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Abstract
The FP7 project 4WARD is promoting a mobility solution integrated in the communication and
network concept of a Future Internet by design.
In this white paper, we summarize the main achievements of the technical focus theme on
“Mobility” as developed in the various work packages
Starting from a business-motivated analysis of mobility aspects in future networks, we present
the main project achievements and findings with respect to the support of mobility in 4WARD
concepts and technologies: in data management for mobile objects in “networks of
information”, in connectivity management for maintaining communication between endpoints,
and innovative supporting mechanisms for integrated mobility in network virtualisation and
network management, including topology discovery, and group-size estimation
We conclude the document with an overview of the mobility related proof-of-concept validation
and demonstrations that show how the novel concepts may work together.

Key Words
Mobility, Architecture, Network of Information, Generic Path, Virtualisation, In-Network
Management
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Executive Summary
The FP7 project 4WARD is promoting a mobility solution integrated in the communication and
network concept of a Future Internet by design.
In this white paper, we summarize the main achievements of the technical focus theme on
“Mobility” as developed in the various work packages
Starting from a business-motivated analysis of mobility aspects in future networks, we present
the project achievements and findings with respect to the support of mobility in 4WARD
concepts and technologies: in data management for mobile objects in “networks of
information”, in connectivity management for maintaining communication between endpoints,
and innovative supporting mechanisms for integrated mobility in network virtualisation and
network management, including topology discovery, and group-size estimation
Overall, the 4WARD mobility work across the technical concepts (dealt with in the different
work packages) has led to various innovative concepts on which further work on future
networks can build. The main contributions regarding mobility are provided by the Network of
Information and the Generic Path Connectivity concept.
The name resolution scheme and late locator construction in NetInf is a template for a novel
location and identity management, also including secure user-managed information and
content storage in multi-access environments. Complementing this, the generic path concept
in ForMux solves the problem of handling most kinds of mobile connectivity (from terminal to
session mobility) by a recursively applied scheme of dynamic bindings between paths and
name/address resolutions between multiple end points and mediation points.
New ways of providing mobile services and quicker introduction and migration to those will be
facilitated by introducing virtualisation of mobile networks and their embedding into a common
infrastructure. And last but not least, principles of advanced In-Network-Management will
facilitate autonomous monitoring of distributed mobility metrics of path candidates and support
self-organization of mobile network configurations.
An important achievement in the project is also a first concept validation by experimentation
and prototyping that has been performed through integration of prototypes across NetInf, GPs,
and VNets.
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1 Introduction
The FP7 project 4WARD is promoting a mobility concept integrated in the service and network
infrastructure of the Future Internet. Therefore mobility aspects in 4WARD are covered and
coordinated by an overarching activity across all work packages and their approaches. This
white paper presents the mobility related innovations of the 4WARD project and will outline
their impact for a Future Internet design. We will discuss the work package specific
contributions regarding the business related aspects, the architectural framework, and aspects
of network virtualisation, connectivity and information-centric networking from a mobility
related perspective. After that, we will also report about the experimentation activities, where
recently some combinations of approaches above have already been validated by proof-ofconcept prototypes and shown in a common demonstration. The conclusion of the white paper
highlights the opportunities to integrate the different approaches into an over-arching mobility
concept for the Future Internet.
In the 4WARD project, several business cases in the Future Internet scenario have been
developed to investigate major business aspects. The mobility related use case ‘communityoriented applications’ deals with the provision of means to enable ad-hoc communities in the
Internet, and describes the business model on the background of evolving network
communities that exist already today (like Facebook, YouTube, eBay, Wikipedia), but will take
advantage of innovative network features to fulfil new needs in a future inherently mobile or
nomadic environment.
4WARD is convinced that a Future Internet will have to be more information-centric and
content-based than it is the case in the current host-centric Internet. Management of
information objects will even have to deal with new kinds of mobility such as “object mobility”
and “information mobility” itself. The Late Locator Construction (LLC) mechanism and the
Name Resolution System (NRS) developed for a “Network of Information” is designed to
handle the information required by routing, roaming, mobility and multihoming of moving
networks, hosts, and objects in a highly scalable fashion. Today’s networks deal with a limited
number of nodes in the network, compared to all the information objects stored in them. As we
anticipate a continued vast increase in both network nodes and information objects, including
real world objects and services, an architecture must scale to many orders of magnitude
beyond this number in order to handle future growth.
Any type of mobility is tightly related to the intelligent management of basic connectivity within
the network. 4WARD has developed the new concept of Generic Path connectivity and
evaluated this architecture to support mobility concepts. Three scenarios are identified and
illustrate three different meanings of mobility in the context of a “Generic Path”: user mobility,
session mobility, and network mobility. Mobility of Generic Paths covers the innovative
concepts of “dynamic mobility anchoring” and “anchorless mobility”, which are based on the
dynamic binding function between involved endpoints. As a third concept, the solution of Multihomed End-to-End Mobility (MEEM) is the technology which simultaneously transfers data
over multiple paths in mobile wireless networks. The design of a future protocol with multihoming support requires the use of multiple paths between the (mobile) communication
endpoints. These paths are combined to provide composite services as one unique higher
level end-to-end path.
Deployment of new custom-tailored network architectures is enabled by the network
virtualisation framework. The process of “mobility-aware embedding” takes into account
mobility of resources in the physical substrate and evaluates the performance of the
associated embedding mechanism. The main focus there is on maintaining actual mappings
of virtual networks to physical ones whenever implied physical nodes are moving and dealing
with mobile nodes within the mapping algorithm.
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As the high dynamics of mobile users and their access capabilities require quick responses on
changing environmental parameters, new mechanisms for In-Network Management have
been developed. Mobility is implicitly supported by algorithms for real-time monitoring,
anomaly detection and situation awareness. The solutions for self-adapting functionality (e.g.
resource optimization) of entities can be applied in Wireless Mesh Networks (WMNs), Mobile
Ad Hoc Networks (MANETs) or Wireless Sensor Networks (WSNs).
The mobility concepts of 4WARD have been developed driven both by the innovations
focussing on architectural framework, network virtualisation, connectivity and informationcentric networking and by how technology will possibly change people and society. We will
also report about the experimentation activities, where recently some combinations of
approaches above have already been validated by proof-of-concept prototypes and shown in
a common demonstration. We will conclude the white paper with highlighting the opportunities
to integrate the different approaches into an over-arching mobility concept for the Future
Internet.

2 Motivation and Business Relevance
2.1

Role of Mobility

By end-2009, mobile cellular networks connected more than 4 billion users. Since the early
1990s, when the success story of second generation digital mobile communication (2G) in the
mass market began, wide-area wireless technologies have made tremendous progress. First,
personal reachability is now at an all time high, and a whole set of services have been
introduced by capitalising on the ubiquitous availability of cellular connectivity. As a result,
personal and terminal mobility, i.e. supporting mobility of the user and its end device with
seamless connectivity everywhere, is considered a commodity in daily life, in particular for the
very important voice services.
In the same timeframe, the Internet, especially after the introduction of web-based services,
became the dominant network for any kind of data and multimedia communication. However,
in case of mobility and wireless support, the IETF-based approach led to the introduction of
multiple add-on solutions (with prime example the multiple variants of “mobile IP”) that could
hardly catch up in performance with the evolving cellular networks.
On the other hand, cellular networks were forced to constantly seek upgrades and converge
with fixed networks in order to accommodate the evolving nature of Internet data traffic. Given
the highly specialised and complex architecture of cellular networks, the standardisation
process necessitates comprehensive and time-consuming procedures.
Today’s requirements on communication networks include the full scope of mobility support,
which comprises ubiquitous global availability of broadband wireless access, and provisioning
of “triple-play” services including voice, data, and multimedia even on a peer-to-peer and
broadcast basis. This includes also capabilities for “session mobility” between different end
devices, such as portable terminals for mobile TV and home-networking environments with
HDTV equipment. Solutions to these problems based on today’s heterogeneous networking
technologies and architectures are feasible, but already complex to design, and expensive to
carry out and operate.
We expect that in the future wireless network access will dominate, where personal
communication at home, on the move, or in business is concerned, keeping the user
seamlessly in contact with various social communities, and facing all the challenges of
security and privacy that need to be considered in case of mobility. Moreover, communication
will cover and include new technology and application areas where the number of connected
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devices will exceed current numbers by an order of magnitude or more: the “Internet of
Things” will connect machines to machines, as well as all kinds of sensor devices, typically
wirelessly, and often mobile.

2.2

Business Related Studies

The development path of any industry or economic sector is significantly affected by the
opportunities enabled by the available technologies. The 4WARD findings on business
aspects, non-technical drivers and use case scenarios in a Future Internet have been
discussed in [D1.1], [D1.2] and [D1.4]. Herafter, we focus on a mobility related discussion.
Mobility is a key technology able to support many different business ideas, providing a
seamless access everywhere, through any device, to any service and personal data.
According to Forrester (Figure 2.1) mobile Internet penetration in Western Europe will triple
between 2008 and 2014. And in a worldwide perspective, according to Morgan & Stanley
([MoS10]), mobile internet users will override desktop internet users in 2013 (Figure 2.2).

