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1 Pure indicates that the
MANET paradigm is
strictly followed: no infra-
structure is assumed to
implement the network
functions, and no authori-
ty is in charge of manag-
ing and controlling the
network. General-purpose
denotes that these net-
works are not designed
with any specific applica-
tion in mind, but rather,
they support any legacy
TCP/IP application.

2 M. Conti and S. Gior-
dano, Multihop Ad Hoc
Networking: the theory (in
this issue).

INTRODUCTION

Pure general-purpose MANET1 have not yet
achieved the envisaged impact in terms of real
world implementation and industrial deploy-
ment. As discussed in the companion article,2
several reasons can be identified for this failure.
The research on pure general-purpose MANET
lacks realism from a technical standpoint and
from a socio-economic standpoint. Researchers
concentrated on a very general (and abstract)
network model: large-scale and completely
decentralized networks built upon user devices
only, with no authority in charge of controlling
and managing the network. Addressing a very
general network model provides many interest-
ing problems from the academic standpoint, but
makes it very difficult to design and develop
cost-effective and efficient network architectures
and protocols. Researchers concentrated on pro-
ducing papers presenting novel solutions to the
emerging problems. However, the implementa-
tion and integration of the solutions in system
prototypes typically was left outside the research
cycle. Only a limited number of “unfriendly”
MANET prototypes were developed. The prob-
lems of configuring physical and routing parame-
ters and the difficulty of managing all the
expected and unexpected events of wireless com-

munications, amplified by the limitations of
MANET protocols, discouraged even the experts
from using this technology. Furthermore, the
lack of understanding of the economic value of
this technology and its added value for users
makes pure general-purpose MANET unappeal-
ing to users, industry, and service providers.
General-purpose MANET did not enter the
market, and we cannot expect that it will, at
least for the foreseeable future.

In this article, we show that the failure was
due to an incorrect approach to research rather
than to intrinsic limitations of the networking
paradigm. Multi-hop ad hoc networks have a
market value when supported by a pragmatic
approach. Mesh networks are a meaningful exam-
ple of this and represent a short-term evolution
of multi-hop ad hoc networks. Mesh networks
simplify the network design by introducing fix
routers and significantly reducing the impact of
node mobility on the protocol design. With
infrastructure support, mesh networks are bring-
ing general-purpose MANET to the mass net-
working market by providing a flexible and low
cost extension of the Internet [1]. Unlike
MANET, in mesh networking, the aspects of
management and robustness are carefully con-
sidered.

Opportunistic networking constitutes a medi-
um-term application of general-purpose
MANET for providing connectivity opportuni-
ties to pervasive devices when no direct access to
the Internet is available. Pervasive devices,
equipped with different wireless networking
technologies, are frequently out of range from a
network, but are in the range of other networked
devices and sometimes cross areas where some
type of connectivity is available (e.g., Wi-Fi
hotspots). Thus, they can opportunistically
exploit their mobility and contacts for data deliv-
ery.

The other way to make multihop ad hoc net-
works a reality is to remove the general-purpose
assumption and design specialized networks, cus-
tomized to support a limited set of applications.
Battlefield and disaster recovery networks repre-
sent two well-known scenarios where pure
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MANET were successfully applied. They are
designed under the requirements of a well-
defined set of applications. In addition, they usu-
ally belong to the same authority, thus they are
not prone to all the complexity issues due to het-
erogeneity (of devices, software, applications,
and over all, of owners).

Vehicular ad hoc networks (VANET), are
emerging as a highly successful specialization of
(pure) MANET, and are expected to rapidly
penetrate the market. VANET research is
encouraged by industry and by government orga-
nizations. The high number of road accidents
calls for advanced intelligent transportation sys-
tems (ITS) solutions, and a large sector of
MANET research found a fertile field here.

Wireless sensor networks (WSN) represent a
special class of application-driven multihop ad
hoc networks. The constraints about the reliabil-
ity and timeliness of the information collected by
the sensor nodes depends greatly on the applica-
tion type; therefore the design of WSN is strong-
ly application driven. WSN are very successful
both on the user and on the industrial side
because they are developed as solutions for spe-
cific applications. Thus, they triggered, at the
same time, a very rich industry-based research
for new sensor technologies and a high number
of applicative fields, where WSN can be
employed.

