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Abstract— The lifetime of a network, dependent upon battery
capacity and energy consumption efficiency, plays an important
role in wireless sensor networks. In this paper, the reduction of
energy consumption is investigated by the considerations of the
effects of cluster-based data aggregation routing in conjunction
with well-scheduled and dynamic power range. Modeling power
consumption as a mixed integer- and nonlinear-programming
problem, the objective function provides the basis by which
the total energy consumption is minimized. The problem of
cluster construction and data aggregation trees were proven NP-
complete. Thus, we proposed heuristics for cluster construction
(i.e., AvgEnergy and MaxNumS) and data aggregation routing
(i.e., CDAR). We also propose a duty cycle scheduling scheme
and dynamic radius to ensure the total energy consumption
is minimized. The experimental results show that the heuristic
proposed above outperforms other modified existing algorithms.

I. INTRODUCTION

Two style devices FFD (Full-Function Device) and RFD
(Reduced Function Device), defined in the 802.15.4 standard,
require the clustering topology to deliver data. The clustering
problem has been widely discussed in routing and multicasting
protocols in mobile ad hoc networks [1] [3] [18]. However,
the problem has been proven to be NP-complete, for example,
in [1] and [6]. Many researchers, such as [14] and [15],
proposed heuristic approaches or protocols for cluster con-
struction focusing on the relation between energy efficiency
and clustering. In this paper, our objective is to consider
clustering and other factors by which the lifetime of the
network is prolonged: the assignment of data aggregation
routing, duty cycle scheduling, and dynamic radius.

In a cluster-based Wireless Sensor Network (WSN), one of
the sensor nodes in each cluster serves the role of a cluster-
head (CH). In [2], the LID (Lowest IDentifier-based) algorithm
selects the CH by comparing the node ID. The HD (Highest
degree-based) algorithm [3] elects the CH by comparing the
number of degrees of each node. In this paper, the CH
is selected according to the minimum average aggregation
energy, called AvgEnergy, and maximum number of source
nodes, called MaxNumS, within H-hops.

As the CH is selected, the intra- and inter-routing paths
are ”to-be-determined”. Figure 1 shows a clustering routing
architecture: the intra-routing assignment can be served locally
by the elected CH and broadcast mechanism, whereas the

inter-routing assignment must first be forwarded to the CH
that serves the source node. Then, at the virtual backbone
level, we determine an inter-routing path that links the current
CH with the destination CH by our proposed cluster-based
data aggregation routing (CDAR) algorithm.

Fig. 1. Virtual backbone. A node located on the fringe of a cluster and
is connected to another cluster’s member can serve as the gateway and be
responsible for inter-cluster transmissions. The elected CHs and gateway
nodes form a virtual backbone, which split the intra- and inter-routing into a
hierarchical architecture with multiple-layers.

Data aggregation capability has been let any intermediate
node processing the data before forwarding to the next hop
in order to avoid redundant transmissions along the intra- and
inter-routing paths to sink node. However, the construction
of this type of data aggregation tree has been proven to
be NP-complete [9]. Krishnamachari et al. [5] devised three
aggregation heuristics, namely, the Shortest Paths Tree (SPT),
Center at Nearest Source (CNS), and the Greedy Incremental
Tree (GIT) to sub-optimally solve the problem.

Energy is conserved by duty cycling, i.e., the reduction of
idle listening, which is the most energy wasteful process in the
MAC protocol. S-MAC, conceived by Ye et al. [19], allows
sensor nodes to remain in a sleep state (non-active, battery-
conserving) for a significant portion of the time by dividing
activities of nodes into two cycles: a listening phase and a sleep
phase. Lu et al. [7] [8] determined that neither the mechanism
of the S-MAC (with a fixed duty cycle) [19] nor the advanced
T-MAC (with variable duty cycle by timeout) protocols [17]
are optimal measures for the complete design, as both have
inherent sleep latency problems. To address the problem, they
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proposed an alternate protocol, D-MAC, which implements
a level-by-level scheduling approach. However, the protocol
does not address such pertinent issues as data aggregation and
dynamic radius. In this paper, we proposed a more efficient
scheduling algorithm to operate alongside the CDAR heuristic.
An example of how the duty cycle of nodes is controlled
together with the aggregation of data is seen in Fig. 2.

