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1. INTRODUCTION
One in four vehicle owners in western European countries

are estimated to own a GPS device (or personal navigation
device (PND)). In the US it is only one in ten, but the popu-
larity of these devices, in both Europe and the US, is grow-
ing. It is also likely that the manufacturers will add WiFi
to the devices. Once, this happens there will be a vehicular
ad hoc network formed by these vehicle mounted devices.
However, the network will be frequently and dynamically
partitioning, even when virtually all vehicles carry a WiFi-
enabled device [16]. These networks will be characterized as
having large density diversity, both spatially and temporally.
Initially, density will be low as the number of WiFi-enabled
devices will be small. However, over time, as popularity of
the WiFI-enabled devices increases, the density will also in-
crease. Nevertheless, it will still be the case that the density
will be high in some regions, for example on freeways, while
in other regions the density will be low, e.g. in suburban
streets [16].

If we want to support general purpose routing in these en-
vironments, then disruption tolerant routing protocols are re-
quired that can work on networks like these: performing well
in both high and low density regions. In general, routing
protocols that need to maintain a path between a source and
destination over a dynamically partitioning network are go-
ing to be inefficient. To address this geographic routing pro-
tocols [6, 12, 21, 14] have been proposed, and the general
approach seems promising. Geographic protocols assume
that each node has a static fixed identifier and a dynamic lo-
cation or coordinate. Most protocols generally assume that
there is a service (or usually an oracle) which provides the
current location of any node, and that there are a set of con-
nected nodes that can forward the packet from the source
to the destination. A key challenge for creating disruption
tolerant versions of these routing protocols is the develop-
ment of disruption tolerant discovery services that can allow
a node to determine the current location of a node.

The need for a discovery service has been observed by
others, and there have been several proposals that work well
on non-partitioned networks, for example GLS [10]. GLS is
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a distributed proactive service that uses the nodes in the net-
work to store information about the current location of other
nodes. It, as with several derivatives (e.g. High-Grade [20]),
uses a hierarchical grid with the information stored at mul-
tiple levels of the hierarchy. In networks that are frequently
and dynamically partitioning it is hard to ensure accessibil-
ity and consistency of this information. Reactive approaches
have also been proposed in some geographic protocols, for
example based on simple flood-based mechanisms. How-
ever, these too suffer if the network is partitioning, which
can cause them to fail to find a destination, as well as gener-
ating high overhead. To address this issue we propose PVRP,
a reactive disruption tolerant discovery service that is able to
operate efficiently in both dense environments, but also in
environments that are dynamically and frequently partition-
ing.

2. THE PVRP PROTOCOL
Each node in the network is assumed to have a static fixed

identifier and a current coordinate in the form of a longi-
tude and latitude, generated by the GPS receiver. PVRP is a
disruption tolerant discovery protocol that allows one node
to discover the current coordinate for a fixed identifier as-
sociated with another node or service (like Access Point or
Internet access). The latency of discovery can range from
milliseconds to tens of seconds.

In PVRP we assume that each node maintains a neighbor
table consisting of the neighbors in one-hop wireless range
and their last reported locations. This is maintained using
a simple hello protocol. Each node beacons its current lo-
cation every p seconds, and these are used to maintain the
neighbor table, e.g. p = 0.5 seconds. Any entry for which
no beacon is received in p+ δ seconds is removed.

2.1 Maps
PVRP discovery protocol assumes that each node has ac-

cess to a complete digital street-level map for its current
world region. Such digital maps are commercially avail-
able from a number of suppliers, and are already used in
PNDs. A digital map for the entire USA can be encoded in
less than 1GB. Street maps are pre-processed such that each
street segment is approximated by a straight line, and each

1



Figure 1: Rendered small street map with all junctions
highlighted with a circular marker.

line terminates in a junction. Hence, the map is a graph with
junctions being vertices connected by streets that are edges.
Curved streets are decomposed into a sequence of straight
lines connected by junctions with just two edges. For exam-
ple, in Figure 1 the street at the top left corner includes two
such junctions. By definition, all junctions must have at least
one edge attached to them; a junction with only a single edge
represents a dead end, and several examples can be seen on
the middle right hand side in Figure 1. In these maps, when
one street crosses another one using a bridge, it is not treated
as a junction. The post-processed maps are readily available,
and in reality this is the format that map data is usually re-
leased. For example, the USA TIGER map dataset we use,
which is freely available, already comes in this format. We
assume that a node can determine the street it is currently on
using the GPS location information and the digital map.

2.2 Discovery algorithm
PVRP treats the digital map as an overlay on the physical

topology, providing a virtual overlaid namespace in which
discovery is performed. The underlying motivation for this
is that the physical network topology evolves rapidly with
node mobility, and therefore, any discovery algorithm ex-
pressed in terms of the physical node topology will be frag-
ile. Conversely the rate of change of the overlay namespace
(the digital map) is very slow, and therefore operating in the
map namespace helps to overcome the fragility introduced
by the dynamic underlying physical topology.

When a node initiates a discovery, a discovery packet is
generated. The discovery packet is forwarded, using unicast,
through a set of nodes on a street segment towards the loca-
tion of a junction. When a discovery packet reaches a junc-
tion, the packet is forked and one copy sent down all street
segments leading from the junction, except for the segment
it has just traversed. In low density environments, a simple
store-and-forward approach is used, so if progress cannot be
made towards a junction, packets are cached on nodes until
a node that can make progress is found, just as in routing.

