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Abstract: Wireless sensor networks face significant design challenges due to limited computing and storage
capacities and, most importantly, dependence on limited battery power. Energy is a critical resource and is often
an important issue to the deployment of sensor applications that claim to be omnipresent in the world of future.
Thus optimizing the deployment of sensors becomes a major constraint in the design and implementation of a
WSN in order to ensure better network operations. In wireless networking, clustering techniques add scalability,
reduce the computation complexity of routing protocols, allow data aggregation and then enhance the network
performance. The well-known MaxMin clustering algorithm was previously generalized, corrected and
validated. Then, in a previous work we have improved MaxMin by proposing a Single-node Cluster Reduction
(SNCR) mechanism which eliminates single-node clusters and then improve energy efficiency. In this paper, we
show that MaxMin, because of its original pathological case, does not support the grid deployment topology,
which is frequently used in WSN architectures. The unreliability feature of the wireless links could have
negative impacts on Link Quality Indicator (LQI) based clustering protocols. So, in the second part of this paper
we show how our distributed Link Quality based d-Clustering Protocol (LQI-DCP) has good performance in
both stable and high unreliable link environments. Finally, performance evaluation results also show that
LQI-DCP fully supports the grid deployment topology and is more energy efficient than MaxMin.

Keywords: Wireless sensor network, Deployment strategy, Multihop Clustering, LQI, MaxMin, LQI-DCP.

1. Introduction

The deployment strategy of sensor nodes in a
control zone is cited among the critical points in the
design of sensor applications. It tightly depends on
the nature of the WSN application and its main
objectives [1-4]. The nodes are often either
distributed in a predefined manner or randomly
(dropped from a mobile system such as an airplane
for example).

For some applications precise distribution of the
nodes is a requirement for properly functioning. The
nodes must be deployed in predetermined positions to
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ensure efficient network operations as the application
results rely on node locations: home medical
monitoring of a patient, roads monitoring, operation
supervision of industrial systems, etc.

Other applications do not require accurate
distribution of the nodes. This is the case of such
applications where the sensor nodes could be
deployed randomly. This could be due to the
environment difficulties (geographical, climatic,
etc.): military surveillance of the enemy zone, forest
fire monitoring systems, etc.

In a cold chain monitoring application, due to the
size of a warehouse which hosts large numbers of
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pallets, provided each with a temperature sensor, the
Wireless Sensor Network (WSN) can reach several
hundreds of nodes which collaborate for sending
alarms towards the Base Station (BS). This
application specifically collects rare events (alarms)
to ensure the proper monitoring of the system. If the
temperature is over a threshold, an alarm will be
generated; this "interesting event" is then sent
towards the BS. In such a context, network clustering
techniques add scalability feature and then reduce the
computation complexity of data gathering and
routing protocols [5].

The more often WSN architecture used in cold
chain monitoring applications is the grid deployment
topology. So, in this paper, we show that one should
be careful with the MaxMin clustering heuristic in
such a topology.

In [2] and [6], we have shown how it is important
to sufficiently outspread clusterheads in order to
reduce cluster overlaps, the amount of channel
contention between clusters and energy wastefulness
due to overhearing phenomenon. The MaxMin
clustering heuristic, as proposed in [7-8], has the
drawback of not taking into account this problem. In
order to solve this issue, we have proposed LQI-DCP
in [3]. LQI-DCP is energy efficient LQI based
protocol which aims to construct multihop clusters by
producing clusters of which each clusterhead has a
better positioning regarding the locations of other
clusterheads. The clusterheads resulting from
LQI-DCP are sufficiently outspread. LQI-DCP also
reduces the density of clusterheads and then
improves the WSN energy efficiency, while each
sensor still remains at most d-hops away from its
own clusterhead.

In a cold chain monitoring application, the
warehouse hosts hundreds of pallets, one upon the
other. This environment is subjected to some
unreliability of the wireless links. So, it is important
for LQI based clustering schemes to fully support
such an environment. This is the main objective of
the second part of this paper which completes
discussions related in [2] and [3] where the grid
deployment topology were not been taken into
account. Moreover, our works in [1] did not include
energy efficiency analysis which is the third objective
of this paper.

