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Abstract—An efficient way to bound the size of clusters in too large for the clustering algorithm to be executed effitje
large-scale self-organizing wireless networks is to rely m a On the other hand, too small clusters also lead to ineffigienc
budget-based strategy. The side effect of conventional bgét-  Therefore, clustering algorithms for self-organizingwertks

based clustering approaches is that they generate a poteal .
large nu;]nbel’l (% Sfr?a” even ISing|e-nOdyegC|USterS. T%e C(EZS must be able to control the size of the formed clusters.

quence is that while clusters are bounded, their average sizmay Most clustering algorithms do not control the number of
be far from the expected value (the budget), which negativgl nodes in the clusters. Instead, they consider the conveegen

impacts the performance of the communication systems runmig  time, diameter of clusters, clusters stability, or netwbfi-
on top of it. In contrast, we propose Fair and Flexible Budget e preliminary works proposed algorithms to create -clus

Based Clustering (FFBC) to form size-controlled clustersn large- ¢ h I d h f th lust
scale self-organizing networks. For a given target clustesize, ers where all nodes are one-hop away irom the cluster-

our approach outperforms previous budget-based algorithrs by head (CH) [7]-[12]. In such approaches, the average cluster
creating clusters of average size closer to the requestedlua and  size is indeed limited, and depends on the network density

avoiding isolated nodes. and the transmission range, which cannot be changed by
the algorithm. Other clustering algorithms require knalge
of the whole topology (by building a spanning tree for in-

Deploying large-scale wireless networks without any statstance) [13]-[16], which is not scalable in large flat neteor
infrastructure provides multiple benefits, such as fleiipil In the clustering algorithm by Lin and Chu [17], and in the
and robustness to failures [1]. Typical examples are senswre by Mitton et al. [18], although nodes are only aware of
networks deployed randomly, or spontaneous ad hoc netwotks local topology and form multi-hop clusters, the clusiee
deployed by users in a temporary event. With the expansioannot be controlled by the algorithm.
of the Internet, large-scale communication networks haveln this paper, we address the issue of splitting a multi-hop
become a challenging topic for research works, mainly bopology into smaller and size-controlled clusters. Onfgw
terms of scalability. Indeed, many communication alganish algorithms attempt to create bounded size multi-hop dlaste
do not provide satisfying performance when executed orelarg a distributed way. Ramamoorthy et al. [19] propose the
networks. Clustering is a convenient solution to this peoll Expanding Ring algorithm to bound the size of clusters based
and consists in partitioning the network topology into dmabn an expanding ring search. A more efficient way to control
groups of nodes (clusters), which then allows local executithe size of clusters in a distributed way is to rely on a budget
of communication algorithms within each cluster. For wirebBased strategy. The idea is to distribute tokens to neighbor
large-scale networks such as the Internet, partitioniiggen and each neighbor receiving a token joins the cluster under
the static and hierarchical properties of the topologyebw] formation. Three instantiations of such an approach in the
since the topology is already known, cluster formation can Hiterature are the Rapid [6], Persistent [6], and PoterBaded
done off-line by a central entity. Clusters can also be farmeClustering [20] algorithms, which aim at providing cluster
according to the hierarchical design of the network (e.g., @izes as close as possible to the budget.
Autonomous System) [2], [3], or any other consideratiorthsu The problems with the existing budget-based approaches
as the distance between nodes [4]. are twofold. First, some neighbors available to join a dust

In self-organizing wireless networks, however, we cannat formation might not receive any token, whereas other
make the same assumptions, as the global topology is unknavaighbors receive more than one. Second, the budget value
and there is no central authority. Indeed, we consider degse is always considered as a bound. In most contexts, the goal
network composed of randomly deployed nodes that canwabuld be rather to create clusters of size close to a target
be aware of the global topology. In such a case, clusteringlue, may they be slightly smaller or larger than this value
mechanisms must be distributed [5]. Since the cluster forma To address the problems raised above, we propose Fair
tion algorithm is fully distributed, and nodes lack a globahnd Flexible Budget-based Clustering (FFBC), a budgetdbas
view of the topology, controlling the size of the clusters (ialgorithm that improves budget distribution by allocatimge
terms of number of nodes) is challenging [3], [6]. On th&oken to every neighbor, and distributes the remaining bud-
one hand, if an algorithm or protocol needs to partition thget according to the connectivity degree of neighbors. Our
network for scalability reasons, the number of nodes in eaalgorithm allows the formation of multi-hop clusters, with
cluster must be bounded, otherwise the clusters wouldbstill nodes more than one-hop away from the CH. FFBC does

