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Abstract

Currently, a viable solution to provide multicasbyision over a multiprotocol label
switchwith traffic engineeringiIPLS-TE) domain is unavailable because of the missing
link able to couple multicast traffic distribution with an MRIL& enabled network. This
is due to the limited or less research inigagton that was done in thegea. Most of the
investigationmethods tackle the problem individually such as deployiternet protocol
(IP) multicast in a plain network or MPLS domain but without considesimgmbination

of both technologiethat is avare ofdifferentiated services requirements.

This thesis presents an alternative solution for the multicast differentsatedces
provision problem ovea MPLS-TE enabled network. The approach is exposed and
analyzed through a practical solution thatswdeveloped within a network simulation

environment.

The research presented in this thesis orchestrates the already available technologies
offered by the multicast protocols suite addferentiated servicesD{ffServ) aware
MPLS-TE that allows applying eparately the constraibased routing and admission
control to different classes of servicd$e noveltyand solution of this thesisrelies on

using MPLS constraifbased routing concepts (e.g.traffic trunks) in order to solve TE

issues revealed durimgulticast traffic distribution.
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1 Problem definition

IP multicast packet transmission undergoes several mapping transformations when the
packet flow traverses Quality of Services (Qo0S) based networks such as Traffic
Engineering (TE) MPLS networks followed or in combination with plain IP networks.
The way in which these networks map and distribute IP multicast traffic at the entrance
into an MPLSTE in which a signaling protocol such as RSVIP or CRLDP is enabled

raises a series of issues which will bel@$sed and solved in this treesilt slould be

noted that the QoS are defined by service providers through one of the available IP QoS

models

1.1 Introduction

Internet Service Providers (ISP) are interested in the addition of multicast traffic
distribution streams capabilities to their trafficgareered MPLS network. This would
provide superior IP multicast transmission which would be enhanced with QoS

awareness. This QoS is required by multimedia provisiedernands businesses

Distribution of the IP multicast packets relies on the dynamic\atatile nature of the
multicast distribution tree within a plain IP network. Packets with associated labels use a
medium based on the MPLS label switch paths (LSP) to relay them within a MPLS TE
domain.

Routing multicast traffic within any constraibbised system, combined with QoS
support, exposes issues. These issues arise from the fact that the multicast distribution
trees must be mapped towards the entrance of the LSPs deployed within an MPLS TE
domain enabled with an IP QoS model.



1.2 Necessities fodeploying multicast routing and TE

Multicast routing is the process derived of a suit@rotocols tocouple the origo-one
unicast packets delivery operation and the-tmrall broadcast operation.
There are several ways to accomplish this delivergratpn which is based on the
communication type established between a computer or host and the number of
recipientsd nodes from a computer networ k:
unicastcommunications, ithis case data is sent to one particular recipient;
broadcast communicationswhere data is sent to all hosts/computeira given
network;
 multicast communications, whose recipients represend group of
hosts/computers that have exprelssgerest in receiving data
1 anycastcommunications,aims to send datdetween a single sendendathe
nearest several receivers in a group.
In a multicast domainenvironment group represerg a set of entities (machines,
procedures, application entities, users) that takes part in the same communicailbn.

be used to refdp a group of receives, senders or both.

From a larger perspective, packets of data inside an IP networks are exchanged by
establishing either a poltd-point (aka P2P) (one sender and one recipient), a-fmint
multipoint (aka P2MP) (one sender andrecipients) or a mtipoint-to-multipoint

(known as MP2MP)rtisenders and recipients) type of communication.

IP traffic is generated by transmitting packets within an IP based network between
senders and receivers through one of the previously mentioned type of comronnicati
This traffic must be coordinated to ensure safe packet delivery to the designated
destinations. ISP must also apply QoS policies to the traffic and network resources in
order to avoid congestion or transmission failures. This ensures that a sleseifiof

agreement wh thec | i eecedivér & met

2



ISPs are continuously searching for methods to enhance their existent network capacity,
to improve IP traffic transmission, and to provide more value to their services by adding

QoS which would addressore client requirements

Firstly, ISPs are searching for a way to add more logical improvements or TE application
solutions. One of the proposed solutions would be to use TE or aioikbiised routing.

This methodis in contrast to the plain IP routingghich does not take into account
constraints that are applied to the network resources. This is due to the fact that with a
plain IP routing the information is available only at the individual resource level and it is

not distributed throughout the network

In IP based networks there are two main directions to ensure TE but MPLS TE is more
widely adopted This solution is desired since the other approaches attempt to adjust the
metrics of the Interior Gateway Routing Protocol (IGP). These methods havedprov
themselves to be less efficient for a systematic netwidle TE [2] since they may only
improve the efficiency on some branches of the network while leaving other branches

mostly unused

The most relevant advantage to using a MPLSE solution is based upon the basic
feature of the MPLS. This feature separates the data plane (also known as the forwarding
plane) from the control plane, allowing the routing decisions to be made by taking into

consideration, for exwidipl e, the availabl e

Prior to the development of the MPLS, there was a strong dependency between the
routing and forwarding mechanisms. The new capability to assign addresses offered by
the IPv6 caused significant changes to be made to the routing area. Theses change
accommodated the aggregation process of addresses and routing infof@jatSince

the address prizles may be different lengths, the forwarding algorithm was modified. .

Therefore, most of the forwardinghbrigjlorgor i t h



deployed as software firmwarghich cannot be updated withotgmporarily stopping

their functionality

The architectural evolvement of the MPLS decomposed the network layer routing into
control and forwarding modules. This allows further depeient of new or improved
control modules for label switching process which could improve routing without altering

the forwarding algorithm.

The second aspect, whichou |l d resul t i n cost savings fr
improve traffic trasmissions by attempting to distribute IP multicast traffic within this

MPLS TE domain. Thus, multiple copies of the same source content could be distributed

over an enhanced MPLBE network.

From the multicast perspective the label concept is importaraulse once a packet has

been assigned a FEC in a MPLS forwarding paradigm, there is no further analyses of the
header at the subsequent routers from the MPLS domain. All the forwarding is driven by
labels [12]. Furthermore, a label switching device (m@ecHic in our case an MPLS

router) allows a FEC, which is represented by a label, to be associated with a
source/destination address pair [6]. This association grants an identity to a packet
entering into an ingress router and allows the identity op#eket to travel along with

the packet. The identity transfer between nodes was not possible with the conventional
forwarding. This packetbés identity knowl ed
by maintaining a label switching table on a per itesfe basi s, It can as
dependency to a specific multicast distribution.tree

The third feature valuable to ISP services which enhance the IP traffic with QoS plus
making the MPLSTE network aware by one of the IP QoS model.
MPLS-TE may be ombined with QoS support (i.e extensions to resource reservation

protocol RSVP) in order to provide a guaranteed bandwidth LSP or an LSP with reserved



resources [6]. Although the resources along an LSP are reserved with the aid of a
signaling protocol, thelain MPLST TE remains unaware of the IP QoS model. Within
this document the MPL-$E is made aware of a Dierv IP QoS model which results in

the MPLSTE enhanced domain to be named as alBEMPLS domain

This default IP QoS unawareness of the MPIES offers a better flexibility towards one
of the applicable IP QoS model but it makes it more difficult to adjust the traffic for each
one of the IP QoS model. It is also difficult to map the incoming multicast IP traffic at the

entrance within this MPLS E domain

It should be mentioned that the IP QoS enablement is added as an extra feature to an IP
multicast distributing environment. By the volatile and dynamic nature of the multicast
distribution tree, transitional states within the multicast enabteders are created.
Alternatively, with MPLSTE, or any constraiAbased routing system, constrained
shortest path first protocol (CSPF) must be activated. The CSPF must collaborate with
one of the signaling protocols (i.e resource reservation protB&WIP) and constraint

based routing label protocol (GIEDP)) that has to be extended as in [24]. Extensions of
these protocols are required in order for them to be compatible with the multicast
subscription/cancellation procedures dictated by the behaivtbederminal branches of

the multicast distribution trees.

In conclusion MPLS adds support to the IP QoS model rather than extending it [6].
Therefore, for this reason MPLS cannot be considered atoezmat protocol or an entire

substitution candidatfor a complete IP QoS provision

Even with these partial constraints, MPLS offers several novel capabilities which are
relevantto ISPs adopting this technologyhe IP Qos services is more efficiently
deployed and extended over a wider and heteragesngelatform e.g. ATM LSRs due to

the addition of MPLS



1.3 Motivations

With an increase in streaming demand by multiple clients, a multicast over an MPLS
environment deployment is beneficial from the following perspectives:

1 Cost reduction by delivering samentent to multiple receiver€urrently a large
numbers of users can watch the same video feed hosted on servers due to the
existence of numerous unicast links established between those servers and each
individual client 6s h amny®-manfF amnectvipyp | i ¢c at
such as gaming, gambling or entertainment, multiple go#pbint meshes of
links are demanded to be in place [3]. As a result, the reduction of these physical
hardware links becomes a vital concern for most ISPs. As a fipstastards IP
multicasting, they reduce the network load by transmitting only the minimum of
packet copies from the source towards different recipients [4] and decentralize the
recipient management. Therefore, the burden of traffic is moved towards the
routers, since multicast uses the routers, not servers, to replicate packets [3]

1 Looping is a side effect of adopting the multicast protocol because of its
underlying unicast protocol. Each time a multicast packet goes around a loop,
copies of the packet maye emitted if branches exist in the loop [5]. Therefore
thesecopies leado a large amount of unwanted traffic until the loop is broken.
Within a MPLS environment, loop detection is a configurable optiorhandled
within the LDP protocol [5]. Loop prewgion has been developed later as part of
the MPLSstandardizationd]. It is based on theolored threadsoncept.

1 Performances one of the most important features of the MPLS over multicast
and should be considered. A more logical solution is requinedurrent network
cost reductions since the network infrastructure is present and modifying it at this
time midht reveal additional costs. Morenterprisesdeploying IP multicast
networks[49] and ISPsare researching this type of solutions for at least t
reasons. Firstlyit would allow them to aggregate more traffic over the same
network. Secondly, the application of traffic engineering techniques could allow

them to temporarily host new clients until futureetwork deployment is

6



developed
1 Enable IP multicast on ATMLSRs[6] by using the label switching forwarding
mechanism offered by MPLS. Through this service, the cumbersome methods of

mappings from IP to ATM multicast will be avoided

In order to address these requirements, several IETF workingsyfoom routing area

are continuously involved in the proposition of drafts documents which will be published
later as RFC standards [7].

It should be mentioned that the following active working groups may have an interest in
this research

1 OSPF workng group develops and documents extensions and bug fixes to the
OSPF protocol. They also document OSPF usage scenatios [8]

1 PIM working group was focused on the standardization of the Protocol
Independent Multicast and recently is chartered to stan@aeditensions to the
RFC 4601 which will become PIMv2 Sparse Mode [9]

1 The MPLS working group charter is responsible for standardizing a base
technology, which includes procedures and protocols, for the distribution of labels
between routers and encapsuatiT hi s gr oup can be found
site [10].

The multicast protocol is the basis for this research and was developed within the

historical Network Work Group



1.4 Contributions and organization of the thesis

This thesis proposes an aiative deployment approach for the multicast traffic

distribution over an MPLS underlying network capable of deliveringlBEervices

The current thesis advarscthe following research contributions:

1 Introduces a new combination of the RBSM multicas suite protocol that could
be used to enable multicast packets distribution withiifTBVIPLS

1 Proposes an algorithm capable of deploying theTBSVIPLS configuration and
forwarding the multicast traffic through this MPLS domain

1 Designs and simulates astbed network to support the presented concepts by
configuring the multicast, QoS, and MPLS modules within a nétwonulator
environment (OPNET)

Chapter 2 is a literature review of the current multicast protocols, of the IP QoS model
services provisio within a multicast and MPLS networks. It analyzes the current

informational RFC draft proposal of the IP multicast within a MPLS environment

Chapter 3 presents the high level architecture components for the proposed deployment

of a multicast within a Bfserv-aware TE MPLS network environment

Chapter 4 presents, through FSM charts, an algorithm and architecture of the solution
devised to deploy multicast traffic over a & MPLS domain. This solution is
supported by a testbed network design capabletest, including protocols and

algorithms, the multicast packets distribution within a Diffsaware TE MPLS network

Chapter 5 presents the results acquired during a simulated video multicast broadcast
traffic within the deployed testbed netiko The traffic is simulated within a OPNET

simulation environment

Chapter 6 draws the conclusions and presents possible future work with regards to the
current approach for multicast distribution within a DiffServ aware TE MPLS
8



2 Existing Multicast over MPLS approaches

A review of current developments, research papers and studies pertaining to the current
multicast protocols are presented in the following sections of this ch&pten depth
analysis of mlticast routing protocols, MPLS an& QoS mode are also presented
below. As a general conclusion several suggestions and framework were prdyyosed
academiaor commercial providerso combine multicast distribution within MPLEE.

These propositions did not take into consideration the IP QoS modehsaa result none

of thesuggestions areurrently recognized as a general deployablation

2.1 Introduction

Many different approaches have been studied by researchers and commercial providers to
acquire a reliable solution to provide QoS for IP makicwithin a MPLS domainThe
complexityof the problem arises froseveraltaxonomy raised from both multicast and
MPLS.

2.2 Multicast components

Figure 11, illustrated belowis a general view of several terms commonly used in an IP
multicast netwdk. This figure will facilitate the identification of the multicast protocol

elements that will be discussed thgbout the remainder of the document



Figure 2-1: Examples of mulicast terminology showing multicast distribution trees
and Join and Prune messages sent using IGMP protocol from receivers towards
multicast enabled routers

Multicastcapablerouters, routers that take part in a multicast operation, must be enabled
for this operationThese routers in the IP multicast network usawticast protocolto
build adistribution tree These trees distribute packets from rtindticast hosting servers

towards the receivers represented through workstations.1 to 4

The interfaceon the router leading towards the receiver isdvnstream interfac& his
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interface is also commonly referred to in circulation asutgoingor outboundnterface.
The interface on the router leading towards the source is callaghtiieam interfae,

but is also commonly referred to as theomingor inbound nterface.

