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Abstract—A large Ad Hoc network can be represented as the Remaining energy level, the Degree of connectivity, the
several sets of clusters. Each cluster contains one or moredes Proximity with respect to the base station, the Link Quality
and has its clusterhead (or caryomme) chosen following an Indicator (LQI), and a hybrid criterion composed of any pair

election based on an appropriate criterion. The clusteringin o . )
wireless networking adds scalability, reduces the computan of these above criteria. The use of the LQI as defined in the

complexity of routing protocols, allows data aggregation ad ZigBee standard [4],[5] is less efficient. So we propose an
then enhances the network performance. Several studies hav effective manner of the LQI use which reduces the energy

focused on clustering algorithms, providing some mechaniss  consumption. In network clustering, a single-node cluister
well suited to wireless sensor networks (WSN). The MaxMin oster of which the only member is the clusterhead itseyf. B

clustering algorithm proposed by [1] was generalized, corcted . - . .
and validated in [2],[3] which added the use of criteria fungions 4nnNINg the MaxMin algorithm for a simple WSN example,

to choose appropriate clusterheads. We take part in this wdt we notice a S|gn|f|Cant denSIty Of S|ng|e'n0de C|usterS.S|t |
by examining comparative results of different criteria that reveal interesting to study this phenomenon since a less effective
single-node cluster phenomena. A single-node cluster is uster  criterion leads to a higher density of single-node clusters
of which the only member is its clusterhead itself. In WSN 5,4 yice versa. Obviously, a non-clustered network can be
clustering, the density of single-node clusters is a perfonance . . .

criterion. We use MaxMin in a cold chain monitoring application considered as a cluster_ed one havmg_ as many smgle-_node
which shows that single-node clusters have negative impact Clusters as the network size, hence the importance of having
on the energy consumption. In this paper we compare several low density of single-node clusters. Two main steps compose
criteria including the "remaining energy” and the "link qua lity  clustering schemes: the caryomme selection followed by the
indicator (LQI)". We propose an effective manner of using  ¢yster construction. After the caryomme selection, theoca

the LQI which is among the best performant criteria. We . .
also propose a simple mechanism to reduce single-node clest ical method allows a step by step construction of the claster

phenomena which highly enhances the energy efficiency. in which the non-clustered nodes select their caryomme upon
Index Terms—Wireless Sensors Networks (WSN); Clustering; the reception of its announcement in the d-neighborhood. Th
MaxMin; Single-node Cluster; Link Quality Indicator (LQI) . canonical method is used by Delye in [2]. In this paper, we op-

timize the canonical method by proposing a simple mechanism
which reduces the density of single-node clusters. Applyin
In a cold chain monitoring application, due to the size of the MaxMin algorithm to a cold chain monitoring application
warehouse which hosts large numbers of pallets, provideld eave show how high densities of single-node clusters coul@ hav
with a temperature sensor, the WSN can reach several hnegative impacts on the network performance especiallhen t
dreds of nodes which collaborate for sending alarms towarelsergy efficiency. In this application MaxMin is used to stle
the base station (BS). This application specifically ceflecthe caryommes which manage their respective clusters upon
rare events (alarms) to ensure the proper monitoring of thReTDMA based organization. Regular sensors send alarms to
system. If the temperature is over a threshold, an alarmbeill their respective caryommes which aggregate them and then
generated; this "interesting event" is then sent toward$tB. forward data towards the BS using the "Link Reliability bdise
In such a context, network clustering techniques add sitié§ab Routing Protocol" (L2RP) we have proposed in [6]. L2RP is
feature and then reduce the computation complexity of datan with the weighted round robin load balancing mechanism
gathering and routing protocols. MaxMin [1] is a populausing the "MinLQI" metric. The rest of this paper is orgamize
clustering algorithm which has been subjected to numeroas follows. After an overview of the related works in the next
publications. Originally, it used the node address (nodg IPart, the next one gives a brief summary of the generalized
as the criterion for selecting caryommes (clusterheadsis TMaxMin algorithm proposed by [2] and [3]. In the fourth
algorithm was generalized, corrected and validated ifJR], part, a simple WSN example allows us to better understand
which proposed a theoretical study of the multihop clustgri the concrete single-node cluster phenomenon produced by
in WSN; [2],[3] added the use of criteria functions to seledlaxMin. Then, we present the studied clusterhead selection
caryommes. In this paper, we take part in this work bgriteria (in the fifth section) before presenting the praabs
studying more general caryomme selection criteria, such aggle-node cluster reduction mechanism in the sixth eecti

I. INTRODUCTION



The last section presents simulation results pertaining toclusters. An application designed for a cold chain monitgri
cold chain monitoring application (presented in the sdvensystem shows the negative impacts of single-node clusters o
section). the network performance.