Figure 2.1 Forecast on Mobile Internet penetration in WEU (extracted from [For09])

In the following chart (Figure 2.3) from Morgan Stanley’s Mobile Internet Report ([MoS09]), it is
shown how new generation multimedia phones in the United States drive up the data traffic
growth. It is impressive to see that users with multimedia devices (like e.g. iPhones) access
social networks four times more than average mobile users. Also accessing other complex
information (e.g. games, instant messaging, videos, etc) show a similar proportion.
Percentages reflect share of users that accessed websites / applications in a given category at
least once a month; data were collected using a 3 month average for the period ending 9/09.
Mobile activities are likely to grow in the next years, but not in a generic way. Consumers’
usage will focus on wireless data with quite rich contents, allowing a rich user experience and
a seamless access to any content from any device. Activities including video with images,
content and communications are growing at very rapid rates, actually with and endless growth
trend. As an example, social networking traffic and users dramatic growth is the focus of
Figure 2.4, showing a worldwide general growth of 25% in total minutes of usage in one year.
While Figure 2.5 shows that the rich content experience of social networks has pushed up
communication exchange through them: the global time spent on emailing is far less than on
Facebook etc. since 2007, while also the total number of users of social networks has recently
(2009) overcome the global user number for email.
4WARD
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Figure 2.2 Mobile vs. Desktop Internet users (extracted from [MoS10])

Figure 2.3 US mobile content users by device (extracted from [MoS09])
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Figure 2.4 Social networking total minutes growth (extracted from [MoS10])

Figure 2.5 More time spent and more users for social networking than for email
(extracted from [MoS10])
Therefore a question arises: what can be the business value for mobility in the Future
Internet? Major business aspects reside both in providing the essential functions for a
comfortable access to digital media anywhere and any time on the best possible device, and
in enabling to be always in touch with the intangible part of everybody’s life. Consumers will
4WARD
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demand more and more from their wireless devices, companies will try to answer needs of
increasingly empowered mobile users. The time elapsed between creation of new software
applications and consumer adoption will be the shortest in history.
Several business cases in the Future Internet scenario have been developed to investigate
the above mentioned and further major business aspects. One of them is the use case
‘Community-oriented Mobile Applications’ with a strong relation to mobility. This use case
deals with the provision of means to enable ad-hoc communities in the Internet and is based
on the Network of Information. It describes the business model on the background of evolving
network communities that already exist today (like eBay, Wikipedia, Facebook), but will take
advantage of innovative network features to fulfil new needs in a future inherently mobile or
nomadic environment. The focus of these Communities, so long, will be on the fact that they
connect “information objects”, NOT access points, and on the fact that Communities settled by
information objects may represent either persons or things.
The use case describes an innovative business model that takes advantage of the several
features that a network of information can provide: among these features, there is a possible
future inherently mobile or nomadic environment. The Network of the Future has to enable
those services in any mobile environment, regardless of access or terminal technologies,
supporting the increasing online usage of products and services that continue to gain share
against the offline counterparts. From the business viewpoint, the growing wireless usage
expands market opportunities, especially for small and medium enterprises, lowering for them
costs to enter new, far away markets. See [D1.1] for emerging attitudes and socio-economic
key factors for the Future Internet; and [D1.2] for the evaluation of selected business cases to
identify their potential business opportunities supported by the Future Internet.
From a study of these use cases and scenarios, the following business relevant key network
capabilities for mobile communities have been identified by 4WARD:
• Wireless Network Communications technologies that
o help building and deploying wireless networks,
o automatically discover connectivity between each other and towards gateways
o and access points to higher bandwidth core networks.
• Mobile Ad-hoc Networks extend the reliability of wired connectivity into the realm of
wireless domains that are both dynamic and mobile.
• Swarm Networks provide connectivity services for community members moving as a group
through a network.
• Users may access the Communities everywhere, through different connections and enddevices. Connections are provided by a Network Provider and access can be provided by
several alternative either fixed or mobile Access Providers.
• A Network of Information (NetInf) can be provided by a Platform Provider or by the
Network Provider itself. NetInf is considered in terms of a basic cluster of services that
manage information objects thus enabling distribution, retrieval, (temporary) storing, etc of
the information objects anywhere they can be temporary stored.
• NetInf naming persistence feature overruns the problem of broken (hyper-)links. Whenever
an object of information will be moved, its name is preserved and it will be always
reachable.
• The NetInf paradigm for mobility provides the possibility to use “moving” storage (e.g.
mobile phones or wireless connected personal computers storage) as temporary storage
to save accessed Objects. This way NetInf enables Operators to reduce the physical
infrastructure deployment.
• Addressing information objects by name will increase information reachability and
availability, providing also security to objects.
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But mobility is not all gold, as new challenges will arise from new technologies. As an
example, the harmonisation of rules across borders can be mentioned. Since the Future
Internet will be a combination of thousands of networks, and a device can be used to access
networks across country and regional borders, the variability of rules across borders will
represent a hurdle to seamless end-to-end services in a mobile environment, as commonly
accepted rules across networks and countries will be required.

3 Technical Approach
A wide range of technical issues is related with the term “mobility”. As definition, we say that
a communication system supports “mobility”, if it enables communication during or after
movement or relocation of one of its components. Though often mobility is associated with
some kind of wireless connectivity, mobility concepts can also be applied to wired systems
and their components.
A communication system can support mobility of various components such as a person/user
entity, a terminal or a (sub-)network, or a service/session . More generally, mobility in the
context of 4WARD is aiming at “mobile information objects”. The 4WARD framework aims at a
complete integration of mobility concepts as an inherent part of the future network approach.
Therefore, the 4WARD framework has to overcome the traditional role of mobility in networks
that interconnect located nodes such as computers or terminals or their users assigned to
certain changing network attachment points. To do so, we have to steer clear of the traditional
approach of “terminal” mobility in favour of a system that makes information objects
“accessible” irrespective of their location or (distributed) representation. This constitutes a
major shift in the way networking and connectivity as well as naming and addressing is
organised.

3.1

Technical Requirements

In a more formal way, technical requirements for mobility in the 4WARD project context have
been studied in detail in the deliverable [D2.1]. In the following we give a short overview on
the major findings (there, we use the term “4WARD Framework” to denote a future global
communication network with the potential to supersede current telecommunication networks
as well as the current “Internet” in the long run, as identified in the first phase of the FP7
project “4WARD”):
Service provisioning for mobile entities: The main requirement states that mobility is no
longer an add-on to “fixed” networks nor is a special solution focusing on mobility as it is in
today’s cellular networks. Mobile user entities shall have the same service capabilities
available as if they were using “fixed” connections to the network, such that mobility appears
to be a built-in functionality in the network. This should cover the known types of mobility (e.g.
personal, terminal, session or “cloud/network” mobility) as well as new types arising from
handling abstract information objects like “generic paths”, information-centric distributed
objects (content sharing), or combinations of several media.
Connectivity for mobile entities: The 4WARD Framework shall provide means for basic
connectivity of mobile entities to communicate with the 4WARD networks and information
objects in order to set up and maintain the full mobile service. This may include detection,
advertising and propagation of capabilities and properties of mobile entities or networks in
order to select the appropriate communication means.
Mobility of entities shall be provided means to attach to multiple 4WARD Networks
simultaneously at any location covered by 4WARD Networks. This is the “multi-homing”
capability of mobile end-nodes that should be supported within the 4WARD Framework. In
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addition to the end-node mobility, there are scenarios, where intermediate nodes and their
resources and objects can be considered as “mobile”, such as a mobile gateway function
connecting a wireless adhoc cloud, or a moving vehicular network to the rest of the network.
Reachability of mobile entities: The 4WARD Framework shall provide means to reach any
mobile entity that is registered to a 4WARD network, within a scope that is (pre-)defined
between the mobile entity and the network. Whereas communication initiated by the mobile
entity (“outgoing”) is easier to realise, reachability of the mobile part through “incoming” events
is typically more demanding. A location management is necessary to discover the current
location of a mobile entity for service delivery within the scope of the respective network.
Service continuity: The 4WARD Framework shall provide means to maintain the (possibly
virtual) communication relation of a user entity to a 4WARD network during relocation over
space and time, within a scope that is (pre-)defined between the mobile entity and the
network. This may result in different levels of quality of (service) experience that could range
from “seamless” (handover without noticeable interruption), “loss-less” (without data or
information loss) to “nomadic” (delay or disruption tolerant) experience.
Service continuity is a major feature for mobile applications when moving between access
points of the same technology (intra-technology/horizontal handover) as well as between
different technologies (inter-technology/vertical handover). However not all services and
applications have the same requirements on the quality of this process. Whereas typical realtime voice services may tolerate a small interruption (loss of voice frames) without
experienced degradation, data transmission may be affected dramatically by a loss of data
packets (e.g. TCP slow-start operation over wireless fading channel). Store-and-forward
services will typically tolerate any major disruption of physical connectivity.
Separation of mobile naming and addressing: The 4WARD Framework shall provide
naming and addressing schemes that separate identifiers for mobile entities from locators of
their actual location. Address schemes that implicitly assume a fixed location and connectivity
of a certain node, and use this information for routing purposes, are a major drawback of
today’s networks. A scheme that does not associate identities with locatable addresses will
enable a more flexible mobility management, and will provide more privacy to mobile users, as
traceability of identities w.r.t their location will be avoided.
Locality of network capabilities: The 4WARD Framework shall provide a measurable notion
of proximity and locality for user and network entities and their capabilities. Today it is quite
impossible to detect the proximity of a certain network element or resource, in particular
across network or technology boundaries. Context-aware applications and services as well as
certain network services (e.g. content and information sharing and caching, broadcast
distribution) could benefit in their efficiency if they could detect and use the “nearest” resource
available.
Generic heterogeneous access: Mobility within the 4WARD Framework shall be provided in
a generic way across heterogeneous access technologies, easily extensible even to future
technologies and 4WARD architectures; however being aware that wireless access in
particular may pose specific restrictions based on different physical environments, power level
requirements, time-dependent fading environments, multi-system/technology interfering
environments and bandwidth requirements. Special considerations shall be given to
cooperative techniques for improving dynamic transmission conditions to mobile entities via
multiple transmission paths.
Virtual network support: Mobility within the 4WARD Framework may be realised based on
physical or virtualised networks. Virtualisation concepts of network nodes, links and resources
are a promising way to provide multi-provider concepts based on the same equipment that
differentiates on its functionality and services and is efficiently adapted to different application
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scenarios. Moreover, virtualised networks will abstract from particularities of underlying
physical networks and links, and by that, are contributing to general mobility concepts across
different technologies.
Security and privacy of mobility related information: Mobility within the 4WARD
Framework shall be provided without compromising security and privacy aspects of the users.
In particular, context information regarding identities, location and service usage of mobile
users may not be revealed to third parties without legal regulation.
Mobile and wireless communication are vulnerable to security breaches as the identity of the
partners cannot be checked so easily over the shared wireless medium as in the wired case
where the contracts are not bound to the medium “owned” by one of the partners. Moreover,
the combination of identities and motion profiles that might be tracked yields highly private
information about the user which needs additional protection.
Scalability and Interoperability: The mobility concepts within the 4WARD Framework shall
cover any scope from (global) wide area, cellular, local area to private and body area
networks, as well as dynamically configured adhoc networks. Specific architectural solutions
for any of these 4WARD Network scopes shall interoperate within the 4WARD Framework
based on common principles. We do not necessarily require that there is a unified solution
spanning the whole range without compromising high efficiency of operation, however, if
specialised solutions for a specific 4WARD Network architecture are defined, the common
4WARD framework principles should enable efficient interoperation by guiding address
translation, ensuring security and QoS levels, easing policy negotiation etc. in an automatic
way.