This article presents and analyzes these
emerging network technologies (mesh, oppor-
tunistic, vehicular, and sensor networks) that
successfully exploit multihop ad hoc networking.
We explain the reasons why, in contrast to pure
general-purpose MANET, these technologies
are penetrating the mass market in a positive
way.

LESSONS FROM RESEARCH ON
PURE GENERAL-PURPOSE MANET

Although the research on pure general-purpose
MANET was unable to deliver successful market
solutions, the extensive research activity provid-
ed a theoretical background that contributed to
the development of real multihop ad hoc net-
works, that is, mesh and opportunistic networks,
VANET, and WSN. For example, the research
on MANET routing protocols is the starting
point for designing the routing protocols of
mesh networks and VANET. Similarly, MANET
energy management techniques (e.g., topology
control and power-control, clustering algorithms,
etc.) were customized and applied in WSN.

The main contribution of pure general-pur-
pose MANET research is represented by under-
standing the constraints and limitations when
building multihop ad hoc networks using wireless
links, as well as the direction to follow for effi-
cient and cost effective networks. In wired net-
works, the physical channel is just a pipe to
deliver bits among two or more hosts; in wireless
networks, the notion of a link is not as well
defined. Each transmission corresponds to a spa-
tiotemporal propagation of radio energy that is
received by all nodes in proximity, thus making
“interference among wireless links” a relevant
issue in designing MANET. In these networks,

the existence of a link between two nodes mainly
depends on the transmission power and the
transmission rate (given an acceptable bit error
rate). By increasing the transmission power, the
number of feasible links is increased, but at the
same time, this increases the energy consump-
tion and the interference with other links [2].

The complexity of the interactions among
node transmissions makes the study of the capac-
ity of this network a relevant theoretical prob-
lem. In [3], it is shown that in a MANET with n
nodes, the per-node throughput is bounded by

where c is a constant. This is also confirmed by
further experimental results; [4] indicates that
with current technologies, the per-node through-
put decays as c′/n1.68, and hence, only small- and
moderate-scale ad hoc networks can be imple-
mented in an efficient way. The results in [5]
indicate that for 802.11 technology, there exists
an ad hoc horizon, at two–three hops and 10–20
nodes, where the benefits of MANET virtually
vanishes.

These results generated a stream of research
on the use of multiple radios, multiple channels,
and directional and MIMO antennas to better
use the available spectrum and reduce the inter-
ference. These are among the most investigated
strategies for increasing the mesh-network capac-
ity.

Mobility is another basic feature of MANET.
From the legacy-protocol design standpoint,
mobility is a challenge to cope with; however,
theoretical results presented in [6] indicate that
mobility can be an opportunity for improving the
performance when increasing the number of
nodes. The throughput per single source-destina-
tion pair can be kept constant, even if the num-
ber of nodes increases, by exploiting the node
mobility [6]. Naively, the idea (of reducing the
interference effect of the concurrent communi-
cations) would be to enable a transmission only
if the sender and receiver are sufficiently close
(transmissions over short distances require mini-
mal power and cause less interference to the
other source-destination pairs). However, the
probability of this event is too low. To achieve a
more effective strategy, [6] introduces the con-
cept of mobile relays that carry the source pack-
et and that deliver it to the destination when
close to the destination. This communication
model constitutes a theoretical basis for oppor-
tunistic networking.

The characteristics of wireless communica-
tions, amplified by the multihop communication
paradigm, make it useful to share the knowledge
of the wireless medium available at the physical
and MAC (media access control) layer with
higher layers. For example, efficient energy man-
agement policies can be implemented with infor-
mation exchange between physical, MAC, and
networking protocols. Power control and multi-
ple antennas at the physical layer are coupled
with scheduling at the MAC layer and with ener-
gy-constrained and delay-constrained routing at
the network layer. To make protocols interact
beyond what is allowed by standard interfaces,
the MANET research has extensively investigat-
ed a new class of network architectures based on
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the cross layering principle [7]. In a cross-layer
architecture, the information produced/collected
by a protocol at a given layer is made available
to protocols at other layers, enabling resource
optimization and improving network perfor-
mance. The question that divided the scientific
community was “To what extent does the modu-
larity guaranteed by layer separation be main-
tained?” This resulted in a set of solutions
ranging from legacy layered architectures to
completely unlayered architectures (where the
concept of layers disappears). See Fig. 1.