Il. STATE OF THE ART IIl. THE GENERALIZED FORM OFMAXMIN ALGORITHM

This section takes advantage of valuable works done byThis algorithm is proposed by [2],[3] as a generalization
Marot in [3] which give a complete overview of recenbf the earlier MaxMin algorithm proposed by [1]. It takes
advances in WSN clustering protocols. place in 2d+1 rounds. The first round consists of information
In some clustering protocols nodes become caryommes aftei@hanges to initialize the algorithm. The following d-nois
randomized timer (CLUBS in [7] and RCC in [8]). Howeverare the floodmax phase, which is followed by the floodmin
the criterion which commonly determines the choice of thehase composed of last d rounds.
caryomme is the node address ([9], [10], ACE-C and ACEhe WSN can be modeled as a gragh= (V, E), where
L in [11]), the remaining energy level (LMSSC in [12]) ortwo nodes are connected by an edge if they can communicate
the degree of connectivity (such as MECH in [13]). It camith each other. Letr € E be a node in the WSNN; ()
also be based upon a weight basis of several of these abgvehe neighbourhood of the node Let v be a bijective
criteria (cf. DWEHC in [14], HEED in [15], WCA in [16]). function defined inE which is a totally ordered set.

In LEACH [17], clusterheads are selected under a criterignitial phase: k = 0,

built on a probability function. In [18], Klaoudatou and al.

were interested in a WSN application designed for medical Vae B, Wy =uv(z), So(z) == 1)
surveillance, in which they select the closest node to tha8S

caryomme. Multihop clustering algorithms address two main Floodmax phase:k € [|1,d]],

challenges: first, the question arises how to optimally skooAssuming thav'z € E, Wy (z) and Sy () are known in a
caryommes and, secondly, how to construct the parental refevious step. Ley,(x) be the unique node iV;(z) defined
tionship between regular nodes and their caryommes in su¥f
a way that any common sensor can reach its clusterhead
within k hops, that is to say, how to construct an optimally Yy € Mi(@) \{ye(@)}, Wima(ye(@) > Wealy) - ()
independent k-dominating set. Unfortunately, finding sach ¥, and S, are calculated as follows:

set is an NP-complete problem [1], so some heuristics have

been proposed. In [19], Dai and Wu proposed three algorithms V2 € E, Wi(z) = Wi—1(yk(2)), Sk(z) = yr(z) (3)
to build k-dominating sets which are also k-connected. OneF
method is to compare sensor values (criteria) such as n(l{jseS
ID, "remaining energy level", weight, etc. (cf. KHOPCA inprevious step. Ley () be the unique node iV, (z) defined
[20], CABCF in [21], MaxMin in [1]). It is possible that by:

two nodes have the same criterion value. Then, in [22] and’

[2], the authors propose to consider the pair composed by the Vy € Ny (z) \ {yx(z)}, Wi_1(yr(2)) < Wi_1(y)  (4)
degree of connectivity of the node and its address. Someswork

([15],[23],[24],[25],[26]) introduced the notion of sifggnode W and Sy are calculated as follows:

clusters as a performance criterion for evaluating clisger _ _

protocols, whithout showing why single-node clusters artean Ve € B Wi(@) = Wi (e(@), Sile) = pile) ()
desirable feature in WSN. HEED [15] estimates the percentag The setS of clusterheads is defined by :

of non single-node clusters to prove the protocol effecibss.

Furthermore, in the state of the art, it lacks for a compeaeati S={zcE, Wa(x) = v(x)} (6)
study of different criteria that can be used by the MaxMin IV. SINGLE-NODE CLUSTER PHENOMENON

algorithm. Also, the related works do not take into account a ) )

possible use of the link quality indicator (LQI) as a crieri e run the MaxMin algorithm on a WSN example, where
for selecting caryommes. [2] and [3] offer a valuable thedhe remaining energy of Sensors is used as the C_rlterl_on for
retical generalization of MaxMin by presenting results ba t S€lecting caryommes. So in this example théunction is
degree of connectivity, without addressing the issue ajlein defined as follows:

node clusters produced by MaxMin. In this paper, we study Vee E, viz) = (f(z),idz)) @)

the single-node cluster phenomenon produced by MaxMin and

compare the impact of the following clusterhead selectidhere id(x) returns the address of the node The total
criteria: "remaining energy level", "degree of connedcyiVi orderinginFE is defined as follows?z € E, v(z) > v(y) <
"proximity with respect to the base station", "link quality(f(xz) > f(y)) or (f(z) = f(y) and id(x) > id(y))

indicator (LQI)". We propose an effective manner of using In this example, we consider the WSN in Fig. 1 where the
the LQI which is among the best performant criteria. Waeighbourhood relationships between the 8 sensors aredefin
also propose a simple mechanism for reducing single-noolg the hedges of the graph.

