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Abstract— Many sensor network applications require the
tracking and the surveillance of target objects. We are specifically
interested in the coverage problem known as perimeter coverage
that the perimeter of the whole target has to be monitored
while a single sensor can only monitor a certain portion of the
perimeter. In this case, several sensors are required to ensure
the perimeter coverage of the target and our main focus is
to monitor the whole target object as long as possible. In this
paper, we first discuss the sufficient conditions in which a linear
or a polynomial time optimal solution exists. Since no known
polynomial time solution exists for configurations that do not
satisfy the conditions, we study the dynamic duration technique
to enhance the performance of existing heuristic mechanisms.

I. INTRODUCTION

Wireless sensor networks have caught lots of attentions
in recent years. Some of these typical applications include
habitat monitoring, target tracking, disaster management [1].
Traditionally, coverage problems concern whether a certain
target area or a certain target object can be covered by at least
k sensors [2]. Instead, we focus on the perimeter coverage
problem which aims at covering the perimeter of a relatively
large target object.

Extensive research has been carried out to extend the
lifetime of sensor networks [3]. In coverage research, lifetime
is defined as the time units that the target area or target objects
are being covered continuously. One of the most effective
methods is to schedule the sensor nodes’ activities to alternate
between active and sleep modes so that only a minimal number
of sensors are turned on at any time. Tian and Georganas
[4] proposed a distributed scheduling algorithm which turns
off the sensors with cover area completely replaceable by the
cover area of their neighboring nodes. Yan et al. [5] adopted
a similar concept. However, instead of area, grid point is
considered. Later, Hsin and Liu [6] proposed a randomized
algorithm in which a node will sleep with a certain probability
and coordinator(s) are present to maintain the coverage by
coordinating sleeping time of each node. Other than those
suggested above which aim at full area coverage, Ren et al.
[7] considered sensors scheduling for object detection under
partial coverage. They analyzed the average-case detection
quality of the existing scheduling approaches and provided
the worst-case detection quality bound on their proposed
protocols.

On the other hand, Cardei et al. [8] studied the energy-
efficient target coverage problem in wireless sensor networks.

The authors modeled the maximum lifetime target cover-
age problem as the set cover problem and proposed both
centralized optimal and heuristic solution. Unfortunately, the
cover formed may not be connected. Zhao and Gurusamy [9]
further investigated the connected target coverage problem and
proposed a solution on this problem. Gu et al. [10] further
considered the QoS issue with the existences of different
coverage and different connectivity requirements.

Barrier coverage [11] which aims at providing k-barriers
within a thin strip of area (known as belt) such that an intruder
will be detected by at least k sensors has been studied recently.
In [12], Kumar et. al. further discussed a centralized optimal
scheduling algorithm on this issue. Chen et. al. [13] proposed
a localized algorithm which provides localized guarantee of
k-barriers coverage.

In this paper, we study the scheduling problem aiming at
monitoring the perimeter of the target object continuously. To
the best of our knowledge, we [14] were the first to study this
scheduling problem in wireless sensor networks. In a cycle-
based schedule, we need to identify a set of sensors to monitor
the target perimeter in each cycle. By applying different cost
functions to our distributed mechanisms [15], [16], different
scheduling schemes with different objectives are developed
[14]. Unfortunately, none of the heuristic solutions are shown
to be optimal.

In this work, we first show that an optimal solution is
possible to be found in a linear or a polynomial time under
some sensor configurations. However, global information is
needed to determine whether the configuration satisfies the
conditions. At the same time, no known polynomial time
solution exists in some other sensor configurations that do
not satisfy the conditions. Therefore, we further enhance
the algorithms previously proposed in [14] by applying the
dynamic cycle duration technique and demonstrate that our
proposed technique helps in extending the network lifetime
through simulations.

The rest of this paper is organized as follows: Section II
describes the network model. We then describe the sufficient
conditions in which an optimal solution exists in Section III.
Afterwards, the dynamic cycle duration technique will be
discussed in details in Section IV. This is followed by Sec-
tion V that presents the simulation results and some concluding
remarks in Section VI.