I. INTRODUCTION



not rely on the knowledge of the whole topology, and doeduster size, it is still prone to generating a large numter o
not adopt any flooding or spanning tree strategy to build itsnall, even single-node, clusters.

clusters. All the nodes need only to be aware of their one-hop

neighbors. FFBC also avoids single-node clusters by jginin !l- FAIR AND FLEXIBLE BUDGET-BASED CLUSTERING
isolated nodes to a neighboring cluster. In our algorithm,In FFBC, CHs are also randomly chosen with a timer
the targeted cluster size is no more a bound for the sizeasf in previous budget-based algorithms. Then every node
clusters in formation. The budget is flexible as clustereptc maintains a database containing the potentials of its bheigh
neighboring isolated nodes, even if they did not receive aapd uses this database to determine the amount of budget
token. We show through simulation that FFBC outperfornassigned to each one of them. For any nada the network,
existing budget-based algorithms by creating clustersizef slet N(X) = {x1,2,...} denote the set ofX’s neighbors
closer to the requested value and avoiding isolated nodses. @nd [N(X)| be the size of this set. The potential of node
simulation results indicate that the proposed FFBC algorit X, denotedr(X), is then given byr(X) = |N(X)|. The
provides an improvement in performance up td%30etter efficiency of the algorithm depends on the way the budget is
than with Persistent and up to %8better than with PBC. distributed among the neighbors.

The remainder of this paper is organized as follows. In FFBC relies on two principles that are described in details
Section 1l, we briefly review budget-based clustering algdelow: (i) one token is first distributed to each neighbor. If
rithms. Our new FFBC algorithm is presented in Section Isome tokens remain after a first round, they are distributed
and evaluated in Section V. We finally conclude in Section \according to the connectivity degree and (ii) when a ndde
does not belong to any cluster yet, and has no more neighbors
available because all of them already belong to a cluster,

Budget-based algorithms rely on the distribution of tokiens then nodeN automatically joins the cluster of the last of its
form clusters without prior knowledge of the global topafog neighbors to be clustered, evenNf did not receive any token
Existing algorithms usually require each node to set a ramddrom this neighbor.
timer, aqd_ to wait for a token fr(_)m one of its neighbor IrI]:air round first. Let A be a node handling some budggt to
order to join a cluster. When the timer is over, the node stoBs

waiting for a token and becomes a CH that initiates a clust@(re distributed among its neighbors. Noddirst accounts for

Il. BUDGET-BASED CLUSTERING

formation. Tokens are then propagated in a tree rooted at self and then distributes the remaining tokens to its medys.

€
CH. The CH is assigned a budget@tokens, out of which it

ne token is first distributed to each neighbor (for the sdke o
accounts for itself and distributgs- 1 to its neighbors (except fairness).

: ) . . The rationale behind this first distribution is that tokens
to its parent). These neighbors do the same until the buage%ﬁould be allocated directly to available neighbors, mdte

exhausted. If a node receives a budget that it cannot prupa%a} being distributed to neighbors that will recruit nodeseel

(no neighbors in its subtree), this node either discardsxia where. When distributing tokens according to the connigtiv

tokens or send the extra tokens back to the initiator. dearee. some low potential neiahbors do not receive anvitoke
In Rapid and Persistent budget-based algorithms [6], ®ken gree, WP : '9 v nt

are equally distributed to neighbors. This strategy doess whereas high potential neighbors receive more than onetoke

