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Abstract—TInitialization is an indispensable process for wireless
sensor networks since newly deployed sensors lack a reliable
infrastructure for communication. Many efforts have been made
to address the problem on initialization. However, most of
them fall into the category of energy efficiency. In mission-
critical scenarios, it is vital to reduce the initialization time
in order to gather information as early as possible. In this
paper, we study a new problem of accelerating initialization.
First, we provide a novel parallel initialization mechanism that
selects cluster heads before deployment and organizes single-
hop clusters simultaneously after random deployment. Then, we
prior-estimate that the number of cluster head candidates from
n sensors is ©(logn). Finally, simulation results show that these
cluster head candidates can achieve the parallel initialization
bounded by 16 time slots even for a large n.

Keywords—Parallel initialization, Cluster, Prior-estimation

I. INTRODUCTION

Wireless Sensor Networks (WSN) [1] in real application has
attracted lots of interest on researches due to its great potential.
Generally, newly deployed sensors have no additional network
infrastructure, so they cannot transmit data before establishing
a communication scheme themselves. The process of setting
up such a connected WSN infrastructure is called initialization.
Our study focuses on the problem on how to accelerate the
initialization process.

The rapid initialization plays a major role in practice due to
various reasons. For instance, timely response is one of the
most important factors in mission-critical networking, such
as military surveillance and disaster relief. Obviously, the
initialization process should be as fast as possible so that the
WSN can start to carry out immediately. Moreover, energy
waste is a critical issue. Existing study [4] shows that a large
fraction of battery is already used during initialization. Current
mechanisms tend to be too slow to solve these problems.

There is a multitude of excellent protocols on WSN in
literature, which are designed for structuring networks. Kuhn
et al. [4] provide an algorithm that can efficiently compute an
asymptotically optimal clustering. McGlynn et al. put forward
Birthday protocol [5] for discovering complete neighbors’
information during the process. NoSE protocol [8] is proposed
to take link quality estimation into consideration by Meier
et al. Ribeiro [11] gives a robust self-initialization using
whispering to avoid intruders. Nakano et al. [10] propose
the protocol for single-hop radio networks with no collision
detection. Moscibroda et al. [9] discussed the division of
a WSN lifetime into phases. But the topic of accelerating
initialization in WSN is still a vacancy.

Although state-of-the-art studies do not focus on accelerat-
ing initialization, clustering [13] notion in them is also tailor-
made for the purpose of establishing a WSN structure rapidly.
Thus, we propose to divide sensors into clusters and make

the clusters self-initialize in a parallel pattern. Intuitively, this
proposal can reduce the duration intuitionally, but there are
still some challenges remained.

First, sensors have no topology information before the
network is initialized. However, traditional clustering algo-
rithms usually execute based on neighbors’ information. This
dilemma makes it difficult to cluster sensors in absence of an
established structure. Second, transmission collision is another
common problem. Plentiful messages exchange is required
during the initialization, but this, to a certain extent, brings
about frequent collisions, which will then cause severe delay
of initialization. So it is essential to design a scheduling
scheme for reducing collisions. Third, compared to the lifetime
of sensors, the initialization phase is relatively minor. The
realization of a complex algorithm is at the cost of redundant
time. Hence, a simple and distributed initialization mechanism
is preferred in WSN.

As is discussed above, we propose a novel mechanism
called parallel initialization (PI) to accelerate the initialization
phase. In order to save the time for electing cluster heads
(CH), PI selects CH candidates before deployment. We prior-

2
estimate that the number of CHs is C%. Then we

introduce a redundancy coefficient 3 for selecting 5C (logr#“z
CH candidates to increase the connection probability. After
stochastic deployment, CH candidates organize single-hop
clusters according to PI. Performance evaluation shows that PI
can finish the initialization in 8-16 time slots even n becomes
large.

To our best knowledge, the concept of accelerating ini-
tialization for WSN has not been studied before. The main
contributions of this paper are summarized as follows:

o We first motivate and formulate the accelerating initial-

ization problem in WSN.

e We introduce the method of parallel initializing the

single-hop clustering WSN.

o We derive the number of CHs using prior-estimation and

provide the corresponding explicit formulas.

e We design a simple PI mechanism that can sharply

accelerate the initialization duration.