Previous works [2, 7-8] present details on
MaxMin, whereas LQI-DCP is described in [3]. All
clusterhead selection criteria used in this paper are
defined in [2-3]. As in [2-3] we indifferently use
caryomme(s) or clusterhead(s).

To carry out our work, this paper is organized as
follows: in the next section we will present few WSN
deployment strategies before describing the MaxMin
Pathological Case is in the section III. Consequently,
we will explain, in the section IV, why MaxMin does
not support the grid deployment topology. Then, in
the sections V, we will show how LQI-DCP is well
adapted for the grid deployment topology. Finally,
the last two parts present performance results
pertaining to MaxMin and LQI-DCP clustering
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protocols when one takes into account the
unreliability feature of the wireless links (sections VI
& VII) and the energy efficiency of network
operations (section VIII).

2. WSN Deployment Strategies
2.1. Random Deployment without Constraint

The sensor deployment on a well-defined
collection target could be done randomly, in which
case the density might be very different from one
location to another [9]. This type of deployment
occurs during a bulk jet of the sensors from a
helicopter or missile. Many sensor applications use a
random deployment without constraint, due either to
the hostility of the monitored area or its large size
[10].

The use of the random deployment strategy
creates the challenge of ensuring good connectivity
quality in the network. Wireless links connectivity
would be significantly degrading with poor
distribution of the sensor nodes over the target area.
Thus with this deployment type, some sensor nodes
might have been isolated or disconnected. A
sufficient quality of connectivity obviously helps
ensuring packets routing under right conditions: low
transmissions delay, low rate of packet losses, low
energy consumption and high rate of successful
delivery of messages to the base station.

The random deployment is also well suited for
dense sensor networks where the redundancy of the
sensors on the monitored area is a required for
application accuracy. In such sensor systems, this
could help in enhancing network lifetime by putting a
certain number of redundant sensors on standby
mode while ensuring a full coverage of the monitored
area and maintaining a good network connectivity
rate [10].

This type of deployment often requires a good
clustering protocol to better guarantee good network
performance. However, given the density of the
network and the number of formed clusters, care
should be taken to avoid the creation of single-node
clusters which could annihilate network performance
[2]. Furthermore, the protocol must be designed to
produce clusterheads far enough away to maximize
the network lifetime [3].

2.2. Deployment with Remoteness Constraint
between Nodes

Another deployment strategy is the deployment
with remoteness constraint between nodes. In this
type of deployment, the minimum distance separating
two nodes is at least equal to A*R, where R is the
communication radius and 4, 0 < 4 < 1, is the
remoteness parameter [9]. If 4 = 0, then this is the
case of random deployment without constraint.
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This type of deployment could be used in
applications where sensors are equipped with GPS, or
in indoor industrial applications where node locations
are predetermined. Thus the remoteness parameter
$\lambda$ could be chosen in a manner to reduce
network density. This will helps in reducing energy
losses due to overhearing phenomenon [9].

Another variant of this type of deployment is the
deployment of sensors run in a direction with
remoteness constraint between nodes [9] which is
common for many (military, agricultural,
environmental, etc.) applications where nodes are
deployed by a robot, vehicle, helicopter or plane in
hostile environment where human presence is not
easy [9]. In such applications, the remoteness
parameter 4 and the direction could be tuned
according to the speed of the robot, vehicle,
helicopter or plane.

This type of deployment responds to the same
clustering constraints as the previous one. Except that
in this case, the clustering protocol does not have to
have as objective to produce clusterheads rather
distant from each other because, given the parameter
2, the relative remoteness of the nodes is already
ensured in the initialization phase of the network.

2.3. Grid Topology

The grid deployment topology is the most
common topology for indoor sensor network
architectures, particularly in cold chain monitoring or
sensor based security applications. The grid may be
uniform or not according to the values of steps used
in the abscissa axis and that of the ordinates.
Moreover, the positions of the sensors are often
predetermined in the grid. Therefore, the clusterheads
could be chosen according to their coordinates. This
could facilitate the deployment of heterogencous
networks where some sensors, intended to be
clusterheads, would have better hardware resources
and greater computational capabilities. This would
allow them to be positioned from the network start at
locations that ensure better network performance. On
the other hand, in the case of a homogeneous network
with a clustering protocol, this one must be designed
to be compatible with the inherent specificities of the
grid topology. This is what we shall see in the
following.