S . "Brec already attempts to avoid low potential neighbors to
always allow a fair distribution. For instance, ldtbe a node : : S o
: stay aside of the cluster formations by distributing rerimajn
that handless tokens. It consumes one of them and still h > kens to lower potential neiahbors. Nevertheless. whereth
to distribute the remaining tokens. LetB and C form the P 9 ’ ’

set of its neighborsB has2 other neighbors whileC' does Z:Z tlf]); r:sgy Irc])v;/Opotear;gﬁlt::ﬁ]f;tt)oersé:henss rﬁg; ?Imqﬁrl:clf.ne
not have any other neighbor thah Equally distributing the U9 au Very neig W v

tokens would allocate tokens toB and2 tokens toC'. In this _at Igast one token. If a nelghbor_does not receive any token,
I it will not join the cluster and wait for a token from another
case,B would consume one token and send the remaining one

t0 one of its neighbors. As fag, it would consume one token cluster. However, since it has a low potential, it has onlgw f

and discard the other one (no more neighbors availablehign tnelghbors anq Is likely to create its own small cIustgr. Heenc
. . before allocating more than one token to some neighbors, a
simple scenarioB should have been allocated more tokens ' : .
. L ... node should first ensure that all of its neighbors belong to
thanC', because it has more possibilities for token distributior). "
its cluster. To form more compact clusters, recruiting boe-

In Potential-Based Clustering (PBC) [20], the potential of . . - .
a node is defined as the number of neighbors it has and eelghbors is always better than recruiting multiple-hop<n

distribution is based on the connectivity degree (pot&ntitx or this reason, FFBQ qllocates one tokgn per ne|gh_bor na
. : oS first round, and then distributes the remaining tokens atiogr
each neighbor. This leads to a better distribution of chsste . .
; : . 1o the potentials of nearby nodes. This approach leads te mor
when discarding unallocated tokens, and to the formation of : . ) )
compact clusters, and avoids available neighbors to fogin th
more compact clusters when unallocated tokens are sent bac

to be distributed elsewhere. Distributing tokens accardim own small clgster because all their neighbors have already
. g . oined a previous formed cluster.

the connectivity degree of neighbors provides better perfé

mance in uniform random topologies than blindly distribgti Distribution of remaining tokens. If the budget(54—1) to be

tokens to all neighbors. Although PBC increases the averadjetributed by noded is smaller or equal to its own potential



m(A), the budget distribution disregards the potentials of theack at least one extra token are excluded from the new
neighbors: one token is distributed to each neighbor, indistributions. FFBC is more efficient than Persistent beeat
random order, until the budget is exhausted. If the budgekes into account the connectivity degree of neighborswhe
(Ba — 1) is greater thanr(A), at least one token will remain distributing tokens, leading to the formation of more cogtpa
after the first distribution of one token per neighbor. Letlusters. When clusters are more compact, there are lesespa
B be this remaining budget to distribute by nodeafter nodes between already formed clusters. Avoiding the poesen
the first round, them3 = (34 — 1) — 7w(A). The amount of these isolated nodes is essential since they will isitibeir
of budget assigned to neighber € N(A) is defined as: own small clusters. The size of clusters initiated by isedat

. Bhw(a;) . . odes will be rather limited, lowering the average size @f th
fai = {ZjNﬁA)ﬂ(aj)J' From this equation, we see tha'?ormed clusters, because all nodes around already belong to
some tokens may be unassigned3if is not a multiple of other clusters. To avoid such isolated nodes, FFBC implésnen
leli(lA)lw(aj). In this case, the remaining tokens can b&vo measures to further improve the efficiency of budgettas
evenly distributed among thg, neighbors with the lowest clustering, namely fair round first, already mentionediearl
potentials. We defing, as 3, = g% — 2‘7.11(1’4)‘ fBa,. For the and flexible budget. Both mechanisms are further explained i
3, lowest-potential neighbors, nodeperforms3,, < 3,,+1 the following.
before distributing the budget. This guarantees that nertsk

X L . Relaxing the bound constraint.By distributing first a token
are wasted. We observed with some preliminary analysis thai .
— - . 4 t0 every neighbor, formed clusters are more compact ane ther
attributing the remaining tokens to lowest-potential héigrs

. : . . .~ are less small clusters. Nevertheless, in random topapgie
provides better performance. Without this design choice, a ' PEog

. . . .~ 'we observe that there are still very small clusters, and even
low-potential node frequently remains without any tokenslu _. i : . )
- . . X single-node clusters. We suggest merging those single-nod
it initiates its own cluster. However, since it only has a l‘evgI sters to neighboring clusters. When the last neighbaa of
neighbors, they often belong to another cluster and are Nt o : . iy .