3.2

Scenarios Considered

In conjunction with the mobility related use case that are dealt with in the 4WARD business
studies, the technical view of mobility scenarios has been considered in detail by the work
package on New Architectures, Principles and Concepts (NewAPC). The focus of their work
has been on a novel design process for custom-tailored architectures (like the one that could
implement a ‘Community-oriented Mobile Application’) combining best practices in modern
software technologies with network engineering. The case study to derive detailed technical
requirements from the business use case idea is described in [D2.3.0].
The main aspects of the use case were the inclusion and integration of the following aspects:
• Personal and terminal mobility across heterogeneous wireless access,
• Extending peer-to-peer connectivity (as known from today’s overlay networks) to adhoc
wireless, mobile and nomadic users,
• Integrating any kind of dynamic “mobile” networks (mobile/moving adhoc networks
MANET, vehicular adhoc networks VANET) into the framework, as well as the connectivity
of mobile sensor and actor networks,
• Virtualisation of mobile and wireless networks,
• Creation, access and transfer of information objects according to the new paradigm of
“network of information” from any mobile environment.
The technical difficulty in such diverse environments is how to organize and guarantee the
interoperability of the involved network architectures by design, topics that have also been
studied in [D2.2] and [D2.3.0].
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4 Mobility in the 4WARD Concepts
4.1

Overview

The 4WARD architecture pillars are represented in the technical concepts as dealt with in
technical work packages In-Network Domain Management (INM), Network of Information
(NetInf), Generic Path (Forwarding and Multiplexing, ForMux), and the Virtualisation of
Networks (VNet). Each of them in turn defines their own respective frameworks or architecture
that contributes to the overall architecture framework (for more details, see [D0.5]). Mobility is
a topic which is orthogonal to this structure and for a complete overall view, functionalities and
there interoperation across these areas have to be considered.
NetInf (Network of Information) provides for identification, management, and dissemination of
information objects. NetInf is a new abstraction of information (and service) management,
where applications do not need to be aware of where an information object is stored. NetInf is
the natural candidate for a new approach to a secure identity and location management within
a mobility management that deals with (global) reachability of mobile objects and locating
them by name.
The Generic Path provides a generalized transport mechanism to transfer data between
entities in the network. The recursive Generic Path concept is able to model virtually any type
and level of transport, be it point-to-point or multipoint-to-multipoint, or supporting transport on
links at the physical level, or end-to-end across networks. Generic Paths specifically give
support for the dissemination of information objects, especially when mobile objects are in
move during an ongoing communication action, which extends the classical problem of
connectivity management across heterogeneous technologies based on handover schemes.
The physical substrate provides an abstraction of the physical resources of any network
spanning from the smallest to the largest. The abstraction is the key for coherent virtualisation
and management of those underlying resources across domain borders. The result of a
virtualisation operation is a virtualised network (VNet), providing resources onto which an
operator is free to instantiate its own choice of functions, protocols etc, for example Generic
Paths and NetInf. New opportunities and challenges arise, when either the physical substrate
(node or e.g. wireless link) involved in a VNet changes in quality or topology due to mobility,
or the VNet components move around their physical resources (such as in server migration
scenarios).
In-Network Management is omnipresent in all network functionalities. It provides design
patterns and interfaces, as well as more specific mechanisms, facilitating various degrees of
self-management capabilities. This spans from such capabilities living ‘beside’ the functionality
it is supposed to manage, and all through to functionalities being fully and inherently selfmanaged. The INM architecture and principles are designed to support global network
functionalities like mobility.

4.2

An Excursus on Naming and Addressing

Properly dealing with names, addresses, and their relation is a core concern of the 4WARD
architecture and crucial for the understanding the concept of mobility. This section
summarizes some of the key findings; more details can be found in the corresponding chapter
of the 4WARD book [D1.3] and in the 4WARD deliverable [D5.2].
Names, in the abstract, are identifiers for entities of an arbitrary kind. Within a given context
(defined as a “compartment” in the GP context), concrete names come from a set of possible
names. Such a set is called a namespace; it stipulates certain rules and structural aspects
how its names can be formed and what operations on names are allowed.
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Namespaces can impose many different kinds of structures. For example: (1) names can be
hierarchical or flat, (2) opaque or transparent, (3) with or without name allocation, (4) with or
without admission control, (5) names can be explicit or implicit, (6) uniqueness of names may
be required or not, (7) names might be persistent or not, (8) reusable or not, or (9)
relinquishable or not, (10) wildcard names might exist, (11) anonymous entities might be
allowed, (12) names might refer to individual or groups of entities, (12) entities might have
several names at the same time, (13) and there might be various security aspects involved
with a namespace.
Note that addresses are not mentioned in the definition of a compartment – inside a
compartment, there are no addresses, only names. Names are all that is needed: When
defining the routing problem on a simple graph, there is only one kind of identifier, a name for
a node. There is no need for an “address” in the context of routing on such a graph.
From where, then, do addresses come from? An example of everyday usage quickly clarifies
the confusion. The name of a person might be “John Doe”. An address of this person might be
“Main Street 1”. But this address also comes from a namespace, the one that is used to
designate buildings. Focusing on this namespace, it is clear that “Main Street 1” is actually a
name, the name of a building. Another address of John Doe might in fact be “+01 123 456
7891” – the name of a telephone. Hence, John Doe might have many addresses, each of
them are names of entities in different compartments.
We see that an address tells us “where” a name is, but tells us so with respect to another
namespace. Looking only at a single compartment, there is no need nor does it make sense to
talk about an address; inside a compartment, names and their neighbourhood relationship are
fully sufficient to define a topology (a graph is defined as a set of node names and edges
between these names; there is no third concept of an “address” necessary).
How names are obtained, is strictly a compartment-internal decision, governed by the
compartment’s own rules. These rules are captured by a compartment’s name allocation
protocol. The name allocation as such does not yet imply any bindings; creating a binding is a
separate, intentional step by the entities.
A second point – how bindings are obtained – is a more complex affair. Creating a binding
would typically be initiated by an entity looking for an address. Obtaining an address means
that an entity (can) become reachable via the compartment from which it has obtained the
address. Such a decision can depend on admission control procedures imposed by either of
the two compartments; it could also depend on the execution context where these two entities
exist (typically, the operating system). For example, while both a voice application entity and a
WLAN entity might be willing to set up an address binding between each other, the operating
system of a mobile phone might prevent this binding, in order to force the voice application to
create a binding with an entity from a cellular networking compartment.
The discussion so far has implicitly assumed fairly simply name resolution scenarios: an entity
of one compartment seeks to resolve a name (possibly, a wildcard) over another, assisting
compartment. How such a request is distributed in the assisting compartment has not been
considered. This gap can be closed by various means, e.g., by broadcasting or by imposing
lookup structures. Our architecture is able to reflect all options common and conceivable in
today’s Internet architecture, yet puts it them into a cleaner structure.
Late resolution is a special case: The usual notion of name resolution is that of obtaining the
mapping of a name onto an address before the actual communication is initiated, before the
assisting compartment is asked to forward the first packet towards the destination address.
While the previous discussion has followed this line of thought, there is nothing inherent in our
framework that mandates such early resolution.
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Rather, it is just as well possible to realize late resolution. Instead of completing the resolution
process before the first packet is forwarded, resolution and forwarding can be linked with each
other. A first resolution step might not provide the final destination address, but only the
address of an entity (inside the originating compartment) that can provide more information
about the destination address. This process iteratively refines the resolution accuracy, until
eventually the actual destination address is provided.
In particular, we have identified five crucial data structures (not all discussed here): 1. a
binding table describing which entities have bound themselves to names of other entities
(typically in other compartments); 2. a routing & forwarding table that exists per entity or, as a
simplification, per compartment and per node compartment; 3. the name resolution table,
which describes how two neighbouring entities of one compartment actually communicate with
each other using which entities in which other compartments; 4. the idea of a service graph,
which contains all possible usage relationships of entities within a node compartment, and 5. a
configuration table for the name resolution process, describing which compartments can
attempt name resolution via which other compartment and what parameters are required to do
so (with service graph and name resolution configuration closely tied in with each other).
We believe that with this structure, we have found a way to provide a flexible, architecturally
clean and efficient way of incorporating names and addresses into the 4WARD architecture.
For example, we do not need to standardize any particular form of addresses; this information
can be conveniently hidden where it belongs. The only needs for standardization are the fairly
simple request protocols between entities of different compartments; the internal protocol
definition of routing or name allocation can be left entirely open.
The core aspects of the described naming and addressing mechanisms are reflected both in
the following NetInf and Generic Path concepts, where the main mobility issue is the proper
use of locator/identifier split (locator = an “address”, identifier = a “name) and managing its
dynamical binding during operation in a mobile environment. This is also implemented in the
prototype described in section 5, showing the efficacy and efficiency of the proposal.