Each hostor a possible subnetwork containing several haiség are interested in being

a receiver of thesendingmulticastgroupis aleaf on thedistribution tree.When a new
leaf (host or subnetwork) signals its interest in listening to a multicast transmigsion
JOIN message is seapstreantowards the router hosting the distribution tree and a new

branchis built.

When a branch contains uninterested receivers (hosts)nmuléicast transmission, the
branch isprunedfrom the distribution tree and no multicast packets are sent out on that

particular outgoing interface.

A Host Groupcontains all the hosts belonging to a multicast sessmunally originating
from the sam multicast source. A host may be a member of more than one group at a
time. Inan IP multicast network, traffic is delivered tbe multicast groups based on an

IP multicast (or group) address.

RPF checkss an important procedure executed over a iwasti packet by every router
participating in a multicast distribution. When a multicast packet arrives at the entrance
of a multicast router this procedure interprets the source address of the multicast source
from the packet as a destinatiotideess of ainicast packet. The destinatiaddress is

used to querythe unicast forwarding table to determine th#&going interfacelt is
theorizedthat the packet passes the RPEais if theoutgoing interface is identical thi

the incoming interfacéhroughwhich the multicast packet has arrivedonsequentlythe
multicast packemustarrive on the same interface that leads to the shortest path toward
the source of a multicast traffitf the packet does not arrive on the shortest path then the

packets that failhis RPF checks are automatically dropped by the multicast router
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2.2.1 Source/Shared Trees

During the multicast session differestates are established insithe routers which are
dependent of the status of the incoming or outgoingrfi;ces. A multicastouterin a

forwarding state is definedsturned onfor a specific group contenin this forwarding

state copies of the multicast group packets received on the incoming interface, specific

for that group, are sent by the outgoing interfaces listed intheut er 6 s out goi ng
list (OIL).

The multicast forwarding state in a router is determined by the types of distribution trees
build within the network There are two main categories of trees: the source trees which
are known to be noted as (S,@hd the shared trees noted as (*,G).

In (S,G)the Snotation refers to the unicast IP address of the source for the multicast
traffic, while the G refers to the multicast group IP address for which S is the source. The
(*,G) notation refers to the situatt where the source of a multicast group is unknown
due to multiple available sources. Figur@ & a visual representation of a Source Tree

and a Shared Tree

R1 R1 R1
51 / ! !
% ! I !
Nl / !
C---R2 51---R2 52--—-R2
P A hS
P X !
52 %, A\ jS
R3 R3 R3
a) Shared Tree b) Source Tree

Figure 2-2: a) Shared tree one tree pr (S)ource and per multicast (G)roup
b) Source treeone tree per multicast gro(ip)|

Given the eistence of these two types of trettee number opossiblestateso be stored
in the routerresulted in the construction af coupleof different trees These resultant

treesare frequently revealed in literatuggjmarily due tothe tendencyor the reduction
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in transmission delay or ttagtimization trials with regards tihe involved resources.
2.2.1.1 Shortest Path Tree (SPT)

The intention of a shortest path tree is to construct a tree where the transmission delays
are minimal. Each leaf of the tree is connected towards the source by using the shortest

path defined by the underlying unicast routing.

2.2.1.2 Centered tree (CBT)

A centered tre is a shared tree which is required to have a delegated and known
Rendezvous Point (RP) or center nodetliis case a router). The construction of the tree
is built similarly as the SPT with the exception that the leaves are connected following

the shorést path toward the RP point by again using the underlying unicast routing.

2.2.1.3 Steiner tree

The Steiner Treés another type of shared tree tleatablishesan optimal solution to
interconnect a givemumber ofN nodes (e.grouters) members of a group dgh a
minimum cost olused resources.

The construction of the Steiner tree ismanmonproblem in the graph theory as a NP
complete problemCurrently there is no multicast routing protoableto maintain such

an optimaltree[5].

2.2.2 Evaluation of the multicast trees

The following conclusion can be noted based on the characteristics of the trees and on the
simulation rsults from the Internet worldrirstly, Shortest Path Treare frequently used
because of their short delays and is the simplest to denfpecondly,Steiner trees are
mostly present theoretically ar@urrently none of the multicast protosomplements this
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type of tree due tthe computation complexityFinally, the CBT trees appetry be an
intermediate solution betwedme aforementined trees. This type of tree has galethys

if the RP is well positioned and the use of resources is more reduced compared to the
SPT treesvhere groups havenultiple sources.Thus it is concluded that network may
support higher bandwidth multicast gps if SPT trees are used instead of center based
trees [11].

2.2.3 Multicasting routing protocols

The multicast routing resumes at the process of building multicast forwarding tables
where visually the multicast distribution trees are determined.

2.2.3.1 DVMRP

DVMRP [13] is a densenode protocol that builds a source based (S,G) distribution tree
through a floodi and T prune technique or implicit join method. This method delivers

traffic throughout the tree and then determitmedocation of any uninterested egers.

2.2.3.2 Multicast Open Shortest Path First

MOSPF is a multicast extension of the OSPF protocol but only for dense mode. It builds
a source based distribution tree (S,G) through an explicit JOIN message. As a result
routers do not have to flood their gatdomain with multicast traffic from every source

[3]

2.2.3.3 PIM Dense Mode

PIM-DM is independentf the unicast underlying protocollhe same limitations as a

DVMRP protocolare present. These inclugeriodic broadcast (requires to rebuild the

tree petiodically), reliability (itsi nt egr at ed uni cast protocol
14



protocol that has convergence problenasidadditional cost (it operates his own unicast

Adi stance vectoro type which is different

2.2.3.4 PIM Sparse Mode

PIM-SM allows a router to use any unicast routing protocol. An administrator sets a
router as an RPor the initial source o& multicast group during the configurationtbé
routers.The leceivers signaheir interest to become part @ multicast grouphe routers

and the routers send an explicit JOIN messages upstream to their neighbbiss.

results in the construction ehared distribution trees (*,G) from receivers to RP.

2.2.3.5 Core-Based Trees

A CBT shares all the characteristiof the PIMSM but discovers the sources more
efficiently. It should be notethat ths type of tree does not have a large success outside
of academia discussions or experimental RFC 2201 [3].

2.2.4 Conclusion of Multicast Protocols

Five multicast protocols we presented in the above sections. These five protocols are
the most commonly used protocols or are partially mentioned in academia. Two of the
protocols, specifically the PIM and CBT, usually determine a single path between the tree
and a new membefhe largest disadvantage of the existing multicast routing protocols is
that they are not scalablaaugh for large scale networksid most importantly, they do
not guarantee any QoS. The issue of QoS has been revealed due to the fact that most of
these praicols are based on or integrate an older version of an unicast routing protocol
that is not capable of Qo$ order to provide a solution which has a minimal-emédnd
delay, limited jitter, and efficient use of bandwidth, an important condition fooyieij
multimedia applications, several new multicasts were suggested. These newly suggested
15



multicasts includespanning join protoco(SJP [14], QoS sensitive multicast Internet
protocol(QoSMIC) [15] andQoSaware multicast routing protocG@MRP) [16]. These
protocols are known to be multiple path routing protocols which determine several paths
towards the multicast tre@his results in a higher probability of discovering a path in the
multicast tree that meets the QoS requirement [4]. This higher lplibpgroduces a
higher network overload that is introduced in order to accommodate the multipath

resource reservation.

I n order to overcome network overload and
utilization and Qo Sheomesveere pmoposcd B52-564 These r i e s
studies proposes and analyses through seve
Matrix Decompositiono algorithm tpereedt woul
transmission schedubledioto d muiticast @afit distridutiom ou t er
with QoS awareness enabled. The proposed meshigdests the use of twwaffic

shapersThe first shaper is placeat the entrance n t he net wor k-cal |l ec
Specific Token Buckeéwo Tiaifti d h&hdiparsd i hg¢
network traffico [KBdwn Tae ESperificlnRthybastkh aopne r
Qu e u e sis placesl atlthe destinatiomsi t h t he rol e to remove t
jittero [56]. A ¢ c ohedegemaratet waffid ah the destinatmns iadsu d i e
Aessentially zer o ¢deelrdy cijln {Qifdh® mathedaticals s e n't
apparatus presented in [5B] is taken furtheand proposethe inclusionofan A FP GA
based schedul eantoebecabkumpmpuTabl ee@rti ci[prhti ng i
backbone network. Wi th this enhancement th
perfect transmission schedule forallits@@® abl ed traffic fl owso |

Despite of the promising results and bis these studies suggesinor but stillexistent
hardware modification to the router participating in the multicast traffic distribuTioa.
required adjusnents seem to be minor bwtill have to be applied to all routers within a

multicast network This will represent a disadvantage for the already wired and
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functioning routers. On the other hand ISPs might be reluctant with enabling multicast

traffic within backbone network because of tbepingeffect mentioned in section 1.3.

2.3 MPLS components

The following sections present the principal components of label switching technologies
as they were originally defined in their correspondent RFC documents written to support

the development of this research.

Multi-Protocol Label Switching (MPLS) is autti-layer switching technology that uses
labels to determine the method in which packets are forwarded through an MPLS
network.

Forwarding packets refer to the common operation that both switches and routers perform

on packets of a connectionless netwdrkis operation entails receiving packets at the

i nput, analyzing the content of the packe
output to be transmitted.

Forwarding Equivalence Class (FE®)a group of IP packets which are forwarded in the
same mnner (e.g., over the same path, with the same forwarding treatment)[12].

This FEC class definition allows IP packets that have different content in their network
layer header to be grouped under the same class of FEC. A relevant example of packets
that cauld be grouped under a common FEC class are a set of unicast packets with the

same destination network layer address.
Label is a physically contiguous identifier used to identify a FEC, usually of local

significance, [12] which has a short and fixed knd.abel values reflect a single data

link layer subnet and do not globally affect other values.
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The forwarding algorithm executed by a label switching device is clalbed swapmg.
This is due to the fact that it replaces the existing label frommancppacket with a new

value before it forwards it on to the next hop.

A router which supports MPLS is knolwn as
addition to its label swapping forwarding ability, it also runs standard IP control protocols
(e.g. routing protocols), as with other regular routers, in order to determine where to
forward packets.

Label Switch Paths defined ashe path through one or more LSRs at onell®f the
hierarchy followed byackets in a particular EE[12].

The MPLS edg@ode is a node that connects an MPLS domain with a node outside of the
domain, either because it does not run MPLS, and/or because it is in a different domain.
Note that if an LSR has a neighboring host which is not running MPLS, that LSR is an
MPLS edgenode. [12]. If the traffic enters into an MPLS edge node then the node is

called aningress nodewhile a node where traffic is leaving considered aagress node.

2.4 Multicast and MPLS

The original RFC document [12] that describes the MPLS archited&aitehe use of
MPLS for multicast for further study. It supplied only general statements about the
techniques applicable but, mentioned two important operations that an LSR has to
accomplish with the regards to multicast distribution:
a) In the case wherels5R is in the path of a distribution tree, it binds a label to that
tree giving the tree an identity.
b) Distributes that bindo its parents on the multicast tree. If the node is on the LAN

and has siblingghen the same binding has to be published tsilisngs. This
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way the parent is able to use a single label when it multicast to all children on the
LAN [12].

Starting from the basic premises outlined in the following sections, two categories of
approaches frequently encountered in literature inetaion to multicast deployment

association with a MPLS environment will be analyzed.

2.4.1 Multicast distribution tree established within MPLS networks

These two requirements impose thatsupport multicast, orghould observe that an LSR

is able to selecta particular multicast distribution tree based on the following criteria.
Firstly, the label carried in the packet (packet has an identity within MPLS domain) and
secondly, the interface on which the packet was received [6]. These items would further
requre a LSR to maintain a table onper interface basis and the MPLS control
component to include the following procedures:

i.  Two LSRs connected to a common subnetwork may not bind the same
label on that subnetwork to different multicast distribution trees.

ii. LSRs that are connected to a common subnetwork, and are part of a
common multicast tree, have to ag@®@ongthemselves on a common
label This labelwill be used by all LSRs when sending or receiving
packets associated with that tree on the interfaces ctathdo that

subnetwork.

In relation to the premises outlined abottee authors in [6] proposed the following
solutions to deploy multicast within a tag switching environmhent

Generally, the first condition is automatically satisfied on a goHpoint subnetwork. In
order to satisfy the first condition, when TSRs (or LSRs) are connected to saouasis

network (e.g. Ethernet)the Tag Switching control component of a TSR defines

! The authors preferred to use Tag Switching vs LabelcBing, TSR vs LSR, TFIB vs LFIB in order

to point out other possible name used by other \ﬁ(_eéldors to refer to the same label switching concept.



procedures by which the TSR partitions a set of labels. These labemikicastdinto a

disjoint subsets, where each TSR receives its own subset of labels.

This is accomplished by what is commonly referred to as a Multicast Routing Messages
[5] exchange technique. It should be noted that this mechanism can only be UBed by
multicast routing protocols which use explicit signaling: e.g. JOIN Messages (this is the
case for PIMSM or CBT protocol). Furthermore, the TSR advertise initially through
PIM HELLO messages, a range of labels that the TSR wants to use for itsitmtags.

At the time when a TSR connected to a maticess subnetwork is booting up, it checks

that the range it wants to use is disjointed from the ranges used by other TSRs connected
to the same subnetwork. In the situation where the TSR receivesabRtM Hello
message originated from another TSR announcing that this subset of labels overlaps an
already existent subset then one of the TSR must get another range oMaloeksining

a perinterface basis table (TFIB) for a multicast allows a TSRaondie one range of

labels for one of its interfaces that is completely independent from the range of labels on
another interface(s). A similar idea was proposed as well in the informational draft [5]
under the MultiAccess Networks section. Under this gmtthe authors of the draft gave

an indication ofwho would have the priority to choose the range of labélESRs
allocate a label simultaneousihe LSR with the highest IP address would maintain the
label, while the other LSRs withdraw the label [5]

In order to met the second requirement abpVag Switching in [6] defines procedures

by which TSRs connected to a common subnetwork, and are part of a common multicast
distribution tree, have to elect a TSR that is capable to create a lodizigoior the FEC
associated with that treeuffhermore[6] defines distribution procedures ftis binding

information among the other TSRs.