Generally, inter-layer communications archi-
tecture (e.g., MobileMAN, WIDENS CrossTalk,
and XIAN) still preserve the architecture modu-
larity, while inter-layer design (e.g., Virtual Ring
Routing) destroys the modularity by exploiting a
joint design of layers. Inter-layer tuning (e.g.,
GRACE and ÉCLAIR) is intermediate. In the
unlayered approach, the layer concept disap-
pears, which corresponds to the development of
novel disruptive architectures (e.g., Haggle).

The cross-layer architectures listed previously,
theoretically and experimentally, proved that a
cross-layer approach is beneficial for wireless
multihop networks. Thus, cross-layer approaches
are extensively used in the design of real mobile
ad-hoc networks.

FROM PURE TO HYBRID
GENERAL-PURPOSE MANET

By relaxing one of the main constraints of pure
general-purpose MANET, that is, the network is
made of user devices only and no infrastructure
exists, we move toward hybrid MANET. Hybrid
MANET is not isolated but emerges as a flexible
and low cost extension of the Internet.

MESH NETWORKS
Mesh networks are built upon a mix of fixed and
mobile nodes interconnected via wireless links to
form a multihop ad hoc network [1]. Unlike pure
MANETs, a mesh network introduces a hierarchy
in the network architecture by adding dedicated
nodes (called mesh routers) that communicate
wirelessly to construct a wireless backbone. The
wireless backbone has a (limited) number of
connections with the wired Internet.
Mobile/nomadic users can be connected directly
to each other’s nodes, or can obtain multihop
connectivity to the Internet by connecting to the
closest mesh router (Fig. 2).

Traditional wireless technologies (e.g.,
802.11) can be used for mesh networking, and
this makes their development easier and less
expensive. The project RoofNet (MIT) demon-

strated that it is possible to provide a city such
as Boston, with broadband access with an
802.11b-based wireless network backbone infra-
structure. RoofNet consists of a limited number
of nodes, positioned on roofs operated on a vol-
unteer basis, which dynamically create the back-
bone and support mesh networking. Similar case
studies are being performed in other cities, such
as Berlin.

The mesh-network wireless backbone has a
cost that is significantly lower with respect to the
cost of a traditional wired infrastructure (e.g., T1
or T3 access lines). This appealing characteristic
puts mesh networks in a very predominant posi-
tion.

Deployment of Mesh Networks — The low
cost, simplicity, and reliability that is characteris-
tic of mesh networks enabled the deployment of
interesting solutions from the beginning, mainly
for civilian applications. Practical solutions were
studied and proposed by both academia and
industry, with very positive results in both cases.

A major area of application for mesh net-
working is the provisioning of public Internet
access. In this case, mesh networks are used to
provide both indoor and outdoor broadband
wireless connectivity in urban, suburban, and
rural environments. For example, see the metro-
scale broadband city network in the city of Cerri-
tos (California) or the Mad City Broadband in
Madison, Wisconsin. Several other government
organizations are open to the study of solutions
for offering users (citizens, visitors, and munici-
pal and other workers) free (mobile) broadband
access. In addition to being a solution for indus-
trialized cities, mesh networking also is a very
robust and feasible solution for rural areas. A
mesh solution is highly relevant to access devel-
opment in rural areas, where it is a cheap and
efficient way to provide connectivity. For exam-
ple, see the Digital Gangetic Plane project in
India. In rescue scenarios, mesh networking,
with a mix of fixed and mobile nodes, might be
the only alternative.

Other areas, where mesh networks are prov-
ing to be a key technology, are for intelligent
transportation systems. The Portsmouth Real-
Time Travel Information System (PORTAL) is
an effective example of a mesh-network system
aimed at providing real-time travel information
to bus passengers in the city of Portsmouth. The
San Mateo Police Department in the Bay area
exploited a mesh network for broadband com-
munications among all its vehicles (patrol cars,
motorbikes, and bicycles).

