TRADEOFF BETWEEN ENERGY AND LATENCY FOR CONVERGECAST

Mahesh Arumugam Sandeep S. Kulkarni

Department of Computer Science and Engineering

Michigan State University, East Lansing, M| 48824
Email: { ar umnugam sandeep} @se. nsu. edu

ABSTRACT

We focus on the problem of energy-efficient convergecast in sensor networks. This problem identifies the energy-latency
tradeoff during convergecast. Whenever a group of sensors communicate an event of interest, the latency involved in delivering
such messages to the base station should be minimized. Since the sensors are constrained by limited power and are mostly
idle, it is important that the sensors conserve energy. We show how time division multiple access (TDMA) can be effectively
used to provide energy-efficient convergecast. This solution allows the sensors to save energy when the network is idle and to
switch to active mode when the network observes an event. Furthermore, for a typical application where the event probability
is less than 10 — 15%, our solution improves the network lifetime by approximately 3 fold.

1 INTRODUCTION

The ability to reliably communicate an event of interest to
the base station or the outside-world is an essential function
in sensor networks. For example, in applications such as A
Line in the Sand (LITeS) [1, 2], where sensors detect, classify,
track, and visualize intruders along an area, and habitat mon-
itoring [3], where sensors monitor the activities of a habitat,
the sensors are required to communicate their observed val-
ues to the base station. Such many-to-one (or source-to-sink)
communication is often referred as convergecast. One of the
important requirements in [1-3] is that the latency involved
during such communication should be minimized.

One of the important constraints in sensor networks is lim-
ited power. To deal with this constraint, as part of an energy
management scheme, sensors are allowed to turn their radio
off or switch to low-power mode, where the amount of idle
listening and overhearing are reduced. For example, time di-
vision multiple access (TDMA) algorithms proposed in [4-6]
can be effectively used to reduce the amount of idle listening
by allowing a sensor to turn its radio off in the time slots not
assigned to itself and its neighbors.

It is easy to observe that there is a potential conflict between
energy-management and low-latency convergecast. Specifi-
cally, if the radio is always on then the latency may be re-
duced. Similarly, if the sensors execute as part of an energy-
management scheme then the latency may increase.

With this motivation, in this paper, we focus on the prob-
lem of energy-efficient convergecast while ensuring that the
latency is within the application requirements. Specifically, we
propose a convergecast algorithm using a TDMA based MAC
protocol (e.g., [4-6]). With the help of simulations, we study
the performance of the proposed convergecast algorithm and
show that it provides a better energy-latency tradeoff.
Organization of the paper. In Section 2, we state the as-
sumptions made in this paper and discuss the network model.

In Section 3, we present our convergecast algorithm. Subse-
quently, in Section 4, we discuss the simulation results of the
proposed algorithm. Finally, in Section 5, we state the related
work, and in Section 6, we make concluding remarks.

2 MODEL AND ASSUMPTIONS

The assumptions made in this paper are in two categories; ex-
istence of base station and TDMA slot assignment.

Base station or sink. We assume that there exists a base sta-
tion that is responsible for data gathering. Also, it is responsi-
ble for setting up the TDMA schedule, initiating tree construc-
tion process for routing, and sending commands/tasks to the
network. In case of large scale networks (e.g., extreme scal-
ing experiment [2]), the network is partitioned into multiple
sections with one or more higher-tier nodes. These higher-tier
nodes act as the base stations for the corresponding sections.
TDMA dot assignment.  Once the network is deployed, the
base station assigns TDMA slots (pre-computed or determined
dynamically using a slot assignment algorithm [4-6]) to each
sensor. Each sensor turns its radio off in the slots not assigned
to itself and its neighbors.

