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Abstract

In this paper, we study the Maximum lifetime Target Cov-
erage problem (MTC), which is to maximize the network
lifetime while guaranteeing the complete coverage of all
the targets. Many centralized algorithms have been pro-
posed to solve this problem. A very few distributed ver-
sions have also been presented but none of them obtains a



interest region. Additionally, using this approach, network
lifetime can be extended efficiently because of two reasons:
(1) The energy consumption in the sleep state is about 15
times less than that in the active state [14] and (2) the life-
time of a battery discharging in short bursts with significant
off-time is approximately twice as much as in a continuous
mode of operation [13]. Unfortunately, all these algorithms
are centralized, which is impractical in many applications.
A very few distributed algorithms [15, 16] were proposed
using this approach, but the authors did not provide any
worst-case analysis and approximation ratio.

Focusing on localized solutions, we present two
O(log n)-approximation randomized algorithms for the
MTC problem. In particular, we show the relation between
this problem and the domatic number problem in directed
graphs. Based on this relation, we show how to reduce an
original graph G describing the coverage relationship be-
tween the sensor nodes and the targets to a directed graph
G’ whose vertices only represent the sensor nodes, i.e., no
targets involved. Any dominating set of this directed graph
G’ guarantees a complete coverage of all the targets in the
original graph G. This transformation can be constructed
locally, requiring only a constant number of communication
rounds. Showing the relation and presenting the problem
transformation are the major contributions of this paper.

After the reduction, we present two localized algorithms
to find the maximum number of disjoint dominating sets
in G’ using the coloring method. We also show that these
algorithms can obtain an O(log n) approximation ratio with
a high probability. Note that our algorithms are completely
localized, from the graph construction to the solutions of the
maximum number of disjoint dominating sets. In addition,
because of the relation between the MTC and the domatic
number problems, a feasible solution to the MTC problem
can be used to solve a clustering or dominating set problem
in routings.

The rest of this paper is structured as follows. In section
2, we present the MTC and dominating sets related work.
Section 3 describes the problem formulation and prelimi-
naries. In section 4, we introduce the problem transforma-
tion from the MTC problem to the domatic number problem
as well as show the lower and upper bounds of the domatic
number. Two O(logn) localized algorithms and their theo-
retical analysis are presented in section 5. Finally, section 6
concludes our paper with discussion.

2 Related Work

2.1 Maximum Lifetime Coverage Problem

The maximum lifetime coverage problem in wireless
sensor networks have been studied extensively [8]. The
most relevant work to our approach is [3]. The authors in [3]
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modeled the coverage problem as the disjoint dominating
sets in an undirected graph. A graph-coloring mechanism
was proposed for computing the disjoint dominating sets.
However, this dominating set does not guarantee the com-
plete coverage. Also, this algorithm is a centralized one.

There are many centralized algorithms studied this prob-
lem [1, 2, 5, 4]. The main approach of these algorithms is to
divide sensor nodes into a collection of cover sets such that
each set can completely handle the coverage tasks. These
cover sets are either disjoint [5, 2] or non-disjoint [4, 1].
In the disjoint model, the goal is to determine a maximum
number of disjoint sets, as this has a direct impact on con-
serving energy resources as well as on prolonging network
lifetime. In the non-disjoint model, each cover set has each
own active time such that the total active time is maximized.

There are also a few distributed algorithms on the max-
imum lifetime coverage problem [15, 16]. In [15], power
conservation was obtained through coverage-based off-duty
eligibility rule and back-off-based node-scheduling scheme.
The off-duty eligibility rule determines whether a node’s
sensing area is included in its neighbors’ sensing area. In
[16], Zhang and Hou addressed an important observation
which is that an area is completely covered if there are
at least two disks that intersect and all crossings are cov-
ered. Based on this observation, the authors proposed a
distributed algorithm called Optimal Geographical Density
Control (OGDC). At any time, a node can be in one of the
three states: UNDECIDED, ON, and OFF. The algorithm
runs in rounds and using the backoff mechanism to decide
the status of each node. Unfortunately, none of these work
analyzes the approximation ratio or presents any worst-case
analysis.