4.3
4.3.1

Mobile Information Objects in a Network of Information (NetInf)
Introduction

Today’s networking is essentially about exchanging information between nodes. This hostcentric approach is often an obstacle for optimized transport of and easy access to
information. Our approach to an information-centric architecture [D6.3] puts the information
itself on centre stage. We take existing proposals that separate the host identity from the
locator one step further by introducing information objects as first-order elements in the
network. In addition to classical scenarios such as content distribution [ATS04], our work also
encompasses scenarios that have so far not been discussed in the research community, e.g.
the notion of real-world object tracking under the aegis of an information-centric architecture
[Dan09a].
For the envisaged Network of Information (NetInf), we have developed an information model
that constitutes a versatile and widely applicable framework for representing information in a
wide sense. A clear split between the information itself and the location it is stored at is
introduced. This eliminates the need for overloading locators and avoids putting them in the
role of being an identifier and a locator at the same time.
The NetInf information model has two basic objects; the Information Object (IO) and the Bitlevel Object (BO). The NetInf Bit-level Object (BO) is the basic data object itself, or the digital
representation of the object if the object is not a digital object (this is the case for real world
objects for example). In other words, the BO stores the data information of the object. NetInf
treats this as opaque data and does not derive any semantics from it. The NetInf Information
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Object (IO) consists of three parts; the ID that gives the IO its name; the Metadata which
contains the semantic information associated with object; and the BO, as described above.
In relation to mobility issues, there is a plethora of mechanisms that support different forms of
presence, reachability, and mobility, e.g. SIP, mobile IP, Nemo, and dynamic DNS [Ros02,
John04 and Dev05]. In addition, there is a multitude of inventory systems for various classes
of objects, such as library books or pieces of merchandize. Each system and mechanism is
optimized for its specific class of objects. For example, mobile IP is optimized for mobility of IP
boxes, SIP supports personal mobility, inventory systems handle mobility of goods, etc. Due to
the diverse technologies employed in this field, it is hard to achieve synergies between the
systems and mechanisms used for the different classes of moving objects.
Moreover, none of the existing systems are designed to handle the nested mobility problem
where moving objects are attached to other moving objects. The IETF Network Mobility
solution is designed to handle nested mobility of networks and hosts, but not mobility of bitlevel objects that are attached to hosts. Existing systems for the handling of bit-level objects,
such as the Handle System for naming and accessing bit-level objects [RFC3652] do not
address the issue of updating the locator of a nomadic or mobile bit-level object in a scalable
fashion.
It should be stressed that none of the legacy solutions for host mobility and multihoming are
designed to address the massive scalability problem of handling trillions of more or less
mobile bit-level objects. A host mobility mechanism such as Mobile IP hides a change of the
care-of address from the application layer, but it does not hide a change of the home address.
Consider for example a large number of bit-level objects that are stored on a mobile host that
is subject to a change of its home address due to an address reconfiguration or re-homing
event. The address for each bit-level object attached to the host must then be updated, which
results in a sequence of address update signalling messages for each bit-level object.
Considering the large number of bit-level objects that may be stored in a host, this is not very
attractive from a scalability point of view.
In the NetInf concept, Mobility support is embedded in the Architecture. NetInf supports
mobility and multi-access in wireless dissemination networks, enabling all non-real time and
real time applications. Also end-user equipment (UE) mobility is supported by using the Name
Indirection features of the NetInf Name Resolution System (NRS). It is important to underline
that in all the studied solutions mobility is network-based and network-controlled and no
centralized anchor point is used to manage mobility, as the mobility management feature is
implemented in every NetInf Node sharing processing and storage capabilities in order to
store mobility bindings and route UE traffic accordingly. Therefore, these mobility bindings are
treated like any other “regular” Information Object and standard NetInf calls can be used.
An overview of NetInf mobility management mechanisms and prototyping is provided below.
Detailed descriptions and related prototyping and simulation activities can be found in [D6.1],
[D6.2] and [D6.3].
4.3.2

User Equipment Mobility Management

One of the possible mechanisms for UE Mobility Management that might be well suited to the
NetInf requirements will be described in the following. In this solution, in addition to the IP
address, every UE is identified with a unique ID which does not belong to the IP address
namespace. For this description it is arbitrarily assumed that this ID takes the form of a
Network Access Identifier (NAI), e.g. user@example.com1. The mobility mechanism is based
on the idea to store three different mobility bindings in the NetInf Name Resolution system
1

The NAI is used to address a user within a specific Internet domain. The format of an NAI is similar to that of
an email address. It is comprised of a user portion that identifies the individual node and a realm portion that
identifies an administrative domain within the Internet. The two portions are separated by an @ sign).
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(Dictionary) and makes use of indirection capabilities that are peculiar of NetInf. In particular,
the first mapping allows to identify the ID of the node where the UE is attached, the second
one allows to find the IP Address of the node where the UE is attached and the third one is on
the NetInf Access Node and allows to map the NAI into the local UE address. This mechanism
is basically a hierarchical mobility concept which is integrated directly in the Name Resolution
System (the Dictionary) distributed over all the NetInf Nodes. Furthermore it can be easily
extended to the object mobility.
4.3.3

Late Locator Construction

The Late Locator Construction (LLC) mechanism is an extension of the NetInf mobility
framework as described in [D6.1]. The mechanism is designed to handle routing, roaming,
mobility and multihoming of moving networks, hosts, and objects in a highly scalable fashion.
Today’s networks deal with a limited number of nodes in the network, compared to all the
information objects stored in them. As we anticipate a continued vast increase in both network
nodes and information objects, including real world objects and services, an architecture must
scale to many orders of magnitude beyond current numbers in order to handle future growth.
None of the solutions in use today are designed to cope with the massive scalability problem
of handling reachability and location updates for very large numbers of more or less nomadic
or mobile objects.
Based on scalability considerations, a key design choice is the use of topologically significant
locators, which describe a forwarding path from the fixed core network to the target object
through a dynamic topology of moving networks and mobile hosts. The LLC mechanism thus
puts forwarding information in the locators instead of in forwarding tables. This design allows
for connectionless forwarding and requires less routing state in the network, and less
signalling to maintain this state than traditional routing mechanisms. The mechanism can
therefore react faster to topology changes. Also, the pin-ball routing problem associated with
having home agents for each mobile entity, such as in the Nemo framework for network
mobility [RFC3963], can be avoided.
backbone network
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Figure 4.1 Late Locator Construction Architecture
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The LLC mechanism constructs a locator for an object at the instant when end-to-end
communication is initiated in order to take fresh topology information into account. This
motivates the term late locator construction. By using fresh topology information when
performing routing by encoding a forwarding path in the locator, topology changes due to
mobility or re-homing events can be taken into account. Also, the LLC mechanism supports
policy routing by construction of locators that describe forwarding paths that fulfil policy
criteria.
NetInf objects can be handed over between hosts while maintaining reachability and
connectivity. Objects can be content files, real-world objects, application instances, etc. The
Routing & Locator Construction system serves as a rendezvous system, which returns a
current locator for the object. The locator is constructed at the time when it is requested in
order to take the most recent topology information into account. The locator describes a
specific path to an object across the edge region. For example object B has locator 1 =
p1.a.c.H2.B in Figure 4.1 , which describes a path via Edge Router 1 (having prefix p1 in the
backbone address system), via Edge Networks a and c, host H2, and finally object B.
• Step 1. Each object has a location-independent identifier, which is resolved by the Name
Resolution System into a locator of an Attachment Register for the object in the Routing &
Locator Construction system.
•

Step 2. Using the locator retrieved in the previous step, the current locator of the object is
retrieved from the Routing & Locator Construction system.

•

Step 3: Using the current locator of the object, object A can now send data to object B via
host H1. Host H1 performs the signalling functions described above on behalf of object A.

A more detailed description of the mechanism as well as preliminary evaluation results are
provided in [D6.2], [D6.3] and [EO10].
4.3.4

Validation of NetInf in a multi-access scenario

One of the key aspects of NetInf operation is the use of overlapping multi-access
environments and distributed in-network storage. We have developed a proof-of-concept
prototype and a more sophisticated simulation environment based on OMNet++. This section
gives a brief description about the proof-of-concept implementation and testbed that we have
build for validating the NetInf in a multi-access scenario. Mobile hosts can use several
solutions for achieving multihoming capability e.g. the one described in section 4.4.3 Multihomed End-to-End Mobility.
The basic scenario of Multi-access NetInf is illustrated in Figure 4.2. The scenario involves
three different networks: a core network and two wireless access networks. At first, a content
provider introduces an Information Object IO and the Bit-level Object BO (actual data) for it,
corresponding to the material to be shared on NetInf (see the detailed definition of IO and BO
from D6.2). Scenario is based on the assumption that all content (IOs/BOs) become first
available from the core network.
The Global NetInf name resolution point, located in the core network, takes care of local name
resolution points, whereas the local resolution point maintains a list of local IOs and BOs. A
NetInf node represents the content downloader and it can be connected to one or more
wireless networks. Employment of the NetInf Notification Service (NNS) enables indication of
available BO’s, while NetInf Node is moving across different wireless networks. In this
prototype implementation NNS was realized by using the ambient networks trigger
management framework [Mäk09].
The system operates as follows. NetInf Node requests global name resolution from a global
resolution point, which responds with the location of local name resolution point(s). When the
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node makes an IO/BO resolving request to local resolution point, it reports the location of the
local sources of BO’s and the NetInf node can ask BO locally from them. When the node
detects a new network it asks for the existence of a local copy from the global resolution point
through NNS. The global resolution point responds with the location of the local resolution
point and node can request the local sources from it and start the retrieval of the BOs from the
new network as well.
More details and results with evaluation about multi-access NetInf can be found in [D.6.2].

