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SUMMARY Resource discovery is an essential function for distributed
mobile applications integrated in vehicular communication systems. Key
requirements of the mobile resource discovery are wide-area geographic-
based discovery and scalable resource discovery not only inside a vehicular
ad-hoc network but also through the Internet. While a number of resource
discovery solutions have been proposed, most of them have focused on spe-
cific scale of network. Furthermore, managing a large number of mobile
resources in the Internet raises a scalability issue due to the mobility of
vehicles. In this paper, we design a solution to wide area geographical mo-
bile resource discovery in heterogeneous networks composed of numerous
mobile networks possibly connected to the Internet. The proposed system
relies on a hierarchical publish-subscribe architecture and geographic rout-
ing so that users can locate resources according to geographical coordinates
without scalability issue. Furthermore we propose a location management
mechanism for mobile resources, which enables to reduce periodic updates
of geographical location. Numerical analysis and simulation results show
that our system can discover mobile resources without overloading both
mobile network and the Internet.
key words: resource discovery, publish/subscribe, IPv6 GeoNetworking

1. Introduction

Distributed mobile applications for emerging vehicular
communication systems (VCS) consume a wide variety of
resources provided by applications and possibly network
services. Mobile applications dynamically orchestrate the
resources, for instance, an in-vehicle driving assistance ap-
plication may try to obtain road traffic information from sur-
rounding road users (e.g., vehicle, pedestrian, roadside) in-
side a specific intersection along its driving route, and then
find out a parking slot along a street without traffic jam. In
this case, the application needs to consume two types of re-
sources provided by a kind of road traffic information ser-
vice and parking slot navigation service. Recent years, such
applications have been studied as a part of Intelligent Trans-
port System (ITS) applications [1]–[3].

A key function for mobile applications in VCS is Re-
source Discovery. Before communicating with resource
providers, applications need to locate them in dynamic mo-
bile environments. From the point of view of network-
ing, the resource discovery locates communication endpoint
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(e.g., socket address) of application and network resources
using arbitrary descriptions of resources, such as resource
identifier and resource specific attributes.

The main challenge of resource discovery for VCS is to
discover resources according to their geographical position
in heterogeneous environments. Since VCS applications are
highly dependent on physical location, resources must be
discovered according to their geographical position. An im-
portant issue regarding the geographical resource discovery
is the diversity of underlying network topology and proto-
col, which prevent integrating Geographical routing proto-
cols designed for a specific type of network. Applications
and requested resources might be connected with each other
through several different types of networks; for instance,
they are connected (i) within single wireless mobile ad-hoc
network using a specific multi-hop routing protocols, (ii)
through a WLAN access point using conventional IP rout-
ing protocols, or (iii) with single-hop broadcasting. Further-
more, they communicate with each other via multiple net-
works. Even though there are a number of geographic rout-
ing protocols, inter-domain Geocasting relying on a specific
protocol is not a feasible solution. In addition to the geo-
graphical discovery, scalability must also be taken into ac-
count due to a huge number of mobile nodes.

In this paper, we propose a mobile resource discov-
ery system that supports not only local scope but also
global scope discovery according to geographical position.
The system is built on a hierarchically-distributed publish-
subscribe architecture, which enables scalable resource dis-
covery, in combination of a geographic routing protocol.
The loose coupling nature of publish-subscribe [4] scheme,
which enables applications to communicate with poten-
tial resource providers asynchronously and anonymously,
is suited to resource discovery for VCS. To handle a huge
number of mobile resources in VCS, our system relies on
the distributed publish-subscribe architecture; the publish-
subscribe server (namely broker in this paper) is distributed
to several nodes in static (core) and mobile networks. The
intra-domain geographical messaging is supported by IPv6
GeoNetworking, a sub-network-layer geographic routing
protocol, while the distributed brokers support the inter-
domain scenario.

We focus on two main issues in the distributed publish-
subscribe resource discovery for VCS. The first is a scal-
ability issue due to frequent location updates by resource
providers. In the case of geographic-based mobile resource
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discovery, resource providers need to publish available re-
sources with their current geographical positions. Since this
information must be frequently updated depending on pub-
lishers’ mobility in order to keep the consistency of regis-
tered information, the huge number of location updates from
publishers may cause a scalability issue.