A TSR operates as a regular router where a PIM JOIN message must be sent towards the
root of that tree in ordeto join to a multicast distribution tree. Therefore, it creates a

local binding for that tree by procuring a label from the pool of labels associated to the
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interface which will be used for sending out the message. It also creates an entry in its
TFIB with the incoming label set to the label taken from the pool of labels.

The TSR now includes this label in the PIM JOIN message and sends it toward the root
of the tree. When a TSR which is part of a multicast distribution tree receives the PIM
JOIN messagerdm a downstream TSR (direction it is given with respect to the root of
the tree), it updates the entry in its TFIB that corresponds to the tree with the label carried
by the message and the interface on which the message was received.

This way the TSR pguulates its TFIB entry with an outgoing label obtained from the
received PIM JOIN message and the outgoing interface through which the message was

received.

In case of multiaccess subnetworks PIM JOIN message are multicasted [6]. Thus, all
TSRs connectedo a multiaccess subnetwork receive all the PIM JOIN messages that are
transmitted by any of these TSRs over the interfaces connected to the subnetwork.

The first TSR that decides to join a particular multicast distribution tree is automatically
electedto create the binding between a label and the tree. All other TSRs are informed
periodically about this binding from the PIM JOIN message that is sent by this first TSR
toward the root of the tree and towards all other 3kt are connected to the
subnéwork. Furthermoreany TSR that decides tin the multicast distribution tree

later will be aware of the label bound to the tree on that subnetwbik TSR will then

create an entry in its TFIB where the incoming label is set to the label receinethio

PIM JOIN message.

When a TSR wants to check if there is already a binding established between a particular
multicast tree and another TSR connected to the same subnetwork, it can send a PIM
JOI' N message with a | ab e lingttenuha dlreadyoexidie@to . | f
binder TSR will reply back again through PIM JOIN with the existent binding label and
the joining TSR will start using the existent label.

It should be noted that sintee TSR maintains a separate TFIB used for multicast on
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perinterface basis, the TSR can apply the above described procedure emianere

basis, without requiring coordination betw

It should be noted that the nature of the multicast group formation was not memtioned

the procedure described above. It was previously stated that for the dense mode type
multicast protocol there is no JOIN messages. In this case the PIM-rdedse
procedures must be adjusted such that once the TSR has created a multicast route for the
densemode group then, PIM JOIN messages are immediately sent to the same dense
mode groups. This results in a common distribution label mechanism, which could be

used for both sparse and dense groups.

The authors of [17] mentioned a few of the featureireed in the previous methods.
These same features were later confirmed in [5] under an informational framework for IP
multicast within MPLS networks. Looking from a MPLS perspective at the procedures,
the authors in [17, 6, 5] proposed the followinglfigs:

1 The creation of the LSP multicast stream was triggered by a request driven
method, which intercepts the sending or receiving of control messages (in this
case multicast routing messages were used)

1 The binding between a label and particular mudti¢deee is created as a result of
receiving label binding information from a downstream LSR

1 By being built on top of PIM the label advertisement can be ploiggked on the
existing control messages instead of sending two separate messages. This would
be the case when by using multicast routing messages. More specific protocols,
such as PIMSM and CBT, which have explicit Join messages could be used to
carry the label mappings.

The carried underlying multicast protocol does results in some disadvantages sheh
following:

1 In densemode protocol there are no controls messages on which the label

advertisement can be piggacked.
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1 [17] Proposes the addition of periodic messages to the -tleode protocols for
the purpose of label advertisement. Thereforeegension of the multicasting
routing protocol is required and hence becomes less desirable solution if label

advertisement needs to be supported for multiple multicast protocols [5].

2.4.2 Multicast distribution tree established at the edge of MPLS networks

The main characteristic of this approach consists of enabling the multicast protocols on a
providerds edge router (PE) , which is <con
routers (CE). Therefore multicast protocols are no longer required to be endtblied w

MPLS domain.Distribution of the multicast packets within the MPLS domain are
realized byactivating the MPLS TE functiothat allows establishment of poitd-point

or pointto-multipoint LSPs This MPLSTE function activation adds restoration time

improvements in case of a transmission failure or a possible network resource switching.

2.4.2.1 Multicast distribution using P2P LSPs within MPLS TE

Based on the above conditions several works have been developed [18, 19 and 20] where
the idea of implementingnaEdge Routers Multicasting (ERNpyotocol was proposed.
Conceptually ERM converts a multicast flow into multiple quasi unicast flows at the
network layer [20]. In order to implement an ERM two approaches are recommended:
1 According to the authors, thedt option would require a slight modification of the
existing multicast routing protocols.
1 Heuristic use of the Steiner trees routing algorithm (similar work developed in [21])
The first option extends the traditional PA8M or CBT by imposing two cdalitions:
1 Select edge routers as the core or the RP of the multicast tree.
1 Subtrees are allowed to join only at the edge routers.
For dense mode type protocols in order to support ERM, the recommgmdedss to

change the behavi obr tfor oonf |6ofoldo oadn da nadc kpnrouwnl ee

23



upstream peer routers are informed about any active members on their outgoing

interfaces. Multicast states (*,G) or (S,G) are maintained by edge routers which records

their next downstream edge routers in additio outgoing interfaces.

Source address

Group address

Interfaces

Upstream router (next

Outgoing hop)
192.133.76.1 234.12.144.2 1 193.71.23.1
2 193.25.22.3
192.133.77.2 242.12.144 .4 2 193.45.11.2

Table 2.4-1: Example of multicast routing table at an Edge LSRs

By looking atTable 2.41 it is evident thathe two outgoing interfaces of the multicast
state (192.133.76.1234.12.144.2) are towards the next downstream edge peers with
193.71.23.1 and 1935.22.3.

Given the multicast routing table a multicast flow can be mapped onto multiple LSPs
afterwards, simply based on the downstream destination address of an LER. Considering
Table 2.41, a multicast flow from 192.133.76.1 to 234.12.144.2 is mappédl o

di fferent unicast LSPs for which the next
and 193.25.22.3.

Multicast packets which arrive at the edge routers (LER) are forwarded in the ERM
protocol by duplicating packets based on their routiaglet and then assigned

corresponding MPLS labels.

Once labels are generated by the LER they can be forwarded along -#stgiieshed
LSPs between the core LSRs or towards the next downstream LERs. Forwarding
decisions are made by the core LSRs and sedbasolely on the incoming labels.

Therefore, the core LSR is not required to distinguish between multicast or unicast flows.
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The second approach to implement a ERM protocol is based on building Steiner heuristic
trees [ 20] and odingtpwaeeduses prehi@uislyBni®dddced. As a result

this second approach is referred to by authors in [20] as ERM2.

TheERM2 protocolhas the following characteristics
1 It constructs a source based multicast tree. This type of tree has the advantage
overt he core based tree of creating uni gt
addresses can be chosen freely.
T Keeps the specific Join message. OFIl ood
avoided for two reasons. Firstly, due to the fact that theityeas a dense
multicast group can be considered more like a sparse group compared to the scale
of the Internet, and secondly the flow assignment and forwarding algorithm can
be applied only after the distribution tree is constructed which by defaulagease
the delay for delivery of the first packet.
1 Introduces the notion of a centralized nddelticast Managei(MM). The role of
this node is described as being different than the RP in PIM or core node in CBT.
MM is designed to function more like a DNS&&r rather than being the root of a
distribution tree. It maintains the group membership management in MPLS
domain by keeping a record of current activetr@e LERs and returns this list to
a new receiver.
The joining procedurefd&aRM2 is illustrated byhe Figure 23 [20]

———  Multicast Tree LSP
----- Multicast Nontree LSP

*  Messages

Figure 2-3 Join example of ERM2
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Edge routers E1, E2, E4, and E7 are on the tree of multicast group G. The full lines
represent the LSPs susceptible to forward the multicastsfivhile the dotted lines
represent the LSPs that do not carry multicast streams.
The numberén Figure 23 represent the following steps:
1. Edge router E5 sends a query message to MM.
2. An ANSWER message is returned by MM containing the list of candid8tes
El, E2, E4 and E7) to E5.
3. E5 picks the best candidate based on its own routing table or resource availability.
In this case it chooses E4.
4. E5 sends a JOIN message to E4 which creates an outgoing entry for state (S,G).
5. If the previous step is succedsk# informs MM through an ADD message that
ES5 is now active.
6. MM inserts E5 in the list of active members for the multicast group G.
In the case where an edge node leaves the multicast tree, it sends a SUBSTRACT
message to the MM to update the membey éisd a PRUNE message to its upstream

peer.

The presented approach defines an ERM protocol that converts the design ofta-point
multipoint LSP setup to a multiple poitg-point LSP thus preparing the multicast traffic

for aggregation. The multicasiess branch only at the edge routers and further use the
MPLS tunnels set up by the core routers. Simulation results of the study show that the
proposed ERM2 with heuristic Steiner trees was more efficient than the approach which
relies on the extension dfe PIM routing protocol.

The only current limitation is the reduction of the multicast traffic distribution to single
pointto-point LSPs and eventually the ERM procedures deployments at the edge routers.
According to the study, this ERM procedures depleyit could be incrementally

accomplished.
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2.4.2.2 Multicast distribution using P2MP LSPs within MPLS TE

Much of the works in these areas are based on the capacity of building P2MP LSPs
within the MPLS domain. The advantages of using these LSPs resides in sf®lipos

of deploying quality constraints associated with trees that are naturally deployed by IP
multicast transmission mode, while taking into account the resources made available in
MPLS network.

The ability of adding quality constrainrbgsed routig through MPLS alternately requires
developing a better setup mechanism for LSP that would be able to provide explicit

routing.

Currently there are two directions that help in the LSP seieghanism which generally
extendstwo popular signaling protocelandas a resultreates the RSVPE and CR

LDP protocols. Both types of protocols have advantages and disadvantages which were
analyzed or criticized from different angles such as: signaling mechanism or QoS

involved models.

Summarized conclusions ofetbe factors areutlined by the following:

1 Signaling mechanismerspective favors the RSVP approach primarily because
there is no connection requirement before label distribution can occur. It is
thought that RSVP has a ore mpl hemgkborg ht
relationships can be faster established.

1 QoS modelgan push ahead some relevant advantages of one protocol over the
other. RSVP uses the i8erv QoS model, which was developed over several
years, clearly with the resource allocation olveterogeneous network as usually
can be found in IP networks. The service models and QoS parameters defined for
Int-Serv are intended and a considerable work was involved to be supportable on

all link layers [6]. CRLDP Qos model defines a relative largambers of
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parameters similar to those used on ATM or Frame Relays, which are still

unclearly specified how to be used in order to deliver this QoS model.

It is evident that there is an obvious advantage to the RSVP protocol over thBRCR
which was @signed to addreske IP heterogeneous networks requirements.

This protocol was elected as the base protoeaddpport oimulticast distribution within

a MPLS TE environment by the authors in [23]. Their proposal became a standard and
extended the RS¥TE protocol in order to deploy P2ZMP LSPs.

Currently the plain RSVP protocol, enhanced with the Label Object, was able to establish

the MPLS forwarding state (or the LSP) only along the path described by plain IP
routing. It is known that this type of fracomputation is driven by the destinatioased

forwarding mechanism. Therefore, the PATH message in this IP plain environment is
forwarded based on the forwarding table constructed by protocols such as RIP, GSPF, IS

IS or BGP and the destination addregistent in the IP packet.

As a result the advantages of the path taken by an LSP already influenced by the path that

is drawn by the PATH message could have been questioned. It was apparent that the
ability of explicit roatitmge &SPt ipat podbaislei

constraints was lacking.

In order to overcome the aforementioned steering issue, the RSVP extension was adapted
with a new addition of a new object, the Explicit Route Object (ERO) as per [24]. This
object is carriedn the PATH message and contains an ordered sequeraiesivéct
nodesspecified by an explicit route that the message has to follow. Thus the packet
containing this enhanced PATH message with ERO will help the router to forward the
packet based on the ment of this ERO object rather than by referencing the IP
destination address contained in the header of the packet.

The ERO is structured assequence of <type, length, value> triples, where each triples

depicts an abstract node.
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These abstract nodedeintify a group of one or more routers and at the time of writing

this document there are three types of abstract nodes defined: IPv4 address prefix, IPv6
address prefix, and Autonomous System number [6].

A SECONDARY_EXPLICIT_ROUTE (SERO) wadater intoduced in [23] and is
defined in the same way as the ERO object

of each subsequent S2L suSP.

Another important upgrade of the RSME protocol consisted of finding a way to
optimize the number of controlessages needed to set up a P2MP LSP. The premise of
the optimization was to use a minimal number of Path messages in order to signal
multiple S2L subLSPs. This optimization would avoid the potential repetition of path
information for the parts of S2L stli5Ps that share hops.

The document [23] describes a solution to encode the S2LSBkexplicit routes using

compression in the following way:

Figure 2-4 Explicit Route Compression

Figure 24 illustrates a P2MP LSP where A is an ingress router and six egress LSRs: (F,
N, O, P, Q and R). All six S2L P2MP LSPs can be signaled by a single PATH messages
by assuming that the first S2L LSP from ingress A to egress F is the first LSP and the rest
S2L ae the subsequent S2L LSPs. Bellow there is a way for the ingress LSR A to encode

the S2L subH.SP explicit routes using compression and the encoding objects mentioned
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previously:
S2L subLSRPF: ERO ={B, E, D, C, F}, <S2L_SUB_LSP> objdet
S2L subLSPN: SERO ={D, G, J, N}, <S2L_SUB_LSP> objétt
S2L subLSPO: SERO ={E, H, K, O}, <S2L_SUB_LSP> obj¢at
S2L subLSRPP: SERO ={H, L, P}, <S2L_SUB_LSP> objdet
S2L subLSRPQ: SERO ={H, I, M, Q}, <S2L_SUB_LSP> objegt
S2L subLSRR: SERO ={QR}, <S2L_SUB_LSP> objed®

After the PATH message is received from LSR B, the LSR E sends the following PATH
message to LSR D encoded using the same mechanism as the following:

S2L subLSRF: ERO ={D, C, F}, <S2L_SUB_LSP> objeEt

S2L subLSPN: SERD ={D, G, J, N}, <S2L_SUB_LSP> objebt

LSRE sends a PATH message to LSBhHhe same manner and is encoded as:
S2L subLSRF: ERO ={D, C, F}, <S2L_SUB_LSP> objeEt
S2L subLSPN: SERO ={D, G, J, N}, <S2L_SUB_LSP> objtt

When it is requiredo signal a single S2L LSP branch the PATH message
from LSR H to LSR K is encoded as:
S2L subLSRPO: ERO ={K, O}, <S2L_SUB_LSP> objett

while from LSR H to LSR L it is encoded as
S2L subLSRPP: ERO ={L, P}, <S2L_SUB_LSP> objeBt

The describeanechanism is devised to compress the PATH message size and the time
for processing these messages is also reduced at the routers which results in a quicker
LSPs setup.