3. TheMaxMin Pathological Case

The MaxMin algorithm is improved by
\cite{ADelye},\cite {MMarot} as a generalization of
the earlier MaxMin algorithm proposed by
\cite{ADAmis}. It takes place in 2d+1 rounds. The
first round consists of information exchanges to
initialize the algorithm. The following d-rounds are
the floodmax phase, which is followed by the
floodmin phase composed of last d rounds.

Given the similarities with Linked Cluster
Algorithm (LCA) [13] and LCA2 [14], MaxMin

naturally inherits the same pathological case. Thus, in
the original paper [8] which revealed MaxMin to the
scientific research community, the authors reported
the pathological case for which MaxMin fails in the
process of cluster formation. We reproduce here the
figure (Fig. 1) and the argument as they were stated
in [8]: “There is a known configuration where the
proposed heurigtic fails to provide a good solution.
This configuration is when node ids are
monotonically increasing or decreasing in a straight
line. In this case, the d+1 smallest node ids belong to
the same cluster as shown in Fig. 1. All other nodes
become clusterheads of themselves only. Again, while
this is not optimal it still guarantees that no node is
more than d-hops away from a clusterhead.
Furthermore, this configuration is highly unlikely in
a real world application. However, this is a topic of
future work to be performed with this heuristic.”

1 2 3 4| 5 10 15 100 101 200 220 221

Fig. 1. Worse case performance scenario for MaxMin [8].

In the next section, we will show how this
pathological case has negative impacts on the grid
deployment topology. Indeed, the authors of [8] said
that: “ Furthermore, this configuration is highly
unlikely in a real world application”. This is
obviously wrong because the grid deployment
topology is more often encountered in real
WSN applications, especially in a cold chain
monitoring application.

4. MaxMin Incompatibility with the Grid
Deployment Topology

To better understand the consequences of the
MaxMin pathological case on the grid deployment
topology, let us consider the representation in Fig. 2,
where N nodes are deployed on a rectangular area of
length L and width /. Considering a grid where each
side of the area is subdivided with a constant step A.
Then, the coordinates x(i) and y(i) of the i node i € /|
1, N |/ are obtained as follows:

n= [%J,m= [%J,N=((n+1)*(m+1))—1,

where [%J denotes the integer part of %

i
m+

x(i)=l*l 1J,y(i)=/1*imod(n+1)
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If we assume that all nodes have the same
transmission range R = 2*1. Consequently, the
sensors 1, 3,9, 19, 23, 21, 15 and 5 are equidistant
from the node 12 and located exactly at the distance
2*5 from the node 12, that is to say, outside the
vicinity of the node 12. The same is true for the
sensors 9, 13, 11 and 5 with respect to the node
2.Then, by running MaxMin algorithm with the
parameter d = I and the function criteria f{x) = id(x)
for the WSN example in (Fig. 2), where id(x) is the
number of the node x:

O O-0-Q ® O ©
ogoNoNoRoNoNe

Fig. 2. MaxMin run in a grid deployment topology.

- During floodmax phase, the node 2 receives the
value 12 from 12" node because the node 13 is not in
the vicinity of the node 2.

- During floodmax phase, the node 1 receives the
value 11 from 11" node because the node 12 is not in
the vicinity of the node 1.

- Next, the node 12 receives this value 12 from
2™ node during the floodmin phase as the node 1 is
not in the vicinity of the node 12.

- Accordingly, the 12"
as clusterhead.

- As far as that goes, all the i nodes, i € [10, 34],
are selected as clusterheads (Fig. 3).

- More generally, it's easy to show that all the i
nodes i € [ 2(m+1),N ] are selected as clusterhead by
MaxMin.

node is selected

X

Fig. 3. Consequences of the MaxMin pathological case
on the grid topology: with R = 2*), from the 3™ column,
all nodes are elected caryommes.

The two tables above (Table 1 and Table 2)
summarize MaxMin's computation for this network
(Fig. 2). Here again we are using the same notations
as in [2].

Table 1. MaxMin results with d =1 for the WSN (Fig. 2).