Fig. 2. Example: Nodes 2, 3, 4 to 6 provide the initial source of data
that is then transmitted to cluster-Head g1, which subsequently forwards the
aggregated data to g2 via an inter-routing path. Then, duty cycle schedule
calculation within a data aggregation tree, with link value φuv signifying time
of successful transmission to next node, and, for each node, [nu, mu +φuv ]
denoting earliest wake-up time and the time at which aggregation is complete
(and at which successful transmission is made).

Further minimization of energy is accomplished by main-
taining a adjustable radius. It provides an estimate of necessary
power consumption, thus allowing a node to reduce energy
consumption [10]. Sending data consumes power at a rate
measured by rα + c, where α is a signal attenuation constant
(between 2 and 4), c is a positive constant and r is the power
range [11]. This means that energy consumption of a node is
an exponentially function of its range.

Hence, in this paper, we propose a mathematical formulation
whereby a cluster-based data aggregation tree is constructed.
The minimum energy consumption over a period of reported
application is denoted as the objective function. This is then
used to evaluate the quality of the computational results,
and furthermore, to jointly determine: CHs; the intra-routing
path assignment for cluster-head/cluster-member; and the as-
signment of an inter-routing path for each source/sink nodes
pair, with related constraints placed on duty cycle scheduling
and dynamic radius. To establish a primal feasible solution,
we proposed: two cluster construction algorithms AvgEnergy
and MaxNumS; one cluster-based data aggregation routing
algorithm CDAR; and one duty cycle scheduling scheme.
The experimental results show that these combined algorithms
outperform other related algorithms.

The remainder of the paper is organized as follows. The
next section presents a set formulation of the cluster-based
data aggregation routing problem, including the assignment
of duty cycle schedules and radii. In Section III, the heuristics
for getting good feasible solutions to these problems are
addressed. In Section IV, computational results are reported.
Finally, in Section V, our conclusions are presented.

II. PROBLEM FORMULATION

A WSN is modeled as a graph of connected nodes, Γ(V,L),
where V represents the nodes randomly distributed on an
area, and (u, v) ∈ L denotes a direct link that enable node
v to receive a signal from node u. Table I lists the decision
variables.

The problem is formulated as follows. The objective func-
tion (IP) is an expression of the total energy consumption,
including all the energy consumed within the network when
data is received or sent, or when nodes are idle. Note that the
rates of energy consumption for receiving data and for being
idle are similar [13], which denoted by Er.

ZIP = min
∑

u∈V

[(mu − nu)Er + eu(ru)
∑

v∈V

φuv] (IP)

The problem is subject to:

A. Cluster Construction Constraints

Overview the problem: In each cluster, one node is elected
as the CH. Thus, the first step requires that each node can
only elect one node as its CH, described by (1).

∑
g∈V

bvg = 1,∀v ∈ V (1)

If at least one node finally elects g as its CH, the node must
be determined as a CH by setting hg to 1; as in (2).

bvg ≤ hg,∀v, g ∈ V (2)

Then, at least one intra-routing path must be found that
connects the source node with its CH, as in (3).

bsg ≤
∑

p∈Psg

xp,∀s ∈ S; g ∈ V (3)

where Psg is the set of candidate paths from s to g.
Given that data is aggregated at the sink node, at least one
inter-routing path must also be found that connects the CH of
a source node with the sink node, as in (4).

bsg ≤
∑

q∈Qg

ηq,∀s ∈ S; g ∈ V (4)

where Qg is the set of candidate paths from g to the sink node.

B. Intra-routing Constraints

In order to ensure that only one path to a CH is found by
the source node, while satisfying (3), it requires that:

∑
g∈V

∑
p∈Psg

xp = 1,∀s ∈ S. (5)

Figure 1 illustrates the cluster-head/cluster-member relation-
ship and the routing assignment within the cluster. For H-hop
cluster construction, the hop count of the intra-routing path
must be less than or equal to H , as in (6).

∑
u∈V

∑
v∈V

∑
p∈Psg

xpδp(uv) ≤ H,∀s ∈ S; g ∈ V (6)

Thus, once the path, p, is selected, and link (u, v) is on
that path, then decision variable yuv must be set to 1. This
constraint is described by (7):

∑
p∈Psg

xpδp(uv) ≤ yuv,∀s ∈ S;u, v ∈ V (7)
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TABLE I

SUMMARY OF DECISION VARIABLES.