Figure 4.2 Basic scenario of Multi-access NetInf content distribution

4.4

Mobile Connectivity via Generic Paths (ForMux)

The starting point for the 4WARD transport architecture ForMux was to find (1) a development
model that can support reuse and flexibility of communication functionalities, (2) a proper
execution environment within a node (end system or router) with naming and addressing
structure and a resolution scheme, and (3) the core functions and APIs necessary for a path,
as generic as possible. Together, this is the core of the Generic Path architecture. It
approaches issue (1) by using an object-oriented approach to define types of Generic Paths
and to structure their interfaces; issue (2) by defining a set of constructs (namely, entity,
endpoint, mediation point, compartment, ports, and path, see [D5.2], [D5.3]) that describe the
execution environment of instances of such path types; and issue (3) by selecting which
operations should be possible on such paths (e.g., joining, splicing, or multiplexing).
As an example, mobility may be supported at different levels or compartments – and the
realization of mobility at a session level is quite different from the realization of mobility at IP
level, though they still share commonalities that can be defined through generalized mobility
schemes. Thus, the GP framework allows the abstract description of a mobility process in
terms of GP constructs. Its realization can then resort to specific technologies adequate to the
compartment we are considering in each case.
Moreover, the GP architecture provides a consistent and concise way of dealing with names
and addresses, how they are related, and how name resolution puts them into perspective,
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and how name resolution, neighbour discovery, routing and forwarding interact with each
other.
The Generic Path architecture proposes a new communication abstraction where
communicating End-Points (EP) are bound to one or several Generic Paths (GPs) allowing
new end-to-end transport paradigms. It allows multiple points of attachment and continuous
communications for EP, either from either the same or different naming space, the
Compartment (CT). The GP framework integrates mediation functions allowing the
interconnection of several GPs as well as the adaptation of the transported communication
flow (e.g. rate adaptation, or transcoding). These Mediation Points (MP) can bind different
kinds of GP, e.g. corresponding to different layers in the OSI model, and allow the combination
of two or more GPs resulting in a single “end-to-end” GP. The use of an object oriented model
allows the manipulation and instantiation of different kinds of GP classes and entities.
This way, the GP framework offers the necessary mechanisms for adequate mobility support,
conveying a solution for problems such as connectivity loss during multihoming or handover
scenarios, and delivering users the holy grail of mobility, “seamless mobility”. More particularly,
three mobility scenarios are identified in [D5.2.0], which illustrate different meanings of mobility
in the context of a “Generic Path”: user mobility, session mobility, and network mobility. The
sub-structured GP approach enables the design of a wide variety of different mobility concepts
and types all following the same mobility mechanisms. The main ingredient needed to
facilitate mobility is beside the creation or deletion of a GP the dynamic modification of a GP.
Together with this comes the need to change bindings between hosts and locations or
between applications and supporting EPs.
An adaptive and scalable mobility framework supporting different mobility approaches and
their realizations in the GP framework is foreseen in order, not only to support the three
mobility scenarios, but also to adapt to various contexts such as: user speed, traffic mix,
availability of one or several heterogeneous connectivity technologies, user preferences,
terminal capabilities, cost and power consumption considerations etc.
Three solutions have been developed to address different aspects of the previously
mentioned scenarios. Firstly, to ensure a fast, efficient and scalable mobility support in typical
user and network mobility scenarios, the dynamic activation of mobility anchors in access
nodes is defined in the DMA (Dynamic Mobility Anchoring) solution. Secondly, to support
different mobility realizations towards binding functions at different levels (such as
connectivity, network and application), an adaptive binding scheme is developed in the AM
(Anchorless Mobility) solution. Lastly, to dynamically manage and benefit from multiple paths
realisations between two communicating end points, an end to end approach is foreseen,
realized in the MEEM (Multi-homed End-to-End Mobility) solution.
Each solution does not target one out of the three mobility scenarios specifically, although the
“user mobility” and “network mobility” scenarios may be supported by any of the mobility
solutions. However, the “session mobility” scenario is only supported by the AM solution.
Moreover, these solutions should not be understood as concurrent and overlapping ones: as
will be explained below, their activation will mostly depend on the end to end GP context. For
example, in a typical “user mobility” scenario where the handover occurs between adjacent
cells during ongoing real-time communications, the DMA scheme is well suited to instantly
perform the necessary traffic indirection. After several DMA based handovers, long lasting
applications’ traffic anchoring may result in decreased efficiency due to location and delays
between the used anchor and current attachment points. Then, the AM solution can
adequately adapt GP binding to a shortest path realisation while deactivating corresponding
mobility anchors. Lastly, in multi-homing situations, the MEEM solution can better adapt the
path selection for each given end to end GP between two communicating parties.
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In other contexts, only one or two of the proposed solutions can be preferred, such as AM for
multicast traffic, DMA for short-time sessions, and MEEM for end-to-end non real time traffic
over heterogeneous technologies.
In the following, we shortly introduce those three solutions. For a deeper description the
reader is referred to [D5.2].
4.4.1

Dynamic Mobility Anchoring

The Dynamic Mobility Anchoring (DMA) approach provides a distributed, flat architecture able
to support mobility in the heterogeneous network. This is motivated by the fact that distributed
control and data plane architectures achieve better performance and scalability than
centralized architectures where central entities introduce much more delays, bottlenecks and
constraints, see [Ber09]. The concept of DMA is based on the full distribution of mobility
support functions between Access Nodes (ANs) and Terminals. Mobility support is inherently
sustained by ANs that act as traffic flow anchors, whereas the rest of the network remains
independent from mobility. When a multi-interface Terminal moves in a heterogeneous
network, its traffic flows are anchored on the initial serving AN, which then provides the
necessary indirections to ANs to which the Terminal is currently attached; in return, the current
serving ANs forward the traffic flow to the Terminals' connectivity interfaces.
Regarding the GP architecture, the whole network may be represented by independent
Compartments (CTs): the Connectivity CT (set of active terminal’s connectivity associations),
the Access Domain CT (set of interconnected Access Nodes in a given singly managed
Access Domain) and the External Network CT. The communication between Terminal and its
correspondent is represented by an end-to-end GP that is composed of a set of sub-GPs
instantiated in each CT.

Figure 4.3 Mobility Support in Dynamic Mobility Anchoring within GP framework.
When a multi-interface Terminal moves in its Connectivity Zone, its mobility induces changes
in the network topology. It establishes a single or multiple network connectivity associations
with one or more ANs. When such associations between the Terminal and its ANs cannot be
maintained due to changing radio conditions (i.e. user movement), new connectivity
associations between the Terminal and new serving ANs can be established using the same
or different access technologies and protocols. The ANs actively cooperate to guarantee the
delivery of the traffic flow within the access network by constantly considering the most
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appropriate traffic flows mapping over available connectivity associations. The end to end GP
is dynamically adapted in the Access Domain CT providing the necessary indirections
between the anchoring AN and the currently serving AN(s).
Figure 4.3 illustrates an example where a multi-interface Terminal uses a multi-path routing
GP to transfer the traffic flow over its two active network connections. The Anchoring AN
(AN1) aggregates the traffic flow from/to the current serving ANs (AN1 and AN2) on the one
side and the Access and External Networks on the other side. Mediation Points are utilised to
split or aggregate the traffic flow in the Terminal and the Anchoring AN.
4.4.2

Anchorless Mobility

The Anchorless Mobility concept solves one of the main mobility pain-points today, namely of
scalability, due to not needing a central mobility anchor (such as the Home Agent in Mobile
IP). The Anchorless Mobility concept uses different addresses for locations and for host
identifiers in the network and with a proper addressing and naming scheme [4WBook]
implements the locator/identifier split by use of different end points (EPs).
EPs communicate to each other and to the outside world via a Binding function, cf. Figure 4.4.
Herein the terminal contains an EP2 denoting the device connectivity. EP2 is connected via a
Binding to EP3, denoting the current location of the device. The mobile device is represented
by a Node CT N1 and the principal component that facilitates mobility is the dynamic binding
function performed by the EPs. If for example the mobile device in Figure 4.4 is moving, the
Binding to EP3 is torn down, while the Binding to EP5 is established. Note that the Binding
always occurs between EPs of different CTs.
Upstream packets from the mobile device on the left into the network on the right can easily
travel on the new path through the Compartment C1 immediately after a re-binding to EP5.
Downstream packets from the core network C2 towards the Information Object in the mobile
device must be redirected at a suitable branching point in the network.
Several possibilities exist for finding the branching point and with it defining the new path
through the Compartment C1. One method is to inspect the upstream traffic and change the
forwarding entry in the resulting branching point EP4 accordingly. This binding update
signalling message towards the core can follow the old path over EP3 or follow the new path
over EP5 or both.
Mobile Node CT
(Device)

EP1

EP2

GPs typically residing
in an access network CT
EP3

EP4

GPs typically residing
in a core network CT
EP6

EP7

N1
EP5
C1
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EP3 to EP5

Port
Data

EP8
C2

Binding
Generic Path
Binding Updates
Branching point

Figure 4.4 GP Anchorless Mobility Components.
The advantages and benefits of the described Anchorless Mobility approach are:
• The anchorless mobility approach works for all kind of mobility, be it session, terminal or
network mobility.
• Due to the object oriented approach the introduction of new mobility concepts or mobility
protocols is straightforward for future evolutions of today's Internet architecture.

