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Abstract—The Link Quality Indicator (LQI) is defined in the =~ remoteness of some nodes with respect to any given sensor.
892.15.4 standard, but its context of use is not specifigd in Thus, in the proposed LQI-DCP, the LQI value is used in such
this standard. Some works on the LQI, few of which are field 5 5y that the nodes which would have negative impacts on the
experiments, have shown that the LQI decreases as the disteg .
increases. In WSN. it is not often desirable to use the GPS network performance could only become clusterhead m_la_st
techn0|ogy_ |ndeed, the use of GPS is expensive and may reduc resort. LQl'DCP a.ISO fOFmS d'CIUSterS Where ea.Ch I’IOde W|th|
the overall network performance. Moreover, indoor recepton of a cluster is at most d hops away from its clusterhead. In a cold
the GPS signal is not possible. However, in cluster formatim  chain monitoring application, due to the size of a warehouse
it is quite important to sufficiently outspread the clusterheads which hosts a large number of pallets, provided each with
(or caryommes) in order to improve the network efficiency. '

Therefore we propose a LQI based d-clustering protocol (LOY & temperatur_e sensor, the WSN can reach several hundreds
DCP) which produces clusters of which each clusterhead has a Of nodes which collaborate for sending alarms towards the
better positioning regarding the locations of other clusteéheads. base station (BS). This application specifically colleaser
Simulation results show that the caryommes resulting from IQl-  ayents (alarms) to ensure the proper monitoring of the syste
DCP are sulfficiently outspread. LQI-DCP also reduces the desity If the temperature is over a threshold, an alarm will be

of clusterheads and then improves the WSN energy efficiency, P . .
while each sensor remains still at less than d-hops from a generated; this "interesting event” is then sent towarés th

caryomme. BS. In such a context, network clustering techniques add sca
Index Terms—WSN Clustering; LQI; LQI-DCP; MaxMin; ability features and then reduce the computation complexit
Clusterhead locations; Energy-efficiency. of data gathering and routing protocols. Applying the LQI-
DCP protocol to a cold chain monitoring application, we

. INTRODUCTION show how it improves the network performance by sufficiently

In the Zigbee standard [1],[2], the LQI measurement isutspreading the produced caryommes. In this application
defined as a characterization of the strength and/or qualit@QI-DCP is used to select the caryommes which manage
reception of a packet. The use of the LQI result by the netwottkeir respective clusters upon a TDMA based organization.
or the application layers is not specified in [1],[2]. The LQRegular sensors send alarms to their respective caryommes
measurement is performed for each received packet, and Widgch aggregate them and then forward data towards the BS
result is reported to the MAC sublayer as an integer ranginging the "Link Reliability based Routing Protocol" (L2RP)
from 0 to 255. The minimum and maximum LQI values (0 andie have proposed in [3]. L2RP is run with the weighted round
255) are associated with the lowest and the highest qualitbin load balancing mechanism using the "MinLQI" metric.
IEEE 802.15.4 reception detectable by the receiver, and thieaxMin [4] is an effective heuristic for d-cluster formatio
LQI values in between are distributed between these twddimin wireless sensor networks. This protocol has recenthnbee
[1],[2]. The proposed algorithm is a distributed LQI basedorrected, generalized and validated in [5],[6]. Then weeha
clustering protocol (LQI-DCP) which runs in two rounds. 1-Ql optimized MaxMin by providing a simple mechanism to
DCP is bhuilt such that, in the first round, the preselectedduce the single-node clusters and then increase theyenerg
nodes rely on some of their neighbors (called the emissadfficiency [7]. The proposed LQI-DCP protocol is compared
nodes) to designate undesirable nodes (called whipping koythis optimized form of MaxMin. The rest of this paper is
nodes) which would be only elected in last resort. To mal@ganized as follows. After an overview of the related works
their decisions, the preselected nodes and the emissagsndd the next part, the next one gives an understanding of the
use the quality of the links they form with its respectivgproposed LQI-DCP algorithm. In the fourth part, we present
neighbors. LQI is used in order to take into account thibe clusterhead selection criteria used to evaluate thiegvb
distance separating nodes. As the GPS technology is expendihe last section presents simulation results pertainirsgaold
and is high energy consumer, it is not often desirable to adtain monitoring application in which LQI-DCP is compared
GPS futures in the WSN. Furthermore, in some applicatianstd the MaxMin heuristic.
is not a requirement to precisely determine the node logstio
In such application it is only sufficient to have an idea on the



Il. STATE OF THEART Then in [7] we provide a simple mechanism to reduce the
single-node cluster phenomenon and then increase theyenerg
In Zigbee [1],[2] a cluster-tree topology is provided wittet efficiency of the MaxMin algorithm. The proposed LQI-DCP
standard 802.15.4 std. A ZigBee system consists of sevgpabtocol is compared to this optimized form of MaxMin in
components. The most basic is the device. A device cauich there is no single-node cluster. Furthermore, many
be a full-function device (FFD) or reduced-function devicelustering potocols do not take efforts to sufficiently quésad
(RFD). A network shall include at least one FFD, operatingusterhead positions. In the state of the art, most of tihema
as the PAN coordinator. The PAN coordinator forms the firglive some performance criteria without showing how cary-
cluster by establishing itself as the clusterhead (CH) withommes positioning are related to each other. To achieverbett
cluster identifier of zero, choosing an unused PAN identifiemetwork efficiency, clusterhead locations should be choase
and broadcasting beacon frames to neighboring devices.aAimely manner. This is the main goal of this work in which
candidate device receiving a beacon frame may requestthie link quality indicator (LQI) is used to improve caryomsne
join the network at the CH. If the PAN coordinator permitpositioning and then to enhance the energy efficiency.
the device to join, it will add this new device as a child
device in its neighbor list. This cluster-tree topology sl !Il. THE PROPOSEDLQI-DCP CLUSTERING PROTOCOL

