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Abstract. Clock synchronization is a crucial basic service in typical sensor networks, since the observations of distributed sensors more often than not need to be
ordered (“a happened before b”) or otherwise related (“a and b happened within
a time window of size x”) in time. Ad-hoc sensor networks exhibit characteristics
which make the use of traditional clock-synchronization algorithms infeasible.
More appropriate algorithms have been presented recently.
In this paper, we argue that interval-based synchronization is particularly suitable
for ad-hoc sensor networks. Interval-based algorithms maintain lower and upper
bounds on time instead of time estimates. We discuss the benefits of the intervalbased approach for ad-hoc sensor networks and present recent results.

1

Introduction

Clock synchronization is an important service in typical ad-hoc sensor networks. For
example, the correct evaluation of distributed sensor data may require knowledge about
the chronology of the sensor observations [13]. In addition, energy consumption can
be reduced by synchronous power-on and shutdown of the wireless-communication
circuits of a sender–receiver pair [3, 4].
There has been extensive work on clock synchronization in infrastructure-based networks [10, 16, 11]. Ad-hoc (and thus wireless) sensor networks pose some substantially
different challenges. Robustness: There is no stable connectivity between nodes. Energy
efficiency: Synchronization can only be achieved and maintained by communication.
Communication is expensive in terms of energy, which typically is a scarce resource
for sensor nodes. Ad-hoc deployment: The clock-synchronization service must not rely
on any a-priori configuration or on infrastructure.
The conclusion is that algorithms for infrastructure-based networks cannot be directly applied in ad-hoc sensor networks. Algorithms particularly suitable for such networks have been proposed recently [5, 6, 13, 15, 17, 18]. Most of the proposed algorithms let nodes maintain single-value time estimates. Interval-based synchronization
uses guaranteed bounds on time. It was first proposed in [8] and was further studied in
[14]. In [1, 9], it was proposed as particularly suited for ad-hoc sensor networks.
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1.1

Overview

In Sect. 2, we define the system model and state the problem we want to solve. In Sect. 3,
we discuss the particular suitability of interval-based synchronization for ad-hoc sensor
networks. We present recent results and ongoing work in this area in Sect. 4.

2

System Model and Problem Statement

In this section, we give a model that captures those aspects of an ad-hoc sensor network
that are essential to our analysis. We then state the problem of internal and external
clock synchronization as we understand it.
2.1

Clock model

Each node of the network is equipped with a local clock h; the reading of node Ni ’s
clock hi at real time t is denoted as hi (t). The drift of a clock hi at time t is defined as
the deviation of its speed from the ideal speed 1 and is thus given by
ρi (t) =

dhi (t)
−1 .
dt

(1)

The quality of synchronization that can be achieved depends on the assumptions about
the nodes’ clocks. We suppose that ρi (t) is limited by a constant ρmax according to
−ρmax ≤ ρi (t) ≤ ρmax

∀t .

(2)

We require ρi (t) > −1 for all times t. This means that a clock can never stop (ρi (t) =
−1) or run backward (ρi (t) < −1). Thus, for two events a, b with ta < tb occuring
at node Ni (whose clock’s drift ρi is bounded according to (2)), node Ni can compute
bounds ∆li [a, b], ∆ui [a, b] on the real-time difference ∆[a, b] := tb − ta as
∆li [a, b] :=

2.2

hi (tb ) − hi (ta )
1 + ρmax

∆ui [a, b] :=

hi (tb ) − hi (ta )
.
1 − ρmax

Problem statement

We define the problem of internal synchronization as follows: Given an event occurring
at node N j at local time h j (t), we are interested in tight bounds Hil (t), Hiu (t) on the local
time hi (t) of another node Ni at time t, such that Hil (t) ≤ hi (t) ≤ Hiu (t) . In the context
of a sensor network, this situation arises when the observations of multiple sensor nodes
have to be combined.
The problem of external synchronization consists in providing all nodes in the network with a common system time that is provided from outside the system, e.g. via a
GPS receiver.
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3

Guaranteed Bounds in Ad-Hoc Sensor Networks

Clock-synchronization algorithms face two problems: The information a node has about
the local time of another node degrades over time due to clock drift (see Fig. 1), and its
improvement through communication is hindered by message-delay uncertainty. The
influence of drift and delay uncertainty can to a large extent be studied separately. A
third problem arises from the fact that it is not always clear which node’s time shall be
used as the reference.

