods for adjusting the timeslot allocation according to the al-
location’s distribution.

◦ Luby-algorithm-inspired method. Luby [33] presents a round-based vertex-
coloring algorithm. In each round, every uncolored vertex selects, uniformly at
random, an unused color (cf. Definition 1). In Luby’s settings, each vertex can
accurately tell whether its color is well-used. This is difficult to achieve deter-
ministically in wireless radio communications. However, the nodes can discover
with probability Prtest ∈ [ 14 ,

1
2 ] whether their broadcasting timeslots are well-

used [see 30, Section 4]. Therefore, a non-uniform selection of unused timeslots
is the result of letting the nodes whose broadcasting timeslot is congested select,
uniformly at random, an unused timeslot (as in line 24 of Figure 1). This is be-
cause a ratio of 1 − Prtest nodes cannot detect that their broadcasting timeslot
is congested, and hence do not change their broadcasting timeslot.

The Luby-algorithm-inspired method prefers empty timeslots to congested
ones when selecting a new broadcasting timeslot from the set of unused ones.

◦ Z̆erovnik-algorithm-inspired method. Z̆erovnik [41] accelerates the stabilization
of vertex-coloring algorithms by favoring colors that are less represented in the
neighborhood. Inspired by Z̆erovnik’s technique, the Chameleon-MAC algo-
rithm employs a method that aims at favoring timeslots that are less frequently
used in the neighborhood when nodes are required to select a new timeslot. The
heuristic favors the selection of congested timeslots with low energy level of the
radio channel over congested timeslots with high level (cf. Definition 1).

In more detail, when node pi ∈ P considers a new timeslot, si, and si hap-
pens to be congested, then with probability Pr(si), pi indeed uses timeslot
s for broadcasting and with probability of 1 − Pr(si) it does not change its
broadcasting timeslot, where Pr(si) = 1 − O(exp(timeslot energy level[si])),
the array timeslot energy leveli[] stores the channel energy level that node
pi recorded during the latest broadcasting round. We note that the value of
timeslot energy leveli[t] is negative in our settings, because of the low energy
used for transmission.
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5 Experimental Evaluations

Throughput is a basic measure of communication efficiency. It is defined as the
average fraction of time that the channel is employed for useful data propaga-
tion [40]. We study the relationship between the eventual throughput, τ , of
the studied algorithms and the model parameters. The study considers: (1)
simulated throughput, τsimulated, obtained by simulation (TOSSIM [32]), (2)
estimated throughput, τestimated, which is a MATLAB interpolation of the sim-
ulation results and (3) measured throughput, τmeasured, obtained by executing
the Chameleon-MAC algorithm in a real network of wireless MICAz 2.4 GHz
motes. The results of the experiment suggest that the throughput, τ , is a function
that depends on the model parameters.

5.1 System Settings
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Fig. 2. Average similarity ratio is
depicted as the function ASR(α, β)
of the relocation rate, α (x-axis),
and the maximal relocation dis-
tance β (y-axis). 5th polynomial in-
terpolation was used.

The simulations were conducted in
TOSSIM/TinyOS 2.1v [32] and consid-
ered 400 motes. We have considered the
default values for TOSSIM’s radio model,
which is based on the CC2420 radio, used in
the MICAz 2.4 GHz and telos [36] motes. In
our simulations, we use timeslots of 2.5 ms.

Radio interference model. TOSSIM/TinyOS
2.1v simulates the ambient noise and RF in-
terference a mote receives, both from other
radio devices as well as outside sources. In
particular, it uses an SNR-based (Signal-to-
Noise Ratio) packet error model with SINR-
based (Signal to Interference-plus-Noise Ratio) interference [32]. Thus, common
issues, such as the hidden terminal problem and the exposed terminal problem,
are considered.

Simulation details. The simulation experiments considered 400 mobile nodes.
Before the system execution, each node had selected its broadcasting timeslot
uniformly at random from the set [0, T − 1] of timeslots. We then let the simu-
lation run for a sufficiently long period (100 broadcasting rounds) during which
the throughput, τ , eventually converges.

