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Abstract

This paper proposes an IP control plane for supporting policy based overlays. It argues that
the appropriate abstraction with which to associate policy is a lightweight virtual network.
The term lightweight denotes that these virtual networks are created quickly through signaling
and require minimal support from network devices. The latter is achieved by minimizing what
is required from network elements, while taking advantage of what is available; this is termed
the principle of low expectations.
The paper also motivates the feasibility of the solution by describing the design and implemen-
tation of a control architecture supporting such virtual networks. Within this infrastructure
the virtual networks are implemented at the IP level by a set of related private IP subnets,
while at lower layers a range of techniques for supporting policy is used. The infrastructure
may be thought of as a virtual network control plane within which various technologies from
a range of protocol layers are knitted together.



1 Introduction

The term policy based networking is becoming increasingly popular in both the research and
product literature. A network policy is simply a way of determining who has access to which
network nodes and how their traÆc should be treated at those nodes. While policy has
always existed within IP networks, this was obscured by the fact that it was implicit (e.g. all
authorized users treated equally), simple (e.g. a single policy applied to the entire network)
and modi�ed only infrequently.

The interest in policy based networking arises from the increasing complexity of the policy
that IP networks are required to support. This complexity is due to:

� increased requirements for resource guarantees, either because of the introduction of
continuous media services or simply because the user's business requires bounded delays;

� the need to dynamically create private location independent user communities whose
traÆc is isolated and protected from the rest of the network;

� the fact that a given physical element may have to support multiple di�erent policies for
di�erent services and/or user communities;

� the desire to take advantage of service speci�c knowledge within the network, for example
shaping the constraints on the distributions, e.g. loss sensitivity, as a function of the
nature of the information, e.g. video, data.

At a fundamental level network policy is an emergent property of di�erentiating between
traÆc. TraÆc di�erentiation can be distinguished in the following three ways:

� the reason for doing it, e.g. QoS, security;

� the granularity at which it is performed; e.g. ow, user, service, site;

� the scope, e.g. between hosts, between edge routers.

Existing solutions address di�erent parts of the problem space de�ned by this tuple. For
example what is commonly called in the literature a Virtual Private Network (VPN), such
as the commercial o�er proposed in [1], is concerned with securing traÆc in transit between
trusted locations; guaranteeing resources between hosts is addressed by the IETF integrated
service model (int-serv) [2]; while the IETF di�erentiated service model (di�-serv) [3] allows
a guarantee to be given about the forwarding of the aggregate of traÆc across a router for a
given service.

This paper argues that the diversity of ways in which policy is de�ned for, distributed
to and applied on di�erent network devices makes the con�guration of the network complex
and reasoning abouts its overall behaviour extremely diÆcult. This is likely to inhibit the
introduction of new desirable policies.

This paper proposes a single abstraction within which di�erent solutions at di�erent proto-
col layers can be coordinated. For example, this abstraction allows the very di�erent semantics
of QoS present in ATM [4], Ethernet [5] and di�erentiated service [3] to be handled within a
single policy.

The term lightweight virtual network is used to describe this abstraction. The lightweight is
used to denote that these virtual networks are created quickly and make minimal requirements
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from the physical network over which they are overlayed. For reasons of brevity, lightweight
virtual network, virtual network and VNs are all considered synonymous.

As an example, a service provider o�ering a corporate video on demand service for dis-
tributing internal company presentations could use the lightweight virtual network to: bound
the amount of traÆc generated by the service; to privilege certain presentations and/or cer-
tain users over others; to secure at the network level that only authorized users see sensitive
material.

While the lightweight VN presented in this paper is a generalization of the VPN concept,
in practice network operators of access networks are unlikely to be able to control the Internet
Service Provider's core network. In this case, the traÆc in the VNs is transported transparently
between the enterprise's site across the core network (using say MPLS [6] tunnels) without
the ISP being VN-aware.

This paper motivates the feasibility of the approach by describing the infrastructure neces-
sary for creating such virtual networks. The constraints on the infrastructure are such that it
must:

� potentially be end-to-end: often policy, for example security, needs to be enforced every-
where or not at all.