Node D 0/1|2|3|4|5|6|7[8|9]|10]11|12|13|14|15|16|17|18]|19
FloodmaxWi: | 10 | 11 [ 12 | 13 |14 |14 |16 | 17 | 18 | 19 |20 | 21 |22 |23 |24 | 25|26 | 27 | 28 | 29
Floodmax St 10|11 |12 (13|14 |14 |16 | 17 |18 | 19|20 [ 21 |22 |23 |24 |25 |26 |27 |28 | 29
Floodmin W 101010 (11 |12 1010 |11 |12 (13 |10 | 11 [ 12|13 |14 | 15|16 |17 | 18| 19
Floodmin S ojojojJt1]2]0]JO0|1]2|3]0]1|]2]3]|4]5]|]6]|7]81]5H9
Caryomme 1011|1213 ]14 |14 (16|17 | 18|19 |10 |11 |12 |13 |14 |14 |16]| 17|18 |19

Table 2. MaxMin results with d = 1 for the WSN (Fig. 2) (continuous).

Node ID 20 21 22 23 24 | 25 26 27 28 29 30 31 32 33 | #A
Floodmax W1 30 31 32 33 34 31 32 33 34 34 32 33 34 34 34
Floodmax S 30 31 32 33 34 31 32 33 34 34 32 33 34 34 34
Floodmin W2 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34
Floodmin S 10 11 12 13 14 14 16 17 18 19 20 21 22 23 24
Caryomme 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34

Because of this, given the proximity of the
clusterheads produced by MaxMin in this case, it is
clear that most of the clusters are single node
clusters. We have shown in [2] that this phenomenon
of single node clusters is detrimental to the network
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performance because it considerably increases the
energy consumption and thus reduces the lifetime of
the network.

Thus, it is important to be careful when one
chooses the criteria used to select the MaxMin
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Thus, MaxMin run with the Single-Node cluster
reduction mechanism (SNCR) [2] leads to the

clusterheads in the context of a grid deployment
topology. Indeed, the "degree of connectivity" and

following results for criteria: "Node id" (Fig. 4),

"MinLQI" criteria also suffer the same -effects
because of the smoothness of the grid topology.

"Degree of connectivity" (Fig. 5), and "MinLQI"

are explained by the

These results
neighbourhood relationship (transmission range)

between the selected clusterheads.

(Fig. 6).

These criteria are monotonically increasing in each
row and each column of the grid when one moves
from the edge toward the center of the deployment

area.
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So, we obtain a series of clusterheads located in
adjacent columns which are periodically separated by
adjacent columns composed of regular nodes (Fig. 6).

To overcome this issue of MaxMin pathological
case in a grid deployment topology, one should
choose a criterion function of which the values are
randomly distributed to the nodes. This helps
avoiding a function which is monotonically
increasing (or decreasing) along the lines of the grid.
This randomization of the criterion overcomes the
problem of MaxMin pathological case (Fig. 7) but
also has the disadvantage of leading to unpredictable
results. Indeed, the benefit of choosing a particular

criterion rather than another one is to promote
optimal results with respect to the main objectives of
the application according to its operational
conditions. (Fig. 7) shows the location of caryommes
obtained for a randomized function criterion. As we
can see, this result is not optimal because some
clusterheads are too closely located. Therefore, this
leads to high energy consumption because of
overhearing, channel contention and overlaps
between clusters [2].

The MaxMin pathological case is also a big
drawback for multihop clusters, d > 2, as shown
in (Fig. 8).
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MaxMin: Average clusterhead locations, degree

of connectivity criterion, d = 2.

According to these results, we tend to conclude
that MaxMin is not suitable for the grid deployment
topology which is by far the most common topology
encountered in cold chain monitoring applications.

5. LQI-DCP in the Grid Deployment
Topology

The LQI-DCP protocol that we have proposed in

[3] is a distributed multihop clustering protocol.
LQI-DCP is based on the quality of links in order to

14

swerve locations of the selected clusterheads. In a
homogeneous network where all the sensors have the
same transmission power, and in the absence of
obstacles that can cause high interference, the LQI
depends only on the distance separating the nodes.
Intended for dense WSNEs, its basic idea is to improve
the efficiency of the network by caring about to
sufficiently swerve the produced clusterheads.
LQI-DCP takes place in two rounds. The first round
comprises a series of information exchanges making
it possible to initialize the algorithm and to preselect
the nodes having the greatest criterion value within
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their neighborhood (i.e. the Preselected Nodes (PN)).
Each Preselected Node (PN) designates its emissary
nodes among its neighbors (Fig. 9). The emissary
nodes allow identifying the neighbors that would be
undesirable as clusterhead if the Preselected Node
were to be finally elected as clusterhead. These

Radio range of the
Preselected Node

undesirable nodes are called Whipping boy nodes. In
the second round, the clusterheads are preferably
chosen among the nodes that are not yet belonging to
a cluster. A whipping boy node would only become
clusterhead as a last resort.