II. NETWORK MODEL

We assume that a set of sensors S is distributed around
a large target object. Each sensor i ∈ S can only monitor
a portion of the perimeter. We aim at monitoring the whole
perimeter of the target object continuously. Throughout the
paper, we use N to denote the number of sensors that can
cover a portion of the target object, i.e., N = |S|.
A. Cover Range, Cover, and Mutually Disjoint Covers

We define Cover Range as the portion of the perimeter of
the target object that a sensor node can monitor. For ease of
discussion, the cover range of a sensor is represented in terms
of angle. Specially, we use [si, ti] to denote the cover range
of Sensor i ∈ S. Therefore, si refers to the start angle and ti
refers to the end angle. Generally speaking, si < ti for most
i ∈ S. However, a sensor j ∈ S has sj > tj if j covers 0◦.
Although we model the target object as a circle, it is worth
mentioning that the target object can be in any irregular shape
as long as its perimeter forms a loop and each sensor can
determine its cover range.

On the other hand, we define cover as a subset of sensors
D ⊆ S such that for each angle γ ∈ [0◦, 360◦), there
exists a sensor i in D such that γ ∈ [si, ti]. In other words,⋃

i∈D[si, ti] = [0◦, 360◦). Figure 1(a) illustrates a scenario of
9 sensors surrounding a target object. Each arrow represents
the cover range of a node. {1, 3, 5, 7, 8}, {1, 2, 4, 6, 9}, and
{1, 3, 5, 7, 9} are all covers.

We define mutually disjoint covers as a collection of covers
C such that for any C1, C2 ∈ C, C1

⋂
C2 = ∅. Refer to Fig-

ure 2(a), C can be {{1, 4, 7, 10}, {2, 5, 8, 11}, {3, 6, 9, 12}}.
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(a) Covers example. (b) Overlap regions example.

Fig. 1. Network model example.

B. Backward Neighbors, Forward Neighbors, and Proper

If two nodes’ cover ranges overlap, they are neighbors.
Formally, i and j are neighbors if si < sj < ti or si <
tj < ti

1. We assume that a node can only communicate with
its neighbors. It is possible that [sj , tj ] completely contains
[si, ti]. For instance, Sensors 9 and 8 in Figure 1(a). When
two sensors have overlapping cover ranges and none of them

1This applies when both i and j do not cover 0◦. The definition can be
extended easily to ranges that cover 0◦ but we leave it out for the ease of
discussion.

is contained in the other, one of them is a backward neighbor
and the other is a forward neighbor. i is a backward neighbor
of j and j is a forward neighbor of i if si < sj < ti. Refer to
Figure 1(a), Sensors 2 and 3 are forward neighbors of Sensor
1, while Sensors 9 and 8 are backward neighbors of Sensor 1.

S is known as proper if ∀i ∈ S, @j ∈ S, such that sj ≤
si < ti ≤ tj or si ≤ sj < tj ≤ ti. In other words, S is proper
if none of the sensors has cover range containing or contained
inside another sensor.

C. Overlap Region

An endpoint can be any start angle si or end angle ti of
any sensor i ∈ S. Suppose all the endpoints are distinct.
There are 2N endpoints formed by N sensors in network.
We assume that the endpoints are sorted according to the
ascending order. Then, each endpoint is denoted as aj , where
0 ≤ j ≤ 2N − 1. In other words, we know that aj < aj+1.
The overlap region is the portion of the perimeter of the target
object formed by a pair of consecutive endpoints [aj , aj+1],
where 0 ≤ j < 2N −1. On the other hand, the overlap region
becomes [a2N−1, a0] when j = 2N − 1. We denote Aj as the
range [aj , aj+1]. Refer to Figure 1(b), Aj , ∀0 ≤ j ≤ 17 are
formed from the set of sensors in Figure 1(a). Now, we use A
to denote the set of all overlap regions formed by consecutive
endpoints, i.e., A = {[a0, a1], [a1, a2], ..., [a2N−1, a0]} =
{A0, ...Aj ...., A2N−1}. Since

⋃
0≤j≤2N−1 Aj = [0◦, 360◦), if

C ⊆ S covers Aj , ∀0 ≤ j ≤ 2N − 1, then C is a cover.