suited to heterogeneous networks but is not fully scalableThe proposed distributed clustering protocol, called LQI-
for large homogeneous WSN. Few papers concern LQI baggdp, is based on the Link Quality Indicator (LQI). Intended
clustering protocols for WSN. In [8], authors propose a-inko dense wireless sensor networks, its basic idea is to eehan
state clustering algorithm (LSCA) for both homogeneous afe network efficiency by selecting the best located sensors
heterogeneous large scale wireless sensor networks. Baggttiusterheads. It takes place in 2 rounds. The first round
on the link state of the radio channel, LSCA forms clusteggnsists of information exchanges to initialize the algoni

of which clusterheads form a backbone for data routingnd to preselect preferable nodes. In this round, the ursdési
The LEACH [9] algorithm for selecting clusterheads is @odes with respect to the preselected ones are identifi¢deIn
prObabi”StiC method which prOduceS clusters with a Iar%cond round, caryommes are elected among the remaining
variation of link distances and uneven energy consumptig@n-clusterized nodes and the identified undesirable nindes
during the data transmission phase. To address this is&i€, aast resort.

signal strength algorithm based on link quality is preséite The WSN can be modeled as a graph= (V, E), where two
[10]. In this distributed algorithm [10], nodes attemptéunluce npodes are connected by an edge if they can communicate with
the overall energy required for transmission in addition tgach other. Let € V be a node in the WSNV/ () is the one-
forming favourable clusters based on Received Signal §tihenhop neighbourhood of the node A nodex forms with each
indication (RSSI) density and quality. These papers doa@ t ,; ¢ A/, () a link of which the link quality indicator LQI value
into account multihop clustering aspects. Multihop clustg s denoted by/(x, %) > 0. For all other nodes € V \ NV; (),
algorithms address two main challenges: first, the questign: ) — 0. Let v be a bijective function defined ilf which

arises how to optimally choose the caryommes with respgsta totally ordered set. The function is defined as follows:
to their locations and, secondly, how to construct the pafen

relationship between regular nodes and their caryommes in Ve eV, v(z) = (f(z),id(x)) 1)
such a way that any common sensor can reach its clusterhe

within k hops, that is to say, how to construct an optimally\’%eref(x) is a criterion function (like the remaining energy,

independent k-dominating set. Unfortunately, finding sach he degree of onnectivi_ty) a_lrid(_a:) ret_urns the addre§s of the
set is an NP-complete problem [4], so some heuristics h Q/gdex.‘;'he total ordering i/ is defined as follows: B
been proposed. In [11], Dai and Wu proposed three algorith f < ) v(z) > wy) == (fl@) > fy)) or (@) =

to build k-dominating sets which are also k-connected. Olr‘}J y) and id(x) > id(y))

method is_ tp compare sensor vglues (criteria) such as n%’.eFirst Round

ID, "remaining energy level", weight, etc. (cf. KHOPCA in ) . ) L
[12], CABCF in [13], MaxMin in [4]). It is possible that 1) Flr_stly, all nodes are |n\{olved_ in a commumcatlon_
two nodes have the same criterion value. Then, in [14] and N€ighbourhood exchange in which, each node sends its
[5], the authors propose to consider the pair composed by the  Cfterion value to its respective neighbors. ,
degree of connectivity of the node and its address. Somesvork2) A Node having the highest criterion value in its neigh-
([15],[16],[17],[18],[19]) introduced the notion of siteynode bourhood declare itself as a Prese_lected_ Node" (PN).
clusters as a performance criterion for evaluating clirsger The setS, of the preselected nodes is defined by:
protocols, whithout showing why single-node clusters at n So={reV,Vye M), vi@)>v)} (2

a desirable feature in WSN. In [7] we show how much single-

node clusters could have negative impacts on the network3) A "Preselected Node" will announce its state by sending
efficiency. MaxMin [4] is an effective heuristic for d-clest a "PN-INFORM-MSG" to its 1-hop neighbors.
formation in wireless sensor networks. This protocol has4) A 1-hop neighbor of a "Preselected Node" which re-
recently been corrected, generalized and validated if6]5], ceives the "PN-INFORM-MSG" becomes a clusterized



node and belong to the cluster formed by the "pres [ T

lected node". At this step, the s@4 of the clusterized Whipping boy

nodes is defined by : o
le{IGV, Jy e Sy ﬁNl(I)} (3) '/". O '-:

The "PN-INFORM-MSG" contains a parameter throug Radiorange or i O O

which some nodes advertise themselves as the "Emiss —

Nodes" of the PN which has sent the "PN-INFORM___

MSG". For each preselected node, its "emissary node .-
are some of the 1-hop neighbors which inform abot

the presence of the preselected node outside of the |
vicinity. Then the "emissary node" send to its 1-ho
neighbourhood a "WBN-SELECTION-MSG" messag!
containing a parameter which characterizes the "Whi
ping Boy Nodes" which are the nodes not desirable ..
clusterheads, if the "preselected node" were to be finally
elected as caryomme. The "Whipping boy nodes" would
have negative impacts on the network performance, if
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Fig. 1. Links and Node status in LQI-DCP

they were to be finally elected as cIu_sterheads (because w1 = @1 D {Twbn} (8)
they are too near from the 1-hop neighbourhood of the o ) ]