3 CONVERGECAST ALGORITHM

Suppose each sensor listens to the medium always. Whenever
a sensor (say, j) observes an event, it sends a convergecast
message (say, m.) to the base station. Now, consider a sensor
(say, k) that is on the path between j and the base station. We
observe that until k receives m, from j, k spends time on idle
listening and, hence, most of the energy is wasted. To provide
a better energy-latency tradeoff, we propose a TDMA based
algorithm for convergecast in sensor networks.

In this algorithm, each sensor listens to the medium in the
slots assigned to its neighbors at certain distance. Whenever a



sensor observes an event, it sends a convergecast message in
its TDMA slot. The sensors may use a routing algorithm (e.g.,
logical grid routing protocol or LGRP [7]) to forward the mes-
sage to the base station for visualization and monitoring. Since
multiple sensors observe an event, a TDMA based algorithm
for reliably communicating all the messages to the base station
increases the latency considerably.

To improve the latency in convergecast, in this algorithm,
each sensor operates in one of the following two modes;
TDMA mode or active mode. Initially, sensors execute in
the TDMA mode (to conserve energy and reduce the amount
of idle listening). Whenever a sensor receives a converge-
cast message, it forwards the message in its TDMA slot, and
switches to active mode after a timeout. Furthermore, the sen-
sor sets another timer, called TDMA timer; when this timer
expires, the sensor returns to TDMA mode. In the active
mode, the sensor listens to the medium always and forwards
messages according to a CSMA protocol (e.g., ReliableComm
[8]). Thus, the convergecast algorithm is shown in Figure 1.

j executes in TDMA mode
listen to the TDMA slots of neighbors;
if j receives a convergecast message m.
forward m.. in the next TDMA slot;
setup wakeup-timer
when timer fires, switch to active mode;
setup TDMA-timer
when timer fires, switch to TDMA mode;
j executes in active mode
listen to the medium always;
if j receives a message m
forward m using a CSMA based algorithm;

Figure 1: Convergecast algorithm

4 SIMULATION RESULTS

We simulated our algorithm in the framework based on
Prowler [9], a probabilistic wireless network simulator for
MICA motes [10]. First, we discuss the TDMA algorithm,
routing and the reliable CSMA protocols used in our simula-
tions. Next, we discuss the simulation model and the results.
Self-stabilizing TDMA (SS-TDMA). We note that our algo-
rithm does not depend on a specific TDMA algorithm. We
have chosen SS-TDMA [4] due to its applicability in [1].
Moreover, SS-TDMA can be customized for convergecast.

In [4], the sensors are arranged in a 2 dimensional grid and
the base station is located at (0, 0). Sensors have the notion of
communication and interference range. Communication range
is the distance up to which a sensor can communicate with
high certainty. Interference range (say, y) is the distance up
to which a sensor can communicate, although the probability
of such a communication may be low. Now, the initial slot of
a sensor located at (i, j) is (P — 1)i+ (P — (y+1))J, where
P=(y+1)?+1 is the TDMA period. If z, is the initial slot of
sensor a then a can transmit in slots: z, + ¢ * P, where ¢ > 0.
Logical grid routing protocol (LGRP). In LGRP [7], the
sensors are arranged in a logical grid. Each sensor classifies

its neighbors within A hops as low or high neighbors; sensor
k located within H hops of sensor j is classified as j’s low
neighbor if k’s distance to the base station is less than that of
j’s distance. Otherwise, k is classified as j’s high neighbor.
Each sensor also maintains a variable, inversion count. The
inversion count of the base station is 0. If j chooses one of
its low neighbors as its parent then it sets its inversion count
to that of its parent. Otherwise, j sets its inversion count to
inversion count of its parent + 1. If the inversion count exceeds
a certain threshold then the tree may be corrupted and, hence,
j sets its parent to null. Sensor j later rejoins the tree if it finds
a neighbor that provides a better inversion count.
ReliableComm (RComm). ReliableComm [8] is a CSMA
based reliable communication protocol, designed to improve
per-hop and end-to-end reliability in presence of fading, colli-
sions and congestion. It maintains a queue, where a given mes-
sage is removed from the queue when the sensor receives an
implicit acknowledgment from its parent. If it fails to receive
the acknowledgment within a timeout, it retransmits the mes-
sage. The number of retransmissions is bounded by a thresh-
old. Since the base station does not require to forward the
messages, it explicitly acknowledges the receipt of a message.
Simulation model and parameters. In our simulations, we
assume that the base station is located at one corner of the grid
and the sensors that observe an event are located diagonally
opposite to the base station. Furthermore, we require at least
50% of the messages to be delivered to the base station. This
value is based on the reliability requirements of the LITeS ex-
periment [1].