2.2 Dominating Sets Problem

Because the concept of dominating sets is highly related
to the clustering in wireless networks such as routing and
virtual backbone, there has been many work proposed in
literature [6, 7, 9, 10, 11, 12]. One of the standard problems
is to find the minimum dominating set of a given graph.
This problem is NP-hard. Most of the work in this area just
focused on finding only one minimum dominating set. The
only two papers highly related to ours are [11, 12].

In [11], Feige et al. studied the domatic number problem
in an undirected graph. The authors proved that any undi-
rected graph G has at least % disjoint dominat-
ing sets where § and n are the minimum degree and number
of vertices of G respectively. The authors later used the
Lovasz Local Lemma [17] to give a tighter bound of the
domatic number. A nonconstructive argument showed that
the domatic number is at least % where A is the
maximum degree of G. An important result was also pre-
sented in this paper. Specifically, the authors showed that



for every e > 0, approximating the maximum disjoint dom-
inating sets problem within a factor of (1 —¢) In n is impos-
sible, unless NP C DTIM E(n'°&'°e™), |t also yields a
(1 —o(1)) In A-hardness. They also proposed a centralized
algorithm that produces a domatic partition of w(d/In A)
sets in undirected graphs. Their constructive proof can be
turned into an efficient distributed algorithm for the domatic
number problem.

In [12], Moscibroda and Wattenhofer also studied the
maximum number of disjoint dominating sets in undirected
graphs. The authors used the similar probabilistic argu-
ments in [11] to build three distributed algorithms of which
the approximation ratio is within a factor of O(log n). In ad-
dition, the authors studied the Maximum k-tolerant Cluster-
ing Lifetime problem. This problem is to find the maximum
number of disjoint dominating sets such that any node in a
given graph has at least £ dominators within its neighbors.
All of these algorithms target to the network lifetime.

3 Problem Formulation and Preliminaries

In this section, we give the formal definitions of the max-
imum lifetime target coverage problem, the domatic number
in directed graphs, and the maximum lifetime dominating
sets problem. In this section, we also introduce our nota-
tions that are being used throughout the paper unless stated
otherwise.

3.1 Maximum Lifetime Target Coverage

Let us assume that a set S of n sensor nodes s;, i =
1...n, are randomly deployed to cover a set R of m targets
rj, j = 1...m. Sensor node s; covers target r; if and
only if target r; is in the sensing range of sensor node s;.
The coverage relationship of sensor nodes and targets can
be described by a bipartite graph G = (.S, R; E) where S =
{s1,82,...,8n}, R = {r1,7r2,...,mn}, and (s;,r;) € E
if and only if sensor node s; covers target ;. Figure 1(a)
shows an example with three sensor nodes and three targets.
In this example, target r; is covered by either sensor node
81 0r so. Let R;, 7 = 1...m be the set of all the sensor
nodes that cover target ;. As can be seen in Figure 1(a),
Ry = {81, 82}, Ry = {81752,83}, and R3 = {82,83}.

Let b; be the maximum lifetime that each sensor node
s; can be continuously active. Note that b; can be different
for each sensor node, which is more practical than most of
the previous models, where all sensor nodes have the same
maximum energy. We also assume that the transmission
range of a sensor node is at least twice its sensing range.
With this assumption, any two sensor nodes that cover the
same target can communicate with each other [16]. The
Maximum Lifetime Target Coverage problem (MTC) can
be formally defined as follows:
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Definition 1 Maximum lifetime Target Coverage Problem
(MTC): Given a set S of n sensor nodes s; and a set R of
m targets r;, find a family of ordered pairs (S, ;) where
S C S and t;, is the time duration for .S, to be active, such
that:

e The total active time of all S}, is maximized

e For each sensor node s;, > tr < b;

5; €Sk

e Each S, completely covers all the targets. We call Sy,
a cover set.