In more detail, when a node initiates a discovery, a packet
is created for each junction attached to the street segment
that the node is currently on. The packet contains the iden-
tity of the destination or service (d), a junction from the

map (j), and an empty list of junctions visited (v). In the
normal case where a node is mapped onto the middle of a
street segment this will result in two packets being gener-
ated, one for each of the two junctions, A and B, at the end
of the street segment. One discovery packet is routed to-
wards A and the other towards B, with j = A, v = B or
j = B, v = A being embedded in the discovery packet. If
the node is at a junction, then one discovery packet is gen-
erated for each neighboring junction directly reachable by a
street segment from the current junction. The post-processed
map is a graph with the useful property that, for any junction
(vertex), a connected vertex can be reached by greedily ge-
ographically routing along the edge towards the vertex. The
discovery packets routing exploits this: when a node Y re-
ceives a packet, it first checks if it is the destination (d = Y ).
If this is the case, the discovery has been successfully deliv-
ered and the message is not forwarded. Otherwise, if d is
a one-hop neighbor, Y forwards the packet to d using uni-
cast. If neither of these two cases hold, then Y checks if it is
within m meters of the destination junction, and if it is not,
then Y simply routes the message towards the current next
junction. This is achieved by Y checking if any one-hop
neighbor is geographically closer to j than Y . If so, then the
packet is forwarded to the selected neighbor using unicast,
otherwise the packet is cached on Y . Every time the neigh-
bor table on Y is updated, with either a new location or a
new one-hop neighbor, or the location of Y changes, then Y
rechecks all the cached packets to see if any should be for-
warded to another node which is now closer to each packet’s
j. This is therefore a store-and-forward protocol for routing
packets between junctions.

If Y is within m meters of the destination junction, j,
then the list of visited junctions is updated to include j, and
the discovery packet is split into k − 1 packets, where k is
the number of edges out of the junction. So, there is one
discovery packet for each edge leading out of the junction,
where the associated junction is not in the list of visited ver-
tices. Each of these discovery packets is then routed inde-
pendently towards the next junction, using the greedy store-
and-forward routing mechanism described.

A discovery message has an upper bound on its lifetime
that can be expressed in terms of number of junctions tra-
versed, wall-clock time, geographic area or number of hops.
When a source generates a discovery request it can provide
bounds on all or a subset of these, but we believe that nor-
mally a discovery request will be bounded on geographic
area. Given the disruption tolerant nature of PVRP the dis-
covery packets could potentially be cached on vehicles for
long periods of time. There is a realistic upper bound on
how long a discovery message is valid, based for example,
on the speed that the source is moving. This is likely to be
on the order of ten seconds to a minute. It should be noted
that for all packets, we also enforce a local timeout on the
time that any node will locally cache a packet, after which
the packet is dropped, e.g. 20 seconds.
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In general, using the street map as an overlay is good be-
cause the message overhead is O(S), where S is the number
of street segments in the map. In environments where the
density of nodes is high, for example on a freeway, S << N
and a simple flood would beO(N). When the density is low,
S >> N so PVRP will generate more overhead than simply
flooding. However, in this case, PVRP is able to successfully
reach the nodes when flooding would not.

We have evaluated the performance of PVRP in both large-
scale simulations and on a small-scale real world testbed and
across a range of experiments it performs well. While space
constrains force us to omit extensive results, PVRP showed
a discovery ratio ranging from 85% to 100% with density of
50% and 100% respectively. PVRP discovery overhead re-
sulted 20 times lower than proactive location services such
as GLS and 30 times lower than disruption-tolerant flood-
based discovery services.

3. RELATED WORK
There have been many proposals for location discovery

services, including [10, 18, 19, 3], for use with geographic
routing protocols. Most of these services are proactive and
attempt to maintain information distributed over a network.
When the network is very sparse this is hard. To the best
of our knowledge, PVRP is the first one explicitly designed
to be disruption tolerant. Delay-tolerant routing protocols,
e.g [2, 1, 11, 4], have been designed to support routing over
networks that are partitioning over long periods of time, in
some cases days. The issue of discovering the location in a
DTN has been addressed, for example, in [17] they describe
an architecture that uses Home Location Servers to store the
mapping between users (devices) and custodians, where a
custodian server effectively knows the location of the user
(device). This is implemented using a DHT and assumes that
source can gain direct or indirect access to the DHT. A simi-
lar idea is proposed in OLS [5], where a DHT is run across a
set of APs to maintain the mapping between vehicles identi-
ties and current locations in a vehicular environment. In gen-
eral, these protocols exploit opportunistic encounters, and
most exploit some element of historical contact distributions
to control packet forwarding. Many of these protocols are
effectively scoping a flood. PVRP can also be considered
as a scoped flood, where the flood is performed in the map
overlay. PVRP aims to be disruption tolerant and able to
work over a network that is dynamically and frequently par-
titioning, but where packets can be delivered on the order
of seconds to tens of seconds. Due to the environment, and
the number of nodes in a vehicular environment, it is difficult
to maintain meaningful historical information about vehicles
inter-contact times and locations.

A number of geographical routing protocols have been
proposed for vehicular networks, and many of them explic-
itly use a map, e.g. [12, 9, 8, 21, 15] and some implicitly,
e.g. [13, 14]. Almost all use a non-disruption tolerant flood
over the physical topology to find the location of the des-

tination, e.g. RLS [7], or simply assume that an oracle is
available. All these would benefit from using PVRP to dis-
cover the mapping between destination identity and current
location.
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