� involve both layer 2 and layer 3 devices: the distinction between routers and switches is
becoming blurred. Routers are forwarding at or near switching speeds, while Ethernet
switches for example, are becoming more sophisticated in regard to the policy they can
support.

� make use of existing technology and run in a heterogenous environment: a successful
solution must build on the large range of existing technologies for supporting diverse
types of policy.

� make minimal requirements of the network nodes: while use will be made of any tech-
nology for supporting policy resident at a node, the solution must make as few demands
as possible of the network nodes. Equipment as diverse as a simple Ethernet hub and
an MPLS Router must �t into the same framework. This is only achievable by allowing
the equipment itself to make the decision as to how to support the VN.

� be dynamic and self sustaining: VNs are created dynamically without the intervention
of a human operator, possibly across multiple administrative domains.

The infrastructure is a virtual network control architecture across which requests for the
creation of virtual networks are carried. The VN control architecture was implemented in
order to gain experience and as a proof of concept. It also serves as a useful platform for other
network control experiments in the laboratory. Figure 1 shows an overview of the VN control
layer and how it relates to the physical one.

The paper describes the following topics:

� the nature of the virtual networks within the control architecture;

� the way that diverse network technologies with di�erent capabilities can be used to
support the virtual networks;

� the means by which virtual network control messages are propagated;
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Figure 1: Overview

� experience with using the VN control architecture to support applications with network
requirements.

Throughout the paper, the generality of the chosen solutions is discussed and the exten-
sions and revisions needed to support other solutions and technologies examined. The paper
attempts to distinguish between the general nature of the problem and the particular solution
chosen for the implementation of this prototype.

While initially the focus has been on policy related to resource allocation, other policy
related to charging, error recovery, security etc. must also be considered within a complete
model and the reader should be aware that while often points are motivated using resource
allocation as an example, the scope of this work is more general.

2 Nature of Virtual Networks

This section gives a general description of the nature of virtual networks. Then the choices
made for supporting these networks are described and motivated. Finally, the consequences
and generality of these choices are discussed.

2.1 Description

Within this paper a Lightweight Virtual Network (VN) is de�ned as: an overlay network
allowing a community of information producers and consumers to exchange information such
that at the network nodes their traÆc can be distinguished from other traÆc and can be
treated according to some community speci�c policy.

In consequence the policy to be applied to traÆc on a given VN must be distributed to
all appropriate nodes along with a label. Each data unit belonging to the traÆc of that VN
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Figure 2: Label/policy association at network element

carries the label enabling the node to identify the appropriate policy to use when forwarding
the unit.

Such a de�nition is general enough to encompass the diverse concepts of VPN de�ned
in [7, 8, 9]. What distinguishes these various approaches are:

� the nature of the policy;

� the nature of the label;

� how and to which nodes the label/policy association is distributed.

Network policy is the coordination of the diverse forwarding functions of a set of network
devices to attain some overall objective, for example security through packet �ltering, guaran-
teed service quality through priority based forwarding. [10] gives a conceptual network policy
hierarchy; the use of policy in this paper corresponds to what [10] terms Node level and Device
level policy. Figure 2 shows the label/policy association at a single network element.

No attempt is made to de�ne precisely how policy is de�ned as this will necessarily evolve
as network elements obtain new capabilities. However, network policy is an emergent property
of the network elements forwarding function, for example while many diverse propositions for
pricing have been made, at some level they all can be reduced to stop sending/forwarding
packets after price/congestion has exceeded a given point. So any network policy must �t into
the schema described by Figure 2.

Section 5 describes how the policy/label association is distributed. The rest of this section
describes the choice of labels used for identifying VNs within the infrastructure.

A VN label can be something implicit, e.g. an IP source address, or explicit, e.g. an MPLS
label[6]. The label may be present only at the IP layer or also be usable by layer 2 devices
such as Ethernet and ATM. It may have signi�cance for the network as whole, e.g. a VLAN
identi�er, or have only local signi�cance, e.g. an ATM VCI.

Using implicit labels for identifying policy does not require modifying the format of the
data units. They can therefore be carried by nodes that do not support the VN infrastructure.
However, they are more restrictive as they simply use parts of the format of the data unit for
a purpose for which they were not intended.