For the example in Figure 1(a), the maximum lifetime
of sensor nodes sy, s2, s3 are 2, 3, and 2 respectively. By
the above definition, we can find this following family of
ordered pairs {({s1,s3},2), ({s2},3)}. Thus the total net-
work lifetime is 5, which is optimal.

3.2 Domatic Number in Directed Graphs

Given a directed graph G’ = (V', E’), let us first in-
troduce some notations that are being used throughout the
paper. For an arbitrary vertex v € V', let N~ (v) be the set
of its incoming neighbors, ie., N~(v) = {u | (u,v) €
E'}. The indegree §~(v) is the number of its incom-
ing neighbors, thus 6= (v) = |N~(v)|. Let N~ [v]
N~ (v) U {v}, which denotes the closed incoming neigh-
bors of node v. The maximum and minimum indegree of a
graph G’ can be written as A~ and J~ respectively where
AT = mazyey 6 (v) and 6~ = min,ey 9~ (v). We are
now ready to introduce the following definitions:

Definition 2 Dominating Set: A dominating set of a di-
rected graph G’ is a subset D C V' such that Vv € V’,
either v € D or there exists a node « € V' such thatu € D
and (u,v) € E'.

Definition 3 Domatic Number: The domatic number
D(G’) of a directed graph G’ is the maximum number of
disjoint dominating sets of graph G’.

Informally, given a directed graph G’ = (V', E’), we
need to partition the vertices into a number of disjoint sets
such that each set is a dominating set. The domatic num-
ber problem asks us to find a maximum number of disjoint
dominating sets. This is a well-known NP-hard problem
[11].

Definition 4 Maximum lifetime Dominating Sets Prob-
lem (MDS): Given a directed graph G’ = (V’/, E’) where
each node v € V' has a maximum lifetime b/, find a fam-
ily of ordered pairs (Dy, tx), where Dy, is a dominating set
and ¢, is the time duration for D, to be active, such that the
total active time of all dominating sets is maximized.



N I
3

S I
2

S3 I3

(a) Coverage Graph G
G

(b) Corresponding Directed Graph

’

(c) Corresponding Cliques

Figure 1. A Network Example and Its Transformation

Note that the domatic number is a feasible solution to the
MDS problem where all dominating sets Dy, are disjoint. In
this paper, we will use the domatic number approach to find
solutions to the MTC problem.

4 Relation to Domatic Number

In this section, we show how to transform the Maximum
lifetime Target Coverage problem (MTC) to the Maximum
lifetime Dominating Sets problem (MDS). We also present
the relation between these two problems. Based on the re-
lation, any feasible solution to MDS is a feasible solution
to MTC. In other words, solutions to MTC can be used to
solve the MDS problem, which is used in topology control
and communication schemes in wireless networks to maxi-
mize network lifetime. Finally, we show the lower and up-
per bound of the domatic number in directed graphs.

4.1 Problem Transformation

Given a bipartite graph G = (S, R; E) as described in
section 3.1, first we transform this graph G to a directed
graph G’ = (V', E’) as follows:

Step 1: Make a directed clique R’; for each set R;. Re-
call that for a given graph G, R; is the set of all the sen-
sor nodes that cover target r;,5 = 1,...,m, i.e, R; =
{si | s; covers r;}. The vertices in the clique R} are the
sensor nodes in the set ;. For each clique, relabel each
vertex to s;;. For example, Figure 1(c) shows three cliques
for the graph G in Figure 1(a).

Step 2: Connect the above cliques as follows:

o Given two vertices s;; and s;/;/, if i = ¢, then do the
following:

1. Add a directed edge from s;; to s;/ ;.
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2. Addadirected edge from s;; to each of the neigh-
bors of s in the clique R/,

e Otherwise, do nothing

For example, the directed graph G’ in Figure 1(b) rep-
resents the graph G in Figure 1(a) after the transformation.
At this step, we successfully transform the given bipartite
graph G to the directed graph G’ where V' consists only
the sensor nodes.