PN). The idea is to choose the "Whipping boy nodes” . I_f itis a non-clusterized node,,., which has no
in last resort. This helps outspreading the caryommes to link with the PN (the sender of the "PN-INFORM-
optimize their relative positioning to each other (Fig. 1). MSG" which triggered the "WBN-SELECTION-
For this, each "Preselected Node" uses its weak links MSG"), then it becomes a "whipping boy node".
_(small LQI value) to nominate its i'emissary nodes", that @1 = @1 ® {Tnen}, (9)

is to say, the nodes which receive the "PN-INFORM- o

MSG" message and which forms with the PN a link « In all other cases, it ignores the "WBN-
having a quality under a givef,,;, threshold. For a SELECTION-MSG" packet and if it is already a
PN, each of its "emissary nodes" meanwhile uses its clusterized node, then it remains clusterized.

good links to designate its "whipping boy nodes" which At the end of the first round, the s&t of the first round
are nodes which receive the "WBN-SELECTION-MSG" elected clusterheads is defined by :

message and which form with the "emissary node" a link Si =S (10)

of which the quality exceeds a givéhn,,, threshold. ! 0

For eachx € Sy, the setK; of the emissary nodes is The set); of the first round clusterized nodes is defined
defined by: by :

Q={zeV, IyeSi NNz (11)
K1(2) = {y € M)\ {2}, 0 < £2,9) < buia} (4 =t L)
Let z € Sy, for eachy € K, (z), the setw; (z,y) of the B. Second Round
whipping boy nodes is defined by: This round involves the non-clusterized nodes and the
B whipping boy nodes identified during the first round,{ plus
wi(z,y) ={z € VAM(@), Uy, 2) 2 lmaa}  (O) e designated whipping boy nodes during the second round
w1 =U. {z cwi(z,y), €S, ye Ki(zx)} (6) (w2). Initially,

. : wy =0 (12)
A node which receives the "WBN-SELECTION-MSG"
message from an "emissary node" with which it forms w20 = w1 U ws (13)
a link of which the quality is part of the link features of Wao = {E\ i} \ wao (14)

the "whipping boy nodes" takes the following decisions: _ _ _ o
« if the receiver noder,,, is a PN which is not 1) During this round, each non-clusterized nadehich is

the sender of the "PN-INFORM-MSG" which has not a "whipping boy nodefz € Ws,) triggers a timer

triggered the "WBN-SELECTION-MSG" message Ty (x) which is inversely proportional to its criterion
from "the emissary node”, it becomes a "whipping  Value. Each "Whipping boy nodej (y € w.) triggers
boy node" and then loses its preselection. Therefore, & timer Tz(y) which is inversely proportional to its

its respective neighbors having no link with the PN criterion value. IfW,0 # 0 andw, # () the timers
become non-clusterized. Ty andT; are set such that:

So = So \ {Zwpn} @ 0 < Tyait < _nax T (z) < ernwng0 Ta(y) (15)

2,0



2) If no "CH-INFORM-MSG" message is sent after the
waiting time T,.;;, then there is no candidate (i.e
Wy, = 0 and wyo = 0). In this case, all cluster-
heads are known in the first round, then the clusterhead
selection process stops at this step. Otherwise, At the
expiration of the timerT; (i = 1,2), the first node
wa,0 Which has the highest criterion value informs its
neighbourhood that it is a clusterhead, by sending a
"CH-INFORM-MSG" packet. Letws o be the unique
node inE \ ©; defined by:

if Wao #0, Yy € Wao, v(wgo)>v(y) (16)
if Wao=0,Vy € wap, v(wag) > v(y) (17)

3) The candidates, if any, send their "CH-INFORM-MSG"
messages in the descending order of their respective
criterion value. The sendew,; of a "CH-INFORM-
MSG" message becomes caryomme. Upon reception of
a "CH-INFORM-MSG" message, each neighbay,.,
which has not yet chosen a clusterhead, chooses the @
sender as caryomme and then cancels its timer.

Zf Tpen € WQ,O, WQ,O = WQ,O \ {Incn} (18)
Zf Tpen € W2,0, W2,0 = W2,0 \ {xncn} (19)

4) As in the first round, upon reception of a "CH-INFORM-
MSG" message, some neighbors which have not yet This occurs whet,; = () and w2 ; = (). The setS,
chosen a clusterhead, recognize themselves as "Emis- ©f the second round elected caryommes is defined by :
sary nodes" of the "CH-INFORM-MSG" sender. An o _
"Emissary node", then informs its vicinity by sending 52 = Ui {wz,} 27)
its "WBN-SELECTION-MSG", which determines theThe setS of elected caryommes is defined by :
"Whipping boy nodes" for the second round. Unlike
the first round, a sensor having the characteristics of
a "Whipping boy nodes" in the second round and
which is already a clusterhead or a clusterized node Using LQI-DCP for Multihop Clustering (d > 1)

keeps its status by ignoring the "WBN-SELECTION- |n multihop d-clustering each node within a cluster is at
MSG" message. Otherwise, it becomes a "Whippingost d hops away from its clusterhead. In the previous sectio
boy node” {.,) and then changes its timer value tahe presented LQI-DCP constructs one hop clusters in which
T3 so that it could be only elected in last resort (i.@ach node can directly communicates with its clusterhead.
max(72) < min(73)). After the selection of caryommes using the one-hop clusgeri
w2 = o B {Twsn} (20) form of LQI-DCP, d-clusters are then built, according to
the known single-node cluster reduction (SNCR) mechanism
Assuming thatVs ;_1, w2 ;—1 andw, ;1 are known in we recall below. For more details, the SNCR mechanism is
a previous step. Labs ; be the unique node iW, ;_1U  proposed in [7].
w2,;—1 defined by: « Run LQI-DCP ford = 1 (first and second round).
if Waiit # 0, ¥y € Wai_1, v(wss) > v(y) (21) « Once the set _of_ cluster_heads_ is known bk 1, each
caryomme initializes a timefs inversely proportional to
ifWaiz1=0,Vy € wai—1, v(wa,;) >v(y) (22) its degree of connectivity.
« At the expiration of the timerls, the first caryomme
Waii = Wi \ {Weii-1 N N1 (w2,i-1)} (23) which has the highest degree of connectivity, informs its

