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1. INTRODUCTION

In Wireless Sensor Networks (WSN), the deployed sensor
nodes can sense the same measures from the monitored
area and forward these redundant measures to the sink
node. Although redundant measures provide better
accuracy but consume a lot of energy during the
communication and the processing at the node and the sink,
and thus decrease the lifetime of the WSN. Therefore, the
elimination of redundant measures and reducing the
communication cost are considered as essential
characteristics during design the WSNs. In this article, a
Distributed Data Aggregation (DiDA) protocol for
prolonging the lifetime of WSNs is suggested. DiDA
protocol is an energy efficient approach for a clustered
network. DIiDA works into cycles and each cycle
aggregates and reduces data dimensionality by using an
Adaptive Piecewise Constant Approximation (APCA)
method. DIDA was successfully evaluated using
OMNeT++ network simulator and based on sensed data of
a real sensor network. Percentage of Sent data to the Cluster
Head (CH), data accuracy, and energy consumption are the
performance metrics applied to assess the effectiveness of
the DIDA protocol. The conducted simulation results show
that the proposed DiDA protocol decreases the consumed
energy and extending the network lifetime, in comparison
with a method without using data aggregation technique,
whilst keeping the sensed data quality at the sink node.

n the last years, a novel type of networks is emerged called Wireless Sensor
Networks (WSNSs) due to the fast development in the wireless devices, electronics,
and the technology of embedded computing. A WSN consists of a large number of
tiny low-cost limited-energy devices that can sense, process, store, and transmit data
of surrounding environment with limited capabilities across the network to the sink
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node. The most significant resource in the sensor node that impacts on the lifetime of
WSN is the energy provided by the battery which is difficult or impossible to replace
(or recharge) it especially in the remote or hostile environment. One of the biggest
challenges in WSN is the lifetime maximization of the battery [1, 2, 33, 34]. Therefore,
it is important to transmit as less volume of data as possible to the base station (sink).

The sensed data received by the sink node may be similar because there is more than
one sensor monitors the same region. In addition, the large volume of sensed data
generated by dense WSN leads to high processing load on the sink node. Therefore, it
IS necessary to improve the energy efficiency of the sensor network to operate over a
long period of time. This can be done by using an energy efficient ways such as Data
aggregation methods [3]. The main objective of data aggregation algorithms is to collect
and accumulate sensed data with removing redundancy from sensed correlated data
generated by closely located neighboring sensors so as to save the energy thus extend
the network lifetime [3, 4].

Data gathering can be either triggered events (such as forest fire and gas or oil leaks
detection [5, 6]) or periodic triggering (such as habitat monitoring [7]). This paper
focuses on the periodic data gathering and aggregation in WSNs. In some specific WSN
applications, the accuracy of the observations is very critical for understanding the
underlying processes. Therefore, in order to design data aggregation algorithms for such
applications, it is very important to ensure the accuracy of the received sensed data by
the sink node.

This article provides the following contributions:

1- A new protocol named DiDA (Distributed Data Aggregation) is proposed to
aggregate the sensed data and prolong the network lifetime in WSNs. It uses an
energy efficient method for data aggregation for a clustered network. DiDA
protocol uses the Adaptive Piecewise Constant Approximation (APCA) method
to aggregate, and reduce the sensed data dimensionality.

2- DIDA protocol is evaluated by OMNeT++ network simulator using extensive
simulation experiments. DiDA has been compared to the results of the method
without using data aggregation technique.

The rest of this paper is organized as follows. Next section exhibits literature review.
Section 3 explains the description of (DiDA) protocol. Protocol evaluation is shown in
Section 4. Finally, we present the conclusion and future works in Section 5.

2. LITERATURE REVIEW

This section investigates some existing related works to data aggregation in WSNSs. In
recent years, several proposed data management works focused on the data aggregation in
WSNs [8, 9, 10, 35, 36]. The principle objective of aggregating the sensed data is to eliminate
the redundancy in the sensed data and minimize the consumed energy thus extending the
lifetime of the network [11].