The second issue is how to select an appropriate scope
for discovery: the smallest scope is a single hop inside
one single mobile ad-hoc network, whereas a larger scope
may be from a mobile network to another mobile networks
via several networks through the Internet. The appropriate
scope is not known a priori, since applications issue discov-
ery queries only containing requested resource identifier, ge-
ographical position, and additional attributes, which do not
help to determine the topological scope. Larger scope is
preferable to discover resources certainly, however, large-
scope discovery may cause a scalability issue. On the other
hand, a smaller scope is desirable to discover resources
rapidly, but it may fail to discover potential publishers. The
main contributions of this paper are therefore as follows:

• A geographically-distributed publish/subscribe sys-
tem: to reduce control messages, dedicated servers
compose a group of publish/subscribe brokers on
top of a geographically-distributed overlay network
(namely, core brokers), while mobile nodes support-
ing a GeoNetworking protocol, act as mobile brokers,
connect to the core brokers. These two types of brokers
localize communications between publishers and sub-
scribers according to their geographical and topologi-
cal locations by utilizing the information of boundary
of GeoNetworking-enabled network. It contributes to
discover resources without incurring bandwidth usage.

• Adaptive scope selection according to topological
and geographical location: to reduce unnecessary
queries from subscribers to brokers, mobile brokers
adaptively select an appropriate scope of discovery ac-
cording to the geographical destination of subscription
taking into consideration of the boundary of geograph-
ical routing-enabled domains.

• Mobility aware, event driven location update: to
reduce the number of location update from publish-
ers, a location update is issued only when a publisher
changes its mobility pattern, i.e., speed and/or heading.
It contributes to reduce bandwidth usage due to large
amount of periodic location updates.

• Integration of the standardized IPv6 GeoNetwork-
ing: the proposed system exploits the standardized
IPv6 GeoNetworking mechanism [6]–[8], a geograph-
ical routing protocol designed for emerging VCS. We
evaluate extensibility of IPv6 GeoNetworking for re-
source discovery.

The reminder of this paper is organized as follows.
Section 2 explores existing relevant solutions for the geo-
graphical publish-subscribe mobile resource discovery. Sec-
tion 3 defines assumptions, the considered network model
and then describes the protocol operation of our system. We

then present comparative performance evaluations in Sect. 4
and Sect. 5. Section 6 finally concludes the paper.

2. Related Work

Resource discovery protocols: one of popular categories
of resource discovery techniques is service discovery. It
enables to discover communication endpoints of software
and/or hardware services [21]. There have been a number
of standardized service discovery protocols. Service Lo-
cation Protocol version 2 (SLPv2) is an IP multicast-based
service discovery protocol standardized by IETF [11], [12],
composed of User Agent (UA), Service Agent (SA), and op-
tional Directory Agent (DA). UAs request location of ser-
vices to SPs or DAs using a type and attributes of necessary
service. If a service description managed by a SP and/or DA
satisfies the request, the SP/DA returns a list of URL repre-
sentation of available services in the considered network.
UAs and SAs directory communicate with each other via
IP multicast, only when DAs are not detected. If DAs are
available in the network, UAs communicate with DAs via
unicast. SAs always deliver messages to UAs via unicast.
The benefit of this protocol is to send messages to a specific
subset of nodes that manages a particular service using the
IPv6 multicast. However, it is designed for relatively-stable
and small-scale network; it does not fit the wide-area mobile
resource discovery depending on geographical position.

Multicast DNS (mDNS) with DNS-based service dis-
covery (DNS-SD) is a service discovery protocol also rely-
ing on IP multicast [16], [17], which discovers services us-
ing the standard DNS message via IP multicast using a dedi-
cated DNS domain ‘.local.’. DNS servers are not necessarily
used since mDNS/DNS-SD nodes work as distributed DNS
servers. Both SLPv2 and mDNS/DNS-SD can efficiently
discover services in stable and/or local networks, however,
regarding the resource discovery in VCS, they may con-
sume significant bandwidth due to the traditional IP mul-
ticast without geographical position support.

IP mobility support protocols: our focus, discovering
mobile resources, is conceptually similar to the network-
layer mobility support protocols [13], [15]. The difference
between these protocols and our approach is the complexity
of resource: these protocols are dedicated to IP routing (IP
address discovery), which enables to discover Care of Ad-
dress (transient, actually-routable topological location) ac-
cording to Home Address (permanent topological location),
thus the discovery manner in these protocols is exact match-
ing: which node need to be discovered is explicitly deter-
mined a priori. On the other hand, we focus on discovering
communication endpoints and descriptions of resources ac-
cording to complex predicates (i.e., current geographical po-
sition, resource type, supplemental attributes). It is not the
exact matching of IP address discovery but content-based
lookup; clients do not know which nodes are discovered un-
til they receive results of discovery. After receiving the re-
sults, clients choose one of (or a number of) nodes from dis-
covered candidates. It raises different requirements, in par-
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ticular, multi-attribute, geographical position-based lookup,
and extension of data elements.