Notation Description
bvg Equal to 1 if node v selects node g as its CH; otherwise 0.
hg 1 if the node g is elected as a CH and otherwise 0.
mu Longest aggregation time, measured from the source nodes of

the aggregated sub-tree to node u.
nu The earliest time at which node u begins aggregating data.
yuv Equal to 1 if the link (u, v) is selected to construct an

aggregate tree; otherwise, equal to 0.
xp Equal to 1 if the intra-routing path p is selected to transmit a

packet to the CH; otherwise, equal to 0.
ηq Equal to 1 if the inter-routing path q is selected to transmit a

packet to the sink node; otherwise, equal to 0.
luv The time necessary for successful node-to-node transmission

from node u to node v.
φuv The time necessary for successful node-to-node transmission,

this is based on the constructed aggregation tree.
zuv Equal to 1 if node v is within the transmission range of node

u; otherwise, equal to 0.
ru The transmission range of node u (ru ∈ discrete finite set).

eu(ru) The energy consumption function of node u, which is a
function of the sensor node’s transmission radius.

where δp(uv) is the indicator function: equal to 1 if link (u, v)
is on path p; equal to 0 otherwise.

C. Inter-routing Constraints

Once node g is elected as CH, an inter-routing path to the
sink node must be found to satisfy (4), otherwise if ηq = 0,
no path q ∈ Qg is used, as in (8).

∑
q∈Qg

ηq = 1,∀g ∈ V (8)

Once the path is selected and the link (u, v) is on the path,
then the decision variable yuv must be set to 1, as in (9):

∑
q∈Qg

ηqδq(uv) ≤ yuv,∀g, u, v ∈ V. (9)

For each node of the inter-routing path, this confines a node
such that it is selected as an intermediate node on an inter-
routing path only when CH is also on the path, as in (10).
Table II provides an illustration of the relationship between
the node v on the inter-routing

∑
q∈Qg

ηqδqv, the CH on the
inter-routing

∑
q∈Qg

ηqδqg and whether the node v selects the
node g as its cluster-head bvg .
∑

q∈Qg

ηqδqv ≤ (
∑

q∈Qg

ηqδqg + bvg + M1(1 − bvg))/2,∀v, g ∈ V

(10)

D. Link Constraints

The problem can be reduced to finding multiple reverse-
multicast trees with roots by the CH and sink node. In view
of that, the four link-constraints (11)-(14) restrict the structure
of the trees, ensuring that data collected by a sensor node gets
delivered and by some paths.

1) The selection of only one node to receive the data sent
from a source node s means that the number of out-
degree links must be at least 1, as in (11):

∑
v∈V

ysv ≥ 1,∀s ∈ S (11)

TABLE II

EXAMINATION OF THE VALUE OF CONSTRAINT (10)

bvg

∑
q∈Qg

ηqδqv Logic
∑

q∈Qg

ηqδqg + bvg + M1(1 − bvg)

0 0 ≤ 0 + 0 + M
0 0 ≤ 1 + 0 + M
0 1 ≤ 0 + 0 + M
0 1 ≤ 1 + 0 + M
1 0 ≤ 0 + 1 + M
1 0 ≤ 1 + 1 + M
1 1 ≤ 0 + 1 + M
1 1 ≤ 1 + 1 + M

2) The number of out-degree links for each node can be
no greater than 2, one for the intra-routing path and the
other for the inter-routing path, as in (12):

∑
v∈V

yuv ≤ 2,∀u ∈ V (12)

3) At least one relay node must be able to provide cov-
erage to g for data aggregating when any of its cluster
members is a source node (i.e., bsg = 1, s ∈ S), so the
summation of in-degree links is at least 1, as in (13):

∑
u∈V

yug ≥ bsg,∀s ∈ S, g ∈ G. (13)

4) At least one relay node must be able to provide coverage
to sink node κ for data to be delivered, so the summation
of in-degree links is at least 1, as shown in (14).