In socio-economic terms, the mesh communi-
ties are highly relevant. The Champaign-Urbana
Community Wireless Network (CUWiN) is
implementing a wireless network in the down-
town area of Urbana. This is creating a commu-
nity of users, who install their own nodes and
participate in the mesh network that is further
supported by other backbone-like nodes. Started
as a community access project, it now covers sev-
eral other areas (for example, shops are getting
involved) and is also being exported to other
applications. In collaboration with Wireless
Ghana, it is deploying a rural mesh network in
West Africa for connecting public institutions
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and providing Internet access at community cen-
ters. Other examples of community networks
include Wireless Philadelphia, Seattle Wireless,
the San Francisco BAWUG, and the RoofNet
system at MIT. Mesh communities operate pri-
marily on a volunteer basis, and they aim to
build broadband access with no fees and with no
telecom service providers. This is a revolution in
the communications service market, which must
be redesigned.

Mesh networks have a very large potential
and attract industry as a potential new revenue
stream. Several big manufacturers dedicated part
of their research efforts to mesh networking. For
example, Microsoft Research is developing a
technology that will make it easier and cheaper
to provide mesh users with faster Internet con-
nections. Similarly Intel, Motorola, and CISCO
decided to enter the wireless mesh networking
arena. A multitude of new companies, totally
dedicated to the mesh networking area is bloom-
ing, covering all aspects of mesh networking,
from the physical layers to services [1].

OPPORTUNISTIC NETWORKS
Opportunistic networks (OppNets) overcome
one of the main limitations of legacy MANET,
in which network partitioning causes the failure
of ongoing communications, and/or nodes that
are temporarily disconnected from the network
cannot communicate.

This constraint, which limits MANET utiliza-
tion when node density is low, is not dictated by
application requirements. End-to-end connectivi-
ty is required only for some interactive services
such as VoIP (voice over IP), gaming, or video
streaming. The majority of applications can work
effectively even when a path never existed. Data
applications such as messaging, e-mail, data
sharing, and so on, can tolerate sender-receiver
disconnection. In principle they can operate
even if a sender-receiver path does not exist [8].
In OppNets the communication is multihop with
intermediate nodes acting as routers that for-
ward the messages addressed to other nodes. In
this case, forwarding is not on-the-fly as interme-
diate nodes store the messages when no for-
warding opportunity exists (e.g., no other useful
nodes are in the transmission range) and exploit
any contact opportunity with other mobile
devices to forward information. As discussed
previously, this evolution of MANET oppor-
tunistically exploits mobility, which resulted in a
“hostile” effect for legacy MANET. Although
mobility is one of the main problems for
MANET because it causes route breakage, net-
work disconnection, and partitions, for OppNets
node mobility creates opportunities for commu-
nicating. The network can be partitioned, and/or
the network can disconnect the receiver. This is
very suitable for a world with pervasive wireless-
enabled devices, where nodes often have multi-
ple network interfaces (e.g., cellular, Wi-Fi,
Internet, etc.). At any time, an opportunistic net-
working system forwards via the interface that is
considered the most suitable for the given con-
text, to deliver a message close to the destination
(Fig. 3), as in the Haggle project.

Opportunistic networking has several applica-
tion scenarios [9]. The IRTF (Internet Research

Task Force) Delay Tolerant Networking (DTN)
Research Group3 is working to standardize
architecture and protocols for enabling Internet
services in networks with intermittent connectivi-
ty, where continuous end-to-end connectivity
cannot be assumed. DakNet or Saami network
connectivity (SNC) is a good example of this
approach. DakNet aims to provide low-cost con-
nectivity to rural villages in India, by exploiting
mobile relays (i.e., access points mounted on
buses, motorcycles, and even bicycles) passing by
the village kiosks and exchanging data with them
wirelessly. SNC uses DTN architecture to pro-
vide network connectivity to the nomadic Saami
population.

FROM PURE GENERAL-PURPOSE TO
PURE SPECIALIZED MANET

One of the major deficiencies of legacy MANET
research is that it rarely reflects real scenarios
and/or applications. With the idea that MANET
should be used for ubiquitous computing, the
research implicitly assumed general-purpose net-
works. Thus, solutions were barely evaluated
with generic simulations, without considering
real applications. When applied to the real
world, these solutions failed to accommodate the
complexity of multiple orthogonal requirements
dictated by the disparate applications required
by the users.