D. Sensor Lifetime, Network Lifetime, and Schedule

In considering the lifetime and schedule, we adopt the cycle-
based scheduling mechanism as in [17]. In other words, a cover
is selected to monitor the target object in each cycle. The
sensor lifetime of a sensor i, B(i), is the number of cycles
it can be turned on. Here, we assume that each cycle takes
up a fixed duration unless specified. On the other hand, it is
possible for B(i) to be the same for all i ∈ S. We denote this
as uniform battery scenario. Otherwise, we denote this as non-
uniform battery scenario. Network lifetime L refers to number
of cycles that the perimeter of the target can be monitored
continuously.

In each cycle, a set of sensors is turned on to monitor the
target. Those sensors that are not in the set can go to sleep
mode to conserve energy. A schedule defines in which cycles a
sensor has to be turned on or off. We use a matrix SC of size
L× |S| to represent the schedule. SC(t, i) = 1 means Sensor
i should be turned on at cycle t; SC(t, i) = 0 otherwise.

III. PERIMETER COVERAGE SCHEDULING

In this section, we first describe the perimeter scheduling
problem and the associated properties in Section III-A. Af-
terwards, we focus on some sensor configurations in which
a linear or a polynomial time optimal solution is available in
Section III-B.



A. Problem Statement and Properties

The objective of the scheduling problem is to find a schedule
SC to monitor the target object continuously so that the
lifetime L is maximized. Formally, we would like to find a SC
which maximizes L, such that ∀l ≤ L, Xl = {i|SC(l, i) = 1}
and

⋃
i∈Xl

[si, ti] = [0, 360).
Since C covers all Aj ∈ A iff C covers [0◦, 360◦), an upper

bound of the lifetime of covering [0◦, 360◦) can be derived.
Before that, we further define some terms as follows and we
use the example in Figure 1(b) to explain them. For the ease
of discussion, we use B = B(i) = 2, ∀i ∈ S in the examples:
• HS,j = {i|i ∈ S covers Aj}. For instance, HS,1 = {1, 2}.
• qS,j= {∑B(i)|i ∈ HS,j}. For instance, qS,1 = 4.
• pS,j = |HS,j |. For instance, pS,1 = 2.
• AS,min = {Aj |min0≤j≤2N−1 qS,j}, e.g., AS,min = A0.
• HS,min = {i|i ∈ S covers AS,min}, qS,min =
{∑B(i)|i ∈ HS,min}, and pS,min = |HS,min|. For
instance, HS,min = {1}, qS,min = 2, and pS,min = 1.

Recall that L denotes the maximum lifetime achievable by
the schedule SC.

Property 1 L ≤ qS,min.

Property 1 says that L is upper bounded by qS,min. It is
impossible for us to find any sensor which can still cover
AS,min after qS,min cycles. If all the sensors are equipped
with the same initial battery capacity B, then we know that
qS,min = pS,min ×B. This results in Property 2.

Property 2 If B(i) = B ∀i ∈ S, then L ≤ (pS,min ×B)

B. Sufficient Condition for the existence of a polynomial time
solution

We are going to show that if S is proper (defined in
Section II-B) and all the sensors have the same initial battery
capacity, i.e., uniform battery scenario, a polynomial time
optimal solution may exist. Unfortunately, for other situations,
no known polynomial time solution exists.

Property 2 suggests that given B(i) = B for every i ∈
S, if we can find pS,min mutually disjoint covers, then L =
pS,min ×B.

1) When N mod pS,min = 0: In this case, we can find
exactly pS,min mutually disjoint covers and each cover has
exactly N

pS,min
number of sensors. To find these covers, we

first label the nodes in S according to their start angles. A
node a starts before b if sa < sb. We also say b starts after
a. We label the sensor in HS,min with the smallest start angle
as n1 and the nodes start after n1 as n2, n3, and so on where
nx starts before ny if x < y. Then, pS,min mutually disjoint
covers can be found using the FIND COVERS algorithm as
follows:
• Let n1, ..., npS,min

be the sensors in HS,min. Let
P1, ..., PpS,min

be the mutually exclusive partitions to
be formed. We put nx ∈ HS,min into partition Px.
Therefore, pS,min partitions are formed with one member
in each partition.