Assuming the MPLS domain supports enablement of these P2MP LSPs the authors in

[23, 22] went further and presented an approach for deploying IP multicast using these
P2MP paths
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Figure2-5 MPLS domain with P2MP LSP enabled on the provider P1, P2 core
routers with root starting from Spel.

In the following section the principal components and methods participating within
MPLS-TE to enable multicast transmission with P2MP LSPs enabled within core routers

as described in [22] are analyzed.

Considering Figure-5 the following roles are defined:
S1lis a multicast source and is the only available and transmitting source for multicast
group G1G2, G3.
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Spelis the PE router that receives traffic from a multicast source.

Rpe {1,2,3}are PE edge routers participatingnmulticast routing with S1, R1, R2, R3
and R4.

R{1, 2, 3, 4}are multicast receivers. R1 listens to G1, R2 listens to G32,R3 listens
to (G2, G3)andR4 listens to G1.

The presented scenario assumes the following conditions:

1 The core routers are@ free, which is required by the unicast protocol for the
RPF check condition required by PiSM.

1 RSVRTE is used by the core routers as a required cond®8hto enable the
P2MP LSPs.

1 PIM-SM control traffic originates outside of the provider domaimobiem
definition assumes the network core is free of F8M control messages.

1 Multicast application [P2MMMPLS-TE-REQ] requires enabling TE in the core to

facilitate multicast traffic.

The [22] describes the following operations:
i. PIM-SM control state eohange between PEs.
ii. MPLS P2MP LSP endpoints discoveryRee are discovered bgpe
iii. Mapping IP Multicast Traffic at the Spe to a P2MP LSP

iv. RPF interface determination at the RPE

i. PIM-SM control state exchange between PEs

PE routers participating in multicast traffic have to exchange conversationSRMM
control messages with other remote PE or CE routers. ThisSMMouting exchange is
accomplished by the following [PIMM-REMOTE] sequences.

When Rpe receives the P{#8M JoirlPrune message for a particular multicast source (S),

Rpe determines its adjacent neighbor Spe advertising source S by using (B&Bmext

32



Rpe initiates a-SM adjadercy witfi Bpe.no thie goint RpeMends
Join/Prune message to the Spe.

ii. P2MP LSP endpoints discovery

Previous sequences [PIBM-REMOTE] allowed the Spe to get signaled from Rpe with

a Join/Prune messages request. The receipt of a Join request causes the Spe to treat the
Rpe as a P2MP LSP le&pe associates the Join message with a P2MP LSP. Spe initiates
the setup of the P2MP LSP with an ending point represented by Rpe. The following cases
are possible:

If the P2ZMP LSP is not existent then a new P2MP LSP is installed. The P2MP LSP is
existentbut without adding Rpe as an existent leaf . Spe then adds Rpe as a new leaf.

If the P2MP LSP is existent and Rpe is already a P2MP LSP leaf, then Spe leaves the
existing P2MP LSP unchanged.

By looking at the Figure-8 the above procedures can be seqed as outlined below:

1 Initially there is no P2MP LSP present. If R4 sends a-BMW Join for (S1,G1)
to Rpe3, this Rpe3 determines its adjacent neighbor Spel as the advertiser (next
hop) for S1. Spel treats this received Join message from Rpe3 againledf
(S1,G1) to a newly initiated P2MP LSP1 with Rpe3 as its destination.

1 Another Join request for (S1,G1) towards Rpel, but from R1, will follow the
[PIM-SM-REMOTE] procedure that determines Spel as the adjacent neighbor
(nexthop) advertising S1 agsi source. Spel takes over the Join request from
Rpel and maps (S1,G1) to P2MP LSP1. Therefore, a new branch to P2MP LSP1

is added with a Rpel destination.
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iii . Mapping IP Multicast Traffic to a P2MP LSP

When Spe receives Join message for a (S,G) or (*,G) it associates it with a P2ZMP LSP.
Therefore, Spe creates a multicast forwarding entry for source S and group G with the
P2MP LSP as an outgoing interface which allows an IP multicast traffic to be sent to the
P2MP LSP.

The sel thedutigongP2MPLS® f or a particular (S, G)
problem and the authors from [23] propose a few options but are open to further

development by future vendors.

iv. RPF interface on Rpe

This procedure is primarily about the condition in which the Rpe associates a P2MP LSP
as the RPF interface for a given (S,G) pair entry that was propagated to a Spe. This P2MP
LSP has to be identical with the P2MP LSP used by Spe to send IP mufadis for

that particular (S,G). Because the selection of P2MP LSP is Spe driven, this implies that
Spe needs to communicate all the (S,G) entries mapped onto that LSP, to all Rpes that are
part of that P2MP LSP.

In order to facilitate these assoaigis the authors in [22] introduced a new PEMWI
message, thdoin Acknowledge Messagéhis new PIMSM message also introduces

the notion of PIM-SM Route AttributesThese attributes can be used to associate
common properties of the Group Sets in the Ak Message.

With the aid of the Join Ack message, the Spe is able to convey to Rpe the P2MP LSP

identifier associated with the (S,G) entries encoded as a Route Attribute.

Once the Rpe receives the P2MP LSP association (identifier) for a particulae(®ys
it uses that P2ZMP LSP as the RPF interface for the (S,G) entry [22].
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In order to distribute the multicast over the P2MP LSP within a MIPERnvironment
the presented approach relies on the following:

1 P2MP LSPs whose settings are based on theaksng properties offered by the
extensions of RSVHE protocol must be enabled. The MPLS routers involved in
setting up these LSPs will need to process the RSVP_PATH and RSVP_RESV
messages

1 Introduction of a Join Acknowledge Message along with 8IM Roue Attribute
that mitigate the issue of RPF interface determination at the receiver PE node.
This condition being a priori checking condition as mentioned in section 2.2 of
this thesis. With this new Join message carrying the P2MP LSP attribute
(identifier) the receiver at the PE node is able to receive Group- &8P LSP
association and ultimately the IP multicast distribution can be initiated

This approach is a promising solution to the implementation of the distribution of IP
multicast as it was adwaed to the level of standard [23]. This approach does have the
disadvantage of enabling P2ZMP LSPs and modifying the ®\Mprotocol

A disadvantage of setting the P2MP LSPs thus far is the use of the resource reservation
process utilized by the RSVFE protocol. This reservation process leads to the
maintenance of a significant number of states that grows in relation with the dynamic of

subscription/withdrawal process implied within a multicast group

2.4.2.3 Conclusion of multicast distribution within MPLS T E

The IP multicast transmission mode relies on a dynamic establishment and maintenance
of the multicast distribution trees that are computed based on the information inherited
from the activation of an IGP routing protocol. These trees are deployea ovtwork

of resources consisting of hosts and adjacent routers that communicate with each other

through the Internet Group Membership Protocol (IGMP) communication protocol in

35



order to establish multicast group memberships

The challenge of mappingdbe multicast trees to MPLEE LSPs reveals a few issues.
Most of these issues are raised by any constbaiséd routing system and must be

solved prior to enabling multicast transmissions within a MPESenabled network

A. Computation and establishmeritlc5P
The multicast tree suggests the establishment of a-fmsmtltipoint LSP. Although the
MPLS-TE, as a constraifiiased routing system, is able to enable a constrained shortest
path first (CSPF) protocol, it has to collaborate with an LSP setup mephdhat
provides explicit route support. The resource reservation protocol (RSVP) and constraint
based routing label (GRDP) protocol are two options for this LSP setup mechanism
component. These signaling protocols have to be extended as proposéld iim ¢2der
to be compatible with the dynamics of multicast subscription/cancellation procedures.
These procedures have a characteristic behavior for the terminal branches of the multicast
distribution trees.

B. Routing methods for multicast traffic witHt2MP LSP
The application of only MPLS TE functions to establish poiatnultipoint (P2MP)
LSPs to forward the multicast traffic does not represent a sufficient condition to enable
the routers to replicate packets and to make the routing decisions. Hogvaver a
multicast distribution tree whose structure is dynamic and is influenced by the deployed
multicast protocol (e.g protocol independent multicast sparse modeSKlMcreates
transitional states within a multicast enabled rou@gre of these trangn states appears
in a PIMSM environment, when a shared distribution tree, for example the rendezvous
point tree (RPT- whose root is a specific router in the network), switches towards a
shortest path tree (SPWhose root is the source of an estdi#it multicast group). As a
result a multicast enabled router participating in the establishment and maintenance of a

P2MP LSPs may be placed in several situations as mentioned in [5] where it has to
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maintain two states the state (*,G) for which the routés supposed to forward traffic

along the LSP, and the recently created state (S, G) (appeared after the changing from
RPT to SPT). When the router is in the state (S,G) the router will not have the ability to
associate a new outgoing label in order tavfrd the multicast traffic on a proper and

existing pointto-point (P2P) LSP

Given these challenges, several cases have been studied in [5] or advanced as a solution
within IETF working groups as in [22]. In both cases the proposed scenarios were
approa hed with a fAdivide and conquer o method
or by not considering them as was the case in [22]. In actuality there is a strong
relationship between the two problems, and this relationship cannot be ignored otherwise

the established P2MP LSP structures stay rigid and unaware of the imposed QoS applied

to the traffic and the network resources

2.5 Quality of Service

In previous sections QoS was only mentioned as a reference. In the following section the
QoS definition and seice meaning within an IP network to support the SLA

requirement of the applications it is designed to support will be addressed.

Taking apart the constructing words, the following definitions can be (given

Servicein the context of IP networking is description of the overall treatment of a
customer 6s traffic across a particular dom
Quality in IP networking refers to the underlying requirements for an application that can

be expressed in terms of SLA metrics for IP service performance sudklag, jitter,

packet loss, throughput, service availability, and per flow sequence preservation [2]

Considering the aforementioned definitions as a whole, QoS defines an optimization
problem that tries to maxi mi zemiamzingthep | i c at

delivery cost of .the applicationds service
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When the issue that QoS is trying to resolve in a given IP network is know, the toolset of
the QoS should be reviewed and the method in which its consisting components can be
engaged within th MPLS domain should be determined

2.5.1 QoScomponents

QoS uses a range of functions (e.g. classification, scheduling, policing, shaping) within a
IP QoS model architecture (consisting of Integrated Service and Differentiated Services)
in order to ensure tha network service meets the SLA requirements for the supported
applications.

The mechanisms used to engineer the QoS in a network can be divided into data plane
and control plane mechanisms that are available in network devices such as routers. A
shortintroduction of these planes is presented bellow as they appear in [2]. A detailed
description of each individual entity is beyond the scope of this thesis but will be
presented within a minimum description that is required in order to develop the nesearc

of this document

Therefore according to [2] the following components can be found within these planes

i ey 5 o
| eg OSPF, | | NMS, 0SS AAA policy | | eg RSVE |
| BGP i control systems, etc. | 1 |

Router

Control plane
Management interfaces: CLI, Signaling
SNMP, Radius etc protocols
IP routing
protocols I ¢
l *  Authentication/awthorization Admission
Forwarding [ E—— s
information base ¢ Dataplane provisioning i
'
i

Data plane

T
h 4

¢ Classification
Packet Routing +  Packet filtering Packet
path forwarding ¢ QoS: policing, marking, path

scheduling

Figure 2-6 Control plane and data plane QOS functif#tjs
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2.5.1.1 Data plane

Functions belonging tthis plane have a direct impact on the forwarding behavior of the
packets. These functions can be summarized as the following, based on the actions that

they apply to the incoming traffic streams

a) Classificationis defined as the process of identifyiflows of packets and grouping
individual traffic flows into aggregated streams. These streams can be later subduing
them to different actions such as packet filterimge relevance of this classification
functionhelps to understand the following
1 Integated Services IP QoS model architecture uses a signaling protocol (RSVP)
that was mentioned previously in chapter 2.4.2.2 in order to set up the per flow
classifier
1 Differentiated Services IP QoS model architecture usespleclassification that
is stored directly in the DSCP field of the IP packet header that has been
specifically designed for QoS classification. Therefore, the classification is based
upon the matching aggregates of trafffiat are marked through this DSCP field.
Different typesof traffic can be defined as: A traffic stream which is an
aggregation of flows that are based on common classification criteria (e.g. all
VOIP traffic stream originating from a VOIP gateway), and traffic class that is an
aggregation of individual traffilow or streams, for the purpose of applying a

common action to the constituent flows or streams [2].

b))l P pac ket orscolonng,riskactumally,the process that happens before the
Classification It marks the values of the fields designated for Q@Ssification which
are stored in the DSCP field of the IP packet header or EXP field of the MPLS packet

headers.

2 An IPv4 flow is defined as a-Bipe of source, destination IP addresses, source, destination TCP/UDP port

and the transport protocol (e.g. TCP or UDP).
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c) Policing is a mechanism that ensures a traffic stream does not exceed a defined
maximum rate.

The policing mechanism can be visualizeda@eken bucket with the elements shown in
Figure 27. A simple token bucket policer is defined througBuast (expressed in bytes),

which represents the maximum bucket depth, aRata(expressed in bps) at which the
bytessized tokens are added to thecket.

There are different types of policers implemented depending on the method in which the
tokens are added to the bucket. Tokens can be added at a rate R every time the policer
finishes processing a packet or at regular intervals by filling up witexamum numbers

of tokens (expressed by Burst) that can be inside the bucket.

Rate

Burst

Figure 2-7 Token Bucket

The action that a policer executes on dfitrastreams depends on whethtbe packet
from the arrival streantonformsor exceedshe bucket definition. If there are fewer
tokens in the bucket then the number of bytes of an arrival packet then it is said that the

packet hagxceeded he bucket ds definition.