The rest of the paper is organized as follows. In Section II,
we define the accelerating initialization problem and present
a sensor model. Detail PI mechanism is described in Section
III. In Section IV, we present the PI algorithm. In Section V,
we evaluate the PI performance. We conclude and discuss our
future work in Section VI.

II. INITIALIZATION ISSUES
A. Definition

The lifetime of a WSN is normally divided into four phases
as shown in Fig.1. Before a WSN can start its operation
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The lifetime phases of WSN
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Fig. 2. Quasi Disk Model: r varying between d and [

phase, sensors must establish an efficient structure that pro-
vides reliable point-to-point connections. We define that the
initialization phase begins when all sensors are installed and a
wake-up beacon is sent, and ends when sensors gather enough
topology information to apply the routing protocol.
Accelerating initialization aims to shorten the duration of
phase III. The objective can be formulated as min(77,,;¢)-
Actually, the initialization phase is a process of message
exchange. Sensors are required to transmit their node identifier
(ID). We assume that transmitting one ID message needs one
time slot ¢. So T7,,;+ can be combined with = time slot ¢:

Tlnit = Elet,',a: S N+.

Then the accelerating initialization min(77,;;) can be treated
as reducing the quantity of time slots min(z) and shortening
the duration of each time slot min(?).

B. Model and Assumption

Disk model [12] is widely employed for the study of
sensor communication, which assumes that all the sensors
have the same transmission range in the plane. This model
is a simplification of reality. Since even for homogeneous
sensors, the transmission range is affected by the factors such
as obstruct signal, reception power, etc. However, Quasi Disk
model [5] is significantly closer to reality. In this model, two
sensors are connected if their Euclidean distance is less than
d; in the range between d and [, the existence of a connection
is unspecified as shown in Fig. 2(a). For the remainder of this
paper, we will adopt Disk model in analysis for readability
and Quasi Disk model in simulation for approaching reality
as Fig. 2(b).

We assume that the total number of sensors used in the
network is denoted by n. Homogenous n sensors are deployed
randomly into the monitoring field and they follow a uniform
distribution. Newly released sensors have no knowledge of
their neighbors’ information. All sensors stay in the sleep
state for the sake of low power until they receive the wake-up
beacon. Sensors have only one communication channel. The
monitoring area is assumed to be a square area in the plane
R?, whose length of side is denoted by a.

III. PARALLEL INITIALIZATION MECHANISM

In this Section, we analyze some problems of accelerating
initialization first. Then a PI mechanism is put forward. And

we provide theoretical derivation about PI finally.

A. Problems Analysis

Clustering: The reason for dividing sensors into clusters is
that parallel pattern can accelerate initialization efficiently. In
order to enhance the parallelism as much as possible, we adopt
the single-hop clustering scheme [6] for min(z). Compared
to multi-hops cluster, formatting each single-hop cluster is
apparently faster. As shown in Fig. 3, CHs are connected
through Gateways (GW), so the distance between any two CHs
is d(CHy,CH3) < 2r. In addition, if d(CH,,CHs) < r,
two CHs interfere mutually when transmitting messages at
the same t. So we adopt single-hop cluster manner with
r <d(CHs) < 2r.

Existing algorithms usually cluster a WSN by voting CHs
after the topology is established. But how can we cluster
without neighbors’ information? We determine CH candidates
in preparation phase, which also saves the voting time. Hence,
the x is decreased further.

An important question arisen from the above proposal is
how to estimate CH candidates in advance? Since we know
some information such as n, a and r, we can compute the
quantity of CHs that will be used to organize the single-
hop clusters. Then we prior-estimate the redundancy of CH
candidates due to uncertain position after deployment. Then
we upload the CH program to this quantity of sensors. Detail
derivation of the quantity and redundancy is given in Section
D and E.

Initialization: In traditional protocols, huge amounts of
time is wasted on redundant messages exchange. WSN can
achieve initialization under single-hop cluster scheme on some
basis: a sensor knows whether it is a CH, a cluster member
(CM) or a GW. As a CM/GW, it must know additionally
which CHs it links to. In other words, when sensors have
such information, at least one path between any sensors can be
found in a connected graph using routing protocol. Since the
CH candidates have known their attributes in the preparation
phase, the basic demand can be satisfied when ID messages
broadcasted by CHs are received by their CMs and GWs.