loodmin phase: k € [|d + 1, 2d]],
uming thavz € E, Wy_1(z) andSi_1(x) are known in a



Fig. 1. The WSN used in the MaxMin examples (Tables I,11)

TABLE |
RUNNING MAXMIN ALGORITHM (D=1) FOR THEWSNIN FiG. 1

(&)
()

nodeid|| 1 [ 2] 3 [ 4 s 6 7]c8]

TABLE Il
RUNNING MAXMIN ALGORITHM (D=2) FOR THEWSNIN FIG. 1

nodeid|| 1 ] 2] 3 456 7]s|]
Wo | 100] 90 ][ 95 ][ 70 |[ 100 85 || 85 || 105
1|2 s a5 6] 7] s
So 1|2 s a5 6] 7 s

Wh 100 95 100 || 100 || 105 || 100 || 100 || 105

St 1 3 1 5 8 5 5 8
Wa 100 (| 100 || 100 || 105 || 105 || 105 || 105 || 105

Sa 3 3 6 5 8 5 5 8
W3 100 || 100 || 100 || 100 || 105 || 100 || 105 || 105

S3 1 2 1 3 4 3 5 5
Wy 100 || 100 || 100 || 100 || 100 || 100 || 105 || 105

Wo 100 || 90 95 70 100 || 85 85 105
1 2 3 4 5 6 7 8
So 1 2 3 4 5 6 7 8
Wi 100 || 95 || 100 || 100 || 105 || 100 || 100 || 105
1 3 1 5 8 5 5 8
S1 1 3 1 5 8 5 5 8
Wa 100 || 95 95 100 || 100 || 100 || 100 || 105
1 3 3 1 5 1 5 8
Sa 1 2 2 3 4 3 7 5
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Fig. 2. Clusters Produced by the MaxMin Algorithm (d = 1)
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Fig. 3. Clusters Produced by the MaxMin Algorithm (d = 2)

Sy 1 2 1 3 4 3 5 5

This MaxMin example, ran for d = 1, produces 4 caryommes
(1,3,5,8). The clusters represented by caryommes 1 and 8 are
single-node clusters (Fig. 2).

The same WSN computed in MaxMin algorithm, run for d
= 2, produces 3 caryommes (1,5,8). The cluster represented
by the clusterhead 8 is a single-node cluster (Fig. 3). As
we can see on the example above, the single-node cluster
phenomenon is a real fact. This phenomenon is especially
important, because the density of single-node clust&p$s (
and 33%) produced by MaxMin is not negligible. We are
now interested in studying this phenomenon by comparing the
criteria presented in the following section

V. CLUSTERHEAD SELECTION CRITERIA
A. Remaining energy level

The remaining energy of a sensor could be a criterion for
selecting caryommes since a node with a better battery life
seems to be a better candidate for the cluster management and
the data aggregation. Conversely, if a sensor with low pasver
selected as a clusterhead, this can lead to packet lossmsdeec
it might not have enough batteries to aggregate the received
events; it also might not be able to send the aggregated data
towards the BS. In this paper, we consider that each node
knows its energy level.

B. Sensor proximity with respect to the base station (BS)

We consider a WSN deployed with a base station where
each node knows its exact location and that of the BS. As the
main goal of the application is to send events towards the BS,
it seems natural to look at the criterion defined as follows:

C; = 1/d(S;, BS) (8)

Whered(S;, BS) is the distance seperating the senSpfrom
the BS. We choose the inverse of the distance to promote the
election of the closest sensor to the BS.



——  — Neighbourhood of Node 3 TABLE Il

] ) Neighbourhood of Node 5 LQI CRITERIA VALUES RELATED TO THEWSNIN FIG. 4

| <Q,\

‘\ SensorD|| 1 || 2 ] 3 || 4 | 5] 6| 7] 8

\ @’“" ”‘@ AvgLQl || 150 || 120 || 125 || 120 || 130 || 135 ]| 80 || 120
‘ 0\, 5 & MaxLQI 150 || 120 || 150 || 140 || 180 || 180 || 80 || 120
‘ % é “/@ MinLQI 150 || 120 || 100 || 100 || 120 || 180 || 80 || 120

i j the LQI threshold for an acceptable link quality is 100, the

‘Q/\
MinLQI for node 5 is 120 (LQI of link 5-8) instead of 80
(LQI of link 5-7). Thus, Table Il gives LQI values for the

WSN in Fig. 4.
Fig. 4. Example of a WSN with LQI values of the links

E. Composite criteria (Hybrid)

In this paper, we define the composite criteria (hybrid) as
follows:

