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Abstract— Sensor nodes age over time due to device failure
and/or battery energy depletion. Node survival rates affect data
communication, sensing coverage, and especially the connectivity
of data gathering trees that provide a forwarding path from
each source to the sink and enable data aggregation. The
node aging effect on the connectivity of a data gathering tree
over time is analyzed in this research. First, we discuss the
general node aging problem by considering the device failure
rate and the energy consumption rate. In the analysis of the
energy consumption rate, we examine the effect of the data
aggregation degree and the hop distance on the amount of data
communication handled by a node of a data gathering tree. Then,
we present the survival function and the connectivity probability
per hop distance in a data gathering tree. Finally, the resulting
non-uniform connectivity over time in a data gathering tree is
examined with the comparison between the device failure effect
and the energy depletion effect through extensive simulation. It
is shown by mathematical analysis as well as simulation that the
node aging process has a significant impact on connectivity as
the hop distance increases.

I. I NTRODUCTION
Most sensor network applications assume that a large number of low-cost sensor devices with limited battery energy are
deployed in an unattended manner. Under such an environment, sensor devices are more vulnerable to failures caused by
external environment events and/or internal device problems
than those in a controlled system. The unexpected failure or
battery energy depletion limits the lifetime of sensor nodes.
This sensor node aging process has a negative impact on the
network operations for applications such as data gathering and
sensing coverage.
Recent studies on connectivity have focused on identifying
a proper radio range to achieve the connectivity between any
two nodes in a uniformly distributed sensor environment at the
deployment time [1] [2]. Shakkottai et al. [3] considered the
node failure rate in bounding the probability for all nodes to be
connected. However, many sensor network applications require
mainly the connectivity between any source and its sink via a
data gathering tree rather than between arbitrary end points [4].
In addition, network dynamics and communication patterns
may result in a time-varying survival rate of nodes, which
in turn leads to a non-uniform node density and connectivity
across the network in the node aging process.
The node aging process is concerned with the survival rate
of nodes, which is affected by the device failure probability
and the energy consumption rate. To the best of our knowl0-7803-8521-7/04/$20.00 © 2004 IEEE

edge, the effect of these factors on the connectivity of a
data gathering tree has not yet been examined extensively.
Sensor device reliability can be analyzed using conventional
reliability models that include various device lifetime functions
of a diverse shape and scale [5]. The energy consumption
rate in data gathering trees is mainly governed by the energy
cost to receive data from descendant nodes and transmit data
to the sink. During data gathering, data aggregation can be
performed to reduce the energy cost [6]. The data aggregation
degree would be an application specific factor that reflects
the characteristics of data forwarded to the sink. A different
data aggregation scheme affects the energy consumption rate
of nodes at various hop distances from the sink, leading to a
different node aging process in a data gathering tree.
In this work, issues associated with non-uniform connectivity along the data gathering tree in the sensor network
due to the aging of nodes over time are examined as in our
earlier work [7] where we presented the preliminary energy
consumption rate analysis and the radio range effect on the
connectivity through simulations. In this paper, we focus
on the effect of different data aggregation and compare the
device failure effect and the energy consumption effect on
the connectivity. We first discuss device reliability and the
energy consumption rate. For device reliability, the Weibull
distribution [5] is used to analyze the effect of device failure
on connectivity. For the energy consumption rate, we show
that nodes at a different hop distance will have different
communication requirements to result in a different energy
consumption behavior. Based on these two results, we are able
to conduct the connectivity analysis of a data gathering tree
with respect to the hop distance from the sink, and derive
a lower bound. Finally, we perform the computer simulation
to confirm analytic results and compare two effects on the
connectivity.
The rest of this paper is organized as follows. In Section
II, device reliability and the energy consumption rate of a
node aging process are discussed. Section III presents the
connectivity analysis. Then, simulation results are provided
in Section IV. We give concluding remarks as well as some
future research topics in Section V.
II. N ODE AGING P ROCESS
We examine the node aging process that is caused either by
the device failure or equipped energy depletion in this section.
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A. Device Reliability
The low-cost sensor device is vulnerable to failure due to
external or internal problems. Sensor devices can be deployed
in diverse environments, including a hostile area. The external
environment such as temperature, pressure, etc. may result in
device malfunctions. It may also have internal hardware or
software failure.
Here, we model the reliability of a sensor node using a
classical distribution known as the Weibull distribution [5].
The distribution has a diverse shape and scale and is often
used to model the lifetime of a device. The probability density
function of the Weibull distribution is of the following form:
t β
β t
f (t) = ( )β−1 e−( η ) ,
η η