If all ID information can exchange at the same time,
the initialization can be achieved in one time slot. But a
sensor in GW position cannot receive different CHs messages
simultaneously. Hence, we introduce a few more time slots
into the initialization phase. CH candidates randomly and
independently choose one of these time slots to broadcast.
How many time slots are the best for rapid initializing and
few collisions? We will discuss in Section C.

Since CHs are selected in advance, it is possible that some
CHs are released close to others. An abdication mechanism is
necessary for a guarantee on 7 < d(CHs) < 2r. We propose
that when a CH candidate hears other CHs’ message before
broadcasting its own ID, it abdicate from CH to be a CM/GW.

It is possible that a few sensors are not located in any
CHs single-hop range. To increase the robustness of whole
networks, a compensation mechanism is essential.

Time slot size: In order to obtain min(¢), we define that
the size of ¢ is equal to the duration of transmitting a message
containing ID information only.
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Single-hop clusters Fig. 4. 6 CHs connectable

B. PI Mechanism

In this part, we provide the Parallel Initialization Mechanism
is provided in this part. The procedures of PI are as follow:

o Information collection: In the preparation phase, PI
need to collect the information such as the length of the
surveillance area a; the total number of using sensors n;
the transmission range r and so on.

o CH candidates selection: This procedure includes prior-
estimating the quantity of CH candidates, uploading CH
program to this quantity sensors from n.

o Deployment: Sensors are randomly put on the monitoring
area. We assume it follows a uniform distribution.

o Activation: The wake-up beacon is broadcasted once all
over the monitoring area so that sensors can be active
synchronously [15].

o Self-organization: In 7 time slots, each CH candidate
either organizes single-hop cluster by broadcasting ID
information, or becomes a CM/GW by abdication mech-
anism. Each CM/GW is assigned into different clusters.

« Compensation mechanism: If the isolate sensors exist
after T, they will upgrade into CH candidates and self
initialize in additional A time slots.

The initialization phase ends. The x in Pl is z = T + A.
Hence the total time that PI needs to initialize a WSN is:

Trnie = X5 ti = (T + A) x t

C. PI Time Slots

The quantity of PI Time slots is determined by two factors.
First, the number should be the fewer the better for acceler-
ating the duration. Second, we should guarantee sensors that
are not in the isolated location are connected.

Since the distance between any two CH candidates cannot
be smaller than r, a CM/GW sensor can at most connect 6
CHs as shown in Fig. 4 A CM/GW is connected to WSN
when it receives at least one ID message in a time slot
without collisions. With the two conditions, we can compute
the connection probability of a CM/GW having all cases
(numbered from 2 to 6) of connectable CHs.

Fig. 5 shows the results of probability distribution as the
quantity of time slots varies from 2 to 10. It can be seen from
the figure that when = > 3, the connection probability in any
of the curves will converge. When x > 8, the probability has
little change with the increasing of the time slot. When x < 3,
most probabilities are less than 80%, which makes CM/GW
easily disconnected. In order to guarantee a high connection
probability and accelerate the initialization phase, we set 1" =
8 and A can be chosen from 3 to 8.
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Fig. 5. Connection PDF of a CM/GW in different cases

D. The Number of CHs

In this section, we will prove how many CHs is sufficient to
make a WSN connected by single-hop clustering. We assume
that the network consists of n sensors, in which there are
m CHs. All sensors are placed randomly, uniformly and
independently in the a? square area. Let G(n,m) denote the
graph of this WSN. And two nodes are connected if their
Euclidean distance is at most r, then we have: )

Theorem 3.1: Graph G(n,m) with m = C% is
connected with probability one as n — oo, where C is a
tunable parameter.

1) Necessary condition on m: In proving the necessary part
of Theorem 3.1, we assume that the a? area is denoted by D
in R2. We neglect edge effects that arise when a node is close
to the boundary of D for the sake of simplicity.And we define
v = % as the ratio of r to a.