Geographic routing protocol: to deliver packets ac-
cording to geographical position, the European Telecommu-
nications Standards Institute (ETSI) has specified a GeoNet-
working protocol and its adaptation mechanism to IPv6
(GN6ASL: GeoNetworking to IPv6 Adaptation Sub-Layer)
[9], which enables IPv6 be operated over the network-layer
GeoNetworking protocol [8]. The GeoNetworking protocol
is a full set of sub-IP geographical messaging technologies,
including a geographical addressing, geographical routing,
and geographical location resolution mechanism (namely
Location Service). The GeoNetworking protocol is located
between the network layer and the link layer, and GN6ASL
provides interfaces to IPv6 so that upper layer entities can
use GeoNetworking through conventional IPv6. Several
types of geographical routing have been specified, such as
GeoUnicast, GeoBroadcast, and GeoAnycast. In particular,
GeoBroadcast delivers packets to all nodes inside an certain
geographical area, described as a circle, rectangle, or ellipse.

Publish/subscribe systems: the publish-subscribe is a
mature paradigm; there have been a wide variety of publish-
subscribe systems, such as [20], [23]. A mobility support
mechanism for distributed publish-subscribe systems has
been proposed, which can handle mobile clients by means
of service proxies, which act as an interface for clients
to the publish-subscribe system [10]. Subscriptions and
publications are managed by proxies on behalf of clients.
Thanks to the buffering and synchronization of subscrip-
tions/publications, clients can move from an access point to
others so that it minimizes the inconsistency of information.

3. Geographically Distributed Mobile Publish/Sub-
scribe Resource Discovery

3.1 Assumption and System Model

We assume a set of networks composed of two types of mo-
bile nodes, the one supports IPv6 with mobility support pro-
tocols and IPv6 GeoNetworking, while the other dose not
support GeoNetworking. A subset of former type of nodes
composes a wireless ad-hoc network using GeoNetworking
(namely GeoNetworking domain). On the other hand, the
latter type is not capable of ad-hoc multi-hop communica-
tion according to geographical position. Since each node
supports IPv6 mobility support protocols, at least one per-
manent IPv6 address is assigned to each node regardless
of the point of attachment and underlying communication
stack. These mobile nodes may be temporally disconnected
from the Internet, even in this case mobile nodes can com-
municate with other ones inside their nearby area using
temporally-assigned IPv6 address. Each mobile node can
obtain geographical position from GPS devices, static con-
figuration file, etc. In this paper, we assume the obtained
geographical position is accurate.

Our system consists of four components: publisher,
subscriber, core broker and mobile broker, as depicted in

Fig. 1 System model. S and P represents subscriber and publisher,
respectively.

Fig. 1. Publishers act as resource providers, while applica-
tions are subscribers. Core brokers are connected to each
other, while mobile brokers are attached to one of them.
Publishers and subscribers only communicate with topolog-
ically neighboring core or mobile brokers, for instance, an
in-vehicle publisher/subscriber is attached to a mobile bro-
ker installed in an in-vehicle mobile node. Regardless of the
type of broker, publishers and subscribers just send publi-
cation (information of available resources) and subscription
(resource discovery request) to the connected broker. Note
that the distinction between the four system components is
conceptual; some components may be installed in an identi-
cal node (e.g., a smartphone may be a publisher, subscriber,
and mobile broker at the same time).

To manage a large number of publications and sub-
scriptions, core brokers act as a distributed database on an
overlay network, where each core broker is assigned an
identifier in the overlay generated using e.g., the Z-order
curve [22]. Thanks to the space-filling curve, which maps
multi-dimensional space (in this paper, 2D surface in the
earth) to one dimension with keeping its locality, each core
broker manages publications according to geographical area
using geographical coordinates. In other words, publica-
tions in a neighboring area are likely to be stored to the same
core broker.

The main requirements for the overlay network as a
foundation of the core broker network are therefore as fol-
lows: geographic search, range search, and scalable search.
As described previously, a geographic search is a key re-
quirement for the proposed system. A range search is
needed to search resources by area instead of point, the ca-
pability of range-based lookup is necessary instead of exact-
matching-based lookup for better performance. Regarding
the scalable search, it is necessary to finish a lookup in rea-
sonable cost even the number of nodes are large, for in-
stance, broadcast-based approach, sequential lookup to all
nodes, is not applicable.