The actions of a policer are not regd only to transmit the traffic stream or drop it,
based on t he pac koenedosexeeeded), batealsorespensibledon n
the marking of the traffic. This way a node receiving a marked traffic can take actions
based on this marking andtaccording to the specification defined in SLAs.

A few important characteristics must be noted with a policer. It does not delay traffic
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because it does not store packets in the bucket and it canoratereor prioritize traffic

the same as a scheduley.

Different types of policers were specified based on the marking techniques applied and
their behavior with regards to the incomin

markero in [25], or fAA Two Rate Three Col o

d) Queuing ad Schedulingire important functions of the QoS that mediates traffic
departures at the router level in order to reduce congestion. Compared to the Policer
function an | P packet schedul er has the al
into entties called queues.

A scheduler has the ability to store temporary packets into a buffer. This allows them to
schedule the departure of packets and to shuffle packets departures according to rules that

are derived from constraints of rates and priorités

The two most common queuing algorithms, firsfirst-out (FIFO) and fair queuing
(FQ), are mentioned in the following sections, though several variations have been

proposed to improve deficiency of the algorithms.

The premise of FIFO queuing isflected through its name: The first packet that arrives

at a router is the first packet to be transmitted. The following situation can be observed
during the arrival of the packet at the router according to Fig8e 2

When an arrival packet attempts tadup at the entrance of a full queue (there is no
empty buffer space left) then the packet is dropped. This case is tllddop, since

packets that arrives at the tail end of the FIFO will be discarded.

The approach that simply drops the packetgadse the buffer is fullis the simplest

method for implementing a FIFO scheduling type of scheduler.
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Arriving packet is

dropped if the queue

becomes full
—» —>

—

Queued packets

Figure 2-8 Tail drop happens of an arriving packet at a full FIFO queue.

Dif ferent complex algorithms for fAdrops pol
are to be dropped by using different signaling techniques at the level of the router (e.qg.
DECbi t or RED congestion schemes) or by

increase in queues (e.g. by measuring RTT) are available.

A simple variation of the FIFO queuing was created by adding queuing priority. The
main purpose of this feature allows routers to implement multiple FIFO quenetor

each priority class. fAis way the router checks and sends packets from thesmguy
gueues that have the highest priority queld&® addition of this feature has an obvious
disadvantage. This feature causes the higher priority queues to starve out lower priority

queues.

The seond queuing algorithm, FQ, attempts to resolve the difficulties present in the
FIFO queuing approach. Firstly, the FIFO queuing approach does not differentiate the
traffic based on the source, therefore the packets could not be grouped according to their
flow.

This presents a disadvantage because it could not check how successful the congestion

control system is through its controlling actions.

Converselymost of the congestion control system is addressed at the source level and
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due to the inability o6eparating packets that belong to a specific application flow, could
cause flooding of the router with packets originating from only one type of application.
Flooding would be worse if that specific application uses UDP protocol (which is
common for IP tkeephony application) as a transport layer.The congestion control
mechanism is based on TCP and does realize that a congestion is occurring through the
network.

FQ was proposed in order to overcome the issues mentioned above. This algorithm
maintains a segrate queue for each flow that is currently serviced by the router.

In the case when one queue frongueues is empty or it does not have packets to be
serviced then the available bandwidth will be shared among the wtheemaining

queues.

The ordert hat the packets are processed from t
generated variations of the FQ algorithm.

All variations of the FQ take into account the arrival rate of the packets and define
processing order rules for the available packetthe queue based on their associated

rated services. These rated services (or weighted services) are able to delay packets
gueuing, while the ability to assign weights allows it to service queues in a relatively

differentiated manner.

The Weighéd Round Robin (WRR) is the simplest example of such a weighted
bandwidth scheduling algorithm [2].

The manner in which the WRR works can be described by considering the following
example from Figure-8. This example considers 3 weighted queues And,C with
weights of 1, 3 and 4. In each round a WRR scheduler will service 1 packet from queue
A, 3 packets from queue B and 4 packets from queue C.

When all queues are permanently filled with same size packets and the capacity of the

outgoing link isfor example 54Mbps, then the link bandwidth will be shared between
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gueues according to the formula:

A = 3 B Q)
A Wi

i=1

WhereA= bandwidth allocation for queugeB = is the available bandwidth and is the

weight associated to the queue.

[ ALz (
e

o ZZa iy
Ve

Packets

Link

Figure 2-9 Packets arriving in queues are serviced by Scheduler based on their
associated weights

According to formula (1) the following allocations will be obtained:
A, =1/(1+ 3+ 4)2 54 = 6.75 Mbps (for queue A),A, =3/(1+3+4)2 54 = 20.25 Mbps
(for queue B)and A_ = 4/(1+ 3+ 4)2 54 = 27 Mbps (for queue C).

In terms of percentageghe given weights could be translated ta512 bandwidth

allocation for queue A, 37.5 % to queue B and 50% to queue C.

For the case where one queue becomes inactive (for example queue A) then its allocation
is distributed between the other active queues, B and C in this case. Therefore the new

allocation for these queues becomes, = 20.25 +6.753 (3/(3 + 4)) = 23.14 Mbps,
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A. =27 +6.753 (4/(3+ 4)) = 30.85 Mbps.

In general the size of the packets is not the same. Therefore they are grouped based on
their size in the queues. For this case and with the consideration thagues A, B and

C there are buffered packets of 300, 1500, 1024 bytes size, then before applying the
previous formula (1), the weighted services have to be normalized and converted to
integer values.

The integer values of the normalized weights becdmteger (1/300) = Integer

(3.3 10°*) = 33for queue A, Intege3/1500) =Integer (2 10 °) =20for queue Band

Integer (4/1024) = IntegeB(9: 10 *) =39for queue C.

With these new normalized weigtthe allocation for the queues reveals more fairness

for queue A:A, = 543 (333 300 /(333 300 + 203 1500 + 39 3 1024 )) = 6.69 Mbps,
for queue B: A, = 543 (202 1500 /(333 300 + 203 1500 + 39 3 1024 )) = 20.29 Mbps,

for queue C:A_ =543 (393 1024 /(333 300 + 20 3 1500 + 393 1024 )) = 27 Mbps

WRR enables fairness between queues as long asdtega size of the packet is known.
Regardless of whether the size of the packet is known, these values are continually
changing which causes the scheduler to becomealilorated, and lose the fairness
between queues servicing.

Another popular schedulingueuing discipline is the Weight Fairness Queuing (WFQ).
The algorithm behind this queuing establishes the allocated bandwidth based on the
weights, as well as the moment of packets departures.

Using the same example as mentioned above, three queuds: @)d C that are
processing packets of 300, 1500, 1024 hydewore clear description is giveQueues A,
B, and C have the following associated weights 1,,.3,4 I n WFQO6s case t
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share of a queue is inver bt¢2]. norgertorpamtain i on al
a bandwidth share of 1:3:4, the example above requires the association of a 4:3:1 weight

to queues A, B and C respectively

The WFQ algorithm computes the servicing time (or sequence numbgery the

following formula

SequenceNr = RoundNr + SizeofPack et ® W, (2)

whereSequenceNis servicing timeandRoundNris round numbernitially RoundNr=

0, SizeofPackets the size of the packet, w, is the weight of the queug and the

following rule applies This rule specifieshat the scheduler will service first the packet
that has the loweBequenceNand theSequenceNof that packet becomes the next
RoundNr.

Considering a sequence of packets thavarn queues as Al, C1, B1, B2, &g, then
thefollowings servicing timswill be determined The i ni ti al RoundNr

SequenceNr ,, =0 + 300 4 = 1200 , SequenceNr .. =0 + 1024 1 = 1024 , SequenceNr _ =

Al C1 B1

0 + 1500 3 = 4500 , SequenceNr ,,= 4500 + 1500 3 = 9000 , SequenceNr _,= 1024 +

B c2

1024 1= 2048
The following packet transmission sequence: C1,A1,C2,B1 and B2 is the result of the
aforementioned example when considering the rule for servicing packetsgstath

the lowest servicing time.

The most commonly used queuing disciplines that are used in conjunction with other
QoS functions within the framework of an IP QoS model architecture were briefly
discussed in this sectioAlso presented through exalas in this section were different
gueuing disciplines.Their main features that ensure a better fairness of packets
transmission contained in queues were outlifdus increased fairness can be translated

into a better bandwidth allocation.
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For this prpose WFQ from FQ proves itself as a preferred scheduler compared to WRR

which is only able to ensure fairness under the condition that the packet sizes are equal.

FQ reaches a better fairness among the queues compared to the simple FIFO queuing
discipi ne due to the FIFO6s inabilidyysiame ser v

casesgnorest r af fi ¢ streams because of the incapase

2.5.1.2 Control Plane

According to [2] the control plane QoS mechanisms deals witadh@ssion control and
resource reservation which eventually could be used to set up the data plane QoS

functions.

Admission control is a checking process to determine if there are enough network
resources in order to meet a request for QoS from an apephcside, and in the case of a

shortage to deny it.

Functions of the QoS control plane are used in combination with other routing protocols
e.g. BGP, OSPF that maintain and advertise link states information between available
routers in order to accomph the control functionality of this plane.

An important function of this QoS control plane that presents interest for this research

the signalling functionvhich in practicas primarilythe RSVP protocol.

RSVP is found in both IP QoS model cexitint-Serv and DiffServ. The over usage is
justified by the fact that RSVP is the protocol that allows applications to signal QoS
requirements to the network [6] attte network is capable of sendihgck a successful

resource reservation arfailure answe.

The following sections present a short description of the IP QoS models in order to
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understand which approaches were proposed

traversing networks.

2.5.2 IP QoS models

This section will parse the main features of thisteng IP QoS models and indicate
which features will help to enable QoS support within a MPLS domain.

2.5.2.1 Int-Serv model

The main goal of the Integrated Services working group of the IETF was to dewelop
architecture capable of ensuring an-¢m@nd @S guarantee to those applications which
may require them. Examples of this requirement are teleconferencing applications. [28]
proposed the inclusion of two sorts of services aimed towardstimesaltraffic
applications: guaranteed serviceand predictive service Proposals of these service
models arose from the conclusion that applications could be classifietbkesant or

tolerantapplications.

In order to avoid the possibility of late packets, for a given distribution of packets delays,

the conditon dictated by an intolerant application is to have a fixed offset delay larger

than the absolute maximum delay [28].

In contrast to this type of intolerant application sits the tolerant application that does not
need to set this fixed offset delay (ookwn as #dArel i able upper bou
the absolute maximum delay due to the fact that late packets are tolerable in this type of

applications

In combination with these service models, theSatv group is defined as the method in

whichthe RSVP protocol could make use of these service models

ThelInt-:Ser v architecturebds description started
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called flow specification oflow speowhich was previously defined in [29].

The flow spec definethe special services concluded from the network as guarantees

For ths purposes the flow spec mwsscribethe method in which | owdés traffic
injected intathe network through &spec (Traffic specification).

Conversely, the flow spec must belealbo describehe applicatiod gxpectation to be

obtained in terms of Qo0S, expressed through Rspec (Request specification).

In order to ensure an endend QoS guarantefhe Int-Serv architecture requires that
each network node (resourcegrform thos QoS functions specific to data plane
mentioned in section 2.5.1.1cldssifying, packet marking, policing, queuing and

scheduling.

2.5.2.2 Diff-Serv model

The IntServ is known as &ine-grained IP QoS model for which the resources are
allocated to each inddual flow. It was recognized thata@arsegrained model would

be more beneficial in order to avoid scalability issues raised et

DiffServ resolves scalability issues by applying QoS functions and maintenance through
a percustomer treatment dhe edge of the network. These edges of the network are
considered to be the edges of a E8#rv enabled domain. Therefore regardless of the
applications grow within the network, the scalability requirement is established at the

entrance of a DifServ donain

For this purposehe Diff -Serv QoS model divides the traffic into a number of classes and

allocates resources on a fodass basis.

An incoming traffic at the ingress entrance of a {3#ffrv enabled domain is firstly

divided into classes of tkaf i ¢ o Afbehavior aggregateso,
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compared for conformance against agreed profiles known as Traffic Conditioning
AgreementgTCA). Functions of QoS mentioned in previous sections (e.g. policing) will
ensure that the traversingaffic will conform to the TCA condition, and the non
conformant traffic will be delayed by applying a departures scheme (e.g queuing

disciplines), remarked or simply dropped

|t i's i mportant to observe thaoccurshaethet r af f |
level of the node (router) where packets are already stored or marked to hold information

about how to be treated according to a specified QoS level

This information is marked directly in the packet known as Differentiated Services Code
Padnt (DSCP) and is carried insidiee 6bit Differentiated Services field of the IP header,
which initially was part of the TypeOfService (ToS) byBSCP signals the level of
treatment that must be applied to the packet to the rothes.signalidentifies the per
hop-behavior (PHB)The PHB definition can be established locally specific to a network

or it could be used as a standard definition. This standard PHB includes:

T The defaul't and most ceofnfnoorntl oy klnaoswsn  fi osr
packes are treated equally from a QoS perspective. This results in no special

treatment

1 Express forwarding (EF)Packets from this type of class are forwarded w&ith
minimal delay andreceiver experiences low los$n general a scheduler
attempting to ensurenaEF PHB could use a WRR or WFQ queuing scheme as
mentioned in 2.5.1.1, but in this case the worst delay obtained will depend on the
algorithm implementation as well as the number of queues dedicated for EF
traffic. The condition to ensure an EF PHB Qo8eleregardless of the queuing

scheme will require the arrival rate of packets to be lower than the servicing rate

EF PHB might support the applications classes (such as VolP) whewelaw

low-jitter, low-loss and assured bandwidth is required
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1 Assued forwarding (AF)According to[30] a set of AF PHBs are defined with
the following characteristiceachPHB in the set isypically representethrough
an AFij codepointnotation.The AF PHB groupi pr ovi des fdr&r war di
packets fromN independenfAF possibleclasseg1<=i <=N). Each packet having
assigned a drop precedence j (1<=j <= M).

By way of explanation, a queue from N number of possible AF classes for which
a drop value of j is selected for a given IP packbe recommended number for
general use is 12 AF PHBepresenting N=4 AF classes of M=3 drop preference

levels in each class.