Explicit labels can be used exclusively for the purpose of identifying policy, but require
changing formats of well established data units (or creating new encapsulation for them) with
all the inherent problems. Moreover, there is no general agreement about what such a label
should be like, e.g. MPLS, IPv6.
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2.2 Design Choice

The chosen solution for the prototype was to use implicit labeling; no changes are required
in the format of data units and no modi�cation in the forwarding function of the nodes are
required.

As the VNs are supported both end-to-end and across multiple network layers, the implicit
label chosen has to be meaningful to a large range of di�erent network devices. The TCP/IP
protocol suite is sometimes described in terms of an hour glass shape: many di�erent protocols
exist above and below the IP layer, but are uni�ed at the IP layer. Although, in theory layer
2 protocols should be oblivious to IP addressing, in practice they are often IP aware. For
example an Ethernet switch may limit a broadcast to a VLAN containing only hosts within
a given IP subnet. It achieves this by maintaining a MAC address/IP address mapping;
this mapping is obtained by sniÆng ARP requests and replies. If this type of sniÆng is not
supported then there is still the potential to use policy to enhance the IP address/Physical
Address resolution, for example, a given set of IP addresses are resolved to both an Ethernet
MAC address and a speci�c VLAN priority tag.

IP's ubiquity makes the IP address a good candidate for the implicit label within the
prototype implementation.

Multiple VNs should be able to coexist on the same host and the presence of VNs on a given
host should not a�ect its normal operation. In order to achieve this within the prototype, the
VN is not associated with the IP address of the host itself, but rather with a dedicated private

IP address; the host has one such private address per VN. Including socket identi�ers as well
in the label allows the discrimination to be carried right to the application layer, e.g. two
instances of the same application on the same host may communicate with a given server
using di�erent VNs.

In the prototype implementation a VN is identi�ed by a VNId issued by authorization
authority. While this identi�er uniquely identi�es the VN within the control path it is not
carried by every packet in the data path. Instead it is resolved into an implicit label de�ned
by the source and destination IP address and socket identi�er. The resolution is explained in
Section 3.
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At the IP layer a VN appears as a set of private IP subnets. These subnets are created dy-
namically across the physical network and the participating end-points in the VN are informed
of the private-to-public mapping they should use in order that their traÆc be carried across
that VN. The private IP address is the label which allows each node to determine the policy
to use for forwarding that traÆc. These private IP addresses are not exchanged by routers
and therefore the addresses de�ned in [11] could be used, however as the VN exists only over
a well de�ned set of sites, any address space convenient for those sites is usable. Di�erent
administrative domains negotiate at VN creation in order that the address space allocated to
the VN during its lifetime is used by it alone across all the involved domains. How this is
achieved is explained in Section 3. Note that the addresses used by a VN are available for
reuse after it is deleted from the network.

The implementation requires that the private-to-public address mapping at hosts can be
dynamically updated. Currently, this is achieved through modifying the state of the proto-
col stack. Enhancing the Dynamic Host Con�guration Protocol (DHCP) [12], such that an
appropriate private IP address was dynamically allocated to a host, would be an alternative,
although it would restrict the host to only belonging to one VN at a time.

Figure 3 shows two hosts with addresses A and B wishing to participate in a VN. First a
private IP subnet (or set of subnets) is created across the nodes that interconnect the hosts.
Each of the participating hosts receive mapping: A!A', B!B', such that A' and The hosts
update themselves such that if A wishes to communicate with B within the context of the VN
then A should send with source address A' and destination address B'. The network nodes
then identify the traÆc within the VN using the private address and can then apply the VN
speci�c policy when forwarding it.

Multi Protocol Label Switching (MPLS) [13] allows IP routers to forward IP packets quickly
by using a label carried by the packet. The entire header of the packets does not need to
be examined, only the �xed length label. To make use of MPLS's support for fast packet
forwarding and traÆc di�erentiation the VN labels must be resolved into MPLS labels on
entering an MPLS cloud, for example in the current implementation the private IP address
might be resolved into an MPLS label o�ering an equivalent class of service to that speci�ed
for the VN. The means by which MPLS distributes MPLS labels within the MPLS cloud
remains unchanged.

