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Abstract—The long-thin (LT) network topology is promoted
for many deployments of wireless sensor networks (WSNs) due
to the application requirements. An LT topology consists of long
branches of sensors, where each sensor has only one potential
parent toward the sink. Data aggregation may help reduce
excessive packet contention, but constraints imposed by the
maximum payload size of each packet severely limit the amount
of sensing data that can be aggregated along a long branch of
sensors. Therefore, the paper suggests that multiple aggregation
nodes, called water gates, should be designated along a branch
to aggregate sensing data sent from their upstream sensors.
Then, we develop a dynamic water gate assignment scheme that
reduces the response time while avoids network congestion for
data collection in LT WSNs, which can accommodate the time-
varying sensing data generating rates of sensors. A testbed of
100 sensors is deployed and experimental results demonstrate
the effectiveness of our scheme.

Keywords-data aggregation; long-thin network; pervasive
computing; wireless sensor network.

I. INTRODUCTION

Wireless sensor networks (WSNs) facilitate pervasive mon-
itoring of the physical environments to enable many military
and civil applications [1]–[4]. Sensors may be deployed
to form networks with arbitrary topologies [5], [6] or
regular topologies [7], [8]. In recent research, the long-
thin (LT) network topology has been promoted for many
WSN applications where the sensor deployment is subject
to application requirements [9]. Practical examples include a
CO2 monitoring system inside tunnels, a surveillance system
of moving cars along streets, and a monitoring system of
water quality within sewers. Fig. 1(a) gives the physical
sensor deployment along sewers, and Fig. 1(b) shows its
logical LT network topology. Specifically, an LT topology
consists of a bunch of long branches and each branch may
have tens or even hundreds of sensors. For each sensor along
a branch, there is only one potential parent node toward the
sink. Branches are connected at branch nodes, which are
denoted by double circles in Fig. 1(b).

By viewing an LT WSN with n sensors as a shortest-path
tree rooted at the sink, let di denote the depth of sensor
si from the sink, i = 1..n. Considering that each sensor

Figure 1: An example of the LT WSN deployed along sewers.

transmits one packet to the sink without data aggregation, the
WSN requires

∑n
i=1 di transmissions to collect all sensing

data. Fig. 1(b) gives an example, where the WSN requires
62 transmissions without data aggregation. Then, let us
consider the following aggregation scheme: The leaf sensors
begin transmitting their sensing data first. Each intermediate
sensor waits to aggregate its own sensing data with the
(aggregated) data sent from its child(ren), and then forwards
the aggregated packet to the sink. Assume that successively
aggregated sensing data can be loaded into one large packet,
this scheme requires only n transmissions. Fig. 1(b) shows
an example, where the WSN requires 12 transmissions
using this aggregation scheme. Nevertheless, constrained by
the maximum payload size Lmax of each packet and the
compression ratio δ (0 < δ ≤ 1), the above scheme is
not feasible for LT WSNs because each sensor can only
aggregate up to �Lmax

δ � bytes of sensing data, while the
total size of sensing data generated by the sensors along a
long branch always exceed this bound.

To comply with the maximum payload size, this paper
suggests that along a branch, multiple aggregation nodes
(called water gates) should be designated, where each water



Figure 2: An LT WSN with three clusters.

gate aggregates its own sensing data with all of the sens-
ing data from its upstream sensors (up to the immediate,
upstream water gate(s) or the end of the branch) subject to
the �Lmax

δ � bound. Fig. 2 shows an example. Considering
that Lmax is 3 bytes, δ is 0.5, and the size of sensing data
is 1 byte, we designate one water gate every 6 sensors so
that water gate g1 aggregates its own sensing data with
those from its 5 upstream nodes into one aggregated packet.
Similarly, this can be done by water gates g2 and g3. Such
an aggregated packet (of payload size Lmax) is said to be
completely filled up with sensing data and is forwarded to
the sink without being aggregated with any other sensing
data along the branch. Besides, water gates help reduce
contention among traffics by spatially separating areas where
packets are transmitted. In Fig. 2, since water gates g2 and
g3 hold their transmissions until enough sensing data from
their upstream sensors have been collected, the sensors in
cluster 1 can transmit their sensing data to g1 with almost
no interference from other sensors in clusters 2 and 3.