While our proposed mechanism itself is independent of
the overlay networking mechanism as long as it supports the
above requirements, we assume [26] as a foundation of the
core broker network, which is a structured overlay network
using the Z-order curve-based IDs that can search stored
value by O(log N) according to geographical position and
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supports range search.
In the proposed system, resource discovery is per-

formed with three main functions: publish, subscribe, and
notify, as in typical publish/subscribe systems [20]. Re-
source providers publish descriptions of resources to one of
brokers, while applications subscribe to a certain resource
to brokers. Brokers match the publications and subscrip-
tions, and then notify subscribers if publications satisfy the
subscriptions. For instance, in the case of the route guid-
ance application outlined in Sect. 1, the driving assistance
application at first subscribes to a road traffic information
service with geographical addresses of intersections along
its driving route to one of brokers. The broker then notifies
descriptions of the service if there are publications of the
road traffic information service in the requested area.

3.2 Data Model

In the proposed system, a resource is described as a Re-
source Description, a set of data elements containing geo-
graphical position, socket address, resource identifier, and
resource-specific attributes (e.g., organization, type of ve-
hicle, priority, etc.). To reduce bandwidth usage, we sepa-
rate the resource description in two types of data sets: static
profile and dynamic profile. The static profile is delivered
only once from mobile to core brokers, while the dynamic
profile is generated when the static profile needs to be up-
dated. The static profile is composed of tuples of the form
(HP, S A, rd1, ..., rdi), where HP points to the Home Posi-
tion, the primary geographical position of resource provider:
the position when a resource provider is activated. S A,
stands for Socket Address, shows the communication end-
point of resource provider. rdi comprises ith Resource De-
scription. A Resource Description is represented as a tuple
(RI, A, at1, ..., at j), where RI is Resource Identifier, a unique
identifier for the resource, and A is Availability, a binary in-
teger that represents whether the resource is active or not.
ati is the ith Attribute.

The dynamic profile basically represents the mobility
of resource providers. To describe the current status of mo-
bile nodes while protecting location privacy, the mobility
of resource providers is described as a sequence of differ-
ences of coordinates compared to HP. The dynamic pro-
file is composed of tuples of the form (DP, rdm1, ..., rdmk),
where DP is Difference of Position that describes the dif-
ference of coordinates from last update, and rdmi is ith Re-
source Description Modifier, comprises corresponding re-
source identifier and optional updates, which enable to mod-
ify the availability and attributes of corresponding resource
registered with the static profile.

While a publication message is composed of a static
profile or a dynamic profile, a subscription message is com-
posed of tuples of the form (S A, T A, rd) where S A is the
socket address of a resource consumer. T A is a target area
where requested resources must be inside. On the other
hand, a notification message is composed of a list of data
elements (S A, rd) which contains the socket address of a

discovered resource provider.

3.3 Geographical Locality-Aware Discovery Scope Selec-
tion

The key issue to wide-area resource discovery is the selec-
tion of scope of discovery. The topological scope of sub-
scription should be small enough as long as it covers the
geographical destination, however, it is difficult to specify
an appropriate topological scope corresponding to the re-
quested geographical destination. Although GeoNetwork-
ing can perform such a routing, as of now basically it is only
applicable to a single GeoNetworking domain.

The proposed system thus exploits the concept of Ge-
ographical Virtual Link (GVL) area of GN6ASL. A GVL is
a logical link covering multiple physical links, separated by
geographical boundaries [9]. GVL is used by associating to
a corresponding geographical area (GVL area). Since each
GVL is associated with a certain geographical area, geo-
cast packets delivered on a certain GVL is propagated only
within its associated geographical area. This feature can be
used by mobile brokers to know whether the destination area
is reachable with the geographical routing. In other words,
nodes in a place covered by a GVL area can be reachable us-
ing the geographical routing through their associated GVL.

By exploring the above feature of GVL, the proposed
discovery scope selection is performed as follows: When
a mobile broker receives a subscription message contain-
ing a description of a requested resource and a destination
area, the mobile broker checks if it has a network interface
supporting GeoNetworking. If there is a GeoNetworking-
enabled interface, the mobile broker calculates the intersec-
tion area of the destination area for subscription and the
GVL area of the network interface. If the size of intersec-
tion area is larger than a certain threshold, the mobile broker
directly delivers the subscription as a GeoBroadcast packet
to all mobile brokers inside the destination area.

On the other hand, if the size of the intersection area
is smaller than the threshold, or the mobile broker does not
have a GeoNetworking-enabled interface, the subscription
is delivered as a unicast packet to a core broker instead. For
instance, in Fig. 2, the subscriber S knows the size of ge-

Fig. 2 Discovery scope selection. Geocast-based local area discovery
(path s2) is performed only when gdi is larger than a certain threshold.