We start with two technical lemmas:

Lemma 3.1 (Lemma 2.1 in [3]): For any p € [0,1],

(I-p)<e®. ey

Lemma 3.2: If m = % for any fixed o < 1 and for
all sufficiently large n,

n(l —my%)™ > aeC. (2)

Proof: Taking the logarithm of the left hand side of
Eqn. 2, we get

log(L.H.S of (2)) = logn + mlog(1 — my?). 3)

Using the power series expansion for log(1 — x),

2\1
log(LHS of (2)) = logn — myx2, 77

( ! 2)i C))
=logn — m(E?ﬂL + H(n)),
(3
where
oo (7.[-72)7; 1 2\x |00 1 2\2
=y < == 5
H(TL) 2173 i = 3(7_‘_72) (ﬂ—’y ) |3 3(71-7 ) ( )
for all large n. Substituting Eqn. 5 in Eqn. 4, we get
5 (my?)?
H. > - 242
log(L.H.S of (2)) > logn — m(wy~ + 6 e )
e 3@ 5 () (©)
B 6 m 6logn+w
> —w-—90
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for all sufficiently large n. Taking the exponent of both sides
and using o = e~ 9, the results follows. [ |

Theorem 3.2: If m = W then

lim inf Py(n,m) > e % (1 —e @) ™)

n—oo

where o = lim w(n).

n—oo

Proof: We first study the case where m = logﬂ# for a
fixed w. Let P**), k = 1,2,... denote the probability that a
graph G(n,m) has at least one order-k£ component. We have

Py(n,m)
= PW(n,m)
> 371 P({7 is the only isolated CM in G(n,m)})
> 3 (P({i is an isolated CM in G(n,m)}) ®)
— ¥, P({4, j are isolated CMs in G(n,m)}))
> 3 (P({i is an isolated CM in G(n,m)})
— 3132 P({i, j are isolated CMs in G(n,m)}).

Neglecting edge effects, we get

P({i is an isolated CM in G(n,m)}) = (1 — my*)™. (9)

Whether a cluster member is isolated is independent from
other member nodes. Thus we obtain

P({i, j are isolated CMs in G(n,m)}) = (1 — 7y%)?™.
(10)
Substituting Eqn. 9 and Eqn. 10 in Eqn. 8, we obtain

Py(n,m) > n(l —ay>)™ —n(n — 1)(1 —7*)?™.  (11)
Thus, using Lemma 3.1 and 3.2, for any fixed o < 1,
P > —w _ -1 —2mﬂ"y2
(n,m) > ae n(n —1)e (12)

>ae” @ — (14 6)e 2@

for all n > N(d, a, w).
Now we consider the case where w is a function of
w(n) with lim w(n) = <. Then for n > N’(4) and any
n—0o0
§ > 0, w(n) > @ + §. Considering the probability of
disconnectedness is monotone decreasing in o, then we have

(140)e 2= (13)

Since this holds for all § > Oand o < 1, take limits and
then the results follows. |
As an obvious consequence of Theorem 3.2, we have:

Corollary 3.1: Graph G(n,m) is asymptotically discon-
nected with positive probability if m % and

lim w(n) < 4o0.
"Hence we have proved the necessary part of Theorem 3.1.

2) Sufficient condition on m: Suppose we connect k198%™
CMs/GWs in G to nodes which are within the range 7. Denote
the resulting graph by G(n, /@k;g”) Then it suffices to show
that for some x > 0,

Py(n,m) > e~ _

lim P({G(n,x fn) is connected}) = 1.

n—oo
Tessellation: For the simplicity of proof of the sufficient
condition, we assume in this section that the area where all
the nodes are placed, is a square S in R?. Then we divide it

-— -%1 cells—

|
|

Fig. 6. Tessellation of the square into cells

equally into S,, = f%}z square cells as shown in Fig. 6, where
[x] is the cell function that returns the smallest integer larger
than or equal to z. This tessellation of the unit square will be
denoted by 7,°. Here we treat : as an integer for the sake of
clarity of presentation. The error of this approximation can be
ignored since when a is sufficiently large compared to 7, the
fraction of % is can be neglected.

Proof of sufficient part of Theorem 3.1: First, we consider
the number of CHs in each cell.

Lemma 3.3: Suppose we tessellate the square by 7,°. Then
each cell holds at least one CH node with probability one as
n — 00.