The degree of connectivity of a node, i.e. the number )
of its neighbors, is also a criterion that seems interesting Hybrid(LQL, C;) = ax LRI + (1 — a) x S¢(Ci) - (9)

to study. Intuitively, the more neighbors a sensor has, the Hybrid(C;,C;) = ax Sc(C;) + (1 — ) * Se(C;)  (10)

more it seems to be an appropriate candidate as clusterhead, _ _ _ N

since a sensor with a low degree of connectivity might havghere S¢(C;) is a scale function which returns remaining

little information, from its neighbourhood, to aggregateldo ~ energy values comparable to LQI values. It helps avoiding

forward to the BS. In the initial phase, each sensor is iretlvthe composite criteria to be strongly influenced by tHg

in the neighbourhood information exchanges (hello prdjpcocomponent in equation (9):

which allows it to determine its degree of connectivity ahe t U % log(1 + (C; — Cimin

BS location. Sc(Ci) =B+ B+ ( _ )
log(1 4+ Ci maz)

D. Link Quality Indicator (LQI) WhereC; is a criterion,C; ,in (resp.Ci maz) is the minimum

In the Zigbee standard [4],[5], the LQI measurement igesp. maximum) value af;. If C; is the remaining energy of
defined as a characterization of the strength and/or qualifie nodeC; .. represents the value under which, the sensor
reception of a packet. The use of the LQI result by the netwoik considered dead (battery depletion); whilg,,,... is the
or the application layers is not specified in [4],[5]. The LQinitial amount of energy provided with each sensér= 50,
measurement is performed for each received packet, and the 255.
result is reported to the MAC sublayer as an integer rangihéke the LQI criteria definitions, we can also define AvgHy-
from 0 to 255. The minimum and maximum LQI values (0 anfirid, MaxHybrid and MinHybrid criteria depending on
255) are associated with the lowest and the highest quakwWether, we are respectively considering AvgLQI, MaxLQI
IEEE 802.15.4 reception detectable by the receiver, and thed MinLQI as defined in Table IIl.
LQI values in between are distributed between these twddimi
4], [5].
[ ]Fc[)r] moteivs Tmote Sky [27] sensors equipped with After the selection of caryommes using the generalized form
chipcoris CC2420 [28], the LQI values range from 50 to 1100f the MaxMin algorithm, clusters are then built, according
Even so, we stick with the ZigBee standard [4],[5]. Then, wie following mechanism. This mechanism is compared, later
use standard values (i.e. 0, 255), instead of those of CC24ppsimulations, with the canonical method presented i3],
In this paper, we define three LQI based clusterhead setectio « At the end of the MaxMin floodmin phase, each cary-
criteria: AvgLQI, MaxLQI and MIinLQI. The AvgLQl is the omme initializes a timef/ inversely proportional to its
average calculated from the LQI values of all the links befve degree of connectivity.
the node and its neighbors. AvgLQI values give a characteri-o At the expiration of the timef#V/, the first caryomme
zation of sensors throughout their respective coveraghtyua which has the highest degree of connectivity, informs its
This criterion might be useful in the context of the WSN  neighbourhood that it is a selected clusterhead by sending
deployed in a warehouse which hosts a large number of pallets a "CH-INFORM-MSG" packet.
one upon the other. Such an environment is proned to highe The "CH-INFORM-MSG" message contains the cary-
unreliability of wireless links. The MaxLQI criterion is ¢h omme IDid(CH;) and has a time-to-live equal to d (the
maximum LQI value which matches to the standard definition same d as in the MaxMin algorithm). It is retransmitted to
of the LQI [4],[5] used in the MultiHopLQI routing algorithm all nodes within d-hops from the originating clusterhead.
[29],[30]. As for the MinLQl, it is the minimum value beyond « Upon reception of a "CH-INFORM-MSG" message, each
the given LQI threshold. For example (Fig. 4), assuming that neighbor which has not yet chosen a clusterhead, chooses

C. Degree of connectivity

(11)

VI. SINGLE-NODE CLUSTER REDUCTION(SNCR)



the sender as caryomme, decrements the TTL and then sh

forwards the "CH-INFORM-MSG" message to its neigh- S s
bors. ors
« Upon reception of a "CH-INFORM-MSG" message, by e

another clusterhead, it creates a list "SRC-INFORM-  © =2
MSG" of senders which contains node IDg(S;) of o