1710
IEICE TRANS. COMMUN., VOL.E96–B, NO.7 JULY 2013

s← received SUBSCRIPTION{rd, gd}
for all interface ik ∈ I do

if ik supports GeoNetworking then
g← GVL area of ik
if s.gd ∪ g � φ ∧ |s.gd∪g||s.gd| ≥ rgd then

geocast s to all nodes inside the area s.gd
end if

end if
end for
if s is not delivered yet then

unicast s to a core broker
end if

Fig. 3 Pseudo-code of the scope selection.

ographical area GVLi. Since the area gdi, an intersection
area of gd = gdi + gdo and GVLi is large enough, the mo-
bile broker connected to S delivers a subscription message
to gdi (path s2) instead of the core brokers (path S 1). The
algorithm for the scope selection invoked in mobile brokers
is therefore described in Fig. 3. In this figure, rd is the re-
source description, gd is the geographical destination of cor-
responding subscription, I is a list of active network inter-
faces, and rgd(0 < rgd ≤ 1) is the minimum ratio of the size
of the intersection area for gd, used as the threshold.

Some of the existing solutions also support multiple
discovery scope, such as [11], [12], however they need static
configuration. The proposed mechanism, on the other hand,
can dynamically select the scope according to descriptions
of subscriptions and underlying network topologies.

3.4 Mobility Aware Event-Driven Location Update

In the proposed system, geographical locations of publishers
are stored in core brokers in a distributed manner. Mobile
brokers update their locations by sending their current loca-
tions to one of core brokers, then the core broker propagates
these locations to the other core brokers. These brokers
manage locations using two mechanisms: Home Position
Registration, and Event driven location update, performed
as a part of publication. The description of each mechanism
is described as follows:

Home Position Registration is performed only on boot
of mobile brokers: when a mobile broker is connected to
one of core brokers, it registers the home position Phome,
composed of its current latitude and longitude (obtained by
e.g., in-vehicle GPS) as one of data elements in the static
profile described in Sect. 3.2, to the core broker. Note that it
is assumed each publisher registers its resources to a mobile
broker a priori.

Event driven location update is performed as a part
of publication when mobile brokers change speed, heading,
and/or position over certain thresholds. Subsequent to Home
Position Registration, each mobile broker sends a difference
in position Δp between its Phome and current position. In the
next update, it also sends Δp which contains a difference in
position from the last update. Using Phome and the sequence
of Δp, core brokers calculate geographical position of pub-
lishers at a certain time t: a geographical position at a certain

time Pt is calculated as Pt+1 = Pt +
∑t

i=1 Δpi, where Δpi is
the Δp at the ith location update. P0 corresponds to Phome.

In addition to these location update mechanisms, to re-
cover from location update failures due to e.g., packet loss,
we introduce a set of error correction mechanism performed
in core and mobile brokers: at a certain interval, both bro-
kers exchange the difference of position between Phome and
current up-to-date position. If the difference contains a cer-
tain amount of error, each mobile broker sends error correc-
tion information to a core broker: how much the difference
needs to be adjusted. These three mechanisms are sequen-
tially invoked so that the above mentioned two location up-
dates and the error correction does not conflict with each
other.

The main advantage of the proposed mechanism is,
compared to the periodic update, it can reduce the number of
updates. Furthermore, it can avoid propagating the complete
geographical position; the geographical coordinates are de-
livered to core brokers only once. Malicious nodes cannot
get the complete geographical position unless they obtain
Phome and all sequence of Δp. It thus contributes to the lo-
cation privacy protection.

4. Accuracy Evaluation

To evaluate the effectiveness of the proposed mechanism,
in this section we study the accuracy of location update of
the proposed system using the ns-3 network simulator. In
this evaluation, we focus on the impact of frequency of lo-
cation update and failure in the accuracy of updated loca-
tion on core brokers. The accuracy of location update from
mobile to core brokers depends on the mobility of mobile
nodes, frequency of location update, and ratio of location
update failure due to e.g., packet loss. We thus evaluate the
accuracy of location update of a pair of mobile and core
broker under different mobility patterns and the reliability
ratio of successful location update rp, using the ns-3 net-
work simulator. We use two mobility patterns: regular and
high mobility. Under each mobility pattern, the mobile bro-
ker moves to randomly-selected direction. Its behavior is
based on the random walk model, but it constantly acceler-
ates/decelerates after/before corners. We implemented this
model by extending the random walk model in ns-3. Table 1
shows the settings in each mobility pattern. In each mobil-
ity pattern, we used three settings for rp = {0.1, 0.3, 0.5}.
It means location updates from mobile to core brokers are
failed with probability 10%, 30% and 50%. The other set-
tings are shown in Table 2.