The same document [30] describes an important condition for queue setleation
ultimatelyinfluencesMPLS support of DiffServ. A Diff -Servenabledhode nust
forward packets from on@F classindependentlyfrom packets inanother AF

class Thereforethe packets cannaggregate two or more AF classes together.

This condition is translatable intthe following: packets belonging to an
applicationthat are dferentiatedonly throughthe dropping value preferen¢eg.

AF ., AF ,, AF ) must go intdhe sam&ommon queubelonging toAF, class

11

These standard definitions of PHBse based on a recommended DSBR this value

insciiption could becreatedor modifiedat the node levebased on a net wor k
decision. Thereforghetreatment applietb the trafficmaybe based on a standdPtiB

definition but the input selectothat is given by DSC® el ongs to It he no
decision.Practically, each routeappliesa mapping between DSCP aadtandard PHB

class.

In conclusion and in support of the decision to select-B&ffv over IntServ as the
underlying IP QoS model for an MPLS enabled network, the following arggmsbotld
be mentioned
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9 DiffServ allows the traffic to be marked and classified at the router level. These
provisions are configured manually or by a network management system (NMS),

rather than being signaled by a network signaling protocol such as.RSVP

1 Continuing the previous idea, a traffic classification decision could be pushed to
the networkoés edges. This results in t

presented by IrGerv.

1 Take advantage of the DSCP value established at one hop, preferably at
entrance edge of a Diferv domain. Later apply different QoS levels of
treatment at the successive downstream nodes will help support a DiffServ within
a MPLS domain

2.6 Enabling QoSsupport with Diff -Servwithin MPLS

With the knowledge of thBiffServ features, on which the MPLS network is going to be
built, it is important to investigate the connecting element existent in MPLS that will
make an MPLS network aware of the QoS requirement needed to be granted for different

traffic classes.

It is important to note that packets travelling an MPLS domain are forwarded based on

the label and that it is the only element taken into account by an LSR during the
forwarding process without | ooking further
DSCP information used by the Difierv mechanism is not sufficient to influence the

LSR to apply an according PHB treatment for the packet

In order to determine the connection between DiffServ support and MPLS, two different
elementsvere determinetb become expandable to two different solutions. These are the
experimental field known as EXP and the label of the packet itself. Each of the next

solutions has its own characteristic and applicability to the domain as is discussed below.
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2.6.1 PHB inferred from EXP

The first methodaccording to[31] in order to provideDiff-Serv supportrelies onthe
MPL S6 s hitmtincledesdneexperimetal (Exp) field & 3 bits long as per the

figure.
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Figure 2-10 MPLS Labeled packet with EXP field populated from CodePoint
selector (CS)

With this reduced field number it is possible to defindyosight PHBs levels of
treatment compared te® = 64 PHBs offered by DSCP. This is possible with the
condition that no more than eight levels of treatment need to be defined. The LSR will
use the EXPhits of the packet and map them to the associated PHBs. This behaviour is
similar to a regular router enabled for D8&rv, which uses the DSCP number, extracted

from the IP header of a packet and maps it to aeptablished PHB

The action that an LSRpplies to an incominigbelledpacket marked for QoS awareness
through an EXP field will result in locating that packet into a queue where the packet
receives a specific treatment, initially assigned for that EXP field number. For example,
the LSR that reeives twolabelledpackets with EXP 000 and 001 respectively may
place packets marked with 000 into a queue where the packets receives a treatment
associated to an AF21 PHB type of QoS level. It may then place the rest of packets,
marked as 001, intogueue that will receive lreatmentssociated to an EF PHB type of

QoS level
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An LSR which sets up an LSP based on this method is thought to estaliidiSatype
of paths due to the fact that its PHBs is inferred from the EXP. field

2.6.2 PHB inferred fr om Label

When more than eight distinct PHB treatments need to be applied, the next available
element to solve this problem is the label of the packet. The applied PHB treatment is
based on the label information. This method to setup up LSP paths reddfer ad.-
LSPtype (or label inferred type of LSP setup)

It is possible to observe that the label caries the information on whicht&& lwill be
configured. Therefore, the mechanism that distributes the labels will have to be enhanced
in order utilze this information. For this purpose and according to [31], a new term called
PHB scheduling clas¢or PSC) has been defined. This PSC groups packets with different
PHBs and ensures that they are not roiskered during their transmission. MPLS
implies hat the packets with different PHB, but under the same PSC, must travel on a
common LSP. A similar condition was imposed in Section 2.5.2.2 where packets with

special imposed restriction are placed in a common queuing discipline

This situation appars in MPLS when oni@stance of a PHBjroup (e.gthe case oAF
type of PHB) imposes ordéng constraints on packets carryinigfferent PHBs (e.qg.,
AF21, AF22 and AF23 packets)As a result of thisconstraincondition imposesthat

packets of a comon PHB scheduling class PS@hat isall packetsar , , for examplgto

travel on a commohSP.

According to the above rules packetlabel will define only a general PHB clasée.g

AF, , AF, or AF ). In order to define a full PHB description for a packet, details for

drop precedence is also requirddo achi eve this [ 31] propos

header and the EXP field can be used to store this information
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2.6.3 Conclusion of thePHB methods

Taking into consideration the reduction
and the ability to use labels to convey PHB two different methods for propagating Diff

Serv information within MPLS networks are created

The first methodd defined as a single lESP and which can carry packets requiring up to
eight different PHBs

The second method is defined as a scheme whereL&#®L(label inferred paths) carries
a single PSC (e.g. AF or just EF). Therefore, the remaining informatitineoPHBSs

containing the drop precedence is defined inside the EXP field.

The following conclusions can be drawn to aid in determining whetHhe8REor L-LSP
is the best solution to convey labels within a MPLE with Diff-Serv awareness:
1 by defalt L-LSP is the sole choice over ATM. This is due to the fact that the
MPLS shim header does not existent and the Exp therefore cannot be used.
1 L-LSP can support a larger number of PHBs than eight. Therefore, different paths
for different PHBs can be emgered since 1LSP can define one LSP for each
PHB. It should be noted thatILSPs more commonly used within ATM LSRs
that are not widely deployed according to [2]. In conclusion neither are possible
associated deployments ofLISPs.
E-LSP offers more PBs on a single £SP thus it reduces the number of labels
The ELSP model has many common similarities with the standard Jifi
model [1] and therefore is a good candidate to be engaged in forwarding traffic
shaped with DifServ QoS
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3 HighlLevelSolui onés Component s

Previously reviewed papers essential to outline the problem definition formulate a
solution for the multicast distribution over MPIE with Diff-Serv aware domain.

Therefore, this chapter presents the logical concepts used to s@venulicast
distribution over DSTE problem. The architecture of this solution is also developed in
this chapter through high level solution components and its basic behavior to visualize

the supporting elements

3.1 Introduction

The following section identiés the problem definition of the TE which is similar to the
problem definition of the IP multicast distribution problem over a -B#fv aware
MPLS-TE network

The purpose of illustrating the similarity between these two problem definitions allows a
soluion to the multicast distribution problem by applying similar concepts that are

applicable in MPLS constrakftased routing (or TE) problem to be determined.
The problem definition that TE is trying to solve depends on the following requirements:
a) It is looking to establish routes that are optimal with respect to a certain scalar metric

b) It has to take into account the available bandwidth on individual links [1] that will be

used for traffic distribution.

The similar challenges that the multicastfficadistribution reveals within a MPLS

domain are clearly evident.

The following sections present the main functionality of an MPLS TE, they outline the
underlining interactions, and they explain the reasons for addingsBiff features to the

model
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3.2 MPLS TE functionality

The primary advantages of introducing MPLS were outlined in Chaptdf the
conventional IP network was able to forward traffic based solely on the destination
address included in the packet 6wardhretlked er |, t
routing domain through its structural division of the forwarding plane from data. plane
improved traffic engineering through the addition of the ability to construct TE paths,

which are computed upon imposed constraints and the abilityptoydexplicit routing.

Explicit routing is an important feature that can be used to divert traffic if the required

bandwidth resource is insufficient or congestion occurs on the targeted paths

The collaboration between components can be seen by regi¢hgrfollowing minimal
MPLS enabled configuration. The primary network example defined to prove the
effectiveness of an MPLS enabled network is the traditifisiahettype of network. This
example will be referenced to explain the MPLS TE behavior dufiragn LSP setup (or
ATE tunnel setupo)

Figure 31 is an example where all the nodes have MPLS enabled. Each connecting link

has a capacity, for example 2 Gbps, with the exception of the links entering the ingress
node (from LSR1 to LSR2) or exitingdhegress node (from LSR5 to LSR6) which both

have a capacity of &@bps. A single area is defined and each link is configured with an
equal cost, for example fAlo. With the assu
LSR1 to LSR6 already exists, the ohbwsopath will pass through LSR 7. This is due to

the fact that this is the shortest path computed based on the cost
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LSP1

LSR2 ’LGOQE LSR5 LSR6

Figure 3-1 Fishnet type of network enabled with MPLS

The presented example describes the sequence of events that will appear during a new
LSP2 setup, which has a bandwidth of p&bThis example emphasizes the issues that

will remain unsolved if the MPLSE domain is not enhanced with QoS support

1) Distribution of resources and policies (constraint$). the first phase a traffic
engineering extension of one of the link stateting protocol (e.g. OSPF [32] or-IS
[33]) starts publishing the available resources along with the administrative policy

constraint information

2) Constraintbasedpath calculationOnce the resources informatiand administrative
policies areadvetisedthe next step is to compute the optimal pattjured to setup the
second LSP.It should be noted thaan LSP path can beither specified staticallyor

manually etablished by a rtevork operatoy or dynamically.

The dynamical method subsequelhfiaffers another two options. The first option is
where the LSP path can be computed by an
as in [2]) dedicated for this purpose. This will be responsible for the maintenance of the
LSP paths and proposes explicit headend path. The second option allows the LSP to

be calculated online in a distributed way by each TE LSP sources (known as tunnel
A h eeardd s .0Redalfdless of which dynamical method is ydbeé constrainbased

path calculation is computda a constrainbased shortest path first algorithm (CSPF)

This algorithm will determine the path on which the LSP should be configured. The
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algorithm takes i nto account t he availab
constraints ( r e dth) iandetde lowé&sP dost pathaavaidable. Non
conformant paths are automatically removed from the possible topology. The result of

this algorithm calculation is an explicit route object (ERO) as was mentioned in Section
2.4.2.2. This ERO defines the hbg-hop path that an LSP should follow

In the second required LSP path, the CSPF algorithm concludes that only the lower path
(LSR1->LSR2>LSR3>LSR4>LSR5>LSR6) can be used. The use of this lower path

is due to the fact that it is the only path with giéint bandwidth capable to satisfy the
LSP6s setup requirement as presented in t|
output values of the CSPF algorithm contain the IP addresses that build the path which

will be followed during of the LSP setup

3) Signalng andreservation forLSP setup (tunnel setupg)nce the path prescription is
acknowledge in the form of an ERO, a | ist
protocol most likely to be used will be either RSVE [34] or CRLDP [35]. With the
assumption that the RSVFE is used in the presented example, this signginoegocol

will start signaling resource reservatioi®r this purpose the RSVFE signaling

protocol uses the PATH message carrying ER®tha LSP bandwidth requirement. The

PATH messagevill travel from the head end to the tahdof an LSP ands sentalong

the specifically routed path using theERO. Each router, which receives the PATH
message, will check for resource capability reservation on the outgoing intafies

done to ensure that future traffic can be forwarded towards the next node

There is the possibility that this operation may override the results previously obtained by
the CSPF algorithm but it is necessary to assure that the path with the requiredithand

is still available and in place

There are a variety of different situations that could arise with this method such as a link
failure. Another possible situation could be the instantiation of another LSP path after the
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current LSP path has startexbe deployed. In case an unsatisfactory outbound interface
is detected at one of the node, the adjacent upstream node will signal by returning a
PathErr message to the heamtl of the LSP. This PathErr message states that the

admission control decisiomas unsuccessful

A successful admission control decision [2] at a node is concluded by further forwarding
the PATH message defined by the ERO until eventually reaches thaileofithe LSP

path. It should be noted that MPO¥ supports the concept ofgeemption [2] that
might appear during of the LSP signaling process. This results in a lower priority LSP
path which can be premptied in case an LSP with a higher priority is required to be
deployed

If the PATH message is successfullgewed by hetail-end router (and whetbe LSP

path endp the receiving node will rdp back witha RESV messagerhis message

foll ows the signal ed EROO sndpoateriof the aSPkKovar d s
where the LSP path starts)

The reverse journey of 6lRESV message, also known as the reservation phase, has to be
successful again at each hop. A node (hop) that successfully received the RESV message
confirms the LSP reservation or confirms tunnel reservation [2]. Next, from this
successful confirmed noghe RESV message travels upstream (towards thedrehdf

the LSP) accompanied by a value of the label created by the same transmitting router
This router later expects to receive the same label from an adjacent upstream neighbor

located on the LSP whehe traffic starts coming from that router
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Figure 3-2 MPLS enabled netwok showing the RSVP messagd®ATH, RESV)
transmitted during of the LSP 2setup. First PATH message travels downstream
from the headend of the LSP2, then RESV message travels upstream from the tail
end of the LSP2.

Figure 32 presents the reverse trip of the RESV message, which starts, from-tredtail
of the LSP2. The same Figure also shows example values for the dabt#igy are

created and advertised together along the

The | abel 6s binding direction, whicl estab
called downstrearrassigned [12] label with a label binding distribuion from

downstrearrto-upstreani12].

4) Associating traffic on the established LSP pattith the confirmed LSP setup
configuration enabled, a heatd router is almost ready to start placing traffic on the
LSP6s pipe. Bef or e ttrha nss npirsoscieosns oins tehaep albS Re
end router must map the incoming traffic and associate its outbound traffic to be placed

on the LSP path. This is necessary to ensure that theenelacbuter will continue to use

the default IGP protocol which inumn will try to detect the shortest path (from
LSR1towards LSR 6 through LSR7)
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The mapping process at the headl router can be fulfilled through static routing [2].