Empirical test-bed. This work demonstrates a proof of concept of the
Chameleon-MAC algorithm using a real network of 35 MICAz 2.4 GHz motes,
which are composed of the ATmega128L microcontroller and the CC2420 radio
chip. The motes were placed on a 5× 7 matrix, the distance between two neigh-
boring motes was 22 cm and the radio admission level was −90dBm [9, Section
6.3]. Throughout this particular experiment, the motes were not moved.
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Fig. 3. Throughput of the Chameleon-MAC algorithm, τ , is compared to those of
Leone et al. [30] and Herman-Tixeuil [21]. On the top row, the throughput, τ (α, β), is
depicted as a function of the relocation rate, α (x-axis), and the maximal relocation
distance β (y-axis). On the bottom row, the throughput, τ (r, asr), is depicted as a
function of the broadcasting round, r (x-axis), and ASR (y-axis). E.g., suppose that
the ASR is 50%, then the throughput of the Chameleon-MAC algorithm will be
about 20%, 30% and 40% within about 5, 10 and 20 broadcasting rounds, whereas the
throughput of the Herman-Tixeuil [21] will be about 20% and 25% within about 10
and 60 broadcasting rounds. 5th polynomial interpolation was used.

The Chameleon-MAC algorithm assumes that each node has access to an
accurate clock that can facilitate a common pulse. In our test-bed, the common
pulse was emulated by starting every timeslot with a beacon message sent by
the central mote, p3,5.

5.2 Presentation

The relocation rate and distance are global parameters that define the relocation
model. It is not clear how they can be estimated locally by the mobile nodes.
Therefore, we consider the average similarity ratio (ASR) parameter, which can
be calculated locally by the nodes [31].

The definition of the average similarity ratio (ASR) considers the unit disk
graph (UDG); given the disk radius, χ ∈ [0, 1], we defineGt = (P,Et) as the UDG



480 P. Leone et al.

that the mobile nodes induce in time t, where Et = {(pi, pj)|distance(pi, pj) ≤ χ}
is the set of edges at time t and distance(pi, pj) =

√
(yj − yi)2 + (xj − xi)2

is the geometric distance. The ASR is defined by a (non-aggregated) similar-
ity ratio, ASRi = |Ni(Gt)∩Ni(Gt+1)|

|Ni(Gt)| , that considers the neighbors that a mo-
bile node maintains when relocating to a new neighborhood, where Ni(G) is the
set of pi’s neighbors in graph G. The nodes that are placed near the plane’s
borders have a lower (non-aggregated) similarity ratio upon relocation. Hence,
ASR = average({ASRi|pi ∈ P (t)}), considers the set of nodes, P (t) = {pi ∈
P |〈xi(t), yi(t)〉 ∈ [ 15 ,

4
5 ]2}.

ASR(α, β) depicts ASR as a function of the relocation rate and distance;
see Fig. 2. Contour charts present two parameter functions, e.g., ASR(α, β).
They are often used in geographic maps to join points of the same height above
sea level. Contour lines in Fig. 2 connect values of ASR(α, β) that are the same
(see the text tags along the line).

The term percentage of potential throughput (PPT) is used in the presentation
of the throughput: τsimulated, τestimated or τmeasured. It considers a TDMA
frame in which only data-packets are sent and they are all received correctly. We
define bitpotential as the sum of bits in all the payloads of such a frame. Given a
broadcasting round, r, and a node, pi ∈ P , we define bitactual(r, i) as the number
of bits in the payloads that were sent correctly by pi or received correctly by pi in
r. Given a broadcasting round, r, we define PPT as 1

|P (tr)|
∑

pi∈P (tr)
bitactual(r,i)
bitpotential

,
where tr is the time in which the broadcasting round begins and P (t) = {pi ∈
P |〈xi(t), yi(t)〉 ∈ [ 15 ,

4
5 ]2}. We note that in our settings, the maximum potential

throughput MPT is 76%, because of the time required for multiplexing and the
transmission of the packet header/footer.

5.3 Throughput
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Fig. 4. Throughput of the Chameleon-
MAC algorithm, τ , is compared to those of
Leone et al. [30], Herman-Tixeuil [21], and
CSMA/CA with back-off

The results of the experiments allow
us to compare the Chameleon-
MAC algorithm to Leone et
al. [30], Herman-Tixeuil [21], slot-
ted ALOHA [1] and p-persistent
CSMA/CA (with and without back-
off) [40] (Fig. 3, Fig. 4 and Fig. 5).