.-

Sl Weak Link Quality
¥ Good Link Quality

Fig. 9. Preselected, emissary and whipping boy nodes in LQI-DCP.

The first point to note is the redefinition of the
notion of the “emissary node” in relation to the
definition used in [6], where an additional condition
imposed on the emissary node to have a neighbor
outside the neighborhood of its “Preselected node”
(PN). Removing this condition saves CPU resources
and then improves the computation speed of
the algorithm.

Then, as we can see in the Figs. 10, 11 and 12
related to the node transition states:

- An emissary node has necessarily a clusterhead.

- A node could be a Whipping boy node if and
only if it is not in a cluster or if it is a Preselected
Node (PN).

- In the case if a Preselected Node (PN) becomes
a Whipping boy node, all the clustered nodes that
were attached to it become unclustered.

Clusterized
Node

Fig. 10. LQI-DCP: Node transition states in 1% round.

Unclusterized
Node

Fig. 11. LQI-DCP: Node transition states in 2" round.

To overcome the grid topology issue for MaxMin,
as we stated in Section IV, one should choose a
criterion function of which the values are randomly
distributed to the nodes. This helps avoiding a
function which is monotonically increasing (or
decreasing) along the lines of the grid. Even in this
case, LQI-DCP (Figs. 15, 18) is more efficient than
MaxMin (Figs. 16, 17) by sufficiently outspreading
selected clusterheads.

Conversely our LQI-DCP protocol fully supports
the grid deployment topology both for 1-hop and for
multihop WSN clustering (Figs. 13, 14, 15, 19).

For LQI-DCP, the results make it possible to
distinguish the clusterheads elected after the first
round of those who are elected in the second round.
The specificity of the Proximity-BS criterion is that it
gives only one node elected as a clusterhead in the
first round (Fig. 18). This result is explained by the
fact that each node has, in its vicinity, at least one
other node which is closer to it than the base station;
With the exception of the only node of the network

15
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which is the closest to the base station. It is precisely As for the Proximity-BS criterion, the result
this sensor that is the only node to be elected (Fig. 19) shows that there is only one selected
clusterhead in the LQI-DCP first round. clusterhead in the first round of LQI-DCP when the

degree of connectivity is used as selection criterion.

............................ )

+ Neighbourhood communication H PN/ CH Sends
H h N ¥
i exchanges and identification of #-ccccceo- - i I
: Preselected Nodes (PN) E « [PN/ CH]HNFORM-MSG »
_____________ jocceenececaas
et d ; L
- T / ¥ - T ~'\‘ Reception
: | i H by a Sensor
f e e |
N §=l/,/ ‘,. | Ignore
’ ! « [PN / CH]-inform-msg »

#-| Become Clusterized

Reception Y 1)) )
by a Sensor | _ Sending
| - « WBN-SELECTION-MSG »

Ignore
« whn-selection-msg »

A
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Fig. 19. LQI-DCP in grid topology: Average clusterhead
locations (Degree of connectivity, d = 1). For R = 20 m,
this result shows that the locations of the clusterheads
produced by LQI-DCP is efficient. Moreover, there is only
one elected clusterhead after the first round as explained
above.

As far as that goes, the explanation is that, in the
grid topology, each node has, in its neighborhood, at
least another node which has as many as neighbors.
The nodes having the same degree of connectivity as
per their tie “node IDs” because of the total order
relation in V defined by the equation:

vx €V,v(x) = (f(x),id(x)),

Where f{x) is the criterion function (such as the
Proximity-BS, the degree of connectivity) and id(x)
returns the address of the node x. The total ordering
in V'is defined as follows:

vx,y €V,v(x) > v(y) & (f(x) > f()
or (f(x) = f(y)and id(x) > id(y))

So there is finally a single node x € V in the network
that has the highest degree of connectivity that all its
neighbors (due to its address value id(x)). This is the
node which is logically the only one elected after the
first round (Fig. 19).