Fig. 2. LQI-DCP : Node State Transition in the 1st Round

(3
)

Fig. 3. LQI-DCP : Node State Transition in the 2nd Round

S=85US; (28)

@ai1 = a1 \ {w2.ic1 N Ni(wai_1)}  (24) neighbourhood that it is a selected clusterhead by sending
’ ’ ’ ’ a "CH-INFORM-MSG" packet.
wo,i = Wai—1 U w2 (25) . The "CH-INFORM-MSG" message contains the cary-

omme ID id(CH;) and has a time-to-live equal t@.
It is retransmitted to all nodes within d-hops from the
Ty = max(Tyqit, max(T1), max(T2), max(T3)) (26) originating clusterhead.

5) The second round stops at the expirafigrof all timers.



« Upon reception of a "CH-INFORM-MSG" message, eac@. Link Quality Indicator (LQI)
neighbor which has not yet chosen a clusterhead, chooses . ] ]
the sender as caryomme, decrements the TTL and theffOf Moteivs Tmote Sky [20] sensors equipped with
forwards the "CH-INFORM-MSG" message 1o its neighghlpcoﬁs CCZ4_20 [2_1], the LQI values range from 50 to 110.
bors. Even so, we stick with the ZigBee standard [1],[2]. Then, we

« Upon reception of a "CH-INFORM-MSG" message, by'S€ standard values (i.e. 0, 255), instead of those of CC2420
another clusterhead, it creates a list "SRC-INFORMD this paper, we use the MinLQI clusterhead selection crite
LST" of senders which contains node IDg(S;) of rion d_eﬁned in [7]. For a node, the _MinLQI value represents
sensors from which the message is received. This nodelfi§$ Minimum LQI value beyond a given threshold between a
is not necessarily the one of the originating caryommel0de and its neighbours.

o The caryommes send their "CH-INFORM-MSG" mes-
sages in descending order of their respective degree of
connectivity, until all caryommes have announced their
state. _ o A. Network organization and deployment

« A clusterhead of single-node cluster recognizes itself by
the fact that its "CH-INFORM-MSG" message is not The application is designed for a cold chain monitoring
retransmitted by any of its neighbors. Such a clusterhepdrpose. Its goal is to monitor a warehouse by logging alarms
inspects its "SRC-INFORM-LST" list. If its list is not originating from sensors. Alarms are generated when the
empty, it chooses the first node of its list as caryommsensed temperature exceeds a given threshold. After a first
If its "SRC-INFORM-LST" list is empty, then the cluster-phase consisting of hello exchanges, the LQI-DCP clusgierin
head has no neighbor. This denotes a single-node clusifgjorithm is run. Then, each caryomme manages a TDMA
arising from the topology deployment of the WSN.  organization (Fig. 4) by assigning one time sl@s{:(S;))

_ to each one of its cluster members. To save energy, sensors
D. Maintenance Phase switch in "sensing mode" and turn off their respective radio
Instead of entirely re-running the LQI-DCP protocol, it igvhile leaving sensor modules in the active mode in order to
sufficient to only run the SNCR mechanism to maintain theontinue collecting events. Then, in the data collectioasgh
stability of cluster states when minor changes occur indide (Tpata = 1s) sensors wake up in turn upon their respective

V. CoLD CHAIN MONITORING APPLICATION

wireless sensor network. time slots in which each sensor sends its alarms to its re-
spective caryomme. Since, the caryommes do not necessary

IV. CLUSTERHEAD SELECTION CRITERIA form a connected backbone, all sensors wake up during the

To evaluate our LQI-DCP protocol, we use criteria functiod@uting phase (Fig. 4) in which each caryomme aggregates the
presented is this section. received alarms and then sends towards the BS. In the routing

phase, only caryommes are sources of data packets. Other
A. Sensor Proximity with respect to the Base Station (BS) regular sensors are only participating in the routing effor

We consider a WSN deployed with a base station Whe?é/ retransmitting received data towards the BS. The routing
each node knows its exact location and that of the BS. As t fotocol used is the "Link Reliability based Routing Prattic

main goal of the application is to send events towards the B GZRP) we have proposed in [3]. It is run with the weighted

it seems natural to look at the criterion defined as follows: roUn_d robin Ioac_i balancing mechanlsm_ using the "MinLQI
metric. The routing phas€l'routing = 1min) is followed by

C; = 1/d(S;, BS) (29) a long sleeping on€Tsicc, = 8min59s). With these time
values, the total duration of a complete cycle (SensingaDat
Whered(S;, BS) is the distance seperating the senSpfrom  collection, Routing) iSTcyc. = 10min. The assigned time
the BS. We choose the inverse of the distance to promote #)gts to each regular clustered sensor are computed aw$ollo
election of the closest sensor to the BS.