Next, we need to assign the maximum lifetime of each
vertex in graph G’. Recall that each sensor node s; in the
graph G’ has the maximum lifetime b;. Let d; be the degree
of sensor node s; in G.

Step 3: Assign the maximum lifetime b, = b;/d; for
each vertex s;;. The natural number next to each vertex in
Figure 1(b) indicates its maximum lifetime.

In Figure 1(b), we can find the following
dominating sets and their associate active time:
{({s11, 833}, 1), ({521}, 1), ({832, 512}, 1), ({822}, 1),
({s23},1)}. Note that each dominating set completely
covers all the targets in G. In addition, these dom-
inating sets correspond to these cover sets and their
active  time: {({s1,s3},1), {s2},1), ({s3, 1}, 1),
({s2},1), ({s2},1)}, which is also the optimal solution for
the original problem in the graph G.

This directed graph can be constructed locally. The lo-
calized algorithm of this transformation is shown in Algo-
rithm 1. Let T; denote a set of the targets’ ids that sensor
node s; can cover, i.e., T; = {j | s; covers ;}. In this al-
gorithm, each sensor node s; sends its id number and the
set T; to all its neighbors. Let N (4) denote the neighbors of
sensor node s; in the network. Based on all these informa-
tion from its neighbors, the clique R’ is created (from line
9 to line 15.) The rest of the algorithm is to connect these
cliques.



Algorithm 1 Transformation

1: Send (i, T;) to all neighbors
Receive (k,T},) fromall £ € N(4)
for j € T; do

Spllt s; to Sij

b, = bi/|Ti

N~ (si5) =0; 67 (si5) =0
end for
for k € N(i) do

for z € Ty, do

if z == j then
N7 (sij) = N~ (sij) U{skz}
end if

end for
end for
Let S’(¢) denote the set of all s;; that are splitted from
Si
16: for each s;; € S’(i) do
17: N_(Sij) :N_(Sij)U
18: N_(Sij) :N_(Sij)U
19: end for
20: 6~ (sij) = [N~ (s45)]
21: Return {b;” R o~ (Sij); Ni(Sij)}
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(8'(3) — {si;})
N=(S'(4) — {sij})

Lemmal For any bipartite graph G = (S, R; E), n' =
d - n where d is the average degree of all vertices in S.

Proof: This is straightforward. Note that n = |S|, and
n' = |V’| where V' is the set of vertices in the transformed
directed graph G’. We have:

n’:idi:n-g
i=1

O

Note that d can represent the coverage probability of a

network, that is, how many targets that one sensor node can
cover.

Lemma 2 A dominating set D of G’ is a cover set of G.

Proof: Given a dominating set D of G’, we need to prove
that this set completely covers all the targets in G. By con-
tradiction method, assume that there exists one target r; that
is not covered. Let R’ be the clique of the set 12;. Then
there exists one vertex v € R; such that v is not in D and
not dominated by D, contradicting to the fact that D is a
dominating set. |

Lemma 3 A cover set .S in G can be transformed to a dom-
inating set D of G

Proof: Let sensor node s; € S be the sensor node that
covers the least number of the targets. Without loss of gen-
erality, assume that s; covers a target ;. Then select vertex

si; as the dominating node, i.e, D = {s;;}. The rest of the
vertices in clique R; become the dominatee nodes. Also,
the outgoing neighbors of s;; become the dominatee nodes.
Repeat this process for the other sensor nodes in .S, we have
a dominating set D. O

Theorem 1 A feasible solution to the MDS problem is a
feasible solution of the MTC problem.