• Continue putting Sensor npS,min+1 into partition 1, Sen-
sor npS,min+2 into partition 2, and so on. In other
words, Sensor ny is put into partition Pr, where r = y
mod pS,min if r > 0, and r = pS,min if r = 0. This
process continues until each sensor in S is put into one
of the partitions.

• After all sensors are put into pS,min partitions, partitions
formed are mutually disjoint covers.
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(a) N mod pS,min = 0 example.
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(b) N mod pS,min > 0 example.

Fig. 2. Example of the existence of pS,min mutually disjoint covers.

Here, we use an example to illustrate this approach. Let us
consider Figure 2(a). In this example, pS,min is 3. HS,min

is Sensors 1, 2, and 3. Suppose Sensors 1, 2, and 3 are put
into 3 different partitions, i.e., P1, P2, and P3, respectively.
Afterwards, Sensor 4 is considered. Since 4 mod 3 = 1,
Sensor 4 is put into P1. Then, Sensor 5 can be considered.
Again, we find that 5 mod 3 = 2. Hence Sensor 5 is
put into partition 2. This process continues until all sensors
in S are put into pS,min partitions. In this case, pS,min

different partitions with N
pS,min

members each are formed.
These partitions formed are also mutually disjoint covers. In
this example, the partitions formed are P1 = {1, 4, 7, 10},
P2 = {2, 5, 8, 11}, and P3 = {3, 6, 9, 12}. They are also
mutually disjoint covers.

We now proof the correctness of our FIND COVERS algo-
rithm by Property 3 and Lemma 1.



Property 3 Let x and y be two sensors that are put in one
of the partitions such that y is put right after x according to
the algorithm. If S is proper, x is a backward neighbor of y.

Proof:
Let the index of x be nx and the index of y be ny , ny =
nx+pS,min

. Suppose x ∈ S is not the backward neighbor
of y ∈ S. This implies that sx < tx < sy < ty as x
and y do not overlap. Since Amin is covered by pS,min

sensors, we know that the range [tx, sy] (which may be a
union of several overlapping regions) must be covered by at
least pS,min sensors. However, in this case, [tx, sy] is only
covered by Sensors nx+1, ..., ny−1, i.e., only pS,min − 1
sensors can cover [tx, sy]. This contradicts to the definition
of pS,min. Therefore, x is a backward neighbor of y. ¤

Lemma 1 If N mod pS,min = 0, then pS,min mutually
disjoint covers can be found by the FIND COVERS algorithm.

Proof:
By using the FIND COVERS algorithm, P1, ..., PpS,min

parti-
tions are formed. By Property 3, we know that n1 ∈ P1 is the
backward neighbor npS,min+1 ∈ P1. Specifically, nr ∈ Pr

is the backward neighbor of npS,min+r ∈ Pr. We further
know that npS,min+r ∈ Pr is the backward neighbor of
n2(pS,min)+r ∈ Pr and so on. In other words, in any partition
Pr, the first member is the backward neighbor of the second
member, the second member is the backward neighbor of the
third member and so on. Since N is divisible by pS,min, we
know that for each partition Pr, the last member to be put
into Pr is lr = n( N

pS,min
−1)∗pS,min+r. If the FIND COVERS

algorithm continues, the next member to be put into Pr is nr

again which is the first member put into Pr at the beginning
of the algorithm. Therefore, by Property 3, we know that
lr is the backward neighbor of nr ∈ Pr. As a result, the
last member in Pr is also the backward neighbor of the first
member in Pr. This implies that every Pr, where 1 ≤ r ≤
pS,min, forms a cover. Since there exist pS,min partitions,
FIND COVERS algorithm finds pS,min covers. On the other
hand, since FIND COVERS algorithm selects member in such
a way that no member which exists in Pr can exist in other
partition. Therefore, the pS,min covers formed are mutually
disjoint covers.¤

The direct consequence of Lemma 1 is that the maximum
lifetime schedule can be achieved by activating each partition
for B units of time and the corresponding lifetime is L =
B × pS,min. Formally, ∀1 ≤ t ≤ L,

SC(t, i) =
{

1 if i ∈ Pxand (x− 1)×B < t ≤ x×B
0 otherwise

2) When N mod pS,min > 0: In this case, we may
consider splitting S into S1 and S2 in such a way that S1 has
N1 sensors, while S2 has N2 sensors. At the same time, N1

mod pS1,min = 0 and N2 mod pS2,min = 0. By doing so,
FIND COVERS algorithm can be applied to S1 and S2 to form
pS1,min and pS2,min mutually disjoint covers, respectively.