If a wide variety of LAN and WAN equipment were MPLS aware, then it would make sense
to replace the VN label with that of MPLS, i.e. the mapping between the two would then
be the identity function. The label would serve a dual purpose; helping MPLS to perform
fast traÆc forwarding while allowing other (possibly non MPLS enabled) network nodes to
identify the appropriate policy to apply to the associated virtual network.

Section 7 discusses some propositions for supporting VPNs using MPLS.

3 Virtual Network Admission Control

3.1 Description

This paper proposes lightweight virtual networks created on fast timescales without the need
for human intervention (although the possibility of human intervention is not excluded either).
Potentially even end-user applications that need some network policy, for example a video
conferencing or distributed game, might initiate the creation of virtual networks. Some entity
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must therefore authorize the creation before it takes place. The authorization entity decides
both if the application is entitled to create the desired VN and whether the network is capable
of supporting it.

In network technologies supporting the notion of end-to-end connections, e.g. ATM [4] the
authorization function is termed Call Admission Control and is normally distributed across
each network node across which the call is carried, i.e. each node makes a local decision to
either accept the call and forward the message upstream or block the call and send some
repudiation message down stream.

The authorization of end-to-end VNs using implicit labeling cannot be achieved in this
way because system wide information must be obtained before the creation is initiated. In
particular there must be agreement about the public!private mapping to use. While this
might be seen as artifact of the implementation, in general the creation of VPNs requires
coordination of the participating entities before creation can occur, for example keys must be
exchanged if encryption is required, pricing negotiated and agreed upon, etc. This is especially
true when multiple administrative domains are involved.

In consequence, the authorization function is split into two: �rst, the application commu-
nicates to an authorization entity its requirements for the virtual network and obtains from
this entity the system wide information that participating nodes will need to know in order to
create it; second, the application propagates this information to each of the networks nodes
which will then make a local decision to accept and forward or reject and rollback.

3.2 Design Choice

In the current implementation, the authorization entity is termed the VNDomainManager, the
abstraction the application passes to this entity is termed the VNDescription and the system
wide state it returns the VNContract. VNDomainManagers are federated such that there is
one per administrative domain and they intercommunicate in order to obtain the system wide
information.
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The VNDescription is simply a set of IP addresses of the end-points of the intended VN
(in the case where the VN is supported from application to application, socket identi�ers are
included as well) and a policy description. As the focus has been on resource allocation, for
the moment only one policy has been implemented: a class of service. This policy permits
the resources to be allocated in such a way that certain VNs will be privileged over others in
times of network congestion.

The VNDomainManagers collaborate together in order to resolve the VNDescription in to
a VNContract acceptable to all participants. In the current implementation the contract is a
set of mapping of public addresses to private ones. More generally the contract would contain
additional information such as encryption keys or di�erent VN label formats, e.g MPLS labels,
VLAN identi�ers, used to create the end-to-end VN.

When a VNDomainManager receives a VNDecription, it determines which addresses are local
to the domain and which foreign. For any foreign address the VNDomainManager contacts (via
a directory service) the appropriate VNDomainManager. If no such entity exists then the VN
creation can still continue but the policy can only be applied within the local administrative
domain. The VNDomainManager must decide if this is appropriate. For example, in the current
implementation the VNDomainManager will continue the VN creation but the public addresses
for the foreign hosts will be mapped to themselves. Figure 4 shows the patterns of interactions
between entities required for the creation of VNs across multiple domains involving three hosts
with addresses H1, H2 and H3.

In the current implementation the communication between a client and its VNDomainManager
uses a proprietary protocol. However, it would be possible to use the standard Common Open
Policy Service Protocol (COPS) [14] for obtaining the VNContract. A host wishing to create a
VN would start by emitting a COPS-Request message to the VNDomainManager (the location
where policy for a given administrative domain is decided). This message would contain the
required VNDescription in the client speci�c part of the message. The host plays the role
of the COPS-PEP and the VNDomainManager the COPS-PDP. The VNDomainController would
reply with a COPS-Decision message, containing in the client speci�c part the VNContract.

4 Virtual Network Adaptors

Section 2 explained why within the current infrastructure a simple implicit label based on
the source and destination IP address was chosen. Section 5 explains how the label/policy
association is disseminated. This section explains within the infrastructure how the policy is
attached to the label for a set of diverse technologies.