In the medium mobility scenario, the average size of
error is 9, 15, and 24 meters in the rp 0.1, 0.3, and 0.5,
respectively. In these cases, the numbers of successful lo-
cation updates are 846, 662, and 464 while the numbers of
error corrections are 51, 57, and 76, respectively. In the
high mobility setting, the average error sizes are 10, 15, and
23 meters in each rp settings respectively. The numbers of
successful location updates are 974, 762, and 541 while the
numbers of error corrections are 82, 78, and 84, respectively.
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Table 1 Mobility setting for accuracy evaluation.

Parameters Medium mobility High mobility

Maximum speed 60 km/h 80 km/h
Turning speed 10 km/h 20 km/h

Acceleration 1.5 m/s2 2.5 m/s2

Deceleration 1.5 m/s2 2.5 m/s2

Table 2 System setting for accuracy evaluation.

Parameters Value

Simulation duration 1 hour
Speed threshold (ΔS ) 5 km/h
Heading threshold (ΔH) 5 deg.
Distance threshold (ΔD) 0.5 km
Error correction threshold (therror) 25 m
Error check interval 60 second
Error check time after turning 5 second

Fig. 4 Accuracy of location update (Medium mobility).

Fig. 5 Accuracy of location update (High mobility).

The distribution of the location update error for each mobil-
ity is shown in Figs. 4 and 5. These results show that the size
of the location update error is 25 meters in the worst case,
which corresponds to (i) the size of an edge of a small inter-
section (double lane with sidewalk on each side), (ii) around
the length of 5 passenger vehicles without inter-vehicular
distance, or (iii) around a typical inter-vehicle distance in

a suburban area. Consequently, the proposed system has
enough capability of locating resources inside an intersec-
tion, and also within an inter-vehicle distance.

Compared to the periodic update mechanism relying on
GPS, in which a location update is invoked every time nodes
obtain a new position from GPS (typically, every second),
the proposed mechanism can reduce the number of packet.
For instance, in the medium mobility scenario, it reduced
the number of update about by 80%; 662+57 updates in the
proposed mechanism (rp = 0.3) compared to 3600 updates
in the periodic update mechanism.

5. Control Cost Analysis

In this section, we evaluate the control overhead of the pro-
posed system by presenting a simple analytical model for
each process. We focus on the impact of the size of network
(e.g., the number of mobile nodes, size of GVL area, etc.) to
the amount of control messages generated by core and mo-
bile brokers; The analytical model is designed to study the
total amount of control messages generated by the proposed
system, including publication, subscription and notification
messages for each discovery scope. We model the amount
of control messages for (i) one mobile network, and (ii) the
core broker network. All notations and settings used in the
analysis are found in Tables 3 and 4.

The system is composed of Ncb core brokers, Np pub-
lishers, and Ns subscribers, and an arbitrary number of mo-
bile brokers. The number of mobile brokers is not specified
in this analysis since the control overhead depends only on
the number of publishers and subscribers in our proposed
system. Mobile brokers are connected or directly installed
to mobile routers which support both ad-hoc multi hop rout-
ing by GeoNetworking and conventional IP routing proto-
cols (possibly using multiple access interfaces for each rout-
ing, e.g., WLAN and Cellular). Publishers and subscribers
are connected to one of mobile brokers. For simplicity,
each publisher has one resource in this analysis. Mobile
brokers compose GeoNetworking-enabled mobile networks
bounded to GVL area. We assume the entire geographical
area in this evaluation are separated to 2D-grid shaped GVL
areas and each area is assigned to one of mobile networks.
The size of each GVL area is assumed to be same. Each
node is uniformly distributed to the networks.

The scope for each discovery, (i) in-network Geocast-
based discovery or (ii) unicast-based discovery to core bro-
kers, depends on the location and size of destination area
for discovery, the number of mobile network, and the size
of each mobile network (corresponds to the size of a GVL
area). For simplicity, we assume the destination area has a
circular shape with a fixed lr meter radius, and the location
of destination area is randomly selected among entire mo-
bile networks. We also fix rgd at 0.5. In this scenario, the
probability that a subscriber specifies a destination area in-
side its own mobile network (local network) is pl. Inside the
local network, the subscriber randomly specifies a certain
destination area. The probability that the ratio of the inter-
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Table 3 Notation of model variables.