Here, we would like to know if it is possible to divide S into
S1 and S2 such that pS,min = pS1,min + pS2,min mutually
disjoint covers are formed.

Without loss of generality, we assume that r = N
mod pS,min. To form pS,min mutually disjoint covers, r cov-
ers which contain exactly one more sensor than the remaining
pS,min − r covers can be found. Note that an addition of a
sensor into a cover also results in a cover. Hence, not all the
sensors in the r covers are essential to monitor the perimeter of
the target object. The aim of splitting is to form the sufficient
condition in Lemma 1. Nevertheless, we assume S1 contains
r× d N

pS,min
e and S2 contains (pS,min − r)× b N

pS,min
c. Since

we know that Amin is covered by exactly pS,min sensors
in S, there must exist exactly pS1,min = r sensors and
pS2,min = pS,min − r sensors covering Amin in S1 and
S2, respectively. Let us consider the example in Figure 2(b).
By using FIND COVERS algorithm, P1 = {1, 4, 7, 10, 13},
P2 = {2, 5, 8, 11, 14}, and P3 = {3, 6, 9, 12} are formed, but
it is clear that P3 is not a cover. However, 3 mutually disjoint
covers do exist. In fact, let us consider the broken lines as
sensors in S1, where pS1,min = 2. On the other hand, let us
consider the solid lines as sensors in S2, where pS2,min = 1.
In this case, by applying the algorithm in Section III-B.1 into
S1 and S2, respectively, the following three mutually disjoint
covers are formed: P1 = {1, 4, 7, 11}, P2 = {2, 5, 8, 10, 13},
and P3 = {3, 6, 9, 12, 14}.

Now, we know that S1 should contain N1 = r × d N
pS,min

e
sensors from S with pS1,min = r, while S2 should con-
tains N2 = (pS,min − r) × b N

pS,min
c sensors from S with

pS2,min = pS,min − r. As a result, N1 mod r = 0 and N2

mod (pS,min − r) = 0. We would like to find a method of
splitting S into S1 and S2 with the above discussed properties.
One of the method is to list out the constraints that a sensor
i ∈ S is also a candidate sensor in S1. By solving such a
system of constraints, the sensors in S1 can then be found.
Here, we further assume that the sensors are numbered from
1, ..., N based on their start angle. xi denotes the number
of sensors selected to be included in S1 up to sensor i. In
other words, xi − xi−1 = 1 implies that Sensor i is selected
to be included in S1. Without loss of generality, we can set
x0 = 0 and xN = r × d N

pmin
e as N1 = r × d N

pmin
e should

be selected into S1 finally. Recall that Hj denotes the set
of sensors that covering Aj . Without loss of generality, we
denote Hj = {m+1, ..., n}. Since we know that any Aj must
be covered by at least pS,min sensors in which the S1 formed
shares at least pS1,min = r sensors and the S2 formed shares
at least pS2,min = pS,min − r sensors. As a result, we know
that dividing S into S1 and S2 is the same as solving the
following system of constraints which are modified from [18]
and [19]:

1) x0 = 0.
2) xN = r × d N

pS,min
e.

3) ∀1 ≤ i ≤ N , 0 ≤ xi − xi−1 ≤ 1.
4) ∀Aj ∈ A with Hj = {m + 1, ..., n}:

Case: n > m



• xn − xm ≥ r.
• |Hj | − (xn − xm) ≥ pS,min − r .

Case: m > n

• xn − xm + xN ≥ r.
• |Hj | − (xn − xm + xN ) ≥ pS,min − r.