However, in order to reduce the data transferring, the works in [12]-[15] used simple
aggregation functions (such as max, min, avg, and sum) for aggregation. These methods do
not consider the correlation among the sensed data. Although they provide a high aggregation
performance but the accuracy of recovered data is badly poor. Therefore, these methods are
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inappropriate for those applications that require a high data accuracy [16]. For example,
LEACH [17] protocol divides the network into several clusters. The cluster heads are chosen
during the setup phase whilst the data are aggregated using AVG method at each cluster head
in the steady phase so as to reduce the network data traffic [18].

HEED protocol [19] is the extended version of LEACH protocol. The cost of the intra-
cluster communication and the limits of communication range are included in original
LEACH. It elects the cluster head in a periodic way and based on two parameters: remaining
energy and the degree of the node. The authors in [12] presented EAST method for data
gathering based on spatial-temporal correlations. The nodes are spatially clustered by this
method into groups according to their positions in the region. The temporal correlation is
achieved by the cluster head to aggregate and transmit the sensed data to the sink only in the
case when they exceed a particular threshold. This method is suitable for event-driven data
aggregation [31]. It is not relevant for periodic data sending due to the processing and
communication overhead caused by the dynamic selection of the cluster head [18].

The works in [20]-[23] divided the sensor nodes into different clusters. One or several
nodes in each cluster are chosen as a representative set of nodes for data collecting and
sending whilst deactivating the other nodes in the same cluster. The node’s energy can be
saved significantly with these methods, but this can lead to important data loss due to a large
number of deactivated nodes.

The authors in [24] proposed a round-based clustering scheme that resolves the
transmission of redundant data in the network so as to improve network lifetime. Proposed
scheme works in four phases rounds: initialization, cluster-head selection, clustering, and
data aggregation. Proposed clustering scheme reduces energy consumption, thus increasing
network throughput by dealing with most of the redundant data. Several data aggregation
methods are proposed in [32].

This paper proposes a Distributed Data Aggregation (DiDA) protocol for lifetime
enhancement in WSNs. DiDA aggregates and decreases the data dimensionality using an
Adaptive Piecewise Constant Approximation (APCA) method. DiDA is assessed using
OMNet++ network simulator and based on real sensed data from a sensor network. The
results explain that the suggested DiDA protocol reduces the energy consumption and
prolonging the WSN lifetime compared to the results of the method without using data
aggregation technique while maintaining the quality of sensed data at the sink node.

3. DATA AGGREGATION STAGE USING APCA

The proposed protocol in this article is distributed on the sensor nodes. These nodes are
considered grouped into clusters so as to achieve energy efficient data aggregation with
reduced cost of communication. In this paper, DiDA protocol achieves the data aggregation
at the level of the sensor node periodically and then transmits the sensed data to the cluster
head. After that, the cluster head sends the data directly to the sink. Figure 1 illustrates the
flowchart of the proposed DiDA protocol. Table 1 explains some parameters used in this

paper.
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Figure 1. Flowchart of proposed DiDA protocol.

Table 1: Some parameters used in this paper.

SMPg Sampling rate = p
S Temperature readings series S = sy, ..., Sp,
sw Segment construction using SW(S, ), S = s}, ....,s%
SAP APCA of SV, 547 = P, .., o
€ Reconstruction error bound
Sensor id
ne Remaining energy of sensor n

The PSN consists of N nodes(nq, n,,....,ny), each node is responsible for sensing the
data measures of the dynamic physical environment such as humidity, temperature, or
pressure etc. In PSN, the periods are partitioned into time slots. Therefore, each sensor node
n captures the data reading periodically. Consequently, the time-ordered sequence of sensed
data constitutes a time series, S; = {s1,S,,...,5p-1,Sp}, Where p is the total number of
temperature readings generated by sensor node n; every T seconds. The redundant
temperature readings captured by the sensor node increase in two states: short time slot and
slowly variation of a monitored area of interest.