; node is being recruited by a growing cluster, the node wilha
available to accept tokens. As a consequence, the tok?ns - . . o
would propagate throuah the topoloay avoiding low-potnti 0 Initiate its own single-node cluster. Instead of initigt a
nodesg gugterin onlg high- O?enti%{ones regsultin primll cluster, it joins the cluster of the last neighbor being uéed.

y 9 only gh-p ! 9T This will result in clusters with a size slightly larger than
clust_ers n Iow-dgns_ﬂy areas and excessive lost tokenggin hthe initial budget, but avoiding small or single-node obust
densny areas. Distributing thg remaining token; to theslew thus increasing the average size of clusters. The budget is
potential nodes attenuates this counterproductive phenom

o ) T . then no more considered as a strict upper-bound. We show
by giving more chances to low-potential nodes to join grawin.

o . . in simulation that this measure increases the average §ize o
clusters. The same distribution scheme is applied by thesnod1 9

in the subtrees until the budget is exhausted or no furthC(JPSte.rs' although cluster S1zes .Iarger than_ the |n|t|a1gteu|“
. ; are still close to the specified size determined by the Initia
growth is possible.

budget.

Recovering unused tokensIn FFBC, to avoid discarding IV. PERFORMANCE EVALUATION

unallocated tokens, these tokens are sent back to be dietib

elsewhere. When a nod® receives tokens, it sends an Size-controlled clustering algorithms are mainly evaddat
acknowledgement to the sendér Nonetheless, this acknowl-through the average size of formed clusters. The closer the
edgement is not sent immediately. The noBekeeps on resulting average cluster size is to the target clusterdsfieed
propagating the tokens to its own neighbors first, and wafly the initial budget, the better. In our performance arialys
for an acknowledgment from all of them. When either thwe evaluate the following budget-based clustering alpors:
budget is met (no more tokens to distribute) or when no mores Rapid — A simple algorithm that equally distributes
neighbors are available, an acknowledgment is sent back to tokens to neighbors and discards unallocated tokens [6];
A. The acknowledgement includes the number of exceedinge PBC-Simple — An algorithm that distributes tokens to
tokens (which may be zero). When acknowledgements are neighbors according to their connectivity degree and
received from all the neighbors, nod® computes the sum discards unallocated tokens [20];

of the exceeding tokens and distributes them to the neighbore. FFBC-Simple — A simplified version of our contribution,
that have sent an empty acknowledgement (with no exceeding implementing fair round first and flexible budget mecha-
tokens). If no neighbor is available to redistribute the ex- nisms, whereas discarding unallocated tokens;

ceeding tokens, then the extra tokens are sent to the parent Persistent — An algorithm that equally distributes tokens
A through the acknowledgement. In this way, the algorithm to neighbors and sends back unallocated tokens to dis-
attempts to redistribute the tokens by exploring the whiade t tribute them elsewhere [6];

formed by the CH. Exceeding tokens are never discardeds PBC — An algorithm that distributes tokens to neighbors
except by the CH, which is the tree root, and only when according to their connectivity degree and sends back
the entire tree has been explored. For each token distrifputi unallocated tokens to distribute them elsewhere [20];
the connectivity degree is taken into account. Of course,e FFBC — A complete version of our contribution, imple-
after receiving back exceeding tokens, the neighbors #at s menting fair round first and flexible budget mechanisms,



and sending back unallocated tokens to distribute them
elsewhere. T beBe
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To evaluate and compare the considered budget-based clu
tering algorithms, we use the ns-2 network simulator [21].
Our random topologies were generated by Topogen [22], with
a uniform distribution over a circular area 6000 m of
diameter. The radio range of the nodes was fixethtbmeters.

We varied the density frorato 8 nodes per coverage range, by
varying the number of nodes from 250 to 5,000. For each
simulation, we used the same topology for all the algorithms £
and generated a new topology for each round of simulations.

60

in percentage

40

erage cluster size (|

1 2 3 4 5 6 7 8 9
B. Re&.]l tS Average node density (in nodes per coverage area)
Fig. 1 shows for different budget sizes the resulting averag (a) Budget of 75 tokens.
sizes of clusters formed by the different algorithms as a
percentage of the target cluster size, i.e. the initial letidg —— FFBC
Values plotted in the figures are the average values oveg ™[ - Egécsésﬁﬂiple ]
10 different topologies, and error bars indicate the standarc e Romele

deviation. We observe that whatever the budget used, rgnginZ [
from 25 to 75, our proposed FFBC approach outperforms
previous ones.