However, because sensors may generate sensing data at
different rates, each water gate should wait for a different
amount of time to completely fill up an aggregated packet of
size Lmax. Let λj denote the sensing data generating rate (or
data rate for short) of sensor sj and c(gi) denote the cluster
of nodes containing water gate gi and its upstream sensors.
Assuming that each λj is a constant and the WSN operates
at a steady state, Eq. (1) indicates the amount of time ti
taken by water gate gi to completely fill up an aggregated
packet of size Lmax:

ti =
Lmax

δ ×∑
sj∈c(gi)

λj
. (1)

When ti is large, the sink will wait for a longer time to
receive an aggregated packet from gi, which increases the
network response time. Large ti implies either the size of
c(gi) is small or the total data rate of the sensor nodes in
c(gi) is low. On the contrary, small ti implies either the
size of c(gi) is large or the total data rate of the sensors in
c(gi) is high. In this case, too many packet transmissions
will congest the network.

Therefore, this paper proposes a dynamic Water gate
Assignment scheme for Data Aggregation (WADA) to facil-
itate effective data aggregation in LT WSNs. Given time
thresholds tlower and tupper specified by the WSN appli-
cation to reduce the network response time while avoid the

congestion caused by transmitted packets, WADA designates
water gates in an LT WSN such that for each water gate gi,
we have tlower ≤ ti ≤ tupper. Moreover, when data rate λi

varies over time, WADA can adaptively adjust the locations
of water gates to balance response time and congestion.

In the literature, the subject of data aggregation in WSNs
has been extensively studied. However, most studies adopt
either a tree-based or a cluster-based structure to aggregate
data in WSNs, and none of them consider the LT topology.
Tree-based aggregation schemes construct the shortest-path
routing trees, and focus on how to choose a good routing
metric to facilitate data aggregation. For example, the studies
of [10], [11] propose data-centric schemes to select an
appropriate path to reduce energy consumption. The study in
[12] constructs an aggregation tree based on sensors’ energy
consumption. Each sensor predicts the energy consumption
of its potential parents and selects the one that can remain
the most energy as its parent. In contrast, there exists at
most one route from a sensor to the sink in LT WSNs (i.e.,
each sensor has at most one potential parent node toward the
sink) so that existing solutions may not be directly applied.

In comparison, cluster-based aggregation schemes group
sensors into clusters and conduct data aggregation within
each cluster. For example, in LEACH [13] and PEGASIS
[14], sensors relay the sensing data to their cluster heads,
which are assumed to be able to directly communicate
with the sink. However, this assumption is not valid in
LT WSNs. HEED [15] groups sensors into clusters such
that sensors within a cluster are single-hop away from the
cluster head. However, in an LT WSN, sensors within a
cluster are located along a long branch that are multi-hop
away from their cluster head. SCT [16] proposes a ring-
sector division clustering scheme, where sensors in the same
section are grouped into one cluster. Explicitly, this scheme
cannot be used in LT WSNs. To the best of our knowledge,
the proposed WADA scheme is the first effort that addresses
efficient data aggregation in LT WSNs.

We organize the rest of this paper as follows: Section II
proposes our WADA scheme. Section III reports our pro-
totyping experience and experimental results. Section IV
concludes the paper.

II. THE PROPOSED WADA SCHEME

An LT WSN can be modeled as a graph G = (V, E),
where V includes the sink and all sensors, and E includes
all of the communication links. We represent the topology
of G as a tree rooted at the sink. Each sensor sj has a data
rate of λj that may vary over time, j = 1..n. A sensor is
called a branch node if it has more than one child in G.
Fig. 2 shows an example, where there are three clusters and
sensors g1, g2, and g3 are water gates.