|

sensors from which the message is received. This node ID o ' '
. . .. . n, [ - e ]
is not necessarily the one of the originating caryomme. S —— —
. n,; . === =
o The caryommes send their "CH-INFORM-MSG" mes- cn s
. . . . Sn5 I I
sages in descending order of their respective degree of oo T —
connectivity, until all caryommes have announced their - — —
state. SENSING DATA COLLECTION ROUTING SENSING
« A clusterhead of single-node cluster recognizes itself by G cusmesercn S cepinG MoDE
. n n . §2,3 Third sensor of Cluster C2 [_____JACTIVE MODE
the fact that its "CH-INFORM-MSG" message is not
retransmitted by any of its neighbors. Such a clusterhead Fig. 5. Active/Sleep mode organization of the WSN

inspects its "SRC-INFORM-MSG" list. If its list is not

empty, it chooses the first node of its list as caryomme. If . . - .
its "SRC-INFORM-MSG" list is empty, then the cluster.Protocol used is the "Link Reliability based Routing Prattic

head has no neighbor. This denotes a single-node cludfe#RP) we have proposed in [6]. It is run with the weighted
arising from the topology deployment of the WSN round robin load balancing mechanism using the "MinLQI"
' metric. The routing phasél'routing = 1min) is followed

The waiting timelW is calculated according to the followingon a long sensing onér. $min59s). With these time
Sleep — .

formula: values, the total duration of a complete cycle (SensingaDat
Wr(CH;) =7+ ¢ _ (12) collection, Routing) isTcyce = 10min. The assigned time
1+log(l+4; + w *0;) slots to each regular clustered sensor are computed aw$ollo
Wherer and( are small nonzero positive constanis,s the Ts100(Si) = Tpata (13)
degree of connectivity of the clusterhe&d?; andid(CH;) Slot\ ns

returns its addresd. is a constant which is Iarger than thQ/\/hereni is the number of regu|ar sensors which are in the
network size ' = 10°, for example). This timer function same cluster as;.
avoids collisions between caryommes having the same degre the simulation model N sensors are randomly deployed
of connectivity. If§; = 0, then the clusterhea@'H; has no over an area of length L=100m, and width I=100m. The base
neighbor. This also denotes a single-node cluster arismy f station is located at the (0,0) location. Each node gererate
the topology deployment of the WSN. alarms, which are sensed data over than the temperature
VII. COLD CHAIN MONITORING APPLICATION thresholdl'emp,,in, fqlloyving the Poisson processlof parame-
ter A = 1. The transmission range of each sensor (including the
BS) is R = 20m. Each node knows the value of its remaining
The application is designed for a cold chain monitoringnergy level, its location and that of the BS. At the begignin
purpose. Its goal is to monitor a warehouse by logging alarmgs the network deployment, the BS broadcasts a message
originating from sensors. Alarms are generated when thentaining its location. This information is then retrarism
sensed temperature exceeds a given threshold. After a fitstall sensors in the network. In this phase, the degree of

phase consisting of hello exchanges, the MaxMin clusterizeonnectivity and the initial LQI values are calculated.
tion algorithm is run. Then, each caryomme manages a TD

organization (Fig. 6) by assigning one slot timEsf,(S;))
to each one of its cluster members. To save energy, sensor@S in [31] and [32], letEr, (k, d) the energy consumed to
switch in "sensing mode" and turn off their respective radidransmit a k bits message over a distance d [17]:

while leaving sensor modules in the active mode in order to Erg(k,d) = Eetec * k + Eamp * k * d° (14)
continue collecting events. Then, in the data collectioaggh ) _

(Tpata = 1s) sensors wake up in turn upon their respectiv'eet Er, the energy consumed to receive a k bits message:
time slots in which each sensor sends its alarms to its re- Era(k,d) = Epp—ciec(k) = Bepee % k (15)
spective caryomme. Since, the caryommes do not necessary ) L
form a connected backbone, all sensors wake up during the Eetec = 50nJ/bit and e = 100pJ /bit /m (16)
routing phase (Fig. 6) in which each caryomme aggregates thge energy consumed by a senshrin Active/Sleep modes
received alarms and then sends towards the BS. In the routisgalculated following the model proposed by [33]:
phase, only caryommes are sources of data packets. Other

regular sensors are only participating in the routing éffor ERadio(Si) = Pactive * Tactive + Psicep * Tsieep — (17)
by retransmitting received data towards the BS. The routidg in [33], Pactive = 1040mW and Pgjeep = 200mW.

A. Network organization and deployment

Ngof Energy consumption model



LQI Model Canonical method, d = 1
T

L L L L L L
100 150 200 250 350 200 450 500

L
300
Network Size (N-node)

Fig. 6. LQI model: Links betwees g and its neighbors (Table 1V) Fig. 7. Average density of clusterheads (canonical method)

Canonical method, d = 1
T

C. LQI model

After the WSN deployment in the warehouse, the BS
initially broadcasts a message containing its locations T
formation is then retransmitted to all sensors in the netwior
this phase, each node knows its degree of connectivity. ,The
initial LQI values are calculated by using theQI(S;,S;)
function defined below (similarly to the scale functidic
defined in the composite criterion in equation (11)):

W log(1+ (V% = Yinin)

Average Ratio of Cluster Size divided by Network Size.