Proof: Assume that we can find & dominating sets such
that the total lifetime is maximum. From Lemma 2, each
dominating set is also a cover set of G. Thus we have k
cover sets of G so that each set completely covers all the
targets. Also, by the construction of the graph G’, the max-
imum lifetime of each vertex in all D will not exceed the
maximum lifetime of each sensor node in G. O

4.2 Lower and Upper Bounds of Domatic
Number in Directed Graphs

Because the domatic number is a feasible solution to the
MDS problem, thus a feasible solution to the MTC problem,
we would like to first study the properties of the domatic
number in directed graphs. In this section, we present the
lower bound and upper bound of the domatic number in a
directed graph.

Theorem 2 Given a directed graph G’ = (V’, E’), the do-
matic number D(G") is bounded as:

(6~ +1)(1 - o(1)

Inn/

<D(G) < (67 +1)

where n’ = |V’| and the term ”o(1)” goes to zero as n goes
10 oo.

Proof: For the upper bound, it is easy to see that
D(G") < (6~ +1). Let v be a vertex with §—(v) = 6,
then v is dominated at most by its 6~ incoming neighbors
and itself. Thus D(G’) < (6~ + 1).

For the lower bound, we use the similar approach as in
[11]. For each vertex in the graph, randomly assign a color
cintherange [1,...,(6~ + 1)/In(n'Inn’)]. Let A, . be
the event that there is no vertex of color ¢ in N~ [v]. If this
event is true for some color ¢ and an arbitrary vertex v, it
means that the color class C. (C. is the set of all vertices
that have the same color ¢) does not form the dominating
set. Let P[A, ] denote the probability of the event A, .
We have:

PlA )= ] <1h(1((57z£f1n)))

u€EN ~ [v]

B (1 ~ In(n'In n’))é_(v)le
B (6-+1)



—(6~ (v)+1)(In(n'Inn')) /(67 +1)
1
n'Inn’
Next, let B, be the event that vertex v does not have all

<e

<e~ In(n'Inn") _

colorsc € [1, ..., (67 +1)/In(n’ Inn’)] in N~ [v]. We have:
(7 4+1)/In(n" Inn") _
B (0= +1) 1
P[B,]=P U Ayc e

~ In(n/lnn’)

c=1

Then the expected number of bad event A, . is:

Pl B

veV’

- +1) 1
(n'Inn’)

'U (’ =
Inn/

And the expected number of colors that forms dominat-
ing sets is at least:

(0~ +1) 1 1\ (07 +1) 1_1nlnn’—|—1
In(n’ lnn') Inn’ ) Inn/ In(n/lnn’)
(0~ +1)(1 — O(loglogn’/logn'))

Hence D(G') >

!/

In
When ' — oo, D(G") > 1)(1,_ o1)

Based on the above lower boundn(gc the domatic number
as well as the probabilistic arguments, one can see that there
exists an O(logn’)-approximation localized algorithm for
the maximum number of disjoint dominating sets, which is
also a solution of the MTC problem.

(0~ + -

5 The Approximation Algorithms

In this section, we present two localized algorithms and
their theoretical analysis. As mentioned in section 4, we
can use the idea of the domatic number problem to solve
the maximum lifetime dominating sets, thus solve the MTC
problem. In particular, we can find the maximum number
of disjoint dominating sets of G’. Note that although the
solution to the MDS problem of G’ is disjoint, the corre-
sponding cover sets of G are not necessarily be disjoint.

Recall that &/ is the maximum lifetime of each vertex
v in G'. For the sake of simplicity, let us first look at the
following special scenario. Assume that after transforming
the non-uniform maximum lifetime of each sensor node in
G tob, in G, all v € V' have the same maximum life-
time, i.e, b, = ¥ Yv € V’'. From the probabilistic argu-
ments in section 4, one can see that if we randomly and
independently assign a color in a certain range, we can ob-
tain a certain number of disjoint dominating sets within a
factor of O(logn). Similarly to the argument in section

4, we choose [0, ..., ‘;;féﬁf] as the color range for each ver-

tex v where 0., (v) = min,en-[,)0~ (u). After randomly
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choosing their own colors, all the vertices that have the same
color, i.e., in the same color class, are active for ¥’ unit time.
The active time can be decided locally as follows. Assume
that the vertex v chooses the color ¢, then vertex v can be
active from ' - ¢, to b’ (¢, +1). The detail of this algorithm
is shown in Algorithm 2.