6. LQI Model for Performance
Evaluation Purposes

At each given time ¢, the LQI value of the link
formed by any pair (x, y) of nodes is calculated by
using the £(x, y, t) function defined below:

sy, t) = flx,y, ) *g(xy),
flx,y,t) = 1 —Pr(link(x,y,t) = Unreliable],

B *log(1 + (y(x,y) — y min(x)))
log(1 + y max(x))

y(xy) =

y min(x) =

gx,y)=a+

)

dxy)’

lelf(lx))’(x Y,

max y(x,y),

y max(x) = max
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where a = 50, B = 255 and d(x, y) is the distance
separating y from x. N1(x) is the 1-hop neighborhood
of the node x.

In the context of a cold chain monitoring
application, the warehouse hosts hundreds of pallets,
one upon the other. Each pallet is provided with a
temperature sensor. This environment is subjected to
some unreliabilities of the wireless links. So, in the
formula, Prflink(x,y,t) = Unreliable] denotes the
probability that the link [link(x,y,#) becomes
unreliable at time ¢. This probability is used in some
simulation scenarios, in order to evaluate the
behavior of our LQI-DCP protocol with respect to the
unreliability feature of the wireless links.

The choice of this model is guided by
experimental results shown in [15] and [16], which
stated that the LQI decreases when the distance
between nodes increases in ZigBee-based WSN.

As we can see, {(x,t) # {(y,x,0). Hence, the
model allows taking into account asymmetrical
aspects of the wireless links.

For moteiv's Tmote Sky [17] sensors equipped
with chipcon's CC2420 [18], the LQI values range
from 50 to 110. Even so, we stick with the ZigBee
standard [19-20] because some manufacturers, such
as Sun-SPOT [21] and WiEye [22], are still using the
standard LQI values. Then, we use the standard
values (i.e., [0, 255]) increased by a = 50, instead of
those of CC2420. The use of a = 50 allows to keep
the null value, £(x,y,t) = 0, only for the two cases
where the node y is not in the transmission range of
the node x, or when the £(x,y,t) becomes unreliable
i.e., Prlink(x,y,t) = Unreliable] = 1.

This LQI model is only used for simulation
purposes, so sensor nodes do not compute these
above formulas.

Simulations, using Matlab, are run for a network
size ranging from 200 to 4000 nodes. The
performance results presented here are obtained by
averaging the results for 100 different simulations for
the two scenarios (Figs. 20, 21). As for others
scenarios 80 different simulations were run. For each
simulation, a new random node layout is used.

In all simulation results presented below,
Cmax = 230 and fmin = 70 as defined in [3].

The MinLQI clusterhead selection criterion is also
defined in [2]. For a node, the MinLQI value
represents the minimum LQI value beyond a
given threshold which is set to 100, in all
simulation scenarios.

7. Impacts of the Unréliability Feature
of the WirelessLinkson LQI-DCP
Operations

In the context of a cold chain monitoring
application, the warehouse hosts hundreds of pallets,
one upon the other. Each pallet is provided with a
temperature sensor. This environment is subjected to
the unreliability feature of the wireless links. In this
section we take into account such a phenomenon. For
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a sensor S, its unreliable links with some neighbors
are modeled by the Bernoulli distribution of
parameter p which takes the value "unreliable" with
the probability defined as follows:

Pr[link(x,y,t) = Unreliable] =
if 6(i,j,0) <p,

where 8(i,j) is a random generated number which is
uniformly distributed in ]0,1] for each neighbor S;j of
the sensor Si. If Prflink(x,y,t) = Unreliable] = 1, then
at time ¢, £(x,y,¢) = 0 and the node S; would not
become a whipping boy node related to the emissary
node S; even if S is too closely located to S:.