Symbol Definition

Ncb Number of core brokers in the system
Np Number of publishers in the system
Ns Number of subscribers in the system

N(m)
p Number of publishers in one mobile network

N(m)
s Number of subscribers in one mobile network

N(gd)
p Number of mobile brokers inside geographical destination

pgd Probability that the ratio of the intersection area of
destination area and the local network is larger than rgd

rlocal Local area discovery invokation ratio
Cmobile Total control overhead for one mobile network
Ccore Total control overhead for the entire core broker networks

Table 4 Notation of model parameters and settings.

Symbol Definition Value

pl Probability that a subscriber specify a destination 0.5
inside its own mobile network

λs Ratio of subscription per unit time 1
λn Ratio of notification per unit time 1
λp Ratio of publication (location update) 0.26
λpe Ratio of location update error correction 0.01
hmm Hop count between mobile nodes 5
hmg Hop count (mobile node/access router) 1
le Length of edges of a mobile network 500 m
lr Radius of the destination area 50 m
ls Packet length of subscription message 256
ln Packet length of notification message 512
lsp Packet length of publication (static profile) 640
ldp Packet length of publication (dynamic profile) 128
llu Packet length of overlay lookup message 64

section area of the destination area and the local network is
larger than rgd = 0.5, in other words, the probability that a
subscription message is delivered as Geocast packets inside
a mobile network, pgd is thus given by

pgd =
le

2 − 2lr
2

le
2
,

where le is the length of edge of a mobile network. Con-
sequently, the ratio that a subscriber performs a local area
discovery rlocal is rlocal = pl pgd. In other words, (1 − rlocal)
means the ratio of wide area discovery.

We assume the average hop counts among mobile bro-
kers is 5 hops, according to the default hop limit of 5 spec-
ified in [8]. The settings of the length of each packet in-
cludes underlying layers’ protocol headers, such as LLC,
MAC, GeoNetworking (GeoBroadcast), IPv6 and UDP. The
ratio of publication and location update error correction are
derived from Sect. 4, which showed the amount of location
update (publication) and error correction.

5.1 Cost for Mobile Network

The control overhead for a mobile network is described as
the sum of messages for subscription and notification be-
tween mobile brokers in the local and wide area discovery,
and publication from mobile to core brokers. The number of
mobile brokers which reply to the subscriber is derived ac-

cording to the density of mobile brokers and the size of geo-
graphical destination for subscription. The control overhead
for each mobile network per unit time Cmobile is expressed
by

Cmobile = N(m)
s {rlocalhmm(λsls + N(gd)

p λnln)

+(1 − rlocal)hmg(λsls + N(gd)
p λnln)}

+N(m)
p {hmg(lsp + λpldp + λpeldp)},

where N(m)
s and N(m)

p are the numbers of subscribers and
publishers in a single mobile network. λs and λn are ratio
of subscription and notification per unit time, while λp and
λpe are ratio of publication and location update error cor-
rection per unit time, respectively. hmm is the average hop
count between mobile nodes, and hmg is the hop count be-
tween mobile nodes and gateway of mobile network (e.g.,
access router). ls and ln are packet length of subscription
and notification, whereas lsp and ldp are the length of packet
containing the static and dynamic profile, respectively. N(gd)

p

is the number of mobile brokers inside the geographical des-
tination, thus N(gd)

p = πlr
2 · N(m)

p /le
2.

5.2 Cost for Core Broker Network

Regarding the cost for core brokers, we analyze the control
overhead to the entire core broker network, and the over-
head to each core broker. The control overhead for the entire
core broker network is the sum of subscription/notification
messages from/to mobile brokers in the wide area discov-
ery, publication messages from mobile brokers, and lookup
messages within the core broker network. The cost for the
core broker network per unit time Ccore thus yields

Ccore = Ns{λs(1 − rlocal) · (ls + llu(log Ncb + 1)) + N(gd)
p λnln}

+Np{lsp + λp(ldp + llu(log Ncb + 1))

+ λpe(ldp + llu(log Ncb + 1))},

where llu is the length of packet used to lookup a core broker
managing the requested geographical area by the subscrip-
tion message. The control overhead for each core broker
C(i)

core is therefore obtained as C(i)
core = Ccore/Ncb.

5.3 Numerical Results

Cost for mobile network: Fig. 6 shows the impact of the
number of publishers in a mobile network on the control
overhead (Cmobile) under different numbers of subscribers.
The total amount of messages in one mobile network is
about 35 MBytes/s at a maximum number of publishers and
subscribers. Accordingly, as the number of subscriber in-
creases, the amount of messages rapidly increased since the
number of publishers in a particular area represents the den-
sity of nodes replying to subscription messages.