This is accomplished by defining a static route that maps the incoming traffi¢thento

path used by LSP in order to reach the tr:
could be to dynamically define IP routes in order to forward traffic over the LSP paths,

although this is dependent on the vendor implementation of the.router

Once the traffic mapping has been established at thedrehdouter, the traffic can start
flooding the network. Although this is only through the links which were signaled and

reserved for us.age by the LSP&6s path

In the presented context the LSR1 routeil map the incoming traffic onto the
specifically static routed LSPs or dynamically defined LSPs deployed through the-MPLS
TE capable network. Specific to this case, traffic travels from LSR1 towards LSR2 with a
label value, for example 12, bound toLiSR2 swapsthe label of the incoming traffic to a

label value of 23 and forwards the traffic further to the LSR5 router in a similar fashion
This node is called penultimate hop popping (PHP) and its functionpgepthe label

before entering into thest hop LSR6When there is a stack of labels, the PHP pops it to

the outermost label, and based on the nature of the packet, decides where to keep

forwarding the packet

5) Maintaining the pathof LSP.The available network resources indicate thetrthture
of the network is volatile enough. As a result of this knowledge an established LSP has to
be continuously maintained through asynchronous RSVP PATH/RESV meséages

LSP may be voluntarily torn down by a heaxad router through a PathTear message

Another example of a maintenance message is the PathErr message which was previously
mentioned This message is sent towards the headd L SP6s node by a
adjacent node when a downstream node/link.feisen this occurs the he&ahd tries to

find a new path around the failed nodilee same message is also utilized when an LSP is

pre-empted to allow a higher priority LSP to be instantiated
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Based on the sequence of events presented in the previous network example

followings can beconcludd in generaor an MPLSTEG &inctionality.

1 TEorconstanmbased routing allows an MPLS to
instantiation over the neshortest path in order to achieve a higher throughput

with more efficiency.

1 It should be noted that treeis a high level of solicited operations demanded for
the heaedend LSP. These operations map the incoming traffic with the
outbounding interfaces according to the computation established by the CSPF

protocol 6s algorithm

3.3 Diff-Serv awareness witin MPLS-TE

Taking into consideration the information that has been previously present with respect to
the operations of the MPLS TE, it was observed that the TE helps thesieaduter
(originator of an LSP path) to become conscious about the path selectamanthe

traffic will be placed The division of incoming traffic on a per service basis has yet to be
resolved for a simple MPL-$E. This division of incoming traffic would allow different

treatments according to the SLA specification to be applied

The addition of QoS support is required to accomplish this traffic differentiation. Without
enabling any QoS support, the TE computes the LSP paths that are aggregated from and
across all incoming traffic without knowledge of the type of treatment, whichicte
individually applied. The result of this traffic aggregation and the establishment of an
LSP path on a link, which meets the bandiwirequirement, will result in multipkeaffic

which belonging to different service classes to be driven onto the &P path

QoS awareness must be enabled by involving an IP Qos model framework mentioned in

the previous Chapter to satisfy the problem discussed above and to avoid different traffic
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classes to be intermixed on the same .LBHs document investigatéke use of Diff
Serv over IntServ in particular due to the fact that a method to separate traffic on a per

class of service basis is required

According to [2], the enablement of the B8krv awareness within MPLBE (known
simply also as DS E) extends TE capabilities such as compute constta@ised paths,
specific routing definition and admission control enablement to be applicable over
different type of traffic that are divided into classes of services

With the combination of these two technolesgyi Dif-Serv and MPLST E , the | ink
overall bandwidth availability can be seen as an aggregation of bandwid{fosisb

where the available bandwidth is defined
constraint The practical side of this DHServ extensn consists of the ability to

associate a bandwidth spbol for a traffic classn such a manner thallows the

application ofconstraintbased routingand admissiortontrol forthe LSP carrying that

specific traffic class.

Whenthis documentvas writen, there wer&nown twomodelscapable to apply sub

pool bandwidth constraints to diffeteriasses of traffic

1 Maximum Allocation BandwidtfiMAM) Constraints Model for Diffseraware
MPLS Traffic Engineering According to [35] this model sets a maximum
number of Bandwidth Constrain{daxBC)whichi s r est rwhichisd t o |
equal to the maximum number of class types. It dé&fmesthe rulesfor the sub
pools bandwidth usage that can be allocated for each class of traffic
independently. This model sgcifies thatthe aggregatedum of eachndividual
maximum allowedsubpoold dandwidth allocated for individual clags of
traffic cannot exceed thmaximum reser@blebandwidth, whichs limited bythe

| i sdagacityFigure 33 is a visual representati of this situation.
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Maximum

Reservable
Bandwidth

Figure 3-3 MAM model example Presents two classes of traffic with
bandwidth Bc jand Bc, cannotexceed the maxnum reservable bandwidth

Figure 3-3 presentstwo types of traffic classes traveling on link with a

capacity L. . Both,traffic haveabandwidth constraintset tosc ;, and Bc, .
Maximum reservablbandwidth(MRB) = L. = BC ,+ BC,

Russian Dolls Bandwidth Constraints Model iffservaware MPLS Traffic
Engineering(RDM). In [36] this model similarly defines the maximum number

of bandwidth constraints (MaxBC) as the MAM model. It is equal to the

maxi mum number of c | aFsrghisimgdelette bandwadth i s s
of the subpools allocated for the classes of traffic are hierarchically defifiesl

model considers an aggregated stoaint associated to a global pool bandwidth

that 1 s | i mit edThsgggréghted cdnstraidnbesisa mumlpea c it y
of subconstraindefinablefor eachsubpools bandwidthFigure 34 is a visual
representation where CTO is a guinl of consraint CT1, while CT1 is a sub

pool of constraint CT2.
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CTO
CTO+CT
CTO+CT1+CT,

Figure 3-4 RDM model example. Constraint 0 is a subpool of constraint 1,
constraint 1 is a subpool of constraint 2.

Each modelis justified for a particular casedhat is influenced by thebandwidth
requiremenbf the LSPor by the preemption requiremeraf different classes of traffic.

For example, RDM is more suitable for the situation where traffic is established over an
LSP (e.gwith a traffic constraint CTO) with a lower priority and can take advantage of an
available bandwidth of an LSP with a higher priority because of a&r@tent traffic (e.g
CT1).

Alternatively, the MAM model is preferable when the allocation of wellinsigdd

bandwidths for different traffic classes is required

The inclusion of one of the model in any future -DE5 deployment is necessary
accordi ng -Teotechni8ad $olutioniNDUST specify at least one Bandwidth
Constraints ModéhWombblLti pMAYBapewi dth Const
true. Without a measurablexpression of the DiBery, the QoS support could not be

imposed andestrictedfor different classes of traffic on per service ba3iserefore a

network operator could not rée the performance of the networeind towhat degree

can fulfill the clientsSLAs requirements
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3.4 Traffic trunks

An important concept that is introduced with 0§, and on which both D#Serv
bandwidth models (MAM, RDM) rely on to define their modeffinition, are the traffic
trunks as they were first defined in [38] and laterreferenced in [34, 37]. The
importance of this traffic trunk, and its properties, are reiterated in this section due to the

fact that its capability helps converge to tb&son of the traffic engineering problem

According to [ 38] a Atraffic trunk is an
which are placed inside a Label Switched F
abstract representation of a cotlen of individual TCP, or UDP flows, known as

Ami crofl ows, 0 that share two common proper
are forwarded along the same common path and all microflows within a trunk share the

same Class of Service’

With thegi ven traffic trunkos definition, It [
separation between LSP path and a traffic trunk. A traffic trunk utilizes the LSP and is
characterized by several properti &pFowi t hin
the interest of this document only the following traffic trunk attributes and properties will

be presented as outlined below

1 Without any DiffServ awareness a traffic trunk within a bare MPIE context
considers the current Internet as a simdgess of service model. A traffic trunk is

able to aggregate all of the traffic between an ingress LSR and egress LSR.

It was illustrated in Section 3.3 how this property was relaxed and how the
addition of DiffServ awareness was the subject of MAM [3B[d RDM [36]
definition models. In this way suools of bandwidth were created and

associated for separate type of classes of traffic
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1 Traffic trunksare considered as routable objects withirabstractrepresentation

context

1 A traffic trunk, which 8 a separate entity from an LSP path, has the ability to

pass through an LSP and move onto another path

A whole set of operations that are significant to TE, with the exception of two, are
defined in [37]. These allow a large amount of capabilities faffi¢r trunks to be
possible. These capabilities include the o
rerouting a traffic trunkéds route. The | as
choice of being controlled by an administrat&etion of a network operator or to be

controlled automatically by the underlying protocols

The reason for introducing the concepts of these traffic trunks, such as routable routes
within MPLS-TE domain, is because it switches individual flows traveling domain to
trunks. This switch is done to map traffi
through LSP paths. Through the capability of this mapping function the TE problem is
approached in a way that results in more reliable network operatiiths better

performance

The advantage of using traffic trunks vs microflows is supported by the fact that it
decouples the amount of forwarding states and the cafttaffic required to establish

and maintain these states from the amount ofrtféic transported by a service provider.

This allows the volume of the traffic pushed through an MFPESdomain to be

i ndependent from the number of trunks tha
topology requirements

To summarize, the concept ofaffic trunks reduces the problem of TE to other
subproblemsTraffic is distributed by the service provider as a collection of traffic trunks
with specific bandwidth requirement8. second subproblem that has to deal with the

routes of these trunks withan ISP is a result of this
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3.5 Coupling IP multicast traffic over an Diff -Serv aware MPLSTE

With the information provided above a checklist of the available components existent in
the project infrastructure must be determined. Also, the solution to tlsetqueo n i Wh a t
elseitisrequiredfora DEE t o be ready to welcome a mul
traffic that should be differentiated (and treated accordingly based on the nature of the

traffic)evisedmust be d

A network operator will be alloed to put together a network infrastructure that is
capable of accepting multicast traffic, classify it based on the traffic classes and forward
this traffic over DSTE domain with a high performance network operation can be done
with the knowledge of theomponents outlined in the previous Sections

This means the wiring of the network is ready to establish the connections, although the
missing part persists in the logical side of the coupling multicast traffic to this powerful
network

Although the muiltast traffic was analyzed from different angles of the available
multicast protocols, none of them were able to prove to be the best candidate to distribute
multicast traffic over a MPLS domain, especially over a {Sifv aware MPLIE
domain

Section 2.3, 2.2.4 in Chapter 2 outlined the main issues and challenges faced by these
different types of multicast protocols. The volatile nature of this multicast distribution
tree created a difficult landscape for a flooding traffic to be coupled over aredrde

network such as is provided in the MRILE domain

Besides this difficult nature of multicast traffic distribution, more impediments arouse

with the requirement of QoS support

Following a review of the IP QoS models, it was determined thatJIaiff promises to
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be the most advantageous for an LSP path through an MELBor the enlargement of

the network infrastructure, D#berv offers high scalability due its tendencyto push
traffic classification operation to the edge of the network, pdatty to an ingress LER
node. Preferably this DHEerv aware ingress LER node should be placed at the entrance
of each DiffServ aware MPLSE domain. Through this chained up B8trv, with
MPLS enabled routers, it would be possible to enable a full £aport along several
MPLS domains

It should also be noted that during the presentation of MAE®unctionality, the ingress

LER was the principal decision maker router, through which the CSPF protocol decided
the right, but not necessarily the stest LSP path. This path would have an optimal
bandwidth requirement that would ensure the forwarding of traffic with a given
requirement

The large sequence of operations that had to manage traffic differentiation, LSP path
signaling and reservation thdhis single ingress LER router undergoes has been
presented

Emphasizing the high number of operations performed by this ingress LER router has a
variety of reasons. This router is capable of setup an LSP because it is teatheddhe

LSP, whid means path selections are made at the level of this router through the use of
the CSPF protocol

Alternatively, with the amount of information already available at this router it is
important to look for a combination of multicast protocol suite tloatd benefit all of

this information. Also it must start mapping the multicast traffic onto the physical
net workodés topology by using the traffic

on an LSP passing through a E&érv aware MPLS E domain

With the knowledge of these requirements
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primarily can be adjusted through traffic
will lead to a solution of the multicast distribution over anTESdomain must & more
controllable. This means that it should be able to influence multicast distribution based on
the requirement i nformation propagated fr

topology available at the ingress LER node level.

It is preferred that # ingress LER that is in charge of the traffic classification,
establishment of traffic trunks, signaling and reservation of the LSP paths, and traffic
enablement through traffic trunks onto the established LSP be aware of the existence of
the multicast tffic source originator. The ingress LER will then be able to engage
multicast traffic flood and shape it according to the service requirement. In this document

this was accomplished with Diferv.

In order to obtain all of the aforementioned requiremehis document proposes the use
of the following multicast protocol: Source Specific Multicast (SSM) protocol. This

protocol derives from the PIM family

The following section provides a detailed description of the SSM protocol. It will also
outline itsmain features that will to be used to offer that missing coupling link element
required by the DS E network to start flooding multicast traffic

3.5.1 Overview of PIM-SSM protocol

The PIM Source Specific Multicast (SSM) belongs to the PIM source family sdhise
familyéds subset methods are wused in combin
packets to a receiver. PIM SSM delivers multicast packets only from the source address

that is specified and requested by the receiver. This request is actaufdis allowing

the receiver to specify the source address to listen to by using the IGMPv3. For a more in
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depth presentation of IGMPv3, an interested reader should refer to the document [39]

Firstly, a key function that causes a multicast traffic tppesa according to [40] is the
source discovery of the network itself. The router participating in multicast group
distribution must be able to determine the locations of all sources whenever there are
interested listeners. This is not an issue for theademsde multicast protocol since the
sources are in charge by default with the traffic flooding, hence the source detection
function is an unnecessary step. The sparse mode type is different due to the fact that it is
necessary to determine the root of altinast source from which a multicast group will

start to receive traffic. Initially, a dedicated RP router was designated to overtake this
traffic through itself towards the receiver and eventually to switch over to the shortest
path tree (SPT) from sote to receiver. From this perspective, the SSM distribution type
uses only a subset of PIM functions. Through this an SPT is created from source to
receiver without the help of a dedicated RP node. This reduces the overhead complexity

for establishing aRRP node

It is relevant to emphasize the sequences of events through which a specified multicast
source successfully delivers packets to the listening rece&dystter understanding of

how this type of multicast traffic distribution works over a-D5 domain will help to
complete the network design proposed to solve the problem definition of this research

All routers involved in a SSM multicast distribution must have P3M enabled on all

of their interfaces and IGMPv3 specification enabled attherece r 6.s | ev el

Taking the similar fishnet network presented in the previous section, and assuming that
there are a couple of receivers (hosts) directly connected to LSR 6, Figuis &

demonstration of the following sequence of messages
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Source Tree

J/
=
LSR3 LSR4 %@

Desktop

Figure 3-5 PIM -SSM example.A successful JOIN messaggent from Desktopup to
the last hop LSR2 connected to the source LSR4 followed by a SPTsource tree.