4.1 Description

Both layer 2 and layer 3 devices can o�er support in regard to supporting policy. For example
an IP router might support di�-serv priority based queuing on bits in the IP header, an
IEEE 802.1q [5] enabled Ethernet switch priority switching based on frame tags, and an ATM
switch continuous bit rate [15] cell forwarding based on the virtual circuit identi�er. All might
be required in order to give an end-to-end performance guarantee. However, the label, the
attachment to the policy and the means of disseminating the association are all very di�erent.
In order to be as general as possible the infrastructure supporting the virtual networks should
be able to handle multiple di�erent technologies.
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The principle adopted is that the underlying node should try to do as much as it can to
support the virtual network, but its exact behavior is a function of the technology and the
precise capabilities of the element. This is called the principle of low expectations.

It is only by adopting such a weak semantic that a wide variety of technology can be
coordinated within the same framework. The VN control plane guarantees connectivity for
the traÆc of the VN, but gives no precise guarantee as to how the associated policies are
enforced. The behavior of the VN control plane may be thought of as a type of 'best-e�ort
policy support', it only gurantees not to make the situation worse for supporting the policy on
its associated network elements, it does not gurantee to make it any better. In some cases the
element will not be able to do anything at all, for example legacy IP routers do not support
anything in the way of service di�erentiation | even in such cases however, it is still useful to
know the policy that the node is expected to support, regardless of whether it is enforceable
or not.

4.2 Design Choice

In the prototype a VNController entity is associated with each node within the physical
network. The controllers support a common interface for VN control independent of the
nature of the underlying element. Within each controller is an adaptor that maps generic
VN operations onto a particular technology and then further onto a particular instance of
that technology, i.e. the model of switch, router, etc. So for example, while a router and an
Ethernet switch both support a createVN operation taking a VNContract as argument, their
e�ect is very di�erent: the router might update its routing tables to reach the newly created
private IP subnets with an appropriate priority, while the Ethernet switch might support the
VN through the creation of a IP rule based VLAN with associated priority.

Figure 5 shows schematically the relationship between the VN Control plane, the control
adaptation layer and the physical network.

The adaptor can add state to the VNContract which may or may not be meaningful to the
next hop. For example, on an ATM switch the description of the created virtual connection
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is added so that the next hop can make use of it to create the entire virtual circuit.
The VNControllers run either as integral part of the entity if the entity supports en-

hancements to its control plane or separately if its doesn't. For example, the VNController

is integrated into the Linux operating system (as a loadable Linux module) but runs as an
application on Windows NT.

Figure 6 shows an example of two adaptors for two di�erent technologies and pieces of
equipment.

At �rst sight, the addition of `yet another' piece of software to network elements | the
VNController | might seem to complicate further the already complex control plane. In
reality, the VNController is just a convenient abstraction to collect together a variety of
architectural entities currently supported by network elements. For example, RSVP [16],
GVRP [5], MPOA [17], COPS [14] the MPLS LSR [13] etc., would all be constitutions of
the controller. The controller supplies an interface for VN control general enough and with
weak enough associated semantics such that it is supportable over a range of technologies,
but the actual implementation of the operations is performed using existing technologies. The
adapter is nothing other than a speci�cation of how the mapping is performed between the
VNController interface and a network element with a given set of capabilities. The exact
nature of the mapping can be set and adjusted by the network operator using a management
interface, e.g. SNMP. For example, a new class enterprise speci�c policy ('The-quarterly-
report-broadcast-policy') might be added to the VNContract and the set of adaptors altered
to give it a meaning.
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5 Propagating VN control messages

5.1 Description

To create a virtual network, the entire set of speci�ed hosts and some set of network elements
interconnecting them must be made aware of the policy and the associated label. The normal
network is used to carry the signaling messages that instigate the creation of the virtual
networks over which the data will ow. From the point of view of the VN control plane,
the public network is the signaling channel | the path that signaling messages take will be
determined by normal IP routing. While it would be possible to de�ne a new signaling protocol
for achieving this task, reusing existing protocols is preferred.