4WARD

23(38)

Document:

FP7-ICT-2007-1-216041-4WARD /
MobilityWhitePaper
Date: 2010-06-18
Security:
Status: Final
Version:

•

Public
1.0

Unlike today’s tunnelling solutions, the Anchorless Mobility concept allows local routing
and thereby leads to decreased transmission delays and lower bandwidth utilizations.

Figure 4.5 Multi-homed end-to-end mobility
4.4.3

Multi-homed End-to-End Mobility

The design of a future multi-homing protocol for multi-interface mobile terminals requires the
use of multiple paths between the communication terminals. These paths could be combined
to provide composite services as one unique higher level end-to-end path [D5.2]. Multi-homed
End-to-End Mobility (MEEM) is a mobility management mechanism defined for the GP
architecture in which mobility is handled by the multihued terminals.
As illustrated in Figure 4.5, users of multi-interface mobile terminals can connect to different
networks simultaneously through several interfaces. An end-to-end GP is thus composed of
several end-to-end sub-GPs. Mobility related to these interfaces can be handed in an end-toend manner taking advantage of multihoming. When mobility occurs over an interface,
seamless handover is much easier achieved by switching traffic into a secondary interface
before the handover and back to the initial interface afterwards. This approach is especially
suitable for the case in which the handoff decision is taken by the terminals.
In the GP architecture, mobility management is implemented within the mediation point (MP)
by two functions, combination function and multiple binding.
• Combination function estimates the performances of the combined end-to-end GP in order
to decide the set of paths that should be used simultaneously and the scheduling
algorithm that should be used over these paths to provide the best performances.
• Multiple binding sets up and maintains the bindings between the endpoint of the end-toend GP and the endpoints of the end-to-end sub-GPs. This binding is dynamic. When a
node’s locator is changed due to mobility, multiple binding is responsible to update the
bindings with the new locator.
The advantage of end-to-end mobility management is that no new network entity needs to be
defined. However, this approach should not be used in case of large number of end-to-endpath connected to a terminal (e.g. one of the terminals is a big server which has to maintain
hundreds or thousands of connections from clients). End-to-end mobility should be used for
applications such as video or audio streaming, video or audio telephony or other applications
in which data transmission is carried out between two or several multi-technology multi-homed
mobile terminals. End-to-end mobility management can be found in SCTP and SHIM6. The
MEEM principle can be applied to other existing protocols such as TCP or UDP to obtain
multipath TCP or multipath UDP with end-to-end mobility support. It can be also used as a
principle to design new protocols integrating multi-homing and end-to-end mobility
management.
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Summary on GP mobility

The described mobility solutions are more flexible and self adaptable than the mobility
solutions adopted nowadays. By use of the GP concepts the described mobility solutions allow
a flexible treatment of flows, e.g. audio flows and video flows of a stream can be handed over
individually depending on the requirements. Unlike a 3G/4G mobile network with its fixed
distributions of functionalities in different kinds of network elements, the proposed solutions
better adapt to changing topologies and structures. Each involved node can carry out the
needed functionalities like forwarding, branching, mediating or binding. With support of the GP
architecture these solutions help to solve the issue of decentralisation of the architectural
elements involved in multi-technology, multi-homed and multipath handover.

4.5

Mobility in Virtualised Networks (VNets)

Virtualisation introduces an extra level of complexity when dealing with mobility. Virtual
Networks (VNets) are deployed as an overlay on top of heterogeneous physical networks.
Thus, not only could the physical substrate be formed by mobile resources, but also we could
discuss about mobile virtual nodes, for example. If we consider mobile users attached to a
certain VNet through their virtual attachment point (i.e. virtualised Base Station), then we
might derive that if a user moves towards a different cell, his/her virtual attachment point
should be moved (reallocated) as well. Seamless continuity of the service would imply, in this
case, a sort of “virtual mobility” within a wireless environment.
The work developed inside the VNet concept regarding mobility has been mainly focused on
two independent tasks: (i) embedding of VNets on mobile physical substrates; and (ii)
virtualisation techniques applied to wireless resources. Both problems and the solutions
proposed are briefly summarised in the following subsections.
4.5.1

Provisioning of Virtual Networks over mobile physical substrates

Regarding the provisioning of VNets, special interest has been put on the dynamic aspects of
the physical network and their effects on the creation and management of the overlaying
VNets. In WP3, “Mobility Aware Embedding” takes into account mobility of resources in the
physical substrate and evaluates the performance of the associated embedding mechanism.
The main objectives of this task are to maximize the flexibility (maintaining actual mappings
whenever implied physical nodes are moving) and efficiency (map as many VNets as
possible) of the embedding algorithm. A key aspect is also the identification of specific criteria
which deal with mobile issues within the mapping algorithm (e.g. look for the shortest path to
avoid incrementing the number of hops/nodes susceptible to move and break the route, to
update the Physical Substrate status more often so as to have up-to-date information about
node locations, etc).
In order to illustrate the effects of mobility in the physical network, Figure 4.6 represents two
different situations: (left) an actual mapping, virtual node nv2, needs to be remapped since the
physical node moves away from its valid location, requested by the VNO; and (right) migration
of a virtual link is performed, since a new substrate path with lower cost is found.

4WARD

25(38)

Document:

FP7-ICT-2007-1-216041-4WARD /
MobilityWhitePaper
Date: 2010-06-18
Security:
Status: Final
Version:

Public
1.0

Figure 4.6 Mobility Management: Node and Link Re-mappings

In Figure 4.6 – left - the virtual node nv2 moves and gets out of the requested location (specific
cell demanded by the VNO), so it is necessary to remap a virtual node in the same cell for that
VNet. Steps 1 to 4 in the picture represent the sequence: (1) movement of nv2; (2) neighbour
nodes are notified; (3) a new node in the valid cell is identified and asked to map the new nv’2;
and (4) new virtual links to the virtual neighbours need to be mapped.
In Figure 4.6 – right –physical node B moves out of the radio coverage of A and provokes a
broken substrate path which was hosting a virtual link. The affected VNet needs to repair the
gap between virtual nodes nv1 and nv2. Steps 2 to 3 represent the remapping of the virtual link
through a different (split) substrate path.
The first version of the Mobility Aware Embedding has been developed in C code from a
centralised perspective [Hernando01] and was focused on the adaptation of the embedding
process to solve problems induced by mobility (Node and Link Re-mapping algorithms). A
second approach has been elaborated, in the form of a distributed embedding protocol, which
was implemented within the NS2 simulation environment (C++ based). Detailed results can be
found in [Hernando02].
4.5.2

Virtualisation techniques for wireless resources

While virtualisation of servers, routers, wire line links, end nodes and hosts has been
extensively studied in the literature [Kohlera] [XEN_book] [BHA_2008] [VROUT] [VMware]
[CISCO], the wireless part has not yet received major consideration within today's research
community. Thus even though in actual and future networks wireless links are playing an
increasingly important role. Virtualisation of the wireless link combines many different aspects
of the virtualisation problem, and WP3 has put some efforts in several of them:
Innovative scheduling techniques and performance evaluation applied to different radio
technologies: Balance between the number of VNOs (Virtual Network Operators) sharing the
same wireless resource, and the degradation of the service offered to mobile users attached
to the same network point. In this direction, two different simulation tests have been
developed:
• A general model for the dynamic behaviour of a single VNet (Virtual Network) service has
been developed. Efficient scheduling of virtual links over shared last mile access networks
has significant impacts on the quality of service for users and channel resource utilisation.
In a system where a single wireless base station with a single antenna transmits delay
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tolerant data to multiple virtual networks, when the partial Channel State Information (CSI)
is available, the optimal scheduling strategy to maximize spectrum efficiency is to transmit
to a single user with the best channel quality in each scheduling epoch (i.e., time slot).
This can be considered as an opportunistic service discipline. Opportunistic scheduling
with Adaptive Modulation and Coding (AMC) schemes are widely proposed for modern
wireless systems. It is demonstrated that a finite-state Markov process can adequately be
used for this purpose. This conclusion is supported by the presented results of extensive
simulations in [D3.2.0].
•

A Matlab based implementation aimed at the performance analysis for a variable number
of Virtual Operators (with several types of traffic) accessing the same wireless medium
through the same wireless interface, according to a TDMA basis. The core algorithm of the
WMVF (Wireless Medium Virtualisation Framework) is based on the WRR (Weighted
Round Robin) scheduling mechanism, modified with some specific rules and enhanced to
become an adaptive technique. Adaptation enhances the performance of the main
principle (TDMA), since the access node can measure (in principle) the usage conditions
performed by the different Operators and adapt the assignment of their Time Slots (TS) in
the WRR accordingly. The idea is to look for the maximum usage maintaining the best
possible QoS conditions for each traffic type.