According to [18], this problem in fact is a shortest path
problem and can be solved with the time complexity of O(N2)
in a centralized manner. Unlike that of [18] and [19], we only
focus on whether there exists a feasible solution for finding
pS,min = pS1,min + pS2,min mutually disjoint covers, where
pS1,min = r and pS2,min = pS,min − r. Once a feasible
solution is found, each of the pS,min mutually disjoint covers
can then be activated for B units of time similar to that
shown in Section III-B.1. It is worth mentioning that the
aforementioned system of constraints may turn out to have
no feasible solution. This implies that L < pS,min ×B.

Up to now, we know that a linear or a polynomial time
solution may exist in some proper sensor configurations with
the uniform battery that can satisfy the aforementioned con-
ditions. Unfortunately, no known polynomial time solution
exists for those sensor configurations which cannot satisfy
the sufficient conditions that we have just considered even S
is proper. To deal with this situation, we apply the dynamic
cycle technique which will be discussed in Section IV to the
distributed heuristic algorithm proposed in [14] so as to further
extend the network lifetime.

IV. DYNAMIC CYCLE DURATION

Practically, to find a cover in each cycle in sensor networks,
a distributed algorithm is preferred. Previously, distributed
heuristic scheduling schemes are developed in [14] to find a
cover in each cycle based on different scheduling heuristics.
The approaches proposed require message overheads ranging
from O(size of the minimum cover) to O(size of the network)
to find a cover in each cycle. Therefore, there is a tradeoff
between cycle duration and lifetime. If the cycle duration is
longer, given the same amount of energy, the fewer cycles
each sensor can monitor and the message overheads of the
algorithm is smaller. On the other hand, the longer the cycle
duration, the faster the sensor runs out of energy as a sensor
needs to have more remaining energy to participate in the
selection. As a result, the cycle duration should be adjusted
based on the remaining energy of the sensors.

At the beginning, the duration is set to the maximum cycle
duration. Then, the cycle duration is adjusted to a smaller value
only when no more cover can be formed under the current
cycle duration settings. This can be realized in case a sensor
discovers that it has no forward neighbor or backward neighbor
under the current cycle duration, i.e., a gap is formed. In this
case, this sensor can request for the adjustment of the sensing
duration to a smaller value. This request can be forwarded
through the whole network with O(minimum size of the cover)
number of message following the same mechanism proposed
in [15]. This process is continued until a cover can be found
under the adjusted sensing duration or no cover can be found
even under the minimum sensing duration

We use an example to illustrate this technique. MC Schedul-
ing is developed in [14] to identify a minimum cover to
monitor the target object. MC − Stepping is the use of the
dynamic cycle duration technique in MC Scheduling. At the
beginning, a certain initial cycle duration is used. Suppose the
maximum fixed cycle duration is 6 time units. MC Scheduling
will then be applied to find the minimum set of sensors to
activate in each cycle. This process continues until there exists
a sensor which discovers that a gap exists under the current
cycle duration. At this moment, the cycle duration will be
adjusted to a smaller value, like, 5 time units, so those sensors
which can no longer participate in the monitoring cycle can
participate again. This process continues until no more cover
can be formed under the duration of 1 time unit.

V. SIMULATION

In this section, we present the simulation settings and the
simulation results of our algorithms. The simulation settings
are similar to that of [14]. The network area is set to be 30
units ×30 units. We assume that the target object is cylindrical
with radius of 12 units. We evaluate the performance of the
proposed scheduling metrics in a densely populated network
where there is exactly one sensor node in each grid. We assume
that all the sensors have identical sensing range which is 6
units. For simplicity, we assume that the sensing duration of 1
time unit will take up 5 units of energy and the initial battery
capacity of all the nodes is set to be 200 units of energy
unless specified. In these simulations, the transmission costs
are varied from 0.5 – 2.5 units of energy per message.