001

LQI(S:,8)) = 0+ —— (18)
_ 8 Vmaz Fig. 8. Average cluster sizes divided by network size (caain
v5 =1/d(i, j) (19)
Vinin = Mmj{ﬁ'} (20)  50% of the "Remaining energy" criterion and 60% of the

- Maxj{%_} 1) "MiInLQI" (resp. MaxLQI) criterion.
Where = 50, » = 255 andd(i, j) is the distance seperating” Single-Node Cluster Reduction (SNCR)
S; from S;. The choice of this model is guided by experimen- The Fig. 8 shows the average density of clusterheads pro-
tal results shown in [34] and [35] which stated that the LQ! deluced by the MaxMin algorithm combined with the canonical
creases when the distance between nodes increases in Zighwhod of cluster construction. The "Proximity with respec
based WSN. As we can se&QI(S;,S;) # LQI(S;,S;). to the BS" criterion has an average density (arodsth)
Hence, the model allows to take into account asymetriclatively high compared to other criteria. It is followed b
aspects of wireless links. In Fig. 7, we plot an example die "Remaining Energy Level" criterion (betwe&i% and
LQI values produced by this model, when a nafigzc has 30%), and then by the "Degree of Connectivity" criterion.
neighbors as shown in Table IV. The AvgLQI, MinLQI and MaxLQI criteria produce lower
densities of clusterheads which decrease when the network
density increases.
The Fig. 9 shows the ratio of the average cluster size divided
NodeDG) [ 1 2 [ 3[4 56 78 by the number of sensors in the network. The clusters are
DFFC 510 15| 20| 25 || 30 || 35 || 40 formed by the canonical method. This result confirms the
previous one, because the criteria that produced the most
of caryommes (Fig. 8) are those which have the smallest
VIII. SIMULATION RESULTS average ratio of cluster size. So it is consistent to havéeén t
Simulations are run for a network size ranging from 108ecreasing order of the average ratio of cluster size: MaxLQ
to 500 nodes. The performance results presented here MielLQI, AvgLQI, degree of connectivity, and "Remaining
obtained by averaging the results for 100 different sinioet Energy Level”, "Proximity with respect to the BS".
for each scenario, except for the scenario of the caryommeThe Fig. 10 shows the average density of single-node
location (Fig. 19, 20 and 21) for which 80 different simuteits clusters produced by MaxMin combined with the canonical
were run. For each simulation, a new random node layoutrigethod of cluster formings. The "Proximity with respect to
used. In all simulation results presented belaws 0.5 for the the BS" (from62% to 75%)and "Remaining Energy Level"
composite criteria as defined in equations (9) and (10). Théhetween30% and 60%) criteria produces high densities of
the MinHybrid criterion (resp. MaxHybrid) is composed okingle-node clusters which increase when the network tyensi

TABLE IV
EXAMPLE: DISTANCE SEPERATING NEIGHBOR§J‘ FROM Ssgrc
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Degree of Conneciivity
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Fig. 9. Average density of single-node clusters (canonicathod)
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Fig. 10. Average density of single-node clusters (candmuzthod)
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Fig. 11. Average density of single-node clusters (candmuzthod)
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Fig. 12. Average density of single-node clusters (candniwethod)
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these two criteria produced more clusters than other @iter
The densities for the Hybrid and LQI criteria remain low
at around20%. The "degree of connectivity" criterion has
the lowest density of single-node clusters (undlé¥;). The

Fig. 11 for "Remaining Energy Level" (resp. Fig. 13 and
Fig. 12 for MinLQI and the "degree of connectivity") shows
that the average density of single-node clusters is ddagas
when the MaxMin d parameter increases. For the "degree of
connectivity" criterion, there is no single-node clustasssoon
asd = 4 (Fig. 12).

The Fig. 14 shows the single-node cluster reduction den-
sity produced by the proposed single-node cluster reductio
(SNCR) mechanism. For all studied criteria, the reduction
percentage isl00%. This means that all the single-node
clusters, produced by MaxMin run with the canonical method,
have been eliminated by this reduction mechanism, whatever
the criterion under consideration. Accordingly, in a wasd
sensor network where there is zero non-connected node (i.e
each sensor has at least one neighbor), this mechanisty total
eliminates the single-node cluster phenomenon.