(1)

where β and η are the shape and the scale parameters. It
indicates the likelihood of failure at time t. The reliability
function of node i that obeys the Weibull distribution is given
by
−( t )βi
(2)
Ri (t) = e ηi ,
which is the complement of the cumulative distribution function of F (t) of the Weibull density function given in (1). It is
the probability that a device is functioning at time t.
B. Energy Consumption Rate Analysis
Main energy consumption activities include communications, data processing and sensing. Communications are
needed for situations such as data gathering to the sink, innetwork data communication within a cluster, and control
message exchanges. Since the communication plays a dominant role in the battery energy consumption [8], we focus
on the data gathering communication of nodes for the energy
consumption analysis.
A data gathering tree is shown in Fig. 1. It is formed such
that all deployed sensor nodes are connected to a sink, and
can be constructed as follows. First, we find the set of first
hop nodes that can directly connect to the sink within its radio
range. Then, other nodes select the parent nodes that are within
their radio range and have a shorter hop distance from the sink
to establish the forwarding path towards the sink [4]. When
nodes are densely and uniformly distributed in a complete
circle network area with a sink located at the center of the
circle as shown in Fig. 1, the area of the h-hop distance from
the sink is
((h + 1)2 − h2 )πR2 = (2h − 1)πR2 .

Fig. 1. The illustration of a data gathering tree, where h represents the hop
distance from the sink and R indicates the radio range of a sensor device

to energy depletion. We use the data aggregation degree,
denoted by kd with 0 ≤ kd ≤ 1, to characterize how the
data from child nodes are aggregated with its own data in a
data gathering tree. It is apparent that kd is an application
dependent parameter. When kd is 1, all data from child nodes
can be perfectly aggregated into its own data (e.g., MIN, MAX,
SUM, COUNT), and kd = 0 means that no aggregation is
performed at all during data gathering.
Let DiT and DiR be the amount of data to transmit and to
receive during one round of data gathering process (i.e. time
unit in this paper), respectively. DiS denotes the amount of
data generated by node i per round. Then, the total amount of
data to transmit can be written as
C

DiT

=

DiS

+ (1 − kd )

Ni


DjT ,

(3)

where NiC is the number of children of node i and j is the
jth child node of node i. If all nodes generate one data packet
per each data gathering round towards the sink, without data
aggregation (kd = 0), the number of packets received by each
node per round is the same as that of the descendent of the
node. Then, each node forwards received packets in addition
to its own data generated at the same time period. In contrast,
if the forwarding nodes perfectly aggregate the data from its
children (kd = 1), the received packets decrease proportionally
with the number of children, and the number of packets to
transmit is one per round.
To analyze the energy consumption rate at each hop distance, we can generalize (3) with DhT , which is the average
amount of data to transmit from a node that is h hop distant
from the sink. If all nodes generate DS per round and nodes at
h hop distance away have NhC children nodes on the average,
then DhT can be obtained as
L−1
i




DhT = DS 1 +
((1 − kd )i+1−h
NjC )
i=h


= DS 1 +

2h + 1
.
2h − 1

In a data gathering tree, the number of children in a data
gathering tree and the data aggregation degree are the two
main factors that determine the time of a node’s death due
0-7803-8521-7/04/$20.00 © 2004 IEEE

+ (1 −

kd )DiR

j=1

The ratio of the number of nodes at each hop distance would
be the same as that of the area. Thus, the average number NhC
of children of a node at hop distance h can be computed as
NhC =

=

DiS

L−1


j=h



(1 − kd )i+1−h

i=h



= DS 1 +
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i

2j + 1 
)
(
2j − 1

j=h
1−h L−1


(1 − kd )
2h − 1

i=h


((1 − kd )i (2i + 1)) (4)

where L is the maximum hop distance from the sink. If no
data aggregation is performed (kd = 0), then

L2 − h2 
.
(5)
DhT = DS 1 +
2h − 1
DhR

Furthermore,

maximum hop distance (L) and the data aggregation degree
(kd ) on the first hop node.
TABLE I
T HE EFFECT OF THE MAXIMUM HOP DISTANCE (L)

can be obtained from (4). That is,

T
DhR = NhC Dh+1
2h + 1
)
= DS (
2h − 1
L−1


(1 − kd )−h 
1+
((1 − kd )i (2i + 1)) (6)
2h + 1

Data
L=2
L=3
L=4
L=5
L=6

i=h+1

The DhT and DhR given by (4) and (6) represent the average
amount of data that are received and transmitted by a node in
h hop distance per round in data gathering. They are the key
factors to determine the average energy consumption rate of
nodes at a certain hop distance. Then, the energy consumption
rate for data gathering communication (EhG ) at h hop distance
can be expressed as
EhG = E T DhT + E R DhR ,