The simulated throughput values
are compared as a function, τ(α, β),
of relocation rate and distance in
Fig. 3-top. The charts show that
the Chameleon-MAC algorithm has
greater throughput than Leone et
al. [30] and Herman-Tixeuil [21].

The simulated throughput values
are depicted as a function, τ(r, asr), of
the broadcasting rounds and the ASR
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in Fig. 3-bottom. The charts show that the Chameleon-MAC algorithm con-
verges within 30 broadcasting rounds, whereas the Herman-Tixeuil [21] converge
period may take more than 100 rounds.
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Fig. 5. Simulated and measured through-
put (upper solid line and lower dash-
dot line, respectively) together with
their trends (dotted lines). The x-axes
consider the broadcasting round num-
ber, r. The y-axes consider the per-
centage of potential throughput (PPT).
The simulated throughput’s trend is
τsimulated trend(r) = 0.02r + 0.19 when
r < 25, and 0.57 when r ≥ 25.
The measured throughput’s trend is
τmeasured trend(r) = 0.01r + 0.11 when
r < 37 and 0.70 when r ≥ 37.

The simulated throughput values are
depicted as a function, τ(asr), of the
ASR in Fig. 4. The chart shows that
around asr = 40%, there is a criti-
cal threshold, above which the through-
put of the Chameleon-MAC algo-
rithm is higher than TOSSIM’s native
MAC (CSMA/CA with back-off). We
let TOSSIM’s native MAC (CSMA/CA
with back-off) represent the MAC algo-
rithms that follow the randomized ap-
proach, such as slotted ALOHA [1] and
p-persistent CSMA/CA without back-
off [40], because TOSSIM’s native MAC
has greater throughput than slotted
ALOHA [1] and p-persistent CSMA/CA
without back-off [40]. The results show
that the maximal eventual through-
put of the Chameleon-MAC algo-
rithm is τ = 70.4% when the reloca-
tion model considers no mobility, which
is 92.6% of the maximum potential
throughput (MPT). In general, the in-
terpolated function τestimated(asr) =
0.41(asr)1.353 + 0.29 can be used for
estimating the eventual throughput
of the Chameleon-MAC algorithm
when the ASR is constant.

The simulated and measured
throughput values are compared in Fig. 5. We note that the eventual measured
throughput is about 82% of the simulated one with standard deviations of
2.93% and 1.33%, respectively, which are similar to the throughput deviation
of TOSSIM’s native MAC (CSMA/CA with back-off). Moreover, the measured
convergence is 59%, slower than the simulated one. We attribute these differ-
ences in throughput, stability and convergence to the lack of detail in TOSSIM’s
radio interference model [32].

5.4 Validation of the Abstract Relocation Analysis in Concrete
Mobility Models

We consider the two concrete mobility models for vehicular ad hoc networks
(VANETs) that were presented in Section 2. They validate the abstract reloca-
tion model by showing that, in scenarios that exclude unrealistic situations, the
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Chameleon-MAC algorithm can maintain throughput that is greater than the
studied algorithms [1, 21, 30, 40] in the presence of regular and transient radio
interference that occurs due to the nodes’ mobility. Moreover, we show that the
throughput of the Chameleon-MAC algorithm in VANETs is correlated to the
function, τestimated(asr), that interpolates eventual throughput (cf. Section 5.3).
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Fig. 6. Simulated and estimated
throughput in VANETs with
regular interference. The top
chart presents the throughput,
τsimulated(r, speed), as a function
of the broadcasting rounds, r
(x-axis), and the speed (y-axis)
in unit distance per broadcasting
round. The bottom chart presents
the residual, τsimulated(r, speed) −
τestimated(ASR(r)), as a function
of the broadcasting rounds, r
(x-axis), and the speed (y-axis)
in unit distance per broadcasting
round.

Regular radio interference. This model is
inspired by traffic scenarios in which vehicles
are moving in parallel columns. The experi-
mental results are presented in Fig. 6. The ex-
periment considers speed ≤ 20 distance units
per broadcasting round, because we exclude
unrealistic situations.