The concept of CVRRM (Cooperative VNet Radio Resource Manager), as the coordinator
and decision taker, when dealing with heterogeneous wireless environments, and mobility of
users (seamless continuity of the attachment point): A first evaluation of CVRRM mechanisms
proposed in [D3.1.1], in particular the VNet requirements Radio Resource Control (VRRC) has
been made. In this testbed a network model is presented in order to derive reference values
for evaluation metrics. The wireless access technologies involved in the study are
TDMA/FDMA, CDMA, OFDM, and OFDMA, as they cover most of the current wireless
systems (GSM/GPRS, UMTS, WiFi, and LTE). Initial simulations on static traffic conditions
were demonstrated.
LTE (Long Term Evolution) virtualisation, with extensive simulation tests to analyse the
QoS performance of final services, delivered to mobile users. In the context of this work we
limit the first investigations on one base station only and we consider fairness to be given by a
fair sharing of spectrum in means of bandwidth. This means the challenge considered here is
how to schedule users of different Virtual Networks ensuring they are granted their share of
bandwidth. The main focus of the work is to study the effects and gains of introducing network
virtualisation into the LTE system. This is done through virtualising the air interface of LTE (i.e.
virtualising the eNodeB), where a hypervisor is added to virtualise and schedule the air
interface resource to be shared among the different virtual networks.
Extensive explanations about these different works and detailed results from testbeds and
simulations can be found in [D3.2.0].

4.6

In-Network Management (INM)

In relation to the mobility theme, the framework for In-Network Management (INM), as
described in [D4.3] is not covering what could be called "classical control plane" functionality
and so does not treat mobility aspects in a specific way. Mobility is implicitly supported by INM
algorithms for real-time monitoring and situation awareness as they provide functions, such as
fault discovery and self-adapting mechanisms that will impact on mobility, and mobility will
impact on INM functions. This means from an overall perspective INM can inform or trigger
entities in wireless networks, to carry out a mobility process, but INM is not involved in the fine
mechanics of that mobility process.
INM algorithms are realised through one or many architectural components called
Management Capabilities (Figure 4.7). These Management Capabilities are encapsulations of
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pieces of management logic which perform management on another entity type (i.e. an entity
being anything which needs management). They expose two main interfaces: 1) an
Organisation Interface which is a north bound interface which can be used for external
configuration and 2) a Collaboration interface which is used for interaction with peer
capabilities. Algorithms or their representing Management Capabilities can publish objectives.
These objectives represent what the algorithm is functionally trying to achieve, e.g. whether a
peak load threshold has been crossed. The objectives can be subscribed to by higher level
entities and be used as triggers for other tasks. This trigger mechanism can be used by
specific mobility related functions.

to/from higher levels of abstraction
organization interface

Management Capability
objective
retrieval

objective
enforcement

collaboration

collaboration
management
algorithm logic

Figure 4.7 Management capabilities: structure and interaction
As part of INM, algorithms for situation awareness that address real-time monitoring of
network-wide metrics, group size estimation, topology discovery, data search and anomaly
detection have been developed. These algorithms can be seen as fundamental elements of a
monitoring knowledge stratum in the architecture framework, providing key real-time metrics.
Examples of specific INM building blocks that have relevance in mobile environments are
given below.
Regarding the monitoring of network-wide metrics, an important task is to detect a
threshold crossing of a metric, for instance to determine that some network-wide metric, such
as average or peak load, has been crossed, indicating a problem that may need attention.
Solutions have been developed for threshold detection based on both tree-based and gossipbased underlying protocols [Wuh08] [Wuh09a] [Wuh09b]. The overhead of our solutions is
minimal when the aggregate values are far from the thresholds. This is a very attractive
feature for many applications where the thresholds indicate exceptional network conditions
that are not expected to frequently arise, as this means that, under normal operating
conditions, overhead from threshold detection can be neglected. As an application in mobile
scenarios monitoring of cell capacity and performance parameters which will impact handover
and path selection can be envisaged.
For providing group size estimation, the Not All aT Once! (NATO) algorithm has been
developed [Coh09], a statistical probability scheme for estimating the size of a group of nodes
affected by the same event without explicit notification from each node, thereby avoiding
feedback implosion. An efficient solution for this task permits, for instance, monitoring the
operating conditions of a large-scale network by computing the share of nodes whose
performance is above (or below) a given threshold. The main idea in the solution is that after
the event takes place, every affected node waits a random amount of time taken from a
predefined distribution, before sending a report message (RPRT). Simulation results show that
with only 20 feedback messages (coming from a group of 100 or 10,000 affected nodes), the
estimation error is about 5 percent, and after error correction, the error is eliminated. This
algorithm could possibly be used to support self-organization of mobile communities, e.g. for
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estimation of the number of mobile nodes/users in a specific routing or location area at any
one time.
With respect to topology discovery, “Hide and Seek” (H&S) [Gua09], a novel algorithm has
been developed. In highly dynamic scenarios, like the ones we target, the need for efficient
topology discovery is particularly important. There are two roles in H&S: seeker and hider. A
seeker node sends directional contact messages to its neighbourhood using a probabilistic
eyesight direction (PED) function. This function aims at narrowing the directions through which
contact messages are sent. Once contacted, hider and seeker synchronize their knowledge,
keeping track of each other. The hider becomes a new seeker and the process is repeated
until all nodes have been contacted. Our evaluation shows that the message overhead of H&S
is lower than that of flooding-based algorithms. This mechanism could be used for the
management of route optimization in mobile adhoc groups, as it will provide a trigger when
new nodes are detected in the network.
The above algorithms provide an example of what information mobility functions can take
advantage of. The full compliment of INM algorithms is described in [D4.3].

5 Concept Validation by Experimentation and Prototyping:
Integration across NetInf, GPs, and VNets
In the following section we describe the concept validation work undertaken in 4WARD as far
as overarching mobility aspects are concerned. This demonstration scenario has been shown
at the annual project review event in Aachen March 2010 and includes contributions from the
NetInf, VNet and ForMux work packages.

5.1
5.1.1

Involved components
Realisation of information-centric networking

Main part of the validation is a prototype realization of the NetInf architecture [AAD08, Dan09]
to show how to overcome the inefficiencies of today's Internet architecture with respect to
information dissemination and information handling. We have built a prototype [DaB09,
BDK10] that implements the overall NetInf architecture, consisting of NetInf nodes as shown in
Figure 5.1. Each NetInf node can be configured as to support different types of nodes, like
client nodes and infrastructure nodes. For this purpose, a node can be built up based of the
following main components:
1. Different search services to search for information
2. Different resolution services to resolve flat NetInf names into locators and related
metadata
3. Transport services to send/receive the data between NetInf nodes
4. A storage component handling the caching and persistent storage of NetInf data
5. An event component providing access to event services connected to the NetInf
architecture
6. A naming component implementing the NetInf naming functionality to securely name data
7. An information model component providing the NetInf information model
The access interfaces to each NetInf node are realized via XML and via Protobuf messages.
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Realisation of the Generic Path architecture

The GP architecture's goal is to overcome limitations of the fixed ISO/OSI architecture by
designing the architecture for flexibility and extensibility from the beginning. The architecture is
service-oriented, i.e., Entities (“layers'') can be arbitrarily composed based on their required
and provided services (no static stack determined by the technologies anymore). Another key
issue are the unified structures. Entities and Endpoints (the termination of a communication
path) have all the same interfaces to ease cross-layer networking. Additionally, reusable
components like Entities and Endpoints, or mechanisms like name resolution are made
explicit to speed up developing new features. As a result, name resolution uses the same
mechanisms on all different levels of networking.

Figure 5.1 NetInf node architecture

5.2

Mobility scenarios considered

We have realized multiple scenarios that demonstrate the different capabilities of the NetInf
architecture and the GP architecture. In the following sections, we describe three scenarios
that illustrate different forms of mobility, including data mobility (section 5.2.1), user mobility
(section 5.2.2), and session mobility (section 5.2.3).
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Data mobility scenario

In this scenario, we demonstrate data mobility and efficient, secure data dissemination
mechanisms based on an integration of the NetInf and GP architecture. In addition, the overall
NetInf infrastructure is virtualised using VNets to provide resources on the fly.
NetInf achieves efficient data dissemination based on the fact that data is considered locationindependent, i.e., data requests are independent of the storage/caching location as NetInf is
based on a locator/identifier split. Each NetInf node can store/cache data and can provide
those copies to other NetInf nodes. Copies can either be generated on demand (e.g., using
VNets to create new NetInf nodes on the fly first) or are cached during client requests on
existing NetInf nodes.
In our demonstration case, a Web browser, extended via a NetInf plug-in to allow
communicating with the NetInf infrastructure, handles the resolution of Web links to flat names
instead of URLs by triggering a NetInf name resolution process. During resolution, an
appropriate download location is selected by the NetInf nodes, either on the infrastructure side
or on the client side. Thereafter, the browser downloads and displays the requested
information. In addition, the client NetInf node checks the data integrity and caches the data
locally. The cached data can subsequently be provided to other NetInf nodes to increase
availability in case of network disruption. NetInf nodes in the local network or same network
partition can still retrieve the data when the global Internet connectivity is not available any
longer or the overall network is partitioned. This is also true in case of network mobility. Each
NetInf node (potentially in a mobile network) can perform the required name-to-locator
resolution step for other NetInf nodes in its network, eliminating the need for additional
infrastructure nodes in situations like network mobility or network partitioning. Detecting
neighbouring NetInf nodes is performed via the GP architecture. The GP architecture offers
multiple ways to find appropriate nodes via specific name resolution mechanisms. For
example, a GP can make a local broadcast name resolution to find all other NetInf nodes in
the local network. Mobile data that is temporarily cached on those nodes can thereby be
retrieved by other NetInf nodes. The whole process is transparent to the user.
Retrieving local data copies from neighbouring NetInf nodes also reduces the overall network
traffic as NetInf can automatically select the best copy for retrieval based on configurable
metrics, including network vicinity.
5.2.2