In this analysis we assume the maximum number of
vehicles (i.e., publishers and subscribers) in one mobile net-
work is 1000, which corresponds to a typical scenario in a
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Fig. 6 Impact of the number of publishers on the control overhead in one
mobile network.

Fig. 7 Impact of the number of core brokers on the control overhead to
the entire core broker network.

congested urban area with 100% penetration (all vehicles
support the proposed system): suppose that there are 1000
vehicles in one mobile network consisting of a 500 m2 rect-
angular area, in which there are 20 grid-shaped, double-lane
streets at 50 m interval. It is assumed that the length of a ve-
hicle is 5 m and an inter-vehicle distance is 15 m, therefore
there are 25 vehicles in a lane.

This result shows that the impact of the penetration of
the proposed system on vehicles (how many vehicles sup-
port the proposed system); it shows that the control over-
head in one mobile network with penetration ratios of 10%,
25%, 50%, and 100% in a congested urban area: even if all
vehicles support the system, the amount of control message
for each node is 35 KBytes/s. The proposed system there-
fore needs fairly low amount of control messages.

Cost for core brokers: Fig. 7 shows the impact of the
number of core brokers for the control overhead in the en-
tire core broker network under several different numbers of
publishers and subscribers. In the following analysis, we as-
sume the maximum number of vehicles (i.e., publishers and
subscribers) in the system is 7.4 million, which corresponds
to the number of vehicles in use in Japan as of 2012 [25].

Fig. 8 Impact of the number of core brokers on the control overhead to
each core broker.

Fig. 9 Impact of the number of subscribers on the control overhead to
each core broker.

These results therefore show the control overhead in the en-
tire core broker network with the penetration ratio of 10%,
25%, 50%, and 100%. They show that the total control over-
head to the entire core broker network does not depend on
the number of core core brokers so much but the number of
publishers and subscribers. It implies that system adminis-
trators can add an arbitrary number of core brokers to reduce
the load of each broker according to the population of users.

Figure 8 shows the impact of the number of core bro-
kers on the control overhead for each core broker. By in-
stalling 20 core brokers, even in the high penetration sce-
narios, the overhead on each core broker can be reduced to
less than 500 MBytes/s. On the other hand, Fig. 9 shows the
impact of the number subscribers on the control overhead
for each core broker. These results show that if the overhead
for each core broker must be reduced to100 MBytes/s, it is
necessary to install 100 core brokers in the 100% penetra-
tion scenario.

Evaluation results in this section show the control over-
head on brokers in basic scenarios, in which all nodes are
uniformly distributed in the system and the load for each
broker is flat. It is obviously possible that there are some
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hotspots: a large number of nodes connected to a particu-
lar broker and other brokers do not have much users. This
kind of scenario must be evaluated in the future, nonethe-
less, the results in this Section also help to study costs in
such a highly-loaded scenario, since the settings of these
evaluations include a totally congested scenario.

6. Conclusion

In this paper, we presented a wide-area geographical pub-
lish/subscribe resource discovery scheme for vehicular com-
munication systems to design a common data infrastruc-
ture for emerging ITS. The proposed scheme relies on a
hierarchical publish-subscribe architecture by combining
the geographically-distributed overlay network and IPv6
GeoNetworking, which supports not only conventional rout-
ing technologies but also the geographic routing so that
users can locate resources according to geographical coor-
dinates either inside a local mobile network or in other net-
works. Such a resource discovery mechanism is essential for
future mobile environments, in which each mobile applica-
tion is distributed to any node and dynamically consumes a
wide variety of resources provided by other nodes. Since
there have been various location-based services, a common,
universal infrastructure of geographical resource discovery
that supports all potential mobile users is therefore neces-
sary.

A number of evaluations have been conducted, in
which two important performance metrics have been stud-
ied. At first we have evaluated the accuracy of the location
update mechanism using the ns-3 network simulator, then
the control overhead in (i) each mobile network and (ii) core
brokers by simple numerical models. Evaluation results
showed that our system can provide the capability of geo-
graphical resource discovery to a large number of vehicles
(i.e., resource provider as publisher and resource consumer
as subscriber) without losing scalability: the proposed loca-
tion update mechanism contributes to reduce control mes-
sages for publication, while the characteristics of structured
overlay network contributes to reduce messages for sub-
scription. Consequently, even in the highly-populated sce-
nario, in which all vehicles in Japan support the proposed
system, the control overhead in the core and mobile net-
works can be limited to be fairly small. As a next step we
are preparing to conduct to implement an actual system and
field experiments.
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