(7)

where E T and E R are the energy amounts required for
transmitting and receiving unit data.
Fig. 2 shows the average amount of data to be communicated by a node at a different hop distance with several data
aggregation degrees. Each node is assumed to generate one
data packet per round and the maximum hop distance (L) is
set to 6. As shown in this figure, when no data aggregation
(i.e. kd = 0) is performed during data gathering, there is a
significant amount of data to be communicated and processed
by the first hop nodes, leading to much faster energy depletion
at the first hop nodes while the majority of other nodes are
still alive. When more and more data aggregation is performed,
the node aging rate due to energy consumption at a different
hop distance becomes closer. This is due to the significant
reduction of data communication cost in nodes at a hop
distance that is closer to the sink.
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III. C ONNECTIVITY OF DATA G ATHERING T REES FOR
AGING N ETWORKS
Following [4], a data gathering tree is formed by communication paths from each sensor device to a sink by allowing
each node to select a parent node in the upper hop level.
In a dynamic data gathering tree, if the parent node dies or
has no connection to the sink, then the node searches for the
new parent node among candidate parent nodes that are still
functioning. As the radio range increases, the node would have
a larger number of candidate parents.
The sensor node survival function (Si (t)) characterizes the
node aging process in a data gathering tree. It is defined to
be the probability that node i is functioning at time t (data
gathering rounds). As discussed in the previous section, the
function is primarily dependent on the energy consumption
rate and device reliability of a node. Initially, when t = 0,
Si (0) = 1. For t > 0, Si (t) is expressed as

if Si (t − 1) = 0 or
0,
t
Si (t) =
Ei − k=1 (EiG (k) + EiN G (k)) < 0 (8)

Ri (t), otherwise
where Ei is the initial battery energy, EiG is the energy
required for data gathering communication per round from
(7), and EiN G is the energy required for all other operations
for node i, and Ri (t) is the reliability function.
Let Cih (t) be the event that node i with h hop distance
away from the sink on the data gathering tree is connected
to refer to any candidate
to the sink at time t. We use ph−1
i
ascendent nodes in hop distance h − 1 of node i in a dynamic
data gathering tree. Then, we have

30

20

P r(Cih (t)) =

10

0

h = 1,
Sih (t),
h
P r( Cph−1
h−1 (t))Si (t), h ≥ 2.

(9)

i
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Fig. 2. The amount of data received and transmitted by a node at various
hop distances with several data aggregation degrees.

The node aging process at the same hop distance is clearly
dependent on the maximum hop distance from the sink (L) and
data aggregation degree (kd ). This effect is especially obvious
for the first hop nodes. In Table I, we show the effect of the
0-7803-8521-7/04/$20.00 © 2004 IEEE

As given above, the probability that a node is connected to
the sink is equal to the probability that any of the candidate
parents is connected and the node is alive. The lower bound
of (9) is the case where there is only one available parent for
all nodes in the forwarding path:
h−1


P r(Cih (t)) ≥ (
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k=1

Spkk (t))Sih (t),
i

h>1

(10)
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Fig. 3. The analytical lower bound of node connection at each hop distance
due to the device failure effect.

Fig. 4. The percentage of node connection at each hop distance due to the
device failure effect.

Fig. 3 shows the lower bound of the connectivity probability
in a data gathering tree at each hop distance according to
(10). This theoretical lower bound will be compared with
experimental results in Fig. 4 in Sec. IV.

approaches to zero), significant connectivity loss is observed
at much earlier time due to energy depletion as indicated by
Fig. 6. This early sharp reduction of connectivity is caused by
a much faster energy consumption rate of the first hop nodes
as discussed in Section II-B. As compared with Fig. 5, the
connectivity loss rate with kd = 0 is over 10 times higher
than that with kd = 1. In addition, from these figures, we
observe that the connectivity loss rate becomes faster as the
hop distance increases.
100

B. Effect of Data Aggregation Degree
The impact of the data aggregation degree on connectivity
is studied. We show the decreasing behavior of the number
of nodes connected to the sink at each hop distance over
time in Figs. 5 and 6, with perfect and no data aggregation,
respectively.
To find the upper bound of connectivity to the sink at each
hop distance affected by energy depletion of nodes, we present
the simulation results with perfect data aggregation (kd = 1)
case in Fig. 5. As the data aggregation degree decreases (i.e. kd
0-7803-8521-7/04/$20.00 © 2004 IEEE
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Fig. 5. Connectivity reduction over time at each hop distance with perfect
data aggregation (kd = 1) performed.