The story of WSN and VANET is different.
The applicative context drives the network
design. The research and experimentation pro-
ceeded in parallel to concrete solutions. Users
were considered first, and the solutions were
developed either to satisfy a specific user
requirement (e.g., zoologists requirements in the
Great Duck Island Habitat Monitoring project) or
to enable entry into the mass market (as for
VANET). In addition, for VANET, the pressure
exerted by the dramatic statistics on road acci-
dents induced the government organizations,
and consequently industry, to apply a large effort
and many resources in this area.

In both cases, what clearly emerges from the

n Figure 2. A wireless mesh network.
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current status of the research is that experiments
were a key part and that solutions are rapidly
arriving to market. In addition, user satisfaction
is high.

VEHICULAR AD HOC NETWORKS
Due to increasing problems related to traffic and
roads, intelligent transportation systems (ITS)
are in the mainstream of current and future
research. VANETs use ad hoc communications
for performing efficient driver assistance and car
safety. The communications include data from
the roadside and from other cars (Fig. 4).
VANET research aims to supply drivers with
information regarding obstacles on the road and
emergency events, mainly due to line-of-sight
limitations and large processing delays. VANET
can be used to communicate premonitions, noti-
fication of emergencies, and warnings about traf-
fic conditions. It can be used for distributing
information about road conditions and mainte-
nance, weather forecasts, or other relevant data
distribution requirements between vehicles.

VANET enable the use of advanced driver
assistance systems (ADAS) and vehicular-to-
vehicular (V2V) communications, also called
inter-vehicular communications (IVC), as well as
communication with roadside infrastructure.
VANET have an advantage compared to tradi-
tional MANET. They rarely have constraints
related to the capacities of the devices (in terms
of space, computation, and power).

From the beginning, the VANET research
area received strong support from the govern-
ment (e.g., U.S. Department of Transportation)
and international research programs (e.g., the
IST program in Europe), as well as a great deal
of involvement of industry.

Currently, several projects are investigating
the different aspects of this area both from the
academic (e.g., LaRA in France) and the indus-
trial standpoint (automotive industry and equip-
ment suppliers) in an interdisciplinary way, with

strong government support (see, for example,
the Minnesota ITS Safety Plan).

World-wide VANET Research — The seminal
work on ADAS and ICV started in Japan in the
early eighties and was performed by the Associa-
tion of Electronic Technology for Automobile
Traffic and Driving (JSK). A great deal of
research continues to be performed, with addi-
tional projects such as the California PATH in
late eighties and the European FleetNet project.
In FleetNet, vehicles exchange short messages
with local information. The messages inform the
drivers about obstacles or traffic jams ahead,
beyond the view of the driver’s vision or of the
vehicle sensors. Additional projects, such as the
European Project CarTALK 2000 exploited the
development of co-operative driver assistance
systems and the development of a self-organizing
ad-hoc radio network as a communication basis
with the aim of preparing a future standard.
CarTALK uses both direct and multihop com-
munications for the data transfer, empowered
with position awareness and spatial awareness.
More recently, large projects dealing with new
technologies — applications and services for the
automotive aftermarket (AIDE, for safe and
efficient integration of ADAS into the driving
environment and PReVENT, to help drivers
avoid accidents) that alert drivers as soon as pos-
sible, warning them, and if they do not react,
actively assisting or ultimately intervening — are
moving the research toward the end user mar-
ket. Similarly, in the U.S., several projects are
involved in other areas, in some cases integrating
VANET into a broader view, including mesh or
grid networking as in VMesh/VGrid or the POR-
TAL project described previously.

Industrial organizations in different sectors
participated in research projects, such as
MYCAREVENT and created several consortia
for the purposes of standardization. Currently,
several ITS products and services already are at
work throughout the world, significantly improv-
ing transportation safety, mobility, and produc-
tivity [10]. As mentioned previously, JSK in
Japan is considered the initiator of the research
in the IVC area. In the U.S., most attention is
on the additional safety that vehicular communi-
cations offer. The Vehicle Safety Communica-
tions Consortium, which includes several
automobile manufacturers and government orga-
nizations, was established to identify safety
issues in the transportation area. There is also a
large involvement from the military and since
2004, DARPA sponsors the Urban Challenge,
where fully autonomous ground vehicles must

n Figure 3. Opportunistic networking.

n Figure 4. A VANET.
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conduct simulated military supply missions in an
urban area. In Europe, the major European
industries created the Cars to Cars consortium,
with the goal of establishing a European industry
standard for VANET systems.