Fig. 1. Graphical representation of the knowledge of node Ni about the local time h j of node
N j as a function of real time t. The shaded area is the region in which h j can lie. The two
nodes communicate at events a and b. On the right, h j − t is plotted against t; additionally, the
information about past values of h j that Ni gathers at event b is shown as a lighter-shaded area.

Most of the work on synchronization in ad-hoc networks has concentrated on delay
uncertainty; recent algorithms reduce it to a few microseconds [2, 5, 7, 12]. They then
achieve good synchronization by continued and frequent communication, which keeps
the impact of clock drift negligible.
In settings with sporadic communication, the impact of clock drift has to be taken
into account explicitly. Sporadic communication is typical for ad-hoc sensor networks
where nodes may fail, be temporarily out of reach or abstain from communication to
save energy. Our interval-based approach is particularly suited for such settings. Note
that we do not neglect delay uncertainty: Methods as in [2, 5, 7, 12] can be used to
exchange time bounds with negligible delay uncertainty. Delay and drift uncertainty
are orthogonal issues.
Interestingly, the use of guaranteed bounds has not received much attention, although it has a number of advantages over using time estimates: (a) Guaranteed bounds
on the local times at which sensor events occurred allow to obtain guaranteed bounds
from sensor-data fusion. (b) The concerted action (sensing, actuating, communicating)
of several nodes at a predetermined local time of a specific clock always succeeds:
each node can minimize its uptime while guaranteeing its activity at the predetermined
time. (c) The combination of several bounds for a single local time is unambiguous
and optimal, while the reasonable combination of time estimates requires additional information about the quality of the estimates. Note that interval-based synchronization
naturally solves the problem of choosing reference nodes in large networks.
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The influence of the clock drift on the quality of synchronization may dominate over
the influence of the message delays. This is the case in those ad-hoc sensor networks
where communication is sporadic not only in the sense of unpredictable, but also in the
sense of infrequent. With decreasing frequency of communication, the uncertainty due
to clock drift increases, while the uncertainty due to message delays remains constant.
A numeric example: Suppose the message delay contributes 1 millisecond to a node’s
uncertainty, and the clock drift is bounded by ρmax = 100ppm. After 5 seconds, the
drift’s contribution to the uncertainty equals that of the delay. After one hour, it is 720
times larger. In such settings, neglecting the delay uncertainty is acceptable.

4

Recent Results

In [8], a simple algorithm for interval-based external synchronization was proposed:
algorithm IM lets two communicating nodes intersect their time intervals. In [1], a
model for the path-based analysis of interval-based clock synchronization was used
to show that algorithm IM is worst-case optimal. Furthermore, a new algorithm was
presented, the Back-Path Interval-Synchronization Algorithm (BP-ISA). The BP-ISA
extends algorithm IM by letting each node keep a history of the intervals from the last
communication with every other node. The BP-ISA was shown to be worst-case optimal
and to perform significantly better than algorithm IM in the average case. This is due to
the typical drift diversity of the nodes’ clocks.
In [9], the algorithm for internal synchronization from [13] was improved. Furthermore, it was shown that for optimal synchronization, nodes need to store, communicate
and use their entire histories. Clearly, this is infeasible in a realistic scenario. But typically, time information degrades quickly and can thus be discarded without a loss in
synchronization quality. Current work is focusing on quantifying the trade-off of synchronization overhead and quality.
Another issue that has not been addressed so far is how node mobility affects
interval-based synchronization. Simulation results suggest that mobility has only positive effects. This is due to the special nature of interval-based time information, which
makes the combination of two nodes’ time information unambiguous and optimal.

5

Conclusion

In this paper, we argued that interval-based synchronization is particularly suited for
ad-hoc sensor networks. Most importantly, it naturally solves the problem of choosing
reference nodes in large networks. We presented recent advances in interval-based synchronization for ad-hoc sensor networks. Open questions about the overhead–quality
trade-off and about the effects of node mobility remain to be investigated.
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