Before inspecting the impacts of the unreliability
feature of the wireless links, it is useful to examine
the average ratio of the whipping boy nodes finally
elected as clusterheads in the scenario where all links
are considered reliable, i.e.:

Vvt,Vx € V,Pr[link(x,y,t) = Unreliable] = 0,Vy
€ N1(x)

Then, the Fig. 20 plots the average number of the
whipping boy nodes finally selected as clusterheads
divided by the overall number of clusterheads
produced by LQI-DCP. For all studied criteria, this
ratio is too low. For the proximity with respect to the
BS, around 1 % of clusterheads are chosen from the
whipping boy nodes. This ratio is between I % and
2,5 % for the degree of connectivity criterion and
between 3 % and 4 % for the MinLQI criterion.
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Fig. 20. LQI-DCP: Average density of whipping boy nodes
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Fig. 21 shows that the unreliability of the wireless
links has negligible effects on the average density of
clusterheads by comparing results for p = 0 (all links
are reliable), p = 0.25, p = 0.5 and p = 0.75 (high
unreliability), when the degree of connectivity is used
as criterion. Fig. 22 displays the average positions of
clusterheads for p = 0.75.
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@ First Round Elected Nodes G2 1. N = 1000 nodes, p 2075

100,] ¥ Second Round Elected N.
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Fig. 22. LQI-DCP: Average clusterhead locations, degree
of connectivity criterion, d =1, p = 0:75.

In these scenarios, no link unreliability is taken
into account for the MaxMin clustering scheme. The
unreliability feature of the wireless links is only
considered for the LQI-DCP clustering protocol.

This result (Fig. 23) is remarkable, because for
R = 20 m and d=2, it means that high unrelibilities of
the wireless links (p = 0.75) do not have negative
impacts on LQI-DCP.
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Fig. 23. LQI-DCP: Average clusterhead locations, degree
of connectivity criterion, R =20 m, p = 0:75, multihop
clusters d = 2.

For MaxMin protocol, in the results (Fig. 21, 24,
26), the unreliability feature of the wireless links is
not taken into account. Then for all scenario in this
paper, p=0, for MaxMin protocol. The unreliability
feature of the wireless links is taken into
consideration only for LQI-DCP.

The Fig. 22, 23, 25 and 27 plot, for LQI-DCP, the
average clusterheads location when the WSN is
subjected to high unreliability phenomenon of the
wireless links, i.e., p = 0.75.

These results show that the unreliability of the
wireless links also has negligible effects on the

locations of clusterheads selected by LQI-DCP:
caryommes are sufficiently outspread. If a link were
to be unreliable, the only effect on LQI-DCP is to
decrease the number of whipping boy nodes in both
first and second round of the LQI-DCP process. As a
neighbor of a first round elected node cannot become
a clusterhead. Then unreliability of the wireless links
has low impact on the LQI-DCP clustering scheme.

Width of the deployment area (L = 400m)

Fig. 24. MaxMin: Average clusterhead locations, degree
of connectivity criterion, N = 4000 Nodes, R=20m, p=0,
multihop clusters d = 4.
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Fig. 25. LQI-DCP: Average clusterhead locations, degree
of connectivity criterion, N = 4000 Nodes, R =20 m,
p = 0:75, multihop clusters d = 4.
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Fig. 26. MaxMin: Average clusterhead locations, MinLQI
criterion, N = 4000 Nodes, R = 20 m, p = 0, multihop
clustering d = 4.

For explanation, consider the example illustrated
in (Fig. 28), in which we suppose that the sensor C;,
although located closely to the preselected node PN,
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also forms a link of poor quality with PN, i.e.,
{(PN;Cy) < Cmin. Thus Ci would be an "emissary
node" of PN. However, even if C; has a good link
quality with Cj, i.e., €(Ci;C) = lmax, C; will not
become a "whipping boy node", relatively to Ci,
because it is already clusterized and attached to PN as
clusterhead [3].

In the same example (Fig. 28), the unreliability
feature of the wireless links could also affect the
quality of the link formed by the emissary node Ei
with the sensor BEi Which might result in
considering BEias a non-clusterized regular node
which is not a "whipping boy node". However, in a
dense WSN, BE; could have some good links with
other emissaries such as Ej or Ex. In this case, BE;
would become a "whipping boy node" (Fig. 28). This
property could be less true in cases where the WSN is
deployed with a low node density.
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Fig. 27. LQI-DCP: Average clusterhead locations, MinLQI
criterion, N = 4000 Nodes, R =20 m, p = 0:75, multihop
clustering d = 4.
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Fig. 28. Stability of LQI-DCP in unreliable link environments.

So, as we can see, in dense wireless sensor
networks, our LQI-DCP protocol also supports the
unreliability feature of the wireless links.