Proof: Let E;, i = 1,2,...,5,, be the event that a
particular CH node N;, 1 <1 < m falls into a particular cell
with probability P(E;) = g- = (£)? = ¥°. So the probability
that a particular cell has no CH is (1 — P(E;))™. Then we
consider the probability that at least one cell is empty, and by
the union bound, we have

1 m

P(UZB) S T P(E) = 5 (1=7)™. (14)
Applying (1 — p) < e P, we obtain
1 2 1 1
Sn <7 —-y'm _ - —nlogn: )
P(Uz IE ) — ,_Y 726 ")/2”” (15)
Then the result follows. |
3) Estimation on the bound of C: Since we have proved
(log n)-a*

that given a specific r, the number of CH is m = C*—=3—,
where C' is a tunable parameter, we will then proceed to
estimate the upper bound and lower bound of C.

There exist such C7 and Cy , where 0 < C7 < (s, that
the optimal number of CH will be no less than Clm

and no more than C, (027):@", According to the criteria that

r < d(CHs) < 2r, so [£]? CHs will be needed in the worst
case and [4-]? CHs will be needed in the best case.

We estimate that the optimal number of CHs yields to
Guassian distribution where [£]% and [%]? act as two 3-
delta threholds. Thus, there exists a value which maximizes
the distribution. It is the average of the two 3-delta thresholds.

Substituting these values into C' we get

— 2 2 - 2 2
Cr = gzl ' Co= mmaz 717
E. Prior-Estimate the Redundancy of CH Candidates

We have derived that C(loggié)'“z CHs can make WSN
connected by single-hop clustering. However, if we only select
such sensors to be CH candidates in the preparation phase, we
cannot guarantee that they can be placed in the right pogition
and meet no abdication actions. In such a case, C' % CH
candidates are not sufficient to make all sensors connected in
a randomly deployed WSN.

__r
(logn)-a?’
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Hence, we introduce a coefficient of redundancy ((3 >
1) into CH candidates selecting. More CHs can increase the
connection probability of the whole WSN but meanwhile bring
about more collisions. Thus the value of 3 depends on both
the requirement of connection probability and the quantity of
time slots in PI. Hence the prior-estimation of the number of
CH candidates is:

(logn) - a®
)

m = 3C

The redundancy coefficient 3 can be regarded as the number
of CH candidates in a cell in Fig. 6. So the probability
of clustering a whole WSN by all CH candidates can be
simply treated as the probability of clustering a cell by 5 CH
candidates. It is equivalent to the probability that at least one
of the 8 CH candidates can broadcast its ID in a certain time
slot without collisions.

The result is shown in Fig. 7. We can find that the highest
probability is always in the 8 = 3 as time slots varying from
3 to 8. Thus, we set 3 = 3 in our PI algorithm.

IV. PI ALGORITHM

In this section we will present our PI algorithm. We denote
x or y as the ID number of a sensor; A — B means that a
sensor changes its attribute from A to B. The part below the
dashed line in the algorithm is the compensation mechanism.

Procedure 1 PI_CH(xz)_Algorithm (T, A)

1: Set k=random(0,7T")

2: Listening during & time slots{

3: If CH(xz) hears an ID messages from CH(?) (i € N, i # x)
CH(z)— CM(x) in cluster ¢

If CH(z) hears more ID messages from CHs(i1, i2, i3, .. .)
CM(z), GW(x)—GW(x) among cluster ¢, 1, 2,13, . ..

If CH(x) hears no message in k

CH(x) broadcasts ID(x) message and Quit this algorithm
10:Listening (T — k) time slots

11: execute line 5 to 6
12:Listening (A) time slots
13:  execute line 5 to 6

4.
5:
6:
7:}
8:
9:

When a CH candidate is active by the wake-up beacon, it
executes the algorithm as shown in Procedurel. It randomly

listens k (k < T) time slots first. If no message is received, it
then broadcasts its ID message and exits this program directly;
if it receives messages from other CHs during % time slots, it
abdicates to be a CM/GW. As a CM/GW, it should work at
the state of listening messages in the rest of the (7' — k) time
slots and the compensation A time slots as well.

Procedure 2 PI_CM/GW(y)_Algorithm (T', A)

1: Listening during 7" time slots{

2:  If CM/GW(y) hears an ID messages from CH(j)

3 CM/GW(y)— CM(y) in cluster j

4: If CM(y) hears more ID messages from CHs(j1, j2, J3, .- .)