∑
u∈V

yuκ ≥ 1 (14)

E. Node-to-node Transmission Time Constraints

Equation (15), which refers to [16], denotes the time needed
to transmit a packet from node u to node v by the CSMA/CA
protocol [4], where includes the definition of given parameters
RTS, CTS, θ, B̄, and N̄ .

luv =
(e

−λ
∑
j∈V

zju

(RTS + CTS + B̄) + N̄)

e
−λ

∑
j∈V

zju

e
−(RTS+2θ)

∑
j∈V

zjv

− N̄ ,∀u, v ∈ V

(15)
where zju is 1 when link (j, u) is selected (i.e., yju = 1), as
shown in (16). M2 is equal to the maximum radius. However,
zju must be equal to 0 when no data is to be transmitted by
node u (i.e., ru = 0), shown as (17).

ru − dju

M2
+ (1 − yju) ≤ zju,∀j, u ∈ V (16)

zjudju ≤ ru,∀j, u ∈ V (17)

where dju is the distance between node u and node v.
Note that the role of each source node is to transmit collected
sensor data. Each expends power for transmission of the data.
Consequently, there must exist a non-zero transmission radius
for each source node (i.e., rs �= 0,∀s ∈ S).

Constraint (18) determines whether the value of φuv is
calculated when link (u, v) is selected; however, if the link is
not selected, allowing the value equal to be equal to 0 derives
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the minimal objective value. Note that M3 is the upper bound
of luv .

luv − M3(1 − yuv) ≤ φuv,∀u, v ∈ V (18)

F. Duty Cycle Scheduling Constraints

Constraint (19) limits the time at which all incoming flow
from nodes must be received by aggregating nodes.

mv + φvu + ε ≤ mu,∀u, v ∈ V (19)

A node u involved in an aggregation tree is subject to
Constraint (20). The wake-up time of node u must be earlier
than the time at which data will be aggregated by the nodes
that receive data from it. Note that M4 is the upper bound of
nu. Thus, when yvu is equal to 1 (i.e., link (v, u) is selected),
the value of the right hand side is equal to mv which may
cause a small nu necessitating earlier wake-up of the node.

nu ≤ mv + M4(1 − yvu),∀u, v ∈ V (20)

III. OBTAINING THE PRIMAL-MODE FEASIBLE SOLUTION

Based on the problem discussed in Section II, the proposed
algorithms to obtain the feasible solution are described as:

A. Cluster Construction Algorithm

The heuristic criterion of AvgEnergy is based on electing as
CH the node with the minimum average aggregation energy
multiplied by the percentage of its residual battery reserves
from among of its H-hop neighbors. The heuristic criterion
of MaxNumS is based on electing as a CH the node that
has the maximum number of source nodes multiplied by
the percentage of its residual battery from among its H-
hop neighbors. The CH of each cluster determines the cross
links and the gateway nodes. The nodes of a cross-link have
connections with two CHs and can be the gateway nodes
that shuttle data between these two clusters. Accordingly, the
shortest path between adjacent clusters is found to construct
the virtual backbone network. The proposed AvgEnergy and
MaxNumS procedures for cluster construction are shown as
following:

Step 1 Calculate the election weight wg of average power consump-
tion and the number of source nodes. Multiply the percentage of
its residual battery within H-hops for each node g, where g ∈ V .

Step 2 Select a node with minimal wg (for AvgEnergy) or maximal
wg (for MaxNumS) as CH and set hg to 1.

Step 3 Another node v, within H-hop of cluster-head g but not
yet marked, is marked in dominant set set T and bvg is set to 1.

Step 4 Steps 2-3 are repeated until all nodes are elected or marked
in dominant set T .

B. Cluster-Based Data Aggregation Routing (CDAR)

Once the cluster topology is determined by the previous
procedures, The details of the following steps involved in the
proposed heuristic CDAR, which shown in the followings,
is executed. Figure 2 shows an example of CDAR decision-
making with a sub-graph (e.g., cluster g1) to which pseudo
source O, pseudo destination D, and pseudo links (with
zero weight) are added. In the first iteration, we find path
O − 3− g1−D from O to D. The nodes on the path belong

to the tree set T . Then, the weight of the added pseudo link
(D, 3) is 0, but the weight of the pseudo link (O, 3) is set
to be infinite (i.e., ∞). Iteration by iteration, additions to the
reverse-multicast trees are made until all source nodes in the
network have been marked in the tree set T .
Step 1 Initially, divide each cluster and virtual backbone as a sub-

graph.
Step 2 Set link weight ωuv = d2

uv; pseudo links connect the source
nodes to the pseudo source; and a pseudo link between the sink
node and pseudo destination are also set. The weight of these
pseudo links are 0 in a sub-graph.

Step 3 The Dijkstra algorithm is used to find the shortest path from
the pseudo source O to the pseudo destination D.

