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Abstract. Geographic routing algorithms use locations rather than node
addresses as destinations. But since it is not always guaranteed that there
is indeed a node exactly at the destination location, there must exist a
description which nodes shall be allowed to consume a message. In some
cases, the message must not be consumed by a node at another location
(e. g., if the sink is the destination), whereas in other cases, nodes in
the vicinity may also consume it. This has to be chosen by the application, so the routing protocol should support different delivery semantics.
Another question is if only one node may consume the message, or if
multiple destination nodes are allowed.
This paper proposes three orthogonal delivery parameters: closeness,
multiplicity, and accept-outside.
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Introduction

Geographic routing is an important technique for wireless sensor networks, since
it avoids the storage of routing tables or path information in the sensor nodes,
which are usually highly resource-constrained. The presence of information about
the node location (either through GPS or some localization algorithm) and—for
some algorithms—the direct neighbors is sufficient.
Several geographic routing algorithms for sensor networks have been proposed. They use different, but elaborated techniques to forward packets using
location information. One important question, however, that is often neglected
is to describe the conditions under which a node is allowed to declare itself as
destination and consume the message. Since the destination is not a node address
but a location, this is substantially different from traditional routing schemes.
Many algorithms assume that there exists a node exactly at the destination location [1, 2], the node locations being published for instance by a distributed
location service like GLS [3]. The location service, however, imposes an extra
overhead. Besides, the destination locations may be incorrect due to location
errors [4]. Additionally, nodes may fail or move, so it is not always possible to
keep track of the current state. Other algorithms perform a limited flooding in
the vicinity of the destination [5], which also requires the sending of many packets. An interesting alternative is utilized by GHT [6], which takes advantage of
GPSR’s perimeter mode: The destination location is traversed using the righthand rule; when the message has looped around the location, the first node that
receives the message for the second time in perimeter mode declares itself as
destination and consumes the message.

Although there are different strategies for finding a suitable destination node,
each algorithm uses only a single strategy. It is, however, dependent on the
specific application if, for example, the destination’s exact location is known by
the sender or if the message should be delivered “somewhere” in the vicinity
of a specific location. In some cases, it is important that at most one node
consumes the message, whereas in other cases it is more important that at least
one destination node is found at all.
Anycast is a well-known technique for routing messages to any out of several
possible destinations. Within the scope of sensor networks, anycast can be used
when multiple sinks exist; messages are routed to the nearest sink [7–9]. However,
anycast routing schemes do not use geographic routing and consequently are
highly application-specific.
Other algorithms include time in delivery semantics. Mobicast [10] is a spatiotemporal multicast scheme that supports moving destination areas. Since the
semantics proposed in this paper are not dependent on time, such schemes are
not covered.
This paper provides a taxonomy of delivery semantics and proposes three
parameters, which can be combined independently. An application that sends
messages can set these parameters according to the specific requirements. A
concrete routing algorithm must then deliver the message with respect to the
desired semantics. The proposed delivery semantics are independent from concrete routing algorithms. The implementation of the semantics is beyond the
scope of this paper.
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Delivery Semantics

Basically, there are three questions that have to be answered when describing
the geographical destination for a message in a sensor network:
1. How close to the destination must a sensor node be in order to consume the
message?
2. Is it acceptable that multiple nodes consume the message, or should only
one node consume it?
3. When the message gets stuck because there is no node that is close enough
to the destination, should the node where the message got stuck drop the
message or consume it if the node is sufficiently close to the destination?
In the following, these questions are discussed in detail.
2.1