T ata
B. Degree of Connectivity Ts10t(Si) = ?Y_t (30)

The degree of connectivity of a node, i.e. the number
of its neighbors, is also a criterion that seems interestiVgheren; is the number of regular sensors which are in the
to study. Intuitively, the more neighbors a sensor has, teame cluster as;.
more it seems to be an appropriate candidate as clusterheath the simulation model N sensors are randomly deployed
since a sensor with a low degree of connectivity might hawver an area of lengti. = 200m, and width! = 200m.
little information, from its neighbourhood, to aggregateldo The base station is located at the (0,0) location. Each node
forward to the BS. In the initial phase, each sensor is iremlv generates alarms, which are sensed data higher than the tem-
in the neighbourhood information exchanges (hello prdypcoperature threshol@ emp,,.;,,, following the Poisson process
which allows it to determine its degree of connectivity ahd t of parameter\ = 3. The transmission range of each sensor
BS location. (including the BS) isR = 20m.
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B. Energy Consumption Model

Let Er.(k,d) the energy consumed to transmit a k bits
message over a distance d [9]:

Average density
of Clusterheads
o

0.Q%... Se— oI |
Era(kyd) = Buce s k+ g s ke d? (31) S =3
Let Fr, the energy consumed to receive a k bits message: %0 400 Netwgrcl)(OSize (N§r?gdes) 1000 1200
ERrs (/f, d) = ERm—elec(k) = FEejec ¥ k (32) Fig. 6. Average density of clusterheads (MinLQI)
Eeee = 50nJ/bit and & = 100pJ /bit /m? (33) Critere = Degree of Connectivity, d = 1
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The energy consumed by a senstrin Active/Sleep modes
is calculated following the model proposed by [22]:

ERadio(Si) - PActi'ue * TActive + PSleep * TSleep (34)
As in [22], Pactive = 1040mW and Pgjeep, = 200mW.
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C. LQI Model for Simulation Purposes
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T_he LQI values are calculated by using the, y) function A
defined below: Network Size (N-node)

B xlog(l + (v(x,y) — Ymin(2))) (35) Fig. 7. Average Cluster Size divided by Network Size (Degre€onnec-

g =
(z,y) =a+ 108(1 + Ymaz(2)) tivity)
1
V@Y =7 (36)
(,y) VI. SIMULATION RESULTS
Ymin(x) = n/\l/in v(z,y) (37) Simulations, using Matlab, are run for a network size
yeN (@) ranging from 200 to 1200 nodes. The performance results
Ymaz(T) = max y(z,y) (38) presented here are obtained by averaging the results for 100
yENl(m)

different simulations for each scenario, except for thenace
Where a = 50, 8 = 255 and d(z,y) is the distance Of the caryomme location (Fig. 11, 12 13, 14, 15 and 16) for
Separatingy from z. The choice of this model is gu|ded byWthh 80 different simulations were run. For each Simul’a,tio
experimental results shown in [23] and [24] which stated tha new random node layout is used. In all simulation results
the LQI decreases when the distance between nodes incre®$ggented below/... = 230 and /n,;, = 70. For the

in Zigbee-based WSN. As we can sez,y) # ((y,z). MInLQI" criterion, the minimum LQI treshold is set to 100.
Hence, the model allows to take into account asymetrical i

aspects of wireless links. This LQI model is only used fop- LQI-DCP Cluster Formation

simulation purposes, so sensor nodes do not compute thes€he figures 5 and 6 show the average density of clusterheads
above formulas. both for LQI-DCP and MaxMin protocols, respectively for
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the degree of connectivity and the MinLQI criteria. LQI-DCP

leads to a caryomme density lower than MaxMin (whatever @
the value of d = 1,2,3,4). Differences may be more or less

important depending on the criterion. Therefore, the elust 9 @
sizes (Fig. 7 and 8) are larger for LQI-DCP. When the number ’

of caryommes is too important, energy efficiency decreases, 6

it is better to have a density of caryommes well suited to the
density of the network deployment.

B. Single-Node Cluster Reduction (SNCR) @

For LQI-DCP, the simulation results show a density of
single-node clusters equal to zero for all studied criterigig. 10. LQI-DCP Clusters formed with the degree of connégticriterion
Therefore, to avoid an additional energy consumption in the

case ofd = 1, it is not necessary to apply the single-node MaxMin, Degree of Connectivity + Regular Nodes
cluster reduction (SNCR) mechanism immediately after th ~ 2000=~<g~==m —= = = "2~ @ MaxMin Caryommes
second round. This does not mean that LQI-DCP g ey o Vgl " b

: produces | 5 ..,g Rt
single-node cluster. Indeed it could meet some cases @risi £ g 150" PR - PR N
from the deployment topology of the WSN, where the densit$ & .*b ”»e '?,"}'},‘k"{." :
of single-node clusters can be less or larger. For examplg 2.100;"3:.:,-‘“‘ :_;.':= ’ 2
consider the network (Fig. 9), for which it is assumed tha% 8 A R e e
there is no whipping boy nodes (nor in the first round, nor irg © 50?{&”{;'“ -."
the second one). That is to say that the nodes are sufficiens J! ._{.’-:,0,‘ ety . ’ %]
outspread so that any link quality between two nodes dot % "0 100 “150 200
not meet the conditions of the equation (4). For this network Length of the deployment area L =200m

LQI-DCP (ran for d = 1) prOduceS nodes 1, 2, 4, 6, 7 and %’g. 11. Positions of caryommes (MaxMin, Degree of Connégtid=1)
as caryommes. In such a case, clusters represented by nodes

2, 4, 6 and 7 are single-node clusters (Fig. 9). However, if

we c_hoose the degree of connectiv_ity criterion to form <E|ustC_ Positions of Caryommes
in this example, we get after the first round the two clusters
represented by nodes 3 and 5 (Fig. 10). Anyway, the resultsThe Figures 11, 13 and 15 display the position of clus-
for these types of cases tightly rely on the function criteri terheads selected by MaxMin combined with the single-node
used to form clusters. Moreover the deployment topologistister reduction (SNCR) mechanism. The Figures 12, 14 and
such that there is neither whipping boy node nor enough notié display the position of clusterheads selected with L@FD
density are types of WSN deployments that lead to negativeed in its one-hop clustering form (1st and 2nd rounds).
impacts on the network performance whatever the protodedr the MinLQI criterion (Fig. 15, 16), as in [7], we use a
considered. For such cases it would be better to revise tHg0mx100m deployment area of 500-nodes WSN.