Algorithm 2 Special Case

1. {bv,0(v), N~ (v)} = Transformation(s;)
Send 5~ (v) to all the neighbors
Receive 6~ (u) fromall w € N~ (u)

2:

3

4 0, (v) = minyen-[v)0~ (u)

5: Randomly choose a color ¢, € [0, ..., ‘;;frf?]

6: Sensor node v is active from b/, - ¢, to b, - (¢, + 1) to

Lemma4 The above algorithm can form at least 3‘f—
dominating sets with a probability of 1 — o(n1).

Proof: To prove this, we use the same approach as in
section 4. Let C. denote a set of all vertices that choose a
color ¢ for ¢ € [0,6,,(v)/(31nn)]. Again, let A, . be the

event that there is no vertex of color ¢ in N~ [v]. Note that
vertex v can randomly and independently choose a color

ceo,.. 31 ”)] (line 5 in Algorithm 2). If this event is
true for some color ¢ and an arbitrary vertex v, it means
that the color class C. does not form a dominating set. Let

P[A, ] denote the probability of the event A, .. We have:

PlA, ] = H <1 ) < <1 )5(v)+1

uw€EN ~ [v]
~(5~ (A BInN) /57 () ¢ p-Blnn _ 1
n3

3lnn

5= (v)

3lnn

Om (u)

<e

Next, let B, be the event that vertex v does not have all

colors ¢ € [0, ..., 6., (v)/(31nn)] in N~ [v]. We have:
6, (v)/(3Inn) _
5 ()
= <2
PB.} =P U Ave| = 3n3lnn

c=0

Thus the probability P of an event that there exists at
least one vertex v € V'’ such that v does not have all colors

ce[l,..., (6 —+1)/(31Inn)] is bounded by:
Sp(v) _ b,(v) d
< | < ’ < mi 2
P<P U Byl < Z 3n3lnn — 3lnn n?
veV’ veV’

The expected number of colors that forms dominating
sets is at least:



(57"(1;)(1 J) > 2 1o Y)

3lnn " n2) = 3Inn

Hence Algorithm 2 can form at least ffﬁ dominating
sets with a probability of 1 — o(n™1). O

Theorem 3 The approximation ratio of Algorithm 2 is
within a factor of O(logn).

Proof: Let L be the lifetime of all the dominating sets
obtained from Algorithm 2 and let L* be the optimal solu-
tion of the maximum lifetime target coverage problem. We
first prove the upper bound of L*. From Theorem 1, L* is
also the optimal solution of the maximum lifetime dominat-
ing sets of G’. From the upper bound of the domatic number
in Theorem 2, it is easy to see that L* < &' - (6~ +1). Next,
we prove the lower bound of L. From Lemma 4, we have:

L.

3lnn
Thus the approximation ratio is within a factor of
O(logn). O

We are now ready to consider a more general case in
which all v/, of all v € V' are not the same. We can
use Algorithm 2 to solve this general case. Specifically,
each vertex v randomly chooses a color ¢ in the range
[0,...,0,,(v)/(3Inn)]. Each color class C. is active for
b = min,cy b, unit time. However, this idea does not
take an advantage of the "remaining” energy of each sen-
sor node. A better way to solve this problem is to divide !,
into b!, time-unit slots [12]. At each time-unit slot, a vertex
can randomly and independently choose its color. In other
words, each vertex can choose b, many colors in a certain
range. After choosing its colors, all these color classes are
activated successively. Each color class stays up for one unit
time. The details of this algorithm is shown in Algorithm 3.

Similar to the special case, we prove that Algorithm 3
can obtain a solution for the MTC problem with an approx-
imation ratio of O(logn).