Often, the volume of temperature readings series is very huge. Therefore, it is not practical
to send all the collected raw readings from every sensor node back to the base station due to
the constrained bandwidth and energy consumption on data sending (radio transmission).
The dimensionality p of temperature readings series (which is the number of observed
measures) have a direct proportionality relation with the communication cost. Thus, a smaller
p can result in a significant reduction in the communication cost and hence, it will prolong
the lifetime of the sensor network [25]. In this stage, the DiDA protocol aims to perform
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dimensionality reduction by removing the redundant data. It exploits the correlation nature
which is temporal among the sensed data of the sensor node efficiently by applying an
Adaptive Piecewise Constant Approximation (APCA) technique. DiDA protocol transforms
the temperature readings series S; = {sy,;,...,Sp-1,Sp} that collected during the period to
an APCA representation in order to decrease the dimensionality of series. The APCA divides
the sorted temperature readings series S into a set of constant value segments (with a bounded
reconstruction error 8) of varying lengths based on data such that their individual
reconstruction errors are minimal. More formally,| R(S4") — S| < &, R(S4F) is the
reconstruction function, and & is an error threshold. Long segments are used to represent data
regions of low activity, and short segments are used to represent regions of high activity [26].
The APCA representation of S is given as follow:
S4P = {(dmy,dry),..., (dm,,,dr,;)},dr, = 0. (1)
The APCA approximates each segment S;“P by a pair (dmy, dr;) of two numbers, where

dm, is the mean value of temperature readings in the jt" segment which is defined as
dar;

Z:k=]dr- +1 Sk
dm; = ——— (2)
dT‘j—de_l

Whilst dr; is the right endpoint of the jt segment [27].

By using the standard form of APCA with a constant number of segments of varying
lengths can influence on the accuracy of temperature readings. Hence, the problem addressed
here is: for a given temperature readings series S and a given reconstruction error bound §,
find the number of segments to approximate the time series, such that the difference between
any approximation value and its actual value is less than &. In our method, we make some
slight modifications on APCA. First, the number of segments m will not be constant and
predetermined, but it will be adaptive based on the user specified reconstruction error 6. In
order to achieve this goal (i.e. making the number of segments adaptive), the sliding window
algorithm is utilized. The reason for making the number of segments adaptive is to increase
the accuracy of approximated measures by using a user-specified reconstruction error.
Second, we modified d, to represent the length of the segments rather than record the
locations of their right endpoints.

At the end of each period, DiDA protocol will apply the sliding window algorithm on the
collected readings to produce a different number of segments with varying lengths. The
Sliding Window approach is used because it is simple, online, and intuitive [28]. Algorithm
1 represents the process of segment construction using sliding window algorithm.

Algorithm 1. Segments Construction using Sliding Window

Input:  S(p — dimensional temperature readings series);
8: Reconstruction Error bound

Output: SY the set of segments with m subsets

Process:
1:S « Sorting (S) //Sorting temperature readings in descending order.
2:Flag < 1 /I Starting point.
3:SEGy, < 1 /I Number of Segments.
4:while (x < p) do
5 xe2
6: while (Calculate_Error(S[Flag: Flag + x]) < 8) do
7: xe<x+1
8: end while
9:  SW[SEG] « Create_Segment (S[[Flag: Flag + x — 1]
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10: Flag « Flag +x
11: SEGy, < SEGyn, + 1
12: end while

13: return SW

After segmenting the temperature readings series using sliding window algorithm, the
produced set of segments SW = (SV,SY, ....,S¥) is used by algorithm 2 to produce the
APCA representation for temperature readings series S. Algorithm 2 illustrates the process
of dimensionality reduction using APCA.

Algorithm 2. Aggregation Stage using APCA.