MC Scheduling and Optimal Scheduling are compared. For
MC Scheduling, conditional scheduling [14] and dynamic cy-
cle duration techniques can be applied. Conditional Scheduling
is a technique in which nodes with remaining energy smaller
than the threshold value will not participate in the nodes
selection process for the next cycle. We denote MC Scheduling
applying this technique as C Min Scheduling. On the other
hand, we use stepping to indicate that the dynamic cycle
duration technique is used in the corresponding scheduling
algorithm. For instance, C Min-stepping Scheduling indicates
that the dynamic cycle duration technique is applied to C Min
Scheduling. For Optimal Scheduling, we transform the cover-
age problem to a multicommodity network flow problem and
solve the problem using AMPL-CPLEX [20].

First of all, we consider the case without transmission
cost. In this case, Conditional Scheduling and dynamic cy-
cle duration technique have negligible effect to the network
lifetime. Figure 3(a) illustrates the lifetime comparison of
various scheduling algorithms in which no transmission cost is
applied. The figure shows clearly that MC Scheduling achieves
good performance in terms of network lifetime. The lifetime
achieved is around 80% that of the optimal solution.

On the other hand, we also consider the situation in which
transmission cost takes non-negligible effects. We focus on
the lifetime of MC Scheduling and C Min Scheduling under
different transmission costs. MC-1s and MC-6s represent
that MC Scheduling is used with a fixed cycle duration of



Lifetime vs. Energy per Round without Transmission

Cost

Energy per Round

L
if
e
ti
m

e

Optimal

MC

(a) Network lifetime of various algorithms without
transmission cost.

Lifetime vs. Transmission Cost for MC algorithm -

Uniform Battery Case

Transmission Cost

L
if
e

ti
m

e

MC-1s
MC-6s
MC-stepping
C_Min-1s
C_Min-6s
C_Min-stepping

(b) Network lifetime of various algorithms with
transmission cost and uniform battery capacity.

Lifetime vs. Transmission Cost for MC algorithm -
Non-Uniform Battery Case

Transmission Cost

L
if
e

ti
m

e

MC-1s
MC-6s
MC-stepping
C_Min-1s
C_Min-6s
C_Min-stepping

(c) Network lifetime of various algorithms with
transmission cost and non-uniform battery capacity.

1s and 6s, respectively, while C Min-1s and C Min-6s
represent that C Min Scheduling is used with a fixed cycle
duration of 1s and 6s, respectively. On the other hand, the
initial sensing duration is set to 6 time units for the scheduling
algorithm adopting the dynamic cycle duration technique.
Figure 3(b) illustrates the comparison of various scheduling
algorithm under the uniform battery case, while Figure 3(c)
illustrates that of the non-uniform battery case. In the non-
uniform battery case, we assume that each sensor is equipped
with an initial battery capacity which is uniformly distributed
with the range of [0, 400] units of energy (i.e., an average of
200 units of energy). In fact, these two figures show similar
results except that the lifetime achievable in the uniform case
is generally better than that of the non-uniform case.

The figures show that network lifetime generally decreases
with the increase in the transmission cost for all of the
algorithms considered. In fact, the figures also show that a
certain tradeoff issue about the choice of sensing duration
exists. The shorter the sensing duration, the larger the number
of rounds. This results in a larger total energy dissipation due
to the larger number of total transmission costs. On the other
hand, to participate in a cycle with a longer cycle duration,
a sensor is required to have a larger remaining energy than
that in a cycle with a shorter cycle duration. In this case, a
larger amount of energy will be wasted due to the premature
declaration of the energy depletion of a sensor. Hence, by
striking the balance between these two issues, MC-stepping
is generally shown to achieve better performance than that
of MC-1s and MC-6s, while C Min-stepping is generally
shown to achieve better performance than that of C Min-
1s and C Min-6s in both Figure 3(b) and Figure 3(c).
This demonstrates the effectiveness and the portability of our
proposed dynamic cycle duration technique.

VI. CONCLUSION AND FUTURE WORK

In this paper, we study the conditions in which this problem
can be solved optimally in a linear or in a polynomial
time. Unfortunately, this verification method is centralized in
nature which is not suitable for sensor networks. At the same
time, a polynomial time optimal solution may not exist in
some network configurations. Due to this reason, we apply
the dynamic duration technique into the distributed heuristic
solution suggested in our earlier work and show that it can

effectively extend the network lifetime through simulation.
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