Lemma5 Algorithm 3 can form at least (m + 1)
dominating sets with a probability of 1 —o(n~1) where 7 =
ming ey Zq;eNj(u) bi} and b0, = maXxyey b:}

Proof: Let C. denote a set of all vertices that choose a

color ¢ for ¢ € [0, ..., m] Again, let A, . be the
If this

event that there is no vertex of color ¢ in N~ [v].
event is true for some color ¢ and an arbitrary vertex v, it
means that the color class C. does not form a dominating
set. Let P[A, ] denote the probability of the event A4, ..
We have:
P[Av,c] = H H (1 - W)
[v] i=1 ¢

u€N ~ [v] i=

Algorithm 3 General Case

{t],67(v), N~ (v)} = Transformation(s;)
Send b/, to all neighbors

Receive b, fromall w € N~ (v)

by = max,en-[v) b,
Tv = ZuEN—[v] by,

Send (b, 7,,) to the all neighbors
Receive (b!!, 7,) fromall w € N~ (v)
b, = maXyc N - [v] bg

=

© X N gk

721) = minuGN* [v] i

C = 0 /* To hold b/, colors */

: for j from 0 to b!, do

Randomly choose a color ¢; € [0,
C = C U {Cj}

: end for

: At each time slot ¢, sensor node v is active if ¢; € C

" v, 1 Yuen—(v b
< H (1 B 3111(bvn)) _ (1 B 31n(bvn)>
T Ty

u€N~ [v]

e
NP o

(s ln(gv n)) ]

I
a b w

2 wenN—[v] by,

2

(1= 31n(bvn) . < 6731n(bgn) _ //]' <
ZuGN*[v] bu (bvn)

Next, let B, again be the event that vertex v does not

have all colors ¢ € [0, ..., m] in N~ [v]. We have:
P[B,) =P Ayc
c=0
To 1 0 (v)+1 1

< = : = S =
3In(b,n) (BYn)® = 3n(byn) n(byn)?

Thus the probability P of an event that there exists at
least one vertex v € V'’ such that v does not have all colors
celo,..., m] is bounded by:

U B.

veV’

(v) + d

p<p o~ ) 1.
31n(byn) (byn)?

<

Hence Algorithm 3 can form at least (m + 1)
dominating sets with a high probability. O

Theorem 4 The approximation ratio of Algorithm 3 is
within a factor of O(logn)

Proof: Let L be the lifetime of all the dominating sets
obtained from Algorithm 3 and let L* be the optimal solu-
tion of the MTC problem. We first prove the upper bound



of L*. Itis easy to see that L* < 7. Next, we prove the
lower bound of L. From Lemma 5, we have:

T L*

L>—— 4+ 1=-——"
~ 3n(bpmazn) + 31In(bmazn)

+1

Thus the approximation ratio is within a factor of
O(log(bmazn)) Which can be reduced to O(logn). O

6 Conclusions

In this paper, we have studied the coverage problem with
an objective of maximizing network lifetime, which is a
critical issue in wireless sensor networks. We first reduced
this problem to a domatic problem, that is to find the maxi-
mum number of disjoint dominating sets in directed graphs.
We also presented two localized algorithms whose approx-
imation ratio is within a factor of O(logn) where n is the
number of sensor nodes. In particular, we transformed the
coverage relationship between sensor nodes and targets to a
directed graph whose vertices consist of only sensor nodes
(no targets involved). The main property of this directed
graph G’ is that each dominating set of G’ is a solution
of the coverage problem. In other words, the dominating
set completely cover all the targets. Using the probabilistic
argument and assigning color scheme, the localized algo-
rithms return a set of dominating sets that are activated suc-
cessively to prolong network lifetime. Since the proposed
solutions are randomized, we are interested in studying how
to de-randomize these algorithms. In addition, because of
the relation between MTC problem and MDS problem, we
also plan to investigate further how to apply solutions to the
MTC problems to the topology control and clustering prob-
lems with an objective of maximizing network lifetime.
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