User mobility scenario

This scenario illustrates how mobile applications and the corresponding infrastructure can
easily be developed using the above mentioned building blocks that are inherently provided by
NetInf, integrated with the GP architecture for neighbourhood discovery and the VNet
architecture for on demand resource provisioning.
The building blocks provided by NetInf enabled us to rapidly develop a globally scalable
collaborative editing and context-awareness application for mobile users. Specifically, we
developed a shopping application that informs the user about available products in near by
shops from his shopping list. The shopping list can be edited collaboratively by multiple users.
This is implemented by storing the data in a NetInf-specific data structure and utilizes the
Event Service to subscribe the mobile applications to any changes performed on the shopping
lists and the shops' inventory lists. Those data objects/lists can be mobile themselves as the
inherent NetInf mobility support automatically performs the required name resolution step from
the flat object name to the current object locator.
The mobile applications can make use of the GP architecture to find other mobile nodes in
their vicinity by performing a local broadcast name resolution process. Each local NetInf node
can answer to such a request and can provide data and other services to neighbouring NetInf
nodes. The general infrastructure for this application is based on multiple NetInf nodes which
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offer the required services. Additional NetInf nodes and network resources can be provided on
demand using Network Virtualisation.
5.2.3

Scenario on session mobility for video streaming

In this scenario we focus on the data transport part, namely the GP architecture and show
how session mobility can be implemented for a live video stream, i.e., client and server are
moved to different machines during runtime. To accomplish that we needed to complete the
following tasks: (1) extend the basic GP framework implementation with session mobility
support and (2) build a video streaming Entity and corresponding Endpoint.

Figure 5.2 Client-side GP Endpoint relocation.
The Endpoint is migrated from VideoEntity client1 to VideoEntity client2. The Entities client 1 and
client2 could be located in different devices, like a stationary PC and a PDA
For this, we first added support for session mobility to the AbstractEntity. This covers functions
to serialize the Endpoint of an existing GP and to transfer this serialization to another Entity.
Additionally, the GP management functions have been extended to relocate the GP alongside
the Endpoint transfer to the new Entity. All these mechanisms are generic, i.e., they can be
used for any GP type and are not limited to video transmission.

Figure 5.3 - Server-side GP Endpoint relocation.
The Endpoint is migrated from VideoEntity server1 to VideoEntity server2
Second, we created a VideoEndpoint that is instantiated by a VideoEntity. This Endpoint uses
the VLC media player to generate and display video streams. In particular, the VideoEndpoint
contains the current state of VLC (playback position and source video file), which is eventually
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contained in the Endpoint serialization. This permits session mobility by relocating the video
Endpoints on both server and client side. The Endpoint relocation on client side is illustrated in
Figure 5.2.
The mechanisms on the server side are similar. Figure 5.3 shows this situation. The serverside session mobility is especially useful for balancing load between multiple servers for just
single video streams; a problem that cannot be solved today by server migration, known from
server virtualisation.
All these relocation mechanisms are transparent for GPapplications that use the relocated
video GP, like video-conferencing tools.
The actual decision that an Endpoint relocation is beneficial can be made at different places.
First, the Entity hosting the Endpoint knows about its current state (e.g., overload, cross-layer
information from other Entities) based on which the decision can be made. Second, an overall
view of the user behaviour can be provided by NetInf. NetInf knows, independently of the
location where data is eventually transferred from, which data is popular and where it is
required in the network. Third, of course any information that is gathered and provided by INM
can be used to trigger a GP Endpoint relocation.

5.3

Summary of the integrated experiments

In the presented scenarios, GP, NetInf, VNet, and INM nicely benefit from each other to
achieve the best setup for the user and the network and support different kinds of mobility, i.e.,
data mobility, user mobility, and session mobility. In the data mobility and user mobility
scenarios, the overall infrastructure is virtualised using VNets to adapt the network resources
to the NetInf requirements on the fly. GPs are used to perform neighbourhood discovery for
near by NetInf nodes, making mobile data resources available to other users. In the session
mobility scenario, GP/NetInf/INM actually know when and where additional resources are
required. Based on this information, the GP transparently adapts the data transfers.
The prototyping confirmed our mobility scenarios as well as our integration scenarios of the
different technologies (NetInf, GP, and INM). It was also helpful in discovering new integration
possibilities, e.g., using GPs for neighbourhood discovery in mobility scenarios and also other
scenarios.

6 Summary and Conclusion: the 4WARD Mobility Innovations
The 4WARD mobility work across the technical concepts (dealt with in the different work
packages) has led to various innovative concepts on which further work on future networks
can build.
In this paper, we have sketched a picture of inter-relationships between the novel mobility
functionalities and their functional decomposition that is depicted in Figure 6.1.
The main parts regarding mobility are provided by the Network of Information and the Generic
Path Connectivity concept.
The name resolution scheme and late locator construction in NetInf is a template for a novel
location and identity management, also including secure user-managed information and
content storage in multi-access environments. NetInf supports mobile reachability and multiaccess in wireless dissemination networks, enabling all non-real time and real time
applications. Also locating end-user equipment (UE) is supported by using the Name
Indirection features of the NetInf Name Resolution System (NRS). It is important to underline
that in all the studied solutions mobility functionality is network-based and network-controlled
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and no centralized anchor point is required to manage it, as the mobility management feature
is implemented in every NetInf Node sharing processing and storage capabilities in order to
store mobility bindings and route UE traffic accordingly. Therefore, these mobility bindings are
treated like any other “regular” Information Object and standard NetInf calls can be used.
Complementing this, the generic path concept in ForMux solves the problem of handling most
kinds of mobile connectivity (from terminal to session mobility) by a recursively applied
scheme of dynamic bindings between paths and name/address resolutions between multiple
end and mediation points, thus unifying different kinds of “mobility anchor” concepts. The
described mobility solutions focus on maintaining connectivity during communication and are
more flexible and self adaptable than the mobility solutions adopted up to now. By use of the
GP concepts the described mobility solutions allow a flexible and distinct treatment of flows,
e.g. audio flows and video flows of a stream can be handed over individually depending on the
requirements. Unlike a 3G/4G mobile network with its fixed distributions of functionalities in
different kinds of network elements, the proposed architectural solutions better adapt to
changing topologies and structures. As in the Netinf architecture, each involved node can
carry out the needed functionalities like forwarding, branching, mediating or binding. With
support of the GP architecture these solutions help to solve the issue of decentralisation of the
architectural elements involved in multi-technology, multi-homed and multipath handover
Network of Information:
„information object mobility“ (user/terminal/host/network)
optimized of storage locations
management of multiple access/service capabilities
late locator construction, mobile „user“ tracking,
distributed attachment register for identity and location management

New Architectures,
Principles and
Concepts:

principles and
patterns for
design and
ForMux: Generic Path Connectivity & Transport:
composition of
Mobile routing (finding routes & execution), session,user,terminal mobility
mobile
dynamic binding, locator/identifier split,
services/networks,
name/address resolution, resource management/QoS, multipath/multihoming interoperation or
federation of
mobile networks
Virtualized Networks:
In-Network Management:
(cellular/cellular,
Provisioning of VNets
Autonomous behaviour
adhoc/cellular,
over mobile physical substrates
of resources / situation awareness;
adhoc/adhoc)
virtualisation of wireless links,
monitoring of network-wide metrics,
mobility aware embedding,
efficient topology discovery,
virtualisation techniques
group size estimation
for wireless resources

Figure 6.1 Mobility Concepts in 4WARD: How all fits together

New ways of providing mobile services and quicker introduction and migration to those will be
facilitated by introducing virtualisation of mobile networks and their embedding into a common
infrastructure. And last but not least, principles of advanced
In-Network-Management will facilitate autonomous monitoring of distributed mobility metrics of
path candidates and support self-organization of mobile network configurations (via intelligent
information distribution and collecting mechanisms).
An important achievement in the project is also a first concept validation by experimentation
and prototyping that has been performed through integration of prototypes across NetInf, GPs,
and VNets. New and somewhat unexpected variants of mobile scenarios could be
demonstrated and experimented with. This has confirmed that the generic and abstract
approach of NetInf and Generic Path has led to feasible realization concepts including their
interfaces and APIs that could benefit from the generic functionality provided in a mobile
environment.
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7 Acronyms
AM
AMC
AN
AODV
AR
BO
CSI
CT
CVRRM
DMA
EN
EP
ForMux
GP
H&S
INM
IO
LLC
LTE
MANETs
MEEM
NATO
NetInf
NewAPC
NRS
OLSR
PED
SSP
UE
VANET
VNet
VNO
VRRC
WMN
WMVF
WRR
WSN

4WARD

Anchorless Mobility
Adaptive Modulation and Coding
Access Node
Ad Hoc On-Demand Distance Vector
Attachment Register
Bit-level Object
Channel State Information
Compartment
Cooperative VNet Radio Resource Manager
Dynamic Mobility Anchoring
Edge Network
End Points
Multiplexing and Forwarding
Generic Path
Hide and Seek
In-Network Management
Information Object
Late Locator Construction
Long Term Evolution) virtualisation
Mobile Ad Hoc Networks
End-to-End Mobility
Not All aT Once!
Network of Information
Architectural Principles and Concepts
Name Resolution System
Optimized Link State Routing Protocol
Probabilistic Eyesight Direction
Stratum Service Point
User equipment
Vehicular Adhoc Networks
Virtualised Networks
Virtual Network Operator
VNet requirements Radio Resource Control
Wireless Mesh Networks
Wireless Medium Virtualisation Framework
Weighted Round Robin
Wireless Sensor Networks
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