Given an LT WSN, WADA arbitrarily groups sensors into
non-overlapping clusters and assigns their water gates. Note
that the sensor nearest to the sink is always assigned as



a water gate. On generating the sensing data, each regular
sensor will send the data to its water gate. Each water
gate gi then collects the sensing data from the sensors
within its cluster c(gi). After collecting sufficient sensing
data that can be aggregated to fill up one packet of payload
size Lmax, gi sends the aggregated packet to the sink. To
reduce the latency of waiting to aggregate sensing data to
fill up one packet, gi dynamically adjusts its cluster based
on the duration ti that it took to generate the last aggregated
packet (by Eq. (1)). When ti < tlower, the total data rate
within this cluster (i.e.,

∑
sj∈c(gi)

λj) becomes too high, and
the aggregated packets are sent to the sink more often. In
this case, gi shrinks its cluster by excluding some sensors
to reduce the total data rate. On the other hand, when
ti > tupper, the total data rate within this cluster becomes
too low, and the monitoring quality degrades. Therefore, gi
expands its cluster by including more sensors to reduce the
latency of generating aggregated packets. Note that within
each cluster c(gi), the sensing data sent from each sensor
sj ∈ c(gi) may be relayed to gi in a pipeline manner
subject to the contention of wireless transmissions. Thus,
right before gi sends out each aggregated packet to the sink,
the ratio of sensing data received from sensor sj within
this packet is approximately equal to λj∑

sk∈c(gi)
λk

. That is,

WADA ensures that the amount of reported sensing data
from each sensor can be fairly proportional to the data rate
of that sensor.

We then define the terms used in the paper. A water gate
gk is called a child water gate of another water gate gi if
gk is an immediate upstream water gate of gi. In this case,
gi is the parent water gate of gk. Fig. 2 gives an example,
where g2 is a child water gate of g1 and g1 is the parent
water gate of g2. A water gate may have several child water
gates but has only one parent water gate. Besides, if a water
gate has no child water gate, it is called a leaf water gate;
otherwise, it is called an intermediate water gate.

From an initial water gate designation, each water gate
executes WADA asynchronously but will coordinates with
its parent and child water gates. Specifically, each water gate
gi measures its current ti value, moves one of its child water
gates downstream or upstream by one hop if needed, and
calculates its new ti value. This process is repeated until gi
calculates that tlower ≤ ti ≤ tupper. In particular, for each
intermediate water gate gi, two cases are considered:

• Case of ti < tlower: Water gate gi shrinks its cluster by
querying each of its child water gates gk for its tk value.
When gk is also adjusting its own child water gates, it
replies to gi that itself is busy; otherwise, gk replies to
gi for its tk value. When gi finds that all of its child
water gates are busy, it waits for a Δt time and will try
again. Otherwise, gi sends a pull message to the non-
busy child water gate gk with the maximum tk value
and whose parent node, say, sj is not a branch node. On

Figure 3: Four examples to show how to move child water gates: (a) g1
pulls g3 downstream due to t1 < tlower , (b) g1 pulls g2 to the branch
node b due to t1 < tlower , (c) g1 pushes g2 upstream due to t1 > tupper ,
and (d) g1 pushes g3 to node s due to t1 > tupper .

receiving the pull message, gk asks sj to become a new
water gate and clears itself as a water gate. Therefore,
the old cluster c(gk) is replaced by a new cluster c(sj).
Here, we use the term “move” to represent the above
operation. However, when gi cannot find such a child
water gate (which means that the parent nodes of all
its non-busy child water gates are branch nodes), the
non-busy child water gate gk with the maximum tk
value is asked to move one-hop downstream. These
operations are repeated until gi finds that ti ≥ tlower.
Fig. 3(a) shows an example, where g1 wants to adjust
its child water gates. Since g2’s parent node is a branch
node, g3 is asked to move downstream. However, if the
parent nodes of all child water gates are branch nodes,
as shown in Fig. 3(b), g1 asks g2 to move to branch
node b (assuming t2 > t3).