Closeness

Assume a sensor network for environmental monitoring, where neither the user
nor the base station know the exact positions of the nodes. The user requests
the sensor data for a specific location and initiates a query, having this location
as destination position. However, he does not know whether there is a sensor
node exactly at this location. Moreover, this is extremely improbable. Hence, it

should be acceptable that a node consumes the message if its distance to the
destination location lies within a designated limit of tolerance t. Using Euclidean
metrics, the destination area is a circle with radius t. This approach raises the
probability that a destination node is found. The limit can be set depending
on the network density. Assume that the network consists of n nodes spread
uniformly in a field of surface area A. Then the probability that the destination
area is empty is
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Consider, on the other hand, the case that the measurement message is sent
from the sensor node to the sink that initiated the query. The message is explicitly addressed to the sink, so it is known that there is a node at the designated
location. In this case, the limit of tolerance can be set to zero; this also ensures
that no other node than the sink consumes the message.
These examples show that at least two different semantics are needed for
describing destination locations: exact and nearby. In the latter case, a limit of
tolerance has to be given, in the former one, it is zero.
There may be cases in which a circle is not appropriate as destination area,
e. g., when the nodes are distributed in a regular mesh.
2.2

Multiplicity

If the nearby semantics is used, there may be more than one potential destination
node. The routing protocol may take care that only one of these nodes consumes
the message; however, this leads to more overhead, since the nodes must somehow
agree about the winner, which comes at additional communication costs. But this
is not necessary in cases where it is not important that only one node receives the
message. For example, if the sensor node at (or nearby) a specific location shall
be set in an alarming mode, because the user wants to have special attention
to this location, it is not crucial that only one node receives the message. To
account for node failures, it is even better if multiple nodes receive it.
On the other hand, there are cases where only one node shall receive the
message. In general, this is the case when the nodes serve different tasks. For
instance, when the message is addressed to the sink, no other node is allowed to
consume it.
Inspired by RPC semantics, the following semantics are possible for the multiplicity of the destination:
maybe: the message may reach a node or not,
exactly-one: the message must be consumed by exactly one node,

at-most-one: the message must be consumed by zero or one node,
at-least-one: the message must be consumed by one or more nodes,
all: the message must be consumed by all nodes meeting the closeness semantics.
Note that these semantics are not meant for describing how many times a
node receives the message. This aspect of delivery semantics is orthogonal to the
ones discussed here. The semantics specify how many nodes receive the message.

2.3

Accept-outside

Consider the case that there is no node that matches the destination description,
but the message has reached a node that is already near the destination. The
destination location is within the transmission range, the current node does not
yet match the destination description, but no closer node can be found, either because closer nodes do not exist or because they are currently not reachable. Now,
there are two possibilities: Either the message is regarded as non-deliverable and
dropped, or the node where the message got stuck declares itself as destination
and consumes the message. The strategy to be applied depends on what has
higher priority: that a node which exactly matches the destination description
receives the message, or that actually any node receives it at all. For example,
if data at a specific location shall be measured, it may be tolerable if merely
data near this location are measured; however, if the sink is the destination, it
is not acceptable when another node consumes the message. This demands for
a Boolean parameter accept-outside.
This parameter can be used in combination with exact semantics to deliver
the message to the node that is closest to a location. This is not possible with
nearby semantics, since in this mode the message is consumed by any node within
the area of tolerance, not necessarily by the closest one.

Not all combinations of these parameters seem to be useful. For instance, in exact
semantics with accept-outside=false, the semantics at-least-one and exactly-one
seem to yield the same results (when there are not several nodes with identical
positions). However, the routing protocol may act differently; for example, it
may deliver the messages faster or send fewer packets in at-least-one semantics.
Admittedly, the concrete implementation of the semantics is beyond the scope
of this paper.
An important issue is that for some semantics it is not guaranteed that the
same node(s) consume(s) subsequent messages sent to the same location. The
messages may be forwarded on different paths and hence reach different nodes.
Only using exact semantics or all semantics, with accept-outside=false in both
cases, it can be guaranteed that all messages are consumed by the same node(s).
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Conclusion

For geographic routing algorithms it is essential to include a clear description
of the destination. Different applications have different requirements regarding
the node or nodes that shall consume the messages. Therefore, the routing protocol must support different delivery semantics. In this paper, three orthogonal
parameters have been proposed: closeness, multiplicity, and accept-outside.
Implementations of these semantics are currently investigated by extending
selected geographic routing algorithms.
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