RSVP [16] is a signaling protocol designed for the creation of IP ows. Adopting RSVP as
the means of VN creation has the advantage of using a well known and established protocol.
RSVP soft state model allow the VNs to have the desired self sustaining property, the use
of IP routing to determine the topology of the virtual network means that support from the
network elements is minimal and the fact that RSVP does not specify the precise form of
the ow speci�cation allows for arbitrary policy/label associations to be carried in RSVP
messages.

However, RSVP as de�ned in [16], does not match exactly the needs of the VN control
plane. The problems are as follows:

� while RSVP uses IP routing in order to determine the next hop of the control message,
within the VN control plane layer 2 devices must also receive the RSVP messages;

� RSVP is designed for applications with a small number of senders and a large number
of receivers, the advertisement of a ow (via a Path-Message) is performed by an in-
formation producer, and the creation of the ow initiated by an information receiver.
In consequence RSVP is inherently asymmetric; the VN described in this paper should
satisfy a larger class of applications.

� the ows that RSVP creates are trees, with the sender as root and the receivers as leaves
(there may be several senders in which case it is a forest). The VN is (by de�nition) a
graph.

It is legitimate to question whether it is better to retro�t an existing protocol to the needs
of the infrastructure or reinvent an entirely new protocol for the policy propagation. However,
the overriding principle is to knit together existing capabilities rather than invent new ones.
It therefore makes more sense to propose a small delta on RSVP, rather than an entirely new
proprietary protocol.

5.2 Design Choice

In the prototype an enhanced RSVP daemon is run as part of the VNController. In order
to allow RSVP message to be propagated to both layer 2 network nodes and routers, the
forwarding function of the daemon is a function of the nature of the device it controls. Routers
use their routing tables in order to identify the next router to forward a message to in order
to reach a given host. They then use physical topology information to determine which is the
next layer 2 hop to take them to that router, the message is then forwarded to that layer 2
entity with the next router as subtarget.
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The RSVP daemon of layer 2 entities only attempts to �nd the next hop to reach the
subtarget rather than the end-point, they do this using physical topology information, so
for example an Ethernet switch needs to know the next Ethernet switch to cross to get to
an IP router. The view of the physical network that a VNController is required to have is
restricted to the boundaries of the set of layer 2 technologies to which it is attached. Layer
2 topology discovery is technology speci�c (although a working group [18] is trying to de�ne
a generic framework). For implementation purposes a simple Ethernet discovery system has
been created based on each Ethernet VNController registering its port/MAC association with
a VNDomainManager and that entity correlating the information to obtain the view of the entire
Ethernet. This method could easily be replaced by appropriate layer 2 discovery mechanisms
if available in the environment.

If a layer 2 network element is not discovered then it is transparent to the control path
and no RSVP is forwarded to it. This does not mean that data for the VN will not cross
that network element, but only that no policy can be enforced on it. For example, if a host is
connected to a router across an Ethernet hub and the hub does not support a VNController

then it is not discovered and the RSVP message from the host is forwarded directly to the
router. This is simply another application of the low expectations principle.

Among the set of end-points speci�ed in the contract one is nominated as the initiator
of the VN creation. In the current implementation it is the host on which the applications
that requests the creation that is considered the initiator, but another host might be chosen
(perhaps based on its location in regard to the other end-points).

The initiating host starts by emitting RSVP Path-Messages, passing in the message the
VNContract. Each VNController that receives a messages, examines the contract to determine
if it can support the contract and if so reserves the required resources. If it is the VNController
of a network node it then forwards the message to the next VNController upstream, if on the
other hand it is the VNController of an end-point speci�ed in the contract and it is willing to
support the virtual network creation, it replies by sending reservation messages downstream.
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Figure 8: Optimizing the virtual network topology

A VNController receiving a �rst reservation message for a given virtual network activates the
policy on the node, i.e. creates a VLAN on the Ethernet switch, a virtual circuit on an ATM
switch, updates the routing table on the router.

Figure 7 shows the pattern of communication for creating a VN between two hosts H1, H2,
interconnected at the IP layer by a router R1 and at layer 2 across three switches S1, S2 and
S3.