For instance, in Fig. 1(a), with a budget &6 tokens
and for an average density of 8 nodes per coverage ared
the Rapid algorithm creates clusters with an average size of
16.9 nodes (in average ovel simulations), which i22.7% H
of the budget. Using a potential-based distribution (tmepde
version of PBC), the average size raise8i3% of the budget

(in percentage of the

e

40 -

20 | g g

Average ¢

(18.8 nodes). Adding the improvements of FFBC increases  °; ) 3 a : . . p 9
the average size t87.3% of the budget. Here, our approach Average node density (in nodes per coverage area)
increases the cluster sizes by more tB&f compared to the (b) Budget of 50 tokens.
Rapid algorithm, and almo$t% compared to PBC-Simple.

As for algorithms that send back undistributed tokens, we . FreC

100 |- =--*--+ PBC
%o Persistent

observe in the same Fig. 1(a) and for a densitg abdes per
coverage area, that the Persistent algorithm create®dust
an average size of6.8 nodes ¢2.4% of the budget). Using

a potential-based distribution (PBC), the average clusitex

is increased to51.6 nodes ¢8.8% of the budget). Adding
the improvements of FFBC, the average size of clusters i
of 60.9 nodes §1.2% of the budget). In other words, the

a- FFBC simple
+~-m—1 PBC simple
«-o- Rapid
80 -

60 -

size (ir%ercentage of the budget)

proposed FFBC algorithm increases the average cluster sizg | = o2 ]
by more than30% compared to the Persistent algorithm and 3 ,
more thanl8% compared to PBC, driving the average cluster § or 1
size closer to the target cluster size, i.e. the initial keidg <

For smaller budgets, as shown in Fig. 1(b) and 1(c), the o . . " . . . . .
average cluster size of FFBC reach@®% of the budget Average node density (in nodes per coverage area)
(104%, respectively), instead of5% of the budget §0%) (c) Budget of 25 tokens.

for the PBC algorithm. Note that whereas PBC considers
the budget as a bound size for the clusters (like previo@%éré‘mb
algorithms), FFBC allows this budget to be exceeded. Hence,
the average cluster size can be greater than the budget as in
Fig. 1(c).

Fig. 2 shows the distribution of the cluster sizes, for a different topology for every simulation. With the Persigt
random topology of5,000 nodes, and with a budget ofalgorithm, more thar80% of the clusters include less than
75 tokens. Values have been averaged over 10 simulations wbtthodes. Using a potential-based distribution is enough to

Average size of formed clusters with different aljons, and
udgets, varying the node density.
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Fig. 2. Distribution of cluster sizes (Budget @5 tokens,5,000 nodes). [6]

(7]
decrease this value to less th&s%. With the improvement
mechanisms introduced by FFBC, less thaf of the clusters g
are smaller than 5 nodes. Furthermore, with the Persistent
algorithm, clusters that have a size close to the budg20% (o]
of the budget) represent around 60 clusters ouaf(56% of
the clusters). For the PBC algorithi$i7% of the nodes have [10]
a size close to the budget. As for FFBC, more tiTaff of
the clusters have a size close to the budgato{usters out of [17;
82).

V. C [12]
. CONCLUSION AND ONGOING WORK

In this paper, we proposed FFBC, a distributed cluster for-
mation algorithm to create clusters of a specified size. @ont [13]
to most of previous cluster formation algorithms, we do not
rely on a global knowledge of the topology and we assu
nodes have only a limited view of the local topology. These
assumptions are more realistic for large-scale self-orgam
wireless networks, such as sensor networks. FFBC imprO\PeEé
the token distribution by distributing first one token to sve
neighbor before distributing the remaining according te tH16]
connectivity degree. Moreover, in contrast to previouskyor
FFBC does not consider the targeted size of cluster as a bound
The budget is then more flexible and avoids the formatidi’]
of single-node clusters. Through extensive simulations, w
show that our algorithm achieves a significant improvemeng;
in the performance as compared to previous budget-based
algorithms, thus creating cluster with sizes closer to #ngedt
size. In particular, with FFBC, more thai®% of the clusters
have a size close to the target value, against @1t for
PBC and56% for Persistent.

[19]

[20]

practical limitation of budget-based algorithms, sincghbor
nodes with close timer values initiate cluster formationthe
same time and hence compete in recruiting neighboring nodes
leading to limited token propagation in the area.
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