The figures (Fig. 15,16,17 and 18) shows the average ratio
of clusterheads for each criterion by comparing the residts
tained with the canonical method of cluster constructiams a
with the single-node cluster reduction mechanism (SNCR).
SNCR produces less number of clusterheads than the cahonica
method. The gap, due to single-node clusters, is largest for

increases. This explains the previous result (Fig. 8) inctvhithe "Proximity with respect to the BS" criterior2% to



Average densiy of clusterheads.

Average density of clusterheads.

Fig.

Average rate of clusterheads

Criterion = Proximity with respect to the BS.

°
T

°
&
&

01f

—— Canonical method
- B - Single-Node Cluster Reduction (SNCR)|

. 15. Average ratio of clusterheads (Proximity BS, d=1)

Criterion = Degree of Connectivity

=

T
—— Canonical method
- B - Single-Node Cluster Reduction (SNCR)| |

Average ratio of clusterheads (Degree of conniggtid=1)

Criterion = MinLQI, d = 1
T

T
—— Canonical method
- B - Single-Node Cluster Reduction (SNCR)

Fig.

17. The average ratio of clusterheads (MinLQI, d=1)

Regular Nodes|
SNCR : Positions of Clusterheads, Criterion = Proximity - BS, d = 1, N = 500 nodes Clusterheads

Width (1 = 100m)

.:\.. \..d. e T Y

Fig. 18. Positions of caryommes (SNCR, Proximity-BS, d=1)

Regular Nodes|
SNCR : Positions of Clusterheads, Criterion = Degree of Connectivity, d = 1, N = 500 nodes. Clusterheads

Width (1 = 100m)

ow....w...w. . V. e o T

Fig. 19. Positions of caryommes (SNCR, Degree of Connégtidi=1)
i

Width (1= 100m)

Fig. 20.

45%, Fig. 16). The difference is also relatively substantial fo ) o _
a node has a high degree of connectivity, then its closest

The results for other criteria are: degree of connectivii,( Neighbors also have a high degree of connectivity. So this
criterion promotes the creation of neighboring nodes as-clu
terheads. Likely, for the "Proximity with respect to the BS"

the "Remaining Energy Level" criterion (from 10 tt0%).

constant gap), MinLQI (decreasing differences from &%

when the network size increases)

B. Positions of caryommes

Positions of caryommes (SNCR, MinLQI, d=1)

if a node is close to the BS, its nearest neighbors are also
close to the BS. Conversely, choosing the MinLQI criterion
The Figures 19, 20 and 21 display the clusterheads selegiedmotes the election of sensors enough apart from each othe
with MaxMin combined with the single-node cluster reduntioThis leads to a better geographical distribution of cary@sm
(SNCR) mechanism. These results show that the locationslbtaryommes are not sufficiently separated from each other,
caryommes are not optimal when the "Proximity with respethis affects the energy efficiency of the network. Indeedemvh
to the BS" (Fig. 19) and the "degree of connectivity" (Fig) 20a "regular node" communicates with its own caryomme, the
are used as criterion. As for MinLQI (Fig. 21), clusterheadsther neighboring caryommes hear the communication which
are sufficiently outspread which denotes better locatiams fis not intended to them. Therefore the energy consumption
clusterheads. The locations of caryommes generated by thereases. Furthermore the risk of collision also incredmse
degree of connectivity criterion are not optimal because dause two neighboring nodes which have distinct clusteihea
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"degree of connectivity" criteria consume much more energy
- The Fig. 23 denotes that increasing the value of d (d=1,2,3),
ST has the effects to increase the MaxMin energy consumption
~ for the "Proximity with respect to the BS" criterion for whic
the energy consumption begins to decrease sihce 4.
Conversely, for other criteria (Fig. 24 shows the "degree of

Average rate of remaining energy

. ~3 connectivity" criterion), increasing the value of d has the
effects to decrease the energy consumption (sihee1) of
= a R @ @ the MaxMin algorithm. Increasing the d parameter increases
the number of rounds for floodmax and floodmin. Thus, the
Fig. 23. Average rate of remaining energy (Degree of Coigt energy consumption also increases in these phases when the

depletion of the caryomme density is not significant (Fig.
23). However, when the d parameter increases, the number of
could try to communicate simultaneously with their respect caryommes (sometimes considerably) decreases and treerefo

clusterheads which are also in the same radio range. the number of "CH-INFORM-MSG" messages. The overall
) energy consumption decreases when the depletion of the
C. Energy consumption number of caryommes is important (Fig. 24).