To avoid excluding too many sensors when shrinking
a cluster, which may make its ti value increase drasti-
cally, WADA avoids moving a child water gate whose



Figure 4: Bad examples of moving child water gates.

parent node is a branch node. Fig. 4(a) shows a bad
example, where t2 > t3. If g1 simply moves its child
water gate with the maximum ti value, g2 will be asked
to move downstream, as shown in Fig. 4(b). In this
case, the size of cluster c(g1) drastically decreases from
7 to 3. Moreover, the size of cluster c(g2) drastically
increases from 9 to 13. Instead, WADA moves g3 one-
hop downstream.

• Case of ti > tupper: Water gate gi expands its cluster
by querying each child water gate gk for its tk value.
Then, gi sends a push message to ask the non-busy
child water gate gk that is not a branch node and has the
minimum tk value to move one-hop upstream. When gi
cannot find such a child water gate (which means that
all of its non-busy child water gates are branch nodes),
the non-busy child water gate gk with the minimum tk
value is asked to move upstream. These operations are
repeated until gi calculates that ti ≤ tupper. Fig. 3(c)
gives an example, where g1 wants to adjust its child
water gates. Since g2 is not a branch node, it will be
moved upstream. When all child water gates are branch
nodes, as shown in Fig. 3(d), WADA asks g3 to move
to node e (assuming that t3 < t2).

To avoid including too many sensors when expanding
a cluster, which may make its ti value decrease drasti-
cally, WADA avoids moving a child water gate that is
a branch node. Fig. 4(a) shows a bad example, where

t2 < t3. If g1 simply moves its child water gate with the
minimum ti value, g2 will be asked to move upstream,
as shown in Fig. 4(c). In this case, the size of cluster
c(g1) drastically increases from 7 to 13. Moreover, the
size of cluster c(g2) drastically decreases from 9 to 3.
Instead, WADA moves g3 one-hop upstream.

When moving a leaf water gate gi, two cases should be
considered:

• If gi is asked to move downstream but finds that ti <
tlower, it selects one leaf node, say, sj in its cluster and
designates sj as a new water gate. Thus, the number
of water gates will increase by one.

• If gi is a leaf node but is still asked to move upstream,
gi clears itself as a water gate. Thus, the number of
water gates will decrease by one.

To avoid oscillating water gates, each water gate gi should
maintain a list recording its past locations on G. When gi
finds that it has moved between two adjacent oscillating
nodes more than α times and its parent water gate still
asks it to move to one of the oscillating nodes, it enters the
oscillating state. Then, gi notifies its parent water gate of
stopping moving it in that direction. Water gate gi will exit
the oscillating state if its parent water gate asks it to move
to one non-oscillating node or a predefined timer expires.

III. EXPERIMENTAL RESULTS

We deploy 100 sensors to collect the environmental data,
as shown in Fig. 5. Each sensor has a Jennic chip [17],
which is a low power, wireless microcontroller supporting
the ZigBee protocol [18]. Each sensor has a communication
distance of 30 cm but two adjacent sensors are placed with
a distance of 15 cm to ensure the network connectivity. We
consider two LT topologies: x-topology and y-topology. As
shown in Fig. 6, x-topology has four branches, where three
branches have 22 nodes while one branch has 33 nodes; y-
topology has three branches, where branch 1 has 15 node,
branch 2 has 33 nodes, and branch 3 has 51 nodes. We
compare WADA against the Direct Relay (DR) scheme and
the Static Water gate Assignment (SWA) scheme. DR does
not adopt any data aggregation and each sensor simply relays
the sensing data from its upstream nodes to the sink. In
SWA, each branch node is assigned as a water gate and
we do not adjust the assignment of water gates during the
experiments.