Input:  SY the set of segments with m subsets.
Output: S4Pthe set of segments with m subsets and two numbers per segment.
Process:
l:fori<1ltomdo
SG « SV
Sum < 0
Count < 0
forj < 1toLen(SG) do
Sum « Sum + SG[j]
Count < Count + 1
end for
SEGen, < Count

10:  SEG, « =

Count

11:  S{** « Create_segment(SEGy, SEG)en)
12: end for
13: return SAP

N

In the aggregation stage and at the end of every period, each sensor n; will have a set of
segments S4P with m subsets(S{F,S47, ....,SAP), and two numbers per segment
(SEGy;, SEG)ey;) that meet the reconstruction error bound 6, with no redundant measures.
The problem mentioned above is solved by constructing a set of segments S4P with m subsets
that meet the reconstruction error bound 9.

4. PROTOCOL EVALUATION
In this section, we provided the framework of simulation and conducted a series of
simulations to assess the effectiveness and the relevance of the proposed protocol.

4.1.  Simulation framework

In order to evaluate DiDA protocol, extensive simulations experiments are performed
with discrete event simulator OMNeT++ [29] and based on real sensor data. In these
simulations, we consider N sensors deployed in the lab. Sensors periodically capture local
readings (e.g., temperature) at a specified rate. We assume there is a single cluster head
located at the center of the lab. The cluster head receives sensed data readings from each
sensor node in the lab periodically via a single hop. DiDA protocol is distributed at each
sensor node and it is based on the dataset of Intel Berkeley Research Lab [30]. PSN in this
Lab includes 54 Mica2Dot sensors.

The sensed data of the weather (such as temperature, humidity, and light) are periodically
collected by these sensors once each 31 seconds. In our simulation, the sensor nodes use a
log file contains about 2.3 million readings collected previously by Mica2Dot sensor nodes

209



QALAAI ZANIST JOURNAL
A Scientific Quarterly Refereed Journal Issued by Lebanese French University — Erbil — Kurdistan — Iraq
Vol. (2), No. (2), April 2017
L F U Speical Issue : The 1% International Co_nference on Information Techno_logy (I1ColT'17)
ISSN 2518-6566 (Online) - ISSN 2518-6558 (Print)

in the Lab. This article uses only one measure of sensor node measurements: temperature®.
There are 7 sensor nodes didn’t used in our simulation because its data may be missed or
truncated. Therefore, the results are the average of 47 sensor nodes. Table 2 gives the selected
parameters settings.

Table 2: Simulation Parameters for PSN initialization.

Parameter Value
PSN size 47 nodes
p 20, 50 and 100 readings
d 0.03, 0.05, 0.07 Reconstruction error bound
E elec 50 nJ{blt
B amp 100 pd/bit/ m 2

In the experimental simulations, some performance metrics are applied to assess the
effectiveness of the DiDA protocol such as Percentage of Sent data to the CH, data accuracy,
and energy consumption. DiDA protocol uses the same energy consumption model discussed
in [30]. Energy consumed by the sensor node is caused by the communication unit (data
transmission and reception). Therefore, the cost of transmission is calculated for a m — bits
message and for a distance d as follow

ETX (m,d) = Eelec * M +ﬁamp * M * d 2. (7)

The energy consumption required for reception m — bits is calculated as follow
ERX(m,d) = Eelec * M. (8)

These experiment simulations consider the length of data reading m equal to 64. In fact,
we set the value of m to 64 bits because we consider each data reading as a double data type
that takes 8 bytes. In the case of transmission, 64 bits are added to m — bits message which
corresponds to the frequency of data reading m. The length of the transmitted data packet is
calculated as follow DataPacket length = (Number of readings in the data set x2) x64 bits.
Hence, the packet length is the number of reading in the sensed data set with their frequencies
multiplying by 64 bits.

4.2.  Performance comparison and analysis

Several experiments are achieved in this section to show the performance of DiDA
protocol. DIDA is distributed at each sensor node in the PSN. Every node reads real
temperature readings periodically and aggregate them using APCA. Furthermore, DiDA
protocol is compared to the results of the method without using data aggregation technigue.
1) Percentage of Sent data to CH after applying aggregation stage: The result of the
aggregation in this stage depends on the chosen reconstruction error bound 8, the number of
the collected measures p in the period, and the changes in the monitored region. Figure 2
illustrates the Percentage of Sent data to the CH without and with applying aggregation stage
at the end of simulation by every sensor node using DiDA protocol compared with the results
of the method without using data aggregation technique. The results show a maximum of
25% of the data sent to CH after applying the aggregation stage by DiDA protocol at each
period, whilst the rate is equal to 100% without applying the aggregation step. Therefore,
DiDA protocol decreases the volume of sensed data transmitted to the CH by removing the

4 The other is done by the same manner.
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duplicated measures at every period successfully. It can be seen at the step of aggregation,
when the p or § increases, the sent data are decreases. The reason behind this is remove a
larger amount of similar data by using APCA method.