VANET systems require a minimum number
of equipped vehicles to work efficiently, thus
they have not fully exploited their potential ben-
efits yet. However, with the support of industrial
and government organizations, VANET is a field
where MANET research can achieve its full
potential.

WIRELESS SENSOR NETWORKS
Wireless sensor networks (WSN) were invented
to study, control, and monitor events and phe-
nomena. To this end, a number of sensor nodes,
which constitute the basic elements of pervasive
environments, are typically deployed (in a dense
and possibly random manner) inside the moni-
toring area. The information collected by the
sensor nodes is delivered, by following the multi-
hop paradigm, to a sink node and through this
to nodes connected to the Internet (Fig. 5).
WSN benefit from the advances in computing
technology, which led to the production of small,
wireless, battery powered, smart sensor nodes.
These nodes are active devices with computing
and communication capabilities that not only
sample real world phenomena but also can filter,
share, combine, and operate on the data they
sense [11]. They communicate in multihop ad
hoc fashion, but the time and modality of this
communication is dictated by the application
requirements. Thus, WSN produce a shift in the
networking paradigm from node-centric to data-
centric. The aim of a WSN is to collect informa-
tion about events occurring in the sensor field,
rather than to support the communications
between nodes. 

WSN opened the way for a stronger interdis-
ciplinary collaboration. The network and the
application become a unique object that requires
expertise in communications and for the specific
scenario. Thus, we observed the proliferation of
several interesting and creative projects. WSN

were successfully applied in scientific research
(habitat/environment monitoring), health appli-
cations (e.g., integrated patient monitoring), mil-
itary scenarios (e.g., battlefield surveillance,
reconnaissance of opposing forces, tracking of
troops and equipment, nuclear, biological, and
chemical attack detection, etc.), and commercial
applications (e.g., monitoring material fatigue,
structural control, managing inventory, factory
process control and automation, vehicle tracking
and detection, precision agriculture, etc.).

Habitat and Environmental Monitoring for
Scientific Applications — The periodic infor-
mation retrieval required by most of the habitat
and environmental applications can be per-
formed, in most of the cases, only by means of
WSN. WSN enable regular observation of the
environment without invading the environment
of plants and animals and make possible a 24-
hour monitoring. In this context, WSN represent
a significant advance over traditional invasive
methods of monitoring. Sensors can be deployed
prior to a sensitive period (e.g., breeding season
in the case of animals) or while plants are dor-
mant or the ground is frozen (in the case of
botanical studies). The PODS project developed
a sensor-network to study the biology of typical
rare plant species and the habitats they occupy
in Volcanoes National Park in Hawaii. The WSN
is used to collect measurements of the tempera-
ture, humidity, rainfall, wind, and solar radiation
in the habitat of the rare species. The Great
Duck Island Habitat Monitoring project is a pilot
application for monitoring migratory seabirds
(Leach’s Storm Petrel) on Great Duck Island,
Maine. The WSN was used to monitor the micro-
climates in and around nesting burrows. Eventu-
ally, data is transferred via satellite to the
database at the University of California at Berke-
ley. Intel and the University at Berkeley pro-
posed WSN for creating a macroscope (sensor
nodes strapped at different elevations on a red-
wood tree) to study the microclimate around
redwoods. The Center for Embedded Networked
Sensing at UCLA is performing habitat sensing

n Figure 5. A wireless sensor network.
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activities. The Envisense GlacsWeb project uses
WSN for monitoring the glacial environment to
study sub glacial bed deformations by collecting
measurement samples via pressure, temperature,
and orientation sensors and delivering them to a
base station located on the glacier surface, from
which they are delivered to the sink.