initial network deployment conditions. On the happening of The results show that our objective of sufficiently outsprea

a single-node cluster phenomenon after the secound roundngf the caryommes, to optimize their relative positionsaote

the LQI-DCP clustering scheme, the fact of using the SNC&her, is achieved. Indeed, for all the studied criteria,|-LQ
mechanism in the maintenance phase could help mitigatiD§eP produces clusterheads which are sufficiently outspread
this phenomenon. This denotes better locations for clusterheads. This istdue
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resort. As for MaxMin, these results show that the locatioins
caryommes are less optimal when the "Proximity with respect
to the BS" (Fig. 13) and the "degree of connectivity" (Fig) 11
are used as criterion. As for MinLQI (Fig. 15), clusterheads
are sufficiently outspread which denotes better locatiams f
clusterheads, but less than those of the LQI-DCP protodgl (F
16). The locations of caryommes generated by the degree of
connectivity criterion in MaxMin are not optimal becausaif
node has a high degree of connectivity, then its closesthneig
bors also have a high degree of connectivity. So this coiteri
promotes the creation of neighboring nodes as clusterheads
Likely, for the "Proximity with respect to the BS" criterian
MaxMin, if a node is close to the BS, its nearest neighbors
are also close to the BS. Conversely, choosing the MinLQI
criterion promotes the election of sensors enough apanm fro
each other. This leads to a better geographical distribudfo
caryommes. If the caryommes are not sufficiently separated
from each other, this affects the energy efficiency of the
network. Indeed, when a "regular node" communicates with
its own caryomme, the other neighboring caryommes hear the
communication which is not intended to them. Therefore the
energy consumption increases. Furthermore the risk of- coll
sion also increases because two neighboring nodes whieh hav
distinct clusterheads could try to communicate simultaisgo
with their respective clusterheads which are also in theesam
radio range. For LQI-DCP, the results distinguish caryomme
elected in the first round of those elected in the second one.
The specificity of the "Proximity with respect to the BS"
criteria is that it gives only one elected caryomme in the firs
round (Fig. 14). This result is expected, because as the set E
is totally ordered, each node in its neighbourhood has at lea
one other node which is closest to the base station, except fo
the single node of the network which is the closest sensor to
the base station. Precisely, this is the only elected seinsor
the first round (Fig. 14).

D. Grid Deployment Topology

The grid deployment topology is often used in the context
of the WSN deployed in a warehouse which hosts a large
number of pallets, one upon the other, organized in several

the fact that the whipping boy nodes are only elected in ldgte-up separated to each other by lanes. So simulatiortsesu
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presented in this section are pertaining to the grid topolog

deployment of the WSN. The figure 17 displays the caryommg,iges lower energy consumption compared to MaxMin.
locations produced by MaxMin for the degree of connectivitypg reflects the fact that LQI-DCP is an election in just two
criterion. This is the known pathological configuration whe rounds, instead of2+d+1) rounds for MaxMin. The emissary
MaxMin fails to provide good solution [4] because in eaclyqes are designated in the same packet which announces
straight line, the degree of connectivity is monoticallgi@as- o preselected node, then the cost of the emissary selectio
ing. We recall this pathological case to show that our LQIPDCpyachanism is negligible. However, for the whipping boy node
protocol can mitigate this issue (Fig. 18) without changingg|ection, an additional communication is necessary. But a
the foremost chosen conditions of the network deploymeRte ensity of the first round elected nodes is low, and thet th
In a warehouse, due to the physical environment, the Wfera|| rate of caryommes is lower for LQI-DCP, this leads
deployed to monitor the cold chain might encounter thg 5 |qwer energy consumption. It is the same for the phases
grid topology requirement. With the MaxMin heuristic, it iSyt gata collection (Fig. 23,24) and routing (Fig. 25,26)r Fo
possible to use a randomly distributed criterion (Fig. 19) iyoih phases the gap is important because the locations of the
orde_r to m|t|ga_te this phenomenon..ln that case LQI-DCHR, alEaryommes from MaxMin are worse compared to LQI-DCP.
provide more interesting results (Fig. 20) Consequently, in the data collection phase, when a sensor
sends its data to its respective caryomme, other proximate
caryommes hear the communication which is not intended to
The application consists of three main phases: the clagterthem. This has the effect of increasing the energy consompti
formation phase, the data collection phase and the routiimgthe routing phase, only caryommes send their aggregated
phase (Fig. 4). In the clustering formation phase LQI-DCé&ata to the base station. As the number of caryommes is higher
is composed of the first and second rounds, whereas MaxMim MaxMin than LQI-DCP, the energy consumed is much
is composed of its clustering phases (initial, floodmax andore higher for MaxMin compared to LQI-DCP. Therefore the
floodmin phases), followed by the step of cluster formatiooverall energy consumption for a complete cycle (Clustetin
with the SNCR mechanism. The figures 21 and 22 display tB&ta Collection + Routing) is much more higher for MaxMin
clustering phase energy consumption for both protocolswheompared to LQI-DCP which is more energy efficient (Fig.
the degree of connectivity and the "proximity with respexct t27,28).
the BS" criteria are used. In the clustering phase, LQI-DCP The figures 29 and 30 show for each protocol the ratio

E. Energy Consumption
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of the energy consumed by each phase during a completethe average energy consumed during the routing phase
cycle. For MaxMin and the routing phase, for example, {taryommes produced by MaxMin) divided by the overall