The figure shows that within fewer than 30
broadcasting rounds, the throughput of the
Chameleon-MAC algorithm is greater than
TOSSIM’s native MAC (CSMA/CA with
back-off) and within about 50 broadcasting
rounds, the throughput of the Chameleon-
MAC algorithm converges to a value that is
less than 5% from the eventual value and 50%
greater than TOSSIM’s native MAC.

Transient radio interference. This model
is inspired by two vehicle clusters that pass
each other while moving in opposite lanes.
Fig. 7 considers such transient radio in-
terference. The results show that, in sce-
narios that exclude unrealistic situations,
the Chameleon-MAC algorithm maintains
greater throughput than the studied MAC algorithms [1, 21, 30, 40] in the pres-
ence of transient radio interference and it can quickly recover from such faults.

Fig. 7 considers the simulated throughput, τsimulated(r), estimated through-
put, τestimated(r) = τestimated(ASR(r)) (cf. the interpolated eventual through-
put for a constant ASR in Section 5.3), average similarity ratio, ASR(r), and
the residual, residual(r) = τsimulated(r) − τestimated(r) + 1 (the addition of
the constant 1 allows the reader to visually compare between residual(r) and
ASR(r)). The figure depicts an interference period during the broadcasting
rounds r ∈ [20, 40].

6 Discussion

Though some fundamental ad hoc networking problems remain unsolved or
need optimized solutions, it is believed that ad hoc networks are not very far from
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Fig. 7. Simulated throughput, τsimulated(r), estimated throughput, τestimated(r),
average similarity ratio, ASR(r), and the residual, residual(r) = τsimulated(r) −
τestimated(r) + 1, are depicted by the solid line, dash-dot line, dotted line, and dashed
line, respectively in a VANETs with transient interference. The left and right charts
consider speed = 5 and speed = 10, respectively, of distance units per broadcasting
round. The x-axes consider the broadcasting round number, r. The y-axes consider the
percentage of the aforementioned functions.

being deployed on a large-scale commercial basis. For example, the TerraNet
system allows voice and data communications via a peer-to-peer mobile mesh
network comprised of modified handsets that were originally designed for cel-
lular networks [39]. Vehicular ad hoc networks (VANETs) are a type of mobile
network used for communication among mobile vehicles [22]. Nowadays, ma-
jor automakers are developing future applications for vehicular communications
on roads and highways. In sensor MANETs, the motes have joint monitoring
tasks and the nodes’ mobility can help achieve such tasks. Moreover, mobility
can facilitate logistical services, say, by providing network connectivity between
the MANETs’ nodes and other communication endpoints, such as command-
and-control units. Such services and applications can be constructed using the
Virtual Node (VN) abstraction for MANETs [14, 15] without the use of fixed or
stationary infrastructure.

6.1 Related Work

The IEEE 802.11 standard is widely used for wireless communications. Nev-
ertheless, the research field of MAC protocols is very active and has hundreds
of publications per year. In fact, the IEEE 802.11 amendment, IEEE 802.11p,
for wireless access in vehicular environments (WAVE), is scheduled for Novem-
ber 2010. It was shown that the standard’s existing implementations cannot
guarantee channel access before a finite deadline [6, 7]. Therefore, VANETs’
real-time applications cannot predictably meet their deadlines. The design of
the Chameleon-MAC algorithm facilitates MAC protocols that address im-
portant issues, such as predictably [6, 7], fairness [21] and energy conservation.
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The algorithmic study of MAC protocols is a research area that considers the
analysis of distributed MAC algorithms using theoretical models that represent
the communication environment. The scope of this work includes distributed
MAC algorithms for wireless ad hoc networks and adaptive self-stabilization.

MAC algorithms. ALOHAnet and its synchronized version Slotted ALOHA [1]
are pioneering wireless systems that employ a strategy of “random access”. Time
division multiple access (TDMA) is another early approach where nodes trans-
mit one after the other, each using its own timeslot, say, according to a defined
schedule. The analysis of radio transmissions in ad hoc networks [19] and the
relocation analysis of mobile nodes [30] show that there are scenarios in which
MAC algorithms that employ a scheduled access strategy have lower throughput
than algorithms that follow the random access strategy. However, the scheduled
approach offers greater predictability, which can facilitate fairness [21] and en-
ergy conservation.