Monitoring for Civilian Applications —
WSN for environmental monitoring are also
the basis for many useful civilian applications
like forest fire detection, flood detection, and
precision agriculture (e.g., to monitor microcli-
mates throughout a vineyard and add water
and fertilizer when needed). Randomly and
densely deployed sensor nodes are extremely
useful for the early detection and localization
of forest fires. Alarms, propagated by multihop
through the WSN, enable a quick reaction
before the fire becomes uncontrollable. Simi-
larly, sensor nodes monitoring water levels and
rainfall can provide early warnings about possi-
ble flooding conditions, thus helping to reduce
damage. WSN are ideal for studying the effects
of microclimate on plant growth, thus enabling
scientists to better understand the ways in
which to optimize yield and quality (precision
agriculture). WSN were applied for detecting
biological and chemical agents in food and are
also used for the detection of contaminants in
the food supply chain.

Health monitoring is very relevant for direct
social impact. For example, WSN can be used
as part of a health monitoring system that can
be worn by the patient. Physiological sensors
(e.g., to measure EKG, blood pressure, and
temperature) can be used to automatically col-
lect physiological parameters to be delivered,
via a body area network to devices that can be
worn and for real-time processing and/or stor-
ing for future use (long-term observation). For
example, the CodeBlue system developed at
Harvard University exploits a WSN to raise an
alert when vital signs fall outside of the normal
parameters. The system monitors heart rate,
oxygen saturation, and EKG data and relays
the data over a short-range wireless network to
a set of devices, including ambulance-based
terminals.

Tracking applications constitute another
important field for WSN applications. In this
case, instead of sensing environmental data, sen-
sor nodes are deployed to sense the presence of
persons and objects. In the simplest case, objects
can be tracked by tagging them with a small sen-
sor node. The sensor node is tracked as it moves
through a field of sensor nodes that are deployed
in the environment at known locations. The sen-
sor nodes can be used as active tags that
announce the presence of a device.

WSN can make possible an intelligent home
environment. The smart home can communicate
with the environment and people through the
use of sensors and can act upon the environment
through the use of actuators.

Localization applications are among the most
challenging applications that can be performed
by WSN. For example, detecting and locating
snipers is a challenging goal for armed forces
and law enforcement agencies. Most successful

sniper-detecting systems are based on exploiting
a WSN that takes measurements of the acoustic
events generated by a shot: the spherical wave
(traveling at the speed of sound) produced by
the muzzle blast and the shock wave generated
by the supersonic projectile. By exploiting the
measurements of acoustic events taken by the
sensor network nodes, it is possible to determine
the sniper’s location and the bullet’s trajectory
(e.g., see [12].

Monitoring the aquatic environment recently
emerged as a very interesting and challenging
scenario for the use of a special class of WSN:
the underwater wireless sensor network. These
networks have applications including the scien-
tific (e.g., oceanographic data collection for sci-
entific exploration, pollution control, or climate
monitoring), military (e.g., tactical surveillance),
and civilian fields (e.g., tsunami warnings) [13].

Most of the scientific and civilian applications
described previously have their counterpart in
the industrial market, and several WSN solutions
already are available to end users.

SUMMARY AND CONCLUSIONS
A pragmatic approach, the attention to applica-
tions, and the involvement of end users are the
winning elements of mesh, opportunistic, vehicu-
lar, and sensor networks. In those real multi-hop
ad hoc networks, the design of novel architec-
tures and protocols is combined with implemen-
tation and testing (on real test beds and involving
end users), thus immediately moving the tech-
nology from theory to reality. Several solutions
already are available on the market, and the
applications and scenarios are growing.

Mesh and opportunistic networks are easily
deployed as low-cost alternatives to more tradi-
tional networks for providing ubiquitous commu-
nications and Internet access. Furthermore, in
the case of the mesh network, the new wireless
business model is being embraced by both ser-
vice providers and technology industries. The
high flexibility of this technology opens up a
multitude of solutions and markets. For exam-
ple, solutions based on mesh networking are
under consideration as alternatives to cellular
networks for voice services [14].

VANET and WSN differ greatly from the
technical standpoint, but are similar in the way
they are penetrating the market. In both cases,
the networks are very specific to the applications
for which they are designed. WSN success is due
to the large range of applications enabled by this
type of network. In the case of VANET, the suc-
cess was greatly encouraged by the huge involve-
ment of industry and government, as currently,
the safety and control of vehicular traffic is of
major concern.

We expect that what was learned also can
point to the direction for pure general-purpose
MANET and that the entrance of MANET to
the market is not far off.
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