Implicitly a tree shaped VN is created with the initiator as the root of the VN and the
others hosts as leaves. Although reachability is guaranteed, the route taken may be extremely
ineÆcient, i.e. all communication between leaves must travel across their nearest common
ancestor in the VN tree. The Path-Message that a host receives contains the VNContract,
therefore the receiving host has access to the complete set of other hosts participating in the
virtual network. A host can make a local decision if there is a better route between itself and
one or more of the other non-senders nodes than simply going through the sender and can
start sending out Path-Messages for the same contract. The VNController will not forward
VNContracts over interfaces to which they are already supported; normal routing will ensure
that the better route to the other hosts are included as part of the virtual network.

Figure 8 shows a VN created using RSVP between four hosts H1, H2, H3 and H4. In the
initial phase, H3 and H4 have R1 as nearest common ancestor. However, H3 recognizes that
there is a better route to H4 and performs a `cut through'. In summary, a tree is created and
then if better paths between the leaves exist, the leaves are joined in order to make a graph.

The VN policy is soft state and is maintained by the periodic reception of RSVP messages
carried in the public network. If the RSVP messages are carried along a di�erent path due to
routing changes, then the shape of the VN is modi�ed accordingly. This permits the VNs to
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dynamically adapt to the current state of the network.

6 Experience with Applications

This section motivates the description of the infrastructure given in previous sections, by
explaining how lightweight virtual networks are created in the test network to support a video
on demand service.

The topology of the test network is arranged such that there are two Ethernet island in-
terconnected via ATM. Each Ethernet islands contains a small number of 100 MB/s Ethernet
switches (e.g. IBM8277, IBM8371) and are connected to the ATM network via AIX worksta-
tions acting as routers. Attached to the Ethernet switches are a collection of hosts running
Linux or Windows NT.

Over this physical network runs the infrastructure required to support multiple video dis-
tribution networks. The Real-Network family of products is used as the video producers and
consumers.

The virtual networks have di�erent policy in regard to the service quality they are allocated.
A video feed carried over a virtual network with a low priority su�ers more when congestion
is introduced into the network, than one with a higher priority. The assumption is that in a
real system the priority would be some function of a cost users are prepared to pay.

While at the moment there are no real users of the video on demand service (although
the intention is to turn it into a real service for distributing videos of internal presentations)
others use the network both for experimental and production purposes. The virtual networks
described in this paper are dynamically created across the physical network without disturbing
these other users.

In order to test the infrastructure, a management application creates the virtual network
as well as observes the current networks in place. Creation involves selecting a group of
host addresses and a service level. This is used to create a VNDescription and thereby a
VNContract as explained in Section 3. Figure 9 shows the management view of the network
after two virtual networks have been created from the same server to two di�erent hosts.

The contract is then passed to one of the hosts (the �rst one mentioned in the description)
using the extended RSVP, the pattern of communication between the end-points is then as
described in Section 5.

The adaptors described in Section 4 for the di�erent elements do the following:

� on the IBM8271's and IBM8371 Ethernet switches the controller examines the contract
to determine if the public IP subnet it supports is mentioned. If so a new IP based VLAN
is created for the new corresponding private IP subnet. For switches that support IEEE
802.1q the VLAN is given an appropriate priority.

� on the AIX 4.3 router the routing tables are updated such that the routers know how to
forward packets on the new private IP subnets. The routes to the new private subnets
must be via the same physical interfaces as the corresponding public ones as they are
simply an overlay. A set of PVCs each with a di�erent traÆc class interconnect the two
AIX boxes across the ATM network. The router chooses an appropriate PVC appropriate
for the demanded service level, in order to forward traÆc to its homologue. No controller
is run for our ATM switches as this is part of the production network and experimental
systems are not allowed to change their state.
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Figure 9: Screen dump of management application for the prototype

� on the Linux boxes the modi�ed kernel updates its protocol stack using the public !
private mapping carried in the contract. When Windows is used the addresses must be
prede�ned, as Windows does not o�er the same exibility in regard to dynamic address
modi�cation.