7. Energy Efficiency

LQI-DCP is designed for dense wireless sensor
networks such as cold chain monitoring applications
which consist of three main phases: the clustering
formation phase, the clusterhead data collection
phase and the routing phase (Fig. 29).

Since, the caryommes do not necessary form a
connected backbone, all sensors wake up during the
routing phase (Fig. 29) in which each caryomme
aggregates the received alarms and then sends
information towards the BS (Fig. 30). In the routing
phase, only caryommes are sources of data packets.
Other regular sensors are only participating in the
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routing effort by retransmitting received data towards
the BS. The routing protocol used is the "Link
Reliability based Routing Protocol" (L2RP) we have
proposed in [23-24].

In the clustering formation phase LQI-DCP is
composed of the first and second rounds, whereas
MaxMin is composed of its clustering phases (initial,
floodmax and floodmin phases), followed by the step
of cluster formation with the SNCR mechanism.

The figure (Fig. 31) displays the clustering phase
energy consumption for both protocols when the
degree of connectivity criterion is used.

In the clustering phase, LQI-DCP provides lower
energy consumption compared to MaxMin. This
reflects the fact that LQI-DCP is an election in just
two rounds, instead of (2*d + 1) rounds for MaxMin.
The emissary nodes are designated in the same
packet which announces the preselected node, then
the cost of the emissary selection mechanism is
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negligible. However, for the whipping boy node
selection, an additional communication is necessary.
But as the density of the first round elected nodes is
low, and that the overall rate of caryommes is lower

for LQI-DCP, this leads to lower energy
consumption. It is the same for the data collection
and routing phases as shown in [3].
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The Figs. 32 and 33 show for each protocol the
ratio of the energy consumed by each phase during a
complete cycle. For MaxMin and the routing phase,
for example, it is the average energy consumed
during the routing phase (caryommes produced by
MaxMin) divided by the overall energy expenditure
during one cycle for the same MaxMin protocol. This
result depends on the selection criterion. The
previous results in [3] have shown that MaxMin is
more energy expensive whatever the phase
considered and the selection criterion used. However,
if one compares the phases within each protocol, the
proportion spent by the routing phase (Figs. 32 and
33) is more important in LQI-DCP (60 %) than in
MaxMin (55 %).
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phase (d=1).
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This is due again to the fact that caryommes are
better positioned in LQI-DCP than in MaxMin.
Indeed, the weak position of caryommes produced by
MaxMin has the effect of increasing the energy effort
needed to collect data. The caryommes produced by
MaxMin more often hear communications which are
not intended to them. In LQI-DCP, as caryommes are
more evenly distributed geographically, the
proportion of energy needed to collect data is lower.
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Fig. 33. LQI-DCP: Average ratio of energy consumption
per phase (d=1).

7. Conclusions and Future Work

This paper complements our previous
contributions in [1-3]. Firstly, there are many WSN
deployment strategies. Each of which depends on the
nature and the objective for which the application is
designed for. However, the deployment strategy and
clustering protocol efficiency are so closely bound
together that good performance depend on how the
protocol follows up the properties of the deployment
topology.

Thus, we show how MaxMin is not fully
compatible with the prevalent grid deployment
topology. So, because of the smoothness of this
topology, MaxMin fails with most of the criteria used
in clusterhead selection such as "Degree of
connectivity", "node id", "MinLQI", and "Proximity-
BS". Then, the only way to use MaxMin in a grid
deployment topology is to choose a randomized
criterion function. However, in doing so, it becomes
impossible to choose the most appropriate criteria for
a specific application.

Then, we complete the LQI-DCP contribution
with some results which show that this protocol fully
supports the grid deployment topology. LQI-DCP is
also high performance in environments subjected to
high unreliabilities of the wireless links. This
property is important for a LQI based multihop
clustering protocol such LQI-DCP which is more
energy efficient than MaxMin. In LQI-DCP, as
caryommes are more evenly  distributed
geographically, the average of overall energy needed
for network operations (clustering, data collection
and routing processes) is less important than
MaxMin.
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Finally, it can be noted that security issues and
solutions [25] have not been addressed here. Thus, in
our future work, we will be interested in the aspects
of securing the LQI-DCP protocol while taking care
to minimize energy consumption.
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