The application consists of three main phases: the MaxMinThe Figures 25 and 26 show the average energy consumed
phase, the data collection phase and the routing phase (kigeach phase, considering the "Remaining energy level" and
6). The MaxMin phase is composed of clustering ones (initiaWinLQI criteria. The Figures 27 and 28 are related to the
floodmax and floodmin phases), followed by the step of clustenergy consumption of the "Proximity with respect to the BS"
formation (canonical vs. SNCR). criterion. We compare the case where clusters are formed by

The Figures 22, 23 and 24 show the average rate thie canonical method with the single-node cluster reduoctio
the remaining energy after running the MaxMin algorithmmechanism (SNCR). These results show that the MaxMin
floodmax, floodmin and cluster formation using SNCR. Thghase is the one that consumes less energy. Moreover, its
MaxMin energy consumption depends on the criterion usedte of energy consumption is relatively low (from 2 &)
to select caryommes. MaxMin consumes less energy witbmpared with energy expenditure in the data collectiorspha
MinLQI. The "Proximity with respect to the BS" and thewhere each sensor sends alarms towards its caryomme (from
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Fig. 30. Average rate of the consumed energy by phase (SNER, d

SNCR vs Canonical form : MaxLQI, Remaining Energy, MinLQl, d = 1
T T T T T

T
=©- MInLQI - Single-Node Cluster Reduction (SNCR)
—©—MinLQI : Canonical Method

s - = - Remaining Energy : Single-Node Cluster Reduction (SNCR) _|

T Ery oo bl e canonical method is used. This result denotes that a high

R == MaxLQI : Canonical Method

density of single-node clusters has negative effects orggne
consumption. Moreover, MinLQI is more energy-efficientrtha
MaxLQIl which matches the Zigbee standard definition.

The Fig. 30 displays the average rate of the remaining
energy in the network after a complete cycle for the follagvin
criteria: "proximity with respect to the BS", "degree of eon
nectivity" and "MinLQI". These criteria are compared in bot
canonical and SNCR mechanisms. MinLQI is more energy
efficient than other criteria. The "degree of connectivity"
Fig. 28.  Average rate of the remaining energy (d=1) criterion has the worse energy efficiency, its average ritteeo
remaining energy significantly decreases. The Fig. 30 shows

) ] ] that this criterion is also less energy efficient with closte
38 t045%). The routing phase, in which alarms are aggregatg,quced by the canonical method. The figures Fig. 31 and

and sent from each caryomme to the base station, CONSUIBRS 32 (for SNCR) denote that the "degree of connectivity”
more energy (approximately from 60 43%). criterion consumes much more energy in the routing phase
The Fig. 29 shows the average rate of the remaining eneigympared with other critera (compare also Fig. 26 with Fig.
in the network after a complete cycle (node deploymentsi). This explain why this criterion is less energy efficient
MaxMin clustering, data collection, routing and sensing$® than others: the relative locations of selected caryommes a
Fig. 6). The MaxLQl, MinLQI and remaining energy criteriangt optimal. In such a situation this criterion leads to high

are compared in the two mechanisms of cluster formatioBgergy consumption even if it produces low number of single-
(canonical and SNCR). The SNCR mechanism is more eneigyde clusters (Fig. 10).

efficient than the canonical method. This is explained by

previous results in which SNCR totally eliminates single- IX. CONCLUSION

node clusters and then produces less number of clusterheads this report, we studied the single-node cluster phe-
than canonical method. Due to the high density of singl@eomenon pertaining to the MaxMin clustering algorithm. We
node clusters, the large amount of energy spent in the uticompared several clusterhead selection criteria and then p
phase causes a less energy efficient clustering scheme wpesed a simple single-node cluster reduction (SNCR) mecha-
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Fig. 31. Average ratio of the energy consumed by the Routimgse

(13]
nism. We also proposed a performant manner of using LQI-
based criteria (MaxLQI, MinLQI). The density of single-reod
clusters is relatively high for the "Proximity with respdct [14]
the BS" criterion and for the "Remaining energy level". The
"degree of connectivity" criterion has the lowest average-d
sity of single-node clusters. However, even if the phenamen(15]
exists it is less important for LQI and Hybrid criteria. The
"Proximity with respect to the BS" criterion is less perfong |16
than the "Remaining energy" which provides intermediate pe
formance. The "degree of connectivity" is the worse energﬁ—ﬂ
efficient criterion because the locations of selected aaryes
are not optimal. By setting a given LQI threshold, i.e a
value of acceptable LQI, and considering the lowest L #8]
value beyond this threshold, we obtain the optimal MinL
criterion which highly enhances the energy-efficiency. §hu
MinLQI is better than MaxLQIl which matches the Zigbe 19]
standard definition. Single-node clusters have the drakvbac
of increasing the energy consumption. The proposed single-
node cluster reduction mechanism eliminates all connecﬁgg
single-node clusters in the WSN, and then improve the energ
efficiency of the network. This work shows that, although it
is important to be performant in selecting clusterheads, tEl]
step of forming clusters is also crucial. In this step redgci
single-node clusters should be the primary objective ireord

to achieve energy efficiency. 22]
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