":LQI-DCP : MinLQI
[CJLQI-DCP : Energy Level
;. LQI-DCP : Connectivity
#ILQI-DCP : Proximity-BS

o
o
a

o

o

=
.

o

o

@
:

Average Rate of Energy Consumption

AN 4
7 . |
o6 i : B

: :

i ' ]

' 1 ' 1t ] i '
r ' P P = i i . 7

' g o L x* L ot O

' LI L} 1 ! P '

' ' i i i i '

: P - o

" r

Average Density of Whipping
Boy Nodes Finally Elected
o
o
N

* 0.01f 1
3t 1 [ i ] OO 200 400 600 800 1000 1200 1400
o 20 0 et e fre 1400 Network Size (N-nodes)

Fig. 31. Average Density of Whipping Boy Nodes Finally E&ttas
Fig. 29. Average ratio of energy consumption per phase (MaxiE1) Clusterheads (LQI-DCP, d=1)

where d(i, 7) is a random generated number which is uni-
formly distributed in]0, 1] for each neighbos; of the sensor

§ ot 1 S;. If Pr[link(i, j) = unreliable] = 1, then the nodeS;

| would not be a whipping boy node related to the emissary
nodesS; even if £(4,5) > lmaz-

] Before inspecting the impacts of the unrelibility of the

R : | | ' ! & & L wireless links, it is useful to examine the average ratio of

the whipping boy nodes finally elected as clusterheads in the
I N S ] i scenario where all links are considered reliable. Then the
figure 31 plots the average number of whipping boy nodes
finally elected as clusterheads divided by the overall numbe
Fig. 30. Average ratio of energy consumption per phase DQR, d=1)  Of clusterheads produced by LQI-DCP. For all studied dgater
this ratio is too low. For the proximity with respect to the BS
around 1% of clusterheads are choosen from the whipping
energy expenditure during one cycle for the same MaxMboy nodes. This ratio is betwedfi; and2, 5% for the degree
protocol. This result depends on the selection criteriome Tof connectivity and betweeB% and 4% for the MinLQI
previous results (Fig. 21, 22, 23, 24, 25, 26, 27 and 28) shaniterion. The Fig. 32 shows the effect of the unreliability
that MaxMin is more energy expensive whatever the phage wireless links on the average density of clusterheads by
considered and the selection criterion used. However, & onomparing results fop = 0 (all links are reliable)p = 0.25,
compares the phases within each protocol, the proportientspp = 0.5 andp = 0.75 (high unreliability), when the degree of
by the routing phase is more important in LQI-DCB0%) connectivity is used as clusterhead selection criteride. Fig.
than in MaxMin 65%). This is due again to the fact that33 displays the average positions of clusterheadp fer0.75.
caryommes are better positioned in LQI-DCP than in MaxMirn these scenarios, no unreliability is taken into accownt f
Indeed, the weak position of caryommes produced by MaxMihe MaxMin clustering scheme. Wireless link unrelibiliiare
has the effect of increasing the energy effort needed tecoll only considered for the LQI-DCP clustering scheme. These
data. The caryommes produced by MaxMin more often he@asults show that the unreliability of the wireless linkssha
communications which are not intended to them. In LQI-DCRggligible effects on the LQI-DCP behaviour. If a link were
as caryommes are more evenly distributed geographich8y, to be unreliable, the only effect on LQI-DCP is to decrease th

Average Rate of Energy C

o 200 400 600 800
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proportion of energy needed to collect data is lower. number of whipping boy nodes in both first and second round
of the LQI-DCP process. As a neighbor of a first round elected
F. Impacts of the Unreliability of the Wireless Links node can not become a clusterhead. Then unreliability of the

In the context of our application, the warehouse hosts huW'—Le;nS; links has low impact on the LQI-DCP clustering

dreds of pallets, one upon the other. Each pallets is prdvidseC
with a temperglttljre sensor. Th|s_ enwronment |s_subjected to VIl. CONCLUSION

some unreliabilities of wireless links. In this section vede .

into account such a phenomenon. For a sefisdts unreliable [N this paper, we have presented a new protocol (LQI-DCP)
links with some neighbors are modeled by the Bernouff cluster formation based on the link quality indicator ().Q

distribution of parametep which takes the value "unreliable"!t is a distributed protocol which aims to construct d-hops
with the probability defined as follows: clusters, that is to say d-dominant sub-sets of wirelessaen

networks where each node within a cluster is at most at d
Pr[tink(i, j) = unreliable] = 1, if 6(¢,j) <p  (39) wireless hops away from its clusterhead. The LQI is defined
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in the 802.15.4 standard, but its context of use is not yet
specified in the standard. We have therefore proposed the
use of the link quality for the cluster formation in WSN/[14]
The idea is based on the fact that the LQI gives an idea
of the distance separating the two nodes that form the links
Indeed, the LQI decreases as the distance increases. Tb avoi
using the expensive GPS technology which cannot also ﬁa
used everywhere, it is useful to exploit the LQI that i
already defined at the MAC layer of Zigbee based WSNs. The
second objective was to propose a cluster formation where
clusterheads are sufficiently outspread from each other [ig
increase the overall performance of the network. Therefore
LQI-DCP is an algorithm which runs in two rounds, where the
first preselected nodes trigger the elimination of somea@sns|1g)
called the "whipping boy nodes". In accordance with the
preselected node locations, the "whipping boy nodes" wo Il%]
have negative impacts on the network performance, if they
were to be finally elected as clusterheads. We compared LQI-
DCP to the generalized form of the MaxMin protocol run wit
the single-cluster nodes reduction mechanism. Simulatio
show that the rate of "whipping boy nodes" finally electegb1]
is quite low, our proposed LQI-DCP decreases the density [8f]
elected caryommes, gives better positions of caryommes, an
then increases the energy efficiency of the network.