7 Related Work

Di�-serv [3] de�nes a architecture which allows IP routers to apply a certain QoS policy to
an aggregate of traÆc associated with a given service. TraÆc at a router is distinguished
using Type Of Service (TOS) �eld in the IPv4 header. For example, all video traÆc might be
marked with the appropriate bit pattern allowing it to be privileged over data traÆc. Di�-serv
is normally only enabled at edge routers. The policy/label association is typically manually
set by a network operator on the router directly or added to a directory and distributed to the
routers via a directory access protocol. The work described in this paper di�ers from di�-serv
in that it attempts to use more general policies that just QoS, associate them with other
granularities than traÆc aggregations, apply them potentially from application to application
and do all this dynamically. Moreover, the work in this paper attempts to make direct use of the
sophisticated support o�ered by layer 2 devices for supporting policy. However, the VN control
plane can make use of di�-serv if enabled at the routers within its domain. For example, within
the current implementation the VNDomainManager could select an appropriate TOS pattern
for the VN and this would then be propagated to all participants in the VNContract. Dynamic
updating of the signi�cance of TOS patterns could be achieved by adding the routers policy
directory to the conceptual VNController entity of the router.

15



[7] de�nes a VPN as a dedicated IP service o�ered to an enterprise in order to allow address
isolation, data privacy and intra VPN routing. It describes how MPLS tunnels can be used to
support IP based VPN between MPLS enabled routers capable of supporting VPNs; it terms
such routers VPN Border Routers (VBRs). The VBR support a virtual router for each VPN
they support which services a separate forwarding table. The VBR forwards traÆc from an
enterprise across appropriate MPLS tunnels to a remote VBR at the appropriate site. VBR
are con�gured such that they have an interface address in the enterprises address range. VBRs
for the same enterprise discover each other and exchange routing information using normal
routing protocols.

The architecture in [7] is complementary to the work described in this paper. TraÆc from
multiple VNs could be aggregated over a single MPLS VPN, or a dedicated VPN could be
assigned to a VN. The VN-RSVP messages would be carried transparently over the MPLS
tunnels to the correct sites. To integrate the two approaches the VBR must be capable of
supporting the dynamic addition of new private subnets to and from the enterprise either
directly or by using a label (perhaps the 16 bit VPN-ID dedicated label proposed by [7])
telling it how to tunnel to a router within the enterprise that can.

[19] proposes another virtual router based approach using MPLS. Virtual routers discover
homologues using ARP over an emulated LAN supported by IP multicast. [20] is another
variant on the same theme.

[21] describes an infrastructure in which separate control mechanism can be associated with
di�erent VPNs over the same physical infrastructure. The policy associated with the VPN
goes beyond simply the forwarding function, for example policy can involve the algorithms
used for routing, call admission control and the protocols used for exchanging information
between network elements; it terms these collectively a control architecture. While [21] has a
strong ATM bias, it actually only requires that the underlying technology can be partitioned.
The work described in this paper could be considered as just another control architecture
supportable within [21], however [21] is very weak on how the infrastructure knows how and
where to build the VPNs, especially across administrative domains. The work described here
is simple and makes minimal assumptions about the capacity of the network elements, in
consequence it might be described as a candidate for bootstrap control architecture for [21].

[22] describes what the author calls Policy Based Network Management. In essence this
is the enhancement of network management platforms such that they can make use of the
support for service di�erentiation of the equipment. It describes the current o�ers from a set
of vendors and suggests that the trend is likely to continue. The fact that vendors are taking
advantage of the lack of integration of di�erent technologies in order to promote management
solutions demonstrates that there is a problem; the work described in this paper proposes
a dynamic self managing control plane rather than a management solution requiring human
intervention.

8 Conclusion

This paper has argued that the diverse support for policy across di�erent network technologies
and in di�erent scopes makes implementing the policy end-to-end problematic. It has proposed
a unifying abstraction | a lightweight virtual network | with which a set of di�erent policies
may be associated across a range of technologies. It terms such networks lightweight as
they are created dynamically without the intervention of human operators and have minimal
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requirements for the policy support of the underlying physical network. The virtual network
control plane takes advantages of any support, for example di�-serv, P-NNI, o�ered by the
underlying devices without requiring their presence. This is possible by allowing the network
elements themselves to decide how best to support a policy. This paper has motivated the
feasibility of the approach by describing an infrastructure which supports the creation and
management of such lightweight virtual networks.
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