120 T - T .
DIDA ( p=20) === DIDA (p =100) —
DIDA (p =50 ) WithoutAggregation

100 - b

80 - b
60 [ B
40 B

(| I T

005 007
Threshold &

Percentage of Data sent to the CH (%)

Figure 2. Percentage of Sent data to the CH.

2) Data Accuracy: In this experiment, the data accuracy is considered as an essential
performance factor in WSNSs. In this paper, it represents the percentage of data loss after
applying the aggregation inside the sensor node. It has a significant impact on the final
decision that will be taken by the end user. It can be considered as the error of aggregation.
In this section, the proposed DiDA protocol is compared with the results of the method
without using data aggregation technique. Table 3 shows the results of data accuracy without
and with using our technique DIDA. It can be seen that our protocol provides good results
from the data accuracy point of view. In the worst case, the percentage of data which are not
received by the sink are almost 0.298 % (i.e. p =100). This percentage is not important in
comparison with the received data by the base station. Therefore, it can be noted that our
protocol is able to get rid of the redundant data while maintaining the accuracy of received
data by the end user. Furthermore, the data loss percentage minimizes when p and 8 decreases
because of using efficient method for data reduction.

Table 3: Data Accuracy (percentage of data loss after applying the aggregation inside the sensor).
Percentage of Lost Measures (%)

Without
Threshold DiDA DiDA DiDA Aggregation
3 (p=20) (p=50) (p=100)
0.03 0.0013 0.004442553  0.298617021 0
0.05 0.0013 0.004442553  0.298617021 0
0.07 0.0013 0.004442553  0.298617021 0

3) Energy consumption: The energy consumption is another performance factor for
evaluating our protocol in comparison with the results of the method without using data
aggregation technique. Figure 3 shows the energy consumption at each sensor node. The
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energy consumption minimized when the transmitted data to the cluster head minimized.
DiDA protocol decreases the consumed energy while maintaining the integrity of
information by applying an energy efficient data aggregation approach. Figure 6 display the
energy consumption without and with using our technique DiDA for various 6 and p values.
The conducted simulation results explain that DIiDA is the better from the energy
consumption point of view. DiDA saves more energy when both p or d increase.

L) —
N ANORAD D B e

ption { b

)y ¢
reeahold

Figure 3. Energy consumption at each sensor node.

5. CONCLUSION AND FUTURE WORKS

The increased use of the sensor networks in several applications led to provide a huge
amount of data which are transmitted across the network. This is greatly contributed in
decreasing the network lifetime due to the high communication cost. Therefore, the energy
efficient data aggregation approaches are very necessary for eliminating the replicated data
in the network. In this article, we propose a protocol named DiDA (Distributed Data
Aggregation) to extend the lifetime of the WSNs. This protocol uses Adaptive Piecewise
Constant Approximation (APCA) as an energy efficient data aggregation, thus improving the
network lifetime. The simulation results that based on real data of the sensor network using
OMNet++ network simulator show that DiDA protocol outperforms the method without
using data aggregation technique in terms of data reduction percentage that will be
transmitted to the cluster head, energy consumption, and acceptable data accuracy. In future,
we plan to apply the data aggregation into two levels: sensor node level and aggregator node
level (cluster heads). The first level is responsible for temporal correlation among the data
inside the sensor node whilst the second level deals with data correlation among neighboring
nodes. In addition, we plan to compare our proposed method with two existing methods in
the literature [35] and [36].
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