We assume that the sensors can communicate with high reli-
ability among their neighbors. Also, we assume that the signal
from a sensor may reach sensors within distance 6 although the
probability of successful communication is very low. How-
ever, the actual radio propagation is based on the distance-
fading model, where the strength of a signal from a sensor is
inversely proportional to the square root of the distance. The
parameters used in our simulations are listed in Table 1.

Table 1: Simulation parameters

Parameter Value
Networ k/event.

Network size 7X7 grid
Sub-grid sending event messages 1x1 - 5x5
Convergecast algorithm.

Wakeup timeout 1s
TDMA timeout 20s
SSTDMA/LGRP/RComm.

Time slot interval 50 ms
Interference range 6
H 2
Maximum number of retransmissions 3
Retransmission timeout 55 ms

Results. We compare the performance of our algorithm using
LGRP and ReliableComm (i.e., SS-TDMA+RComm+LGRP)
with (i) SS-TDMA+LGRP, where sensors execute in TDMA
mode always, and (ii) RComm+LGRP, where sensors execute
in active mode always.
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Latency. In Figure 2, we show the time required to
convergecast event messages to the base station. With SS-
TDMA+RComm+LGRP and RComm+LGRP, only 50% of
the event messages are delivered. The latency of the pro-
posed convergecast algorithm follows closely that of the
RComm+LGRP scheme. This meets the requirement of the
LITeS experiment, where the desired latency for reporting an
event is less than 13 seconds (with 50% reliability) [1].
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Figure 2: Latency

With SS-TDMA+LGRP, all the messages are delivered to
the base station. This is due to the fact that SS-TDMA ensures
reliable communication. Moreover, from Figure 2, we observe
that the latency for delivering 50% of the messages with SS-
TDMA+LGRP is almost equal to the other two schemes. This
is due to the fact that SS-TDMA is customized for converge-
cast. Specifically, the slots assigned to sensors closer to the
base station are after the slots assigned to sensors farther from
the base station. Hence, whenever a sensor receives a message,
it can forward it within 50 ms (= timeslot interval). Thus, the
latency is close to RComm+LGRP scheme.

Suppose TDMA is customized for broadcast. Whenever a
Sensor receives a message, it has to wait at most P slots (=2.5
seconds, in our simulations) before it can forward, where P
is the TDMA period. This delay is added at each hop and for
each message. Hence, the latency may increase. With SS-
TDMA+RComm+LGRP, a sensor switches to RComm once it
forwards the first message. Hence, it offers better latency.

Active radio time (ART). In Figure 3, we show the aver-
age ART of the sensors. As expected, SS-TDMA+LGRP is
energy-efficient, since the sensors listen to the medium only in
the slots assigned to their neighbors. In the remaining slots, the
sensors conserve energy by turning their radio off. Thus, ART
is approximately 40% of the time required for convergecast.
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Figure 3: (a) Average ART and (b) % of average ART with re-
spect to latency. Note that the scale is different in each figure.
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With SS-TDMA+RComm-+LGRP, the sensors conserve en-
ergy until the actual communication starts. From Figure 3(b),
the sensors remain in active mode for 76.89% of the time (i.e.,
5.13 seconds in 6.67 seconds), when a sub-grid of 3x3 sensors
send messages. With RComm+LGRP, the sensors spend 100%
of the time in active mode. Hence, it is not energy-efficient.