5 CM(x), GW(x)—GW(x) among cluster 7, ji, j2,J3, - - -
}

If CNI/GW(y_) hgars_no_mes_sag_e inT
CM/GW(y)— CM(y)
execute line 1 to 11 of PI_CH(y)_Algorithm (A, 0)

6:
8:

7
9

A CM/GW starts the algorithm as shown in Procedure
2. It keeps listening in 7' time slots. When it receives one
ID message, it is determined as a CM in the cluster of this
CH. When it receives more messages from different CHs, it
becomes a GW connecting the clusters of these CHs. If a
CM/GW hears no message in 7' time slots, it means that
this sensor is still an isolated one in WSN. Then it should
be promoted to become a CH candidate in compensation
mechanism and execute the PI_CH(y)_Algorithm in A time
slots.

V. PERFORMANCE EVALUATION

In this section, we will give an indication of the PI
mechanism on a variety of test settings. In our simulation,
n sensors are randomly distributed in an 800 x 800 square.
The transmission range of each sensor is varying from 120 to
200. In PT algorithm, we use the result of time slots in Section
IIC,soT =8 and A = 8.

Fig. 8 shows a topology graph of n = 1000 WSN by PI
with CHs = 21 and (8 = 3, which is computed as Section III
D and E. CHs (Red) connects CMs(Green) and GWs(Yellow)
by blue line. There are no isolated sensors in the field.

Fig. 9 shows the probability distribution of the number
of clusters generated by PI through statistic of 1000 times’

Fig. 8.

WSN topology using PI Mechanism
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Fig. 10. PI results by different prior-
selection number of CH candidates

iteration when n = 1000 and 10000 respectively. We can find
that both the probabilities follow the Guassian distribution. It
can also be seen that the number of CHs is ©(logn) and
bounded by C'1 and C2, which is the same as the result
computed in Section III D. And the variation of n brings no
change on the initialization duration.

Fig. 10 shows the PI results in 8 time slots without the
compensation mechanism when n = 1000 by changing the
prior-selection number of CH candidates from 1 to 200. We
can find when CH candidates > 63, the WSN connection
probability does not increase a lot. We can also see that under
abdication mechanism, the average number of final CHs is
near 19. From Fig. 9 we know that the CHs is from 16 to 25.
Hence, according to the result in Section III E, the redundancy
coefficient 8 = 3 is sufficient to guarantee few isolate sensors
and few collisions.

Fig. 11 shows the domination situation of every CH in
Fig. 8. Every CH has more GWs than CMs, so in this WSN
there are several connected paths between any two sensors.
This feature provides more room available for the higher layer
routing protocol. The dominating situation are similar to those
in the other single-hop clustering algorithms [14].

Under 802.15.4 protocol (20k-250kbps), an ID message (<
10 Bytes) can be transmitted in 1 ms. Hence, we set one time
slot to be ¢ = 1 ms. Fig. 12 shows that PI can initialize a WSN
in no more than 16 ms. In contrast, NoSE [8] costs 0-3 mins
as n varies from 1 to 10000; the duration of CTP in TinyOS
2.0 depends on n and the initialization duration is more than
10 mins when n > 1000. Compared to the other protocols, PI
sharply reduces the duration of WSN initialization and thus
has an obvious advantage of time over those protocols.

Discussion: With the maturing of multiple packets reception
(MPR) technology [2], a sensor can have 8-MPR ability. Then
PI can achieve initialization in 1 time slot in our simulation.

VI. CONCLUSION AND FUTURE WORK

Although many existing works focus on initialization phase
in WSN, most of them fall into the energy efficient mech-
anisms. In this paper, we address the issue of accelerating
initialization. The PI mechanism is provided to reduce the ini-
tialization duration, which prior selects CH candidates before
deployment and parallel initializes into single-hop clusters by
these CHs after random deployment.

Since the accelerating initialization problem is a relatively
new concept, several respects still remain to be improved.
Tradeoff between the knowledge of topology information and
the acceleration initialization is one of our future work. A rapid
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Fig. 11. The number of CMs and Fig. 12.
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Initialization time with n
sensors by PI, NoSE and CTP

mechanism combined with initialization and routing protocols
is a practical future work.
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