The packet size is 15 bytes, which contains a header
of 12 bytes and a payload of 3 bytes. Each sensor reports
its sensing data every Δs ∈ [7, 13] seconds and Δs will
change every 30 seconds. We remove the headers of all
received packets and concatenate their payloads into one
single packet, so we have δ = 1. In our experiments, we
set Lmax to 118 bytes, which is the maximum payload
size defined in ZigBee. The experiment time is 10 minutes.
In the experiments of executing WADA, the measurement



Figure 5: The snapshot of our 100-node LT WSN prototype.

(b) y-topology(a) x-topology  
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Figure 6: Two LT network topologies used in our experiments.

of messages sent by sensors includes all of the control
messages such as query, reply, push, and pull used to adjust
the assignment of water gates. Besides, we set Δt = 2
seconds, tlower = 24 seconds, and tupper = 26 seconds.

Fig. 7(a) shows the total amount of messages sent by sen-
sors under different network topologies. All schemes incur
higher amount of messages under the y-topology because
this topology has the longest branch (with 51 nodes). DR
incurs the highest amount of messages because it does not
adopt any data aggregation. By dynamically adjusting the
locations of water gates based on the network condition,
WADA incurs the smallest amount of messages compared
with DR and SWA. Specifically, under x-topology, WADA
reduces 42.3% and 15.7% of message transmissions com-
pared with DR and SWA, respectively. Under y-topology,
WADA reduces 44.7% and 24.3% of message transmissions
compared with DR and SWA, respectively. The above results
verify the effectiveness of WADA.

Fig. 7(b) shows the total number of packets sent by
sensors under different network topologies. When sensors
transmit more packets, the network could be seriously con-
gested. DR makes the sensors transmit the most number
of packets, because it does not aggregate any sensing data.
WADA incurs the smallest number of packets among all
schemes because it adaptively clusters sensors and aggre-
gates their packets accordingly. Under x-topology, WADA
reduces 84.9% and 59.5% of packets compared with DR
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Figure 7: Comparison of data transmissions under x-topology and y-
topology.

and SWA, respectively. Under y-topology, WADA reduces
87.3% and 72.2% of packets compared with DR and SWA,
respectively. These results demonstrate that WADA signifi-
cantly reduces the number of packets sent by sensors, which
can greatly alleviate the network congestion.

To demonstrate the adaptability of WADA to varying data
rates, we deploy a sink (of ID 0) and a line of 50 sensor
nodes (of IDs 1 to 50), where the node with ID 1 is the most
downstream sensor. The experiment time is 120 minutes and
we measure the number of water gates and their locations
over time. The λ value of sensors with IDs 1 to 25 increases
while that of sensors with IDs 26 to 50 decreases over time,
as shown in Fig. 8(a). Here, we use the terms “downstream
part” and “upstream part” to represent the sensors with IDs 1
to 25 and with IDs 26 to 50, respectively. Fig. 8(b) shows the
locations of water gates over time. We observe that before
the 60th minute, most water gates are located at the upstream
part because sensors in the upstream part have a higher
data rate. Therefore, WADA shrinks the sizes of clusters in
the upstream part and thus assigns more water gates. After
the two data rates cross around the 66th minute, the above
behavior reverses. Most water gates move to the downstream
part since sensors in the downstream part now have a higher
data rate.

IV. CONCLUSIONS

A large number of WSN applications dictate the deploy-
ment of the LT topology that demands new data aggregation
solutions. This paper proposes the WADA scheme that
assigns multiple water gates to regulate data aggregation
and adapts the designation of water gates dynamically in
response to changing data rates of sensors. WADA not only
reduces the network response time but also avoids potential
network congestion for data collection in LT WSNs. By
using the sensors nodes equipped with Jennic wireless
microcontrollers, we measure the performance of WADA
through several experiments of our prototyped LT WSNs.
Experimental results verify that WADA significantly reduces
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Figure 8: The locations of water gates (marked by ‘x’) under different data
rates.

the amount of data transmissions of sensors and adaptively
adjusts the assignment of water gates according to various
network conditions.
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