Message communication.  In Figure 4, we show the number
of transmissions/receptions during convergecast. The number
of transmissions is in order of 500 when a sub-grid of 3x3 sen-
sors send messages with 50% reliability for different schemes.
Similarly, the number of receptions for different schemes is
approximately the same. In case of SS-TDMA+LGRP, 100%
reliability is achieved with increased communication.
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Network lifetime. In Figure 5, we show the analyti-
cal estimate of network lifetime with respect to the prob-
ability of occurrence of an event at any instant for SS-
TDMA+RComm+LGRP. If the probability is 0, the sensors
execute in the TDMA mode always. The sensors can turn their
radio off in the slots not assigned to itself and its neighbors.
Thus, the network lifetime improves by 3.8 times (when the
interference range = 6 and H = 2). When the probability of
occurrence of an event increases, ART also increases. As a re-
sult, the network lifetime decreases. When this probability is
close to 1, the sensors start to operate in the active mode more
frequently and, hence, energy conservation is negligible.
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Figure 5: Network lifetime

In a typical application (e.g., LITeS [1,2]), the probability
of occurrence of an event at any instant is less than 10 — 15%.
From Figure 5, SS-TDMA+RComm+LGRP improves the life-
time of the sensor network by approximately 3 fold.



S5 RELATED WORK

Related work that deals with convergecast include [11-14].
In [11], a TDMA based convergecast is investigated. Specifi-
cally, the paper proposes a tree construction algorithm for con-
vergecast. Once the tree is constructed, it assigns schedules to
the sensors for collision-free communication. By contrast, in
our convergecast algorithm, we use an existing TDMA algo-
rithm. Moreover, our solution improves the network lifetime
by reducing the amount of idle listening.

In [12], a randomized convergecast algorithm is proposed.
This paper identifies the lower bound on the running time for
an arbitrary network. Moreover, this paper studies the energy-
latency tradeoff. In [13], for an offline problem, dynamic pro-
gramming based approximation solution is proposed, where
the energy dissipation of sensors in the data aggregation tree
is minimized. For a real-time scenario, this paper proposes an
online protocol for data aggregation. Unlike [12,13], our so-
lution uses a TDMA based algorithm to conserve energy and
to reliably switch to active mode when the network observes
events of interest. Furthermore, we show that the network life-
time improves by 3 fold for a typical application.

In [14], a randomized algorithm for convergecast is pro-
posed for ad hoc networks. One of the assumptions in [14]
is that the nodes have collision detection capability. By con-
trast, we do not assume that collisions are detectable. Collision
detection may not be possible since the sensors have limited
communication capabilities and limited power.

6 CONCLUSION AND FUTURE WORK

In this paper, we presented a convergecast algorithm for sensor
networks. This algorithm is designed using a TDMA protocol
for energy-conservation and reliable communication. In this
algorithm, each sensor is allowed to save energy whenever the
network remains idle. And, whenever a sensor receives con-
vergecast messages, the algorithm switches to a CSMA based
protocol after forwarding the first message. Thus, it reduces
the amount of idle-listening and improves the latency.

We studied the performance of our algorithm and showed
that it meets the requirements of a typical application (e.g.,
LITeS [1,2]). We showed that ART is within 75% of the time
required for convergecast (cf. Section 4). Moreover, for a typi-
cal application where the probability of occurrence of an event
is less than 10 — 15%, we argued that our solution improves
the network lifetime by approximately 3 fold.

There are several questions raised by this work. For one, an
interesting question is to analyze the energy-latency tradeoff
in large scale networks. Towards this end, we can use a
TDMA algorithm that allows the network to be partitioned
into several sections [2]. Another issue is to study the effect
of multiple base stations and their locations on energy-latency
tradeoff.
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