100

A. Effect of Device Reliability
To study the reliability effect on the connectivity, all nodes
have the uniform survival function that follows the Weibull
reliability function with η = 330 and β = 3 in (2). We observe
that the simulation results given in Fig. 4 and the lower bound
analytical results given in Fig. 3 match quite well. We see that,
as nodes age over time, the gap between the connectivity at a
shorter hop distance and that at a longer hop distance increases
since the connectivity loss rate of a longer hop distance is
higher than that of a shorter hop distance.
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Number of nodes connected to the sink

In this section, the node aging effect on the connectivity
of a data gathering tree is examined by considering effects
of reliability and the energy consumption rate. For the energy
consumption rate, we focus on the upper bound of connectivity
by applying the perfect data aggregation (kd = 1) during data
gathering.
The simulation was set up as follows. The network consists
of 400 nodes distributed uniformly at random and the sink is
located at the center of the network. All simulation results
are obtained as the average of 20 different random node
deployments and each simulation runs for 400 rounds. For
each random deployment, nodes construct the data gathering
tree using the localized parent selection scheme as described
in [4]. The radio range is set to provide 12 neighboring
nodes within the range on the average. To understand the
energy consumption rate effect on connectivity, different data
aggregation degrees have been evaluated.

Number of nodes connected to the sink

IV. S IMULATION R ESULTS
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Fig. 6. Connectivity reduction over time at each hop distance, where no data
aggregation (kd = 0) is performed and the time scale is 1/10 of that in Fig.
5

C. Node Aging and Connectivity Aging
Fig. 7 presents the node aging and connectivity aging (i.e,
how connectivity degrades over time), cased by both device
failure and energy depletion. The main difference of these
two effects on the connectivity is that the energy depletion
case shows a much larger gap between the node aging rate
and the connectivity aging rate. This is because the survival
rates among each hop distance are different even with perfect
data aggregation (kd = 1), In contrast, if reliability is the
dominant factor that determines the node aging, the survival
rate that follows the device reliability function would be
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Fig. 7. The percentage of nodes that are alive and the percentage of nodes that are connected to the sink due to (a) the device failure effect and (b) the
energy depletion effect, where perfect data aggregation is performed.
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Fig. 8. The percentage of node connection at each hop distance when 5%, 10%, and 20% of nodes die due to (a) the device failure effect and (b) the energy
depletion effect, where perfect data aggregation is performed.

uniform among all nodes. Faster energy depletion of the first
hop nodes leads to the connectivity loss of nodes at a longer
hop distance while the majority of nodes are still functioning
with remaining energy as shown in Fig. 7 (b).
D. Connectivity Aging at Different Hop Distances
Connectivity aging at each hop distance is shown in Fig. 8.
First, higher connectivity is maintained for the device failure
effect as compared to that due to the energy depletion effect
as nodes age over time. Second, the difference connectivity
among each hop distance is more significant in the energy
depletion case than in the device reliability case. The reason
of lower connectivity and a larger gap in connectivity among
different hop distances in the energy depletion case is that most
of node death occurs in a closer hop distance from the sink
due to faster energy depletion. As the data aggregation degree
becomes smaller, the larger portion of node death comes from
the first hop nodes, leading to significant connectivity loss of
nodes at a longer hop distance as discussed in Section IV-B.
V. C ONCLUSION AND F UTURE W ORK
The node aging process due to device reliability and the
energy consumption rate with a different data aggregation
degree in a data gathering tree was investigated in this work.
The connectivity degrading process over time at each hop
distance was examined with both analytical and simulation
results. We showed a significant impact of the node aging
process on connectivity of a multi-hop data gathering paths.
A good understanding of the node aging process and the
impact on the connectivity on a data gathering tree over
0-7803-8521-7/04/$20.00 © 2004 IEEE

time would help provide efficient node deployment, topology
control and data gathering strategy to achieve energy-saving
so as to enhance the network lifetime. We plan to extend the
current work to heterogeneous deployment in the near future.
In addition, we will examine the network aging problems with
data communication patterns and network operations other
than the periodic data gather tree application.
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