20]

REFERENCES

IEEE Std 802.15.4-2006. Wireless medium access corfinzlc) and
physical layer (phy) specifications for low-rate wirelesrsonal area
networks (wpans). IREEE Computer Sociefy2006.

Zigbee Alliance. Zigbee specification v1. Jun. 2005.

C. Diallo, M. Marot, and M. Becker. Link quality and locdbad
balancing routing mechanisms in wireless sensor netwotksProc.
of the 6th Advanced International Conference on Teleconations,
AICT 2010 Barcelona, Spain, May 2010 (to be published).

A.D. Amis, R. Prakash, T.H.P Vuong, and D.T. Huynh. Maiand-
cluster formation in wireless ad hoc networks. 9th Annual Joint
Conference of the IEEE Computer and Communications Segi2000.
A. Delye de Clauzade de Mazieux. Etude théorique dedeamsisnulti-
sauts dans les réseaux de capteurs sans filsThése de doctorat
Université Paris VI, 2007.

A. Delye de Clauzade de Mazieux, M. Marot, and M. BeckearrEc-
tion, generalisation and validation of the "max-min d-tdusheuristic".
In Proc. of IFIP/TC6/LNCS NETWORKING\tlanta, USA, May 2007.
C. Diallo, M. Marot, and M. Becker. Single-node clustexduction
in wsn and energy-efficiency during cluster formation. Rapport de
Recherche no 10004-RSTELECOM SudParis, Jan. 2010.

C. Gao and R. Jantti. Link-state clustering based on igee.15.4
mac for wireless ad-hoc/sensor networks. Rmoc. |IEEE Wireless
Communications and Networking Conference, WCNC 2006Méld,
Page(s):499 - 504Las Vegas, NV USA, Apr. 2006.

W. B. Heinzelman, A. Chandrakasan, and H. BalakrishnaAn
application-specific protocol architecture for wirelesgnmsensor net-
works. IEEE Transactions on Wireless Communications, Vol.,Ifdyes
660—670, Oct. 2002.

S. Fazackerley, A. Paeth, and R. Lawrence. Cluster bekttion using
rf signal strength. InProc. of Canadian conference on electrical and
computer engineering, CCECBEewfoundland, Canada, May 2009.
F. Dai and J. Wu. On constructing k-connected k-donimgatset in
wireless networks. IfProc. of the 19th IEEE international Parallel and
Distributed Processing Symposium, IPDPS’05, Vo|.\Washington, DC,
USA, Apr. 2005.

M.R. Brust, H. Frey, and S. Rothkugel. Dynamic multipholustering
for mobile hybrid wireless networks. IFACM Proc. of the 2nd
international Conference on Ubiquitous information Maeeagent and
Communication, ICUIMC’08, Vol. Q1Suwon, Korea, Jan. 2008.

Y. Liu, J. Gao, L. Zhu, and Y. Zhang. A clustering algbrit based
on communication facility in wsn. IWRI International Conference on
Communications and Mobile Computing, CMC '09, Vglpages 76-80,
Jan. 2009.

F. G. Nocetti, J. S. Gonzalez, and |. Stojmenovic. Catingy based
k-hop clustering in wireless network3elecommunication Systems, Vol.
22, Numbers 1-4pages 205-220, Jan. 2003.

O. Younis and S. Fahmy. Distributed clustering in ad-rgensor
networks : a hybrid, energy-efficient approachPiroc. of IEEE Infocom
2004 Hong Kong, Mar. 2004.

M. Qin and R. Zimmermann. An energy-efficient votingskd clustering
algorithm for sensor networks. Rroc. of the 6th International Confer-
ence on Software Engineering, Artificial Intelligence, Watking and
Parallel/Distributed Computing and First ACIS Internatial Workshop
on Self-Assembling Wireless Networks (SNPD/SAR005.

J.Y. Cheng, S.Ruan, R.Cheng, and T.Hsu. Padcp: Powareadynamic
clustering protocol for wireless sensor network. IRIP Interna-
tional Conference on Wireless and Optical Communicatioesidrks
(WOCN) Apr. 2006.

K. Sun, P. Peng, P. Ning, and C. Wang. Secure distribuledter
formation in wireless sensor networks. Rroc. of the 22nd Annual
Computer Security Applications Conferenpages 131-140, Dec. 2006.
K. lwanicki and M. v. Steen. Multi-hop cluster hieragcimaintenance
in wireless sensor networks: A case for gossip-based istoén 6th
European Conference on Wireless Sensor Networks, EWSN 266§
Ireland, 2009.

Tmote Sky. http://www.snm.ethz.ch/projects/tméged ast access, Mar.
2010.

CC2420 Radio. http://www.chipcon.com. Last accessy.N2010.

E. Shih, S.-H. Cho, N. Ickes, R. Min, A. Sinha, A. Wang,dan
A. Chandrakasan. Physical layer driven protocol and algoridesign
for energy-efficient wireless sensor networks AGM MobiCom Rome,
Jul. 2001.



[23] J. Blumenthal, R. Grossmann, F. Golatowski, and D. Temmann.
Weighted centroid localization in zighee-based sensavarés. InIEEE
International Symposium on Intelligent Signal ProcessW4SR, 2007.

[24] M. Becker, A.L Beylot, R. Dhaou, A. Gupta, R. Kacimi, aMl Marot.
Experimental study: Link quality and deployment issues iineless
sensor networks. IfProc. NETWORKING 2009, LNCS 5550ages
14-25, NETWORKING, Aachen, Germany, 2009.