Step 4 Once the path has been determined, the nodes on the path
are marked and pseudo links with weight 0 are added between
these marked nodes and the pseudo destination. The weight of
pseudo link, which is on the path between pseudo source and its
next hop, is set to be infinite.

Step 5 Steps 3-4 are repeated until all source nodes are marked.
Step 6 The previous five procedures are repeated for each sub-

graph.
Step 7 The above multiple reversed multicast trees are combined

for the original network. Since some nodes may both on intra-
and inter-routing paths, dummy nodes are added along the intra-
routing sub-path to avoid cyclic problems. After links and paths
have been checked, the power range ru, the number of nodes
within the node u’s transmission area zuv , and the time for links
to make successful transmissions luv are calculated according to
the selected link set {yuv}.

Step 8 The variables nu and mu are calculated along visited nodes
by the DFS algorithm.

Step 9 Once {mu} and {nu} are determined, the duty cycle
schedule of each sensor node u is determined for each cycle.
Finally, the total energy consumption per cycle of the objective
value is calculated accordingly.

C. Duty Cycle Scheduling and Dynamic Radii

The seventh step determines the power range and the
number of nodes within the transmission area based on the
structure of the tree. Node-to-node transmission times are also
calculated. The duty cycle schedule per cycle of each sensor
node is determined trace from the leave node to sink node
by DFS (Depth First Search) algorithm. The radius range of
each node is also calculated based the outgoing link. Finally,
the total energy consumption per cycle is calculated and the
feasible solution is obtained.

IV. EVALUATION AND EXPERIMENTAL RESULTS

The networks in the experiments are comprised of N = 150
sensor nodes randomly distributed over an area. CSMA/CA
related parameters (e.g., RTS, CTS, θ) were set as in [16].
In order to evaluate the quality of the solution arrived at by
out proposed heuristics, we compared the solution with two
existing cluster construction heuristics: LID [2] and HD [3].
The data aggregation routing heuristic is compared with GIT,
SPT, and CNS [5]; furthermore, existing scheduling protocols,
such as S-MAC [19] and T-MAC [17], were simulated. These
experimental results are included in Figures 3 through 5.

Figure 3 shows the total energy consumption for different
cluster construction heuristics (its data aggregation routing
and scheduling scheme are the same as CDAR) with various
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Fig. 3. Experimental results. Using different num-
bers of source nodes to compare the energy con-
sumption of different cluster-head electing heuris-
tics.

Fig. 4. Experimental results: Using different
numbers of source nodes to compare the energy
consumption of different data aggregation routing
heuristics.

Fig. 5. Experimental results. Using the cluster
construction algorithms combined with the data ag-
gregation routing to compare the energy efficiency
of duty cycle scheduling algorithms.

quantities of source nodes. MaxNumS and HD generate better
results in terms of total energy consumption when compared
with the others. This reflects that the aggregated of data within
the cluster saves more duplicate transmissions.

Figure 4 shows the experimental results for different data
aggregation routing heuristics (i.e., with the same cluster
construction, MaxNumS, and duty cycle scheduling schemes).
The quality of the solution arrived at by CDAR outperforms
the MaxNumS-GIT and MaxNumS-CNS heuristics by 5% and
18.6%;

Figure 5 shows the results of duty cycle scheduling com-
bined with the above MaxNumS cluster construction and
different data aggregation routing algorithms. As expected,
because the proposed scheduling scheme wake-up duty cy-
cles according to the nature of the data aggregation tree, it
outperforms S-MAC and T-MAC by an average of 22.1% and
5% respectively. The reason for this is an inordinate amount
of time spent by S-MAC on idle listening. Although T-MAC
manages to outperform S-MAC with the aid of a timeout
mechanism, more time is still spent on idle listening than our
proposed scheme.

V. CONCLUSION

In this work, four energy efficient factors are considered
as a rigorous integer nonlinear programming: 1) dynamic
power range (in physical layer), 2) duty cycle scheduling
(in MAC layer), 3) cluster based routing (in network layer),
and 4) data aggregation (in application layer) in cluster-
based WSNs. To address these issues, two cluster construction
algorithms, AvgEnergy and MaxNumS, and a cluster-based
data aggregation routing heuristic CDAR (that includes the
duty-cycle scheduling and dynamic power range scheme) are
proposed. The experimental results show that the proposed
heuristics outperform other heuristics, especially when adopt-
ing MaxNumS combined with CDAR. For future study, the
near-optimal solutions are attained by Lagrangean Relaxation
[12].
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