◦ Non-self-stabilizing MAC algorithms for wireless ad hoc networks. Watten-
hofer’s fruitful research line of local algorithms considers both theoretical [18, 20,
and references therein] and practical aspects of MAC algorithms [43, and refer-
ences therein] and the related problem of clock synchronization [28, and refer-
ences therein]. For example, the first partly-asynchronous self-organizing local
algorithm for vertex-coloring in wireless ad hoc networks is presented in [37].
However, this line currently does not consider MANETs. An example of a self-
organizing MAC protocol that considers a single hop and no mobility is [35].

◦ Non-self-stabilizing MAC algorithms for MANETs. An abstract MAC layer
was specified for MANETs in [24]. The authors mention algorithms that can
satisfy their specifications (when the mobile nodes very slowly change their lo-
cations). MAC algorithms that use complete information about the nodes’ tra-
jectory are presented in [42, and references therein] (without considering the
practical issues that are related to maintaining the information about the nodes’
trajectories). A self-organizing TDMA algorithm that maintains the topological
structure of its communication neighborhood is considered in [6, 7]. The authors
use computer simulations to study the protocol, assuming that nodes have access
to a global positioning system, and that transmission collisions can be detected.

◦ Self-stabilizing MAC algorithms for wireless ad hoc networks. Two examples
of self-stabilizing TDMA algorithms are presented in [21, 23]. The algorithms
are based on vertex-coloring and consider ad hoc networks (in which the mo-
bile nodes may move very slowly). Recomputation and floating output tech-
niques [11, Section 2.8] are used for converting deterministic local algorithms to
self-stabilizing ones in [29]. However, deterministic MAC algorithms are known
to be inefficient in the context of MANETs, as shown in [30]. There are several
other proposals for self-stabilizing MAC algorithms for sensor networks [such as
2, 3, 25, 26]; however, none of them considers MANETs.
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Adaptive self-stabilization. In the context of self-stabilization, adaptive
resource consumption was considered for communication [16] and memory [cf.
Update algorithm in 11]. Namely, after the convergence period, the algorithm’s
resource consumption is asymptotically optimal [as in 11] or poly-logarithmic
times the optimal [as in 16]. In the context of MANETs, the idea of self-
stabilizing Virtual Node (VN) [13–15] and tokens that perform random walks in
order to adapt to the topological changes [17] was widely adopted by the theory
and practice of MANETs. These concepts can implement a wide range of appli-
cations, such as group communication services [17], and traffic coordination and
safety [44].

6.2 Conclusions

The large number of MAC algorithms and protocols for ad hoc networks man-
ifests both the interest in the problem, as well as the lack of some commonly
accepted and well understood methods that enable balancing the large number
of trade-offs. The proposed adaptive and self-� Chameleon-MAC algorithm
and the systematic study presented here shed light on and bridge this situation:
The extensive study, using the TOSSIM [32] simulation and the actual MICAz
2.4 GHz mote platform, of the aspects and parameters that are of interest in
the practical realm, offer a gnomon to facilitate adoption and deployment in
practice.

The study includes a wide, multi-dimensional range of mobility situations
and demonstrates that the Chameleon-MAC algorithm is an alternative with
improved overhead and fault-recovery periods compared to existing algorithms
in the literature and in practice [1, 21, 30, 40]. To highlight a small example, in
scenarios that exclude unrealistic situations, the Chameleon-MAC algorithm
maintains greater throughput than the studied ones [1, 21, 30, 40], including
TOSSIM’s native MAC (CSMA/CA with back-off).

As a side-result, this work demonstrates that the relocation model is suffi-
ciently abstract to describe a variety of situations (from limited mobility sce-
narios to concrete mobility models for VANETs) and detailed enough to allow
comparative studies of different algorithms.

Another contribution in the paper, which was an intermediate step in our
study and which can be of independent interest, is the analysis of the role of the
local estimation (by the nodes) of the global model parameters and their impact
on the algorithms. Interestingly, we discovered the average similarity ratio (ASR)
that can estimate well the throughput of the studied algorithms.
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