1) The receiver host (in this case the Desktop compands a JOIN wish message
from the group G to the directly connected router. In terms of SSM, a receiver
host subscribes to a sourced6s channel
message is propagated from router to router (hop by hop) unghahes the
multicast source. In this way a SPT path is built but without the need of an RP

node point

2) The last hop routezonnected to the sourandreceiving the (S,G) Join message

initiates asource treeconstructiorstarting from this router.

3) (S,G)stateis turned on, or otherwissaid multicast trafficcan be deliverefrom

source towards the requiring host receiver.

Based ornthese basic operationthe oneto-many typeSSM model bring a couple of
benefits ovethetraditional PIMSM:

1 PIM SSM buids SPTs rooted immediately at the source, for in SSM the router
closest to the interested receiver host is informed of the unicast IP address of the

source for the multicast traffic [41]

1 PIM-SSM is simpler than PINBM. This is due to the nature of theuste rooted
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tree. This rooted tree does not require the establishment of an administrative RP
router which is responsible for knowing all multicast sources. Hence, there is no

need for shared trees and the complexity of the network is reduced

1 Receivers g less exposed to various security attacks such as -désaivice
attacks (DoS). This is due to the fact that the receivers are the nodes that choose

actively their source of multicast [42]

1 Receivers establishes a listening channel described thrquaghat unique (S,G).
This eliminates the uniqueness of the multicast address group within a domain. In
other words the same multicast group can be reused offering the option, for
example, for a receiver from one group to subscribe to receive feeds from

different sources

With all of these features, PH8SM proves itself to be a viable choice from many
perspectives. This is not only from the D& point of view but for example from

ensuring secureness of a multicast transmission through a networks stiaipe, the most
advantageous appears to eliminate thicdity of choosing an RP nod@reviously, it

was a cumbersome operation to find an optimal place for that node in regards to the
shared pathds constructi on brgm whibhelatemto!l t i ¢ a-
switch to a shortest path distribution from source towards rece€iVer necessityto

choosean RP node continues to remain a required stepirwlPv6 enabled MPLS

networksas it is shown ing0]. NeverthelesdPv6 networks supportatively multicast

From the MPLS perspective, one should recall based on the conclusions made in Section
2.4.2.3, that the transitional changing state from (*,G) to (S,G) for a router is practically
eliminated since the operation is no longer a requifaetrations performed by the RP
node. Hence, the lémma of determining the methaoa create and distribute new labels

for the outgoing interface belonging to a recently transitioning router in order to forward

multicast traffic is also eliminated
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3.6 Solution ® architecture and behavior

With this last missing coupling link capaliteturn ona multicast traffic distribution over
a Diff-Serv aware MPLS E domain, the next topic of discussion is the method in which
all of these elements will be utilized in thandividual role within an MPLS network to

solve the problems exposed in this document

The first part of this section presents a general overview of the proposed architecture and
later it presents the interaction between the main madules

Multicast Group 3

CE4

Diff-Serv aware
N MPLS-TE domain

o

orkstation31

LER1 (PE} LER2 (PE)

Multicast Group 4 Workstationd2

Workstationdl
>

Figure 3-6 PIM -SSM multicast traffic distribution within Diff -Serv aware
MPLS-TE domain.

Server2

Figure 36 presents a hypothetical and simplified view of a typical network architecture
that has enabled Differv awareness. This Diferv awareness starts from the multicast

source up until the last desktop receivers and includes over the-WIPdBmain

For simplicity in Figure &, one could recognize that the enabled and ready for SSM
multicast type of transmission multicast servers are shown as customer edge routers
(CE1, CE2). They are located inside of the same autonomous system (&&vei, the

SSM multicast protocol is not limited to the irttamain usage, it could be enabled for
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inte-domain multicast transmission as per [43]. This would allow clients (receivers)
from different autonomous systems to subscribe to a source locatedeparate AS.
This type of network deployment will demand the use of a multiprotocol BGP (MBGP)
to maintain IP multicast connectivity over multiple ASs. For the concepts description
simplicity, all further explanations will assume that the network isloyed intra

domain within the same AS

Alternatively, clients subscribe on a pgrannel basis to the available multicast traffic
sources (Serverl, Server2) and for which their services is provided according to the QoS
configurations enabled at the custer edger router (CE3, CE4). The QoS provided by
the terminal CE routers follows the conformance regulated by the SLA agreements
agreed between the clients and network provider

The distribution of multicast traffic enhanced with QoS awareness beuttended and

split at a later hop, and inside of the customer domain as shown in Figure 3

MPLS-TE domain Mu'L‘gi:ast Groub s
T i
R

e
W%Up i

CE-
CE41 /)
\%@ %@ Workstation42 )

ERE Workstati
Diff-Serv aware 9
s S

LER2 (PE)

i

Figure 3-7 Extending aggregatedtraffic trunks over new hopto forward further

multiple Diff -Serv multicast traffic

When this occurs, both multicast traffic propagated by (Serverl, 2) could be offered
inside a particular customerb6s domain (e.
Hence, thevariety of the service provisionsm® longer restricteanly at the edge of one

customer router. This translates into receivers connected to CE4, are able to subscribe to
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both multicast traffic channels offered by Servers.1, 2

The foll owing discussion will focus son the
edge (PE) routers. These routers will have a major impact on how the multicast traffic

will be driven over the MPLSE domain and ultimately distributed towards the CE

routers

3.6.1 Applying QoS policies

Referring to the problem definition of this researohge could recall that one of the
requested items was to enable QoS support within the proposed futdfe B&main.
Therefore, this section will discuss tthe possibilities for deploying QoS policies within a
DS-TE enabled network

Section 2.5.1 enumerat the data planes tools as they are used within an IP QoS model,
classification, marking, policing, queuing and scheduling. Throughout this section the
method and location where they will be applied in practice will be discussed. Usually,
the location whkre they are applied will determine the type of QoS policy required and it

defines the proper combination of the tools. Typically there are edge policies and core
policies relative to the edge node which apply QoS policing at the entrance within a QoS

awae domain

Withthe DifSer v. I P QoS model selected to be dep
its advantages previously presented the following policies can be identified in the Figure

===
Gos inbiound =)
policy to the ﬁ
ingress CE
oS outbound >
8 policytothe | Multicast Group
L, egress LER

& i@, QoS cutbound
paolicy to the

policy to the &-f}
ingress LER ‘4_,_.- 7
<)

Figure 3-8 QoS policiesapplied within a Diff-Serv aware MPLSTE domain
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QoS applied inbound on the ingress LER1, QoS applied on the outbound interfaces of the
ingress LER1, QoS applied on the outbound interfaces of egress LER2. It could be
observed that thereeatypically no QoS policies applied on the inbound interfaces of the

core routers (i.e. located inside of an MPLS domain). The main reason for this is that it is

not typical to reapply a new marking (DSCP) and classification within a MPLS domain

Takenseparately for each QoS policy applied, the following QoS functions could be

identified according to Figure-3 for the QoS applied inbound to the ingress LER1

|
— |
|
/ |

\ /polcer
e N

A o J |
- |
Y |
R |
N I

Figure 3-9 QoS applied inboundto the ingress LER.

As per theFig. 3-9 on the ingress router interfaces

1. A classifiercomponent of the QoS data plamelcomes the incomingulticast
traffic. This operation classifies the packets and assigns them based dratheiclass

2. Marking and polking are applied to their classes
The DSCP and the MPLS EXP field are the principal fields used fandi®PLS packet
marking and classificationThe procedure follows one of the methods mentioned in
Sections 2.6.1 or 2.6.2 but is primarily the methoentioned in Section 2.6.TThis
method is the PHB inferred from an EXP field. It should be noted that the basic
mechanism of DiffServ for IP multicast is similar to the IP unicast with regards to the IP
header s content. The uli&s packetaslthe sameaks fortthee r e
incoming packet of the same multicast grodpnce, the applied PHB for the replicated

multicast packet is the same as for the incoming one
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The policing operation on the inbound interface of an ingress router isrseghnly
perclass in order to perform conditioning. It might be accomplished according to one of
the method presented in Section 2.5.1.1 by using single rate three color marker or two
rate three color marker

A QoS inbound policy applied on the inb@umgress LERImarks (stampshhe packets

and classifesc ust omer 6 s traffic i nto a l' i mited
Abehavi or aspgreviowslyraentersedin Section 2.5.2.2

The second type of policy is the QoS outbound policy applietheningress LERL.
Based on the Figure B0 this consists from the following QoS components
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Figure 3-10 QoS applied on theoutbound policy to the ingressLER1 or egress
LER 2 router

A typical QoS imfementation used on the outbound interfaces of the LER1 router will

keep the classifier functionality as described previously on the inbound case to LER1. It
should be noted that it will not use policer functionality applied to weighted bandwidth
queues (®e 2.5.1.1). The policer functionality is replaced by the queuing mechanism
which may drop packets when packets arriving at the entrance of the queues have a
higher rate and start to build up queues with a larger depth than the capacity of the queues
(seeSection 2.5.1.1)L at er , the schedulerédés functions
shuffle and schedule packets departures in order to keep conformance according to the

imposed DiffServ restriction. Packets aligned at the exit of the scheduler, accooding t
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the schedul erds decision, are previously p
on the connecti onds dJoufferikg.for patksts beforé goingiosto t o p

the | inkds hardware to maxi mi 2@oSoutbeund i nk 6 s
policy is applied to the egress LER 2 as shown in Figulr@ 3

The other type of a typical policy implementation that could be found at the outbound
interfaces to the egress CE routers level is a combination of the QoS applied inbound to
the ingress LERL1 as in Figure®Band QoS applied on the outbound policy to the ingress

or egress LER of an MPLS as in Figurd@The QoS applied policy on the outbound
policy to the egress or ingress LER of an MPLS domain router is enhanced by adding

somepolicers that are applied to the weighted bandwidth queues as in Fjlire 3
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Figure 3-11 QoS applied on the outbound policy to thegress CE router

This policing operation would be necessary as @fatie traffic conditioning. This results
in the incoming encountered neonformant traffic being policed at the beginning
without implying other roundrip mechanism developed by tail drop or random early
detection procedures

3.6.2 Mapping traffic

Once tle rollup plan of the QoS policies applied across the proposed architecture is

known, the sequence of events appearing within thiF B8omain is presented
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The three main elementthat contribute rad mold the foundation for this proposed
architecture ge: the PIMSSM protocol, traffic trunks andSP within MPLS DiftServ

domain.

Based on the overview of the PI®SM protocol in Section 3.5.1, the role of this
multicast distribution method, within this actual proposed architecture, is reinitiate the
seng of controllability of a created multicast source distribution tree. It is no longer
required to search and discover potential multicast sources. The request now comes
directly from the receivers (listeners) belonging to a multicast group (G). Theseerscei

are expressing their wish to listen (subscribe) to a channel broadcast by a multicast source
(S), which, in a multicast scenario, is expressed through a pair of {8i@)the creation

of controllability of the orsaoautornated gysteenas di st
now able to decide the place of the source ffaés gives the ability to control the path

of the multicast distribution treén parallel, the multicast protocdeploymentaddsthe

ability to establisra common FEC for unica$P packetswith different contents Using

mul ticastodos feature this FEC wildl group al

network | ayer addresses which is the desir

In conclusion, the combined benefit of using BiB1-SSM results from having the ability

to assign a common FEC for the packets and the ability to place them accordingly onto a
desired, specific routable and controllable path. In order to reach this goal, a couple of
transformations must be applied toeth mul t i cast trafficés p ¢
conditions must be met in MPEEE with Diff-Serv awareness case, because the required
path is an LSP path which has to take into

Traffic trunk, which was previously introduced 8ection 3.4, is the second important

element of the proposed architecture. The outline of the packets transformation process
into traffic trunks is important because trunks are laid onto on the LSPs paths

81



As previously mentioned, the support of QoShinita network must have the following

condition for traffic treatment differentiation: the ability to mark packets with codepoints

(i . e. DSCP) . Later, packets with same DSCEF
which an external behavior treatmentledl PHB was applicable at the node (router)

level according to [44]. The result of this PHB treatment developed into a collection of
packets for which their DSCP mapped to the same PHB called traffic aggregate as per
[46]. Traffic aggregate is a more geakzed definition for behavior aggregatelt is

from this location that traffic aggregates are manipulated further according to [34] in

order to be mapped into traffic trunks.

Otherwis said,before being able to manipulate traffic trungacketsare subdued to a
transformation. This transformation added a DSCP codepwitite packetdor traffic
differentiaton purposesgrouped them to behavior aggregates, mapped them urader
specific PHB and finally groupethem under traffic aggregateSigure 312 illustrates

the steps of the transformation through which the packets are grouped and finally
classified into traffic trunks at the router level

According to[34] a networkcan service multiple traffic aggregatesn one of the two
ways:

1 The first option mags traffic from all traffic aggregatesf a given FEConto a
traffic trunk cortaining all the traffic aggegatescorresponding to all PHBof a
given per hop scheduling clasgPSC) This traffic trunk placesall traffic
aggregate onto a sirgle common LSPand applies a single common set of
constraints

1 The second option splits traffic aggregates of a given FEC into multiple traffic
trunks Each traffic trunk contains all the traffic aggregatesresponding to all
PHBsof a given PSCThis gotion splits traffic basedoiic | asses of ser vi
into traffic trunks which could be tnaported over separate LSP that may follow

different paths through the networRS-TE can enforce thé&raffic engineering
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constraints on thessplit traffic trunks. These constraints limit traffic aggregates
transporting a particular traffic aggregate corresponding to a PHB of a given PSC
to a specific percentage of a link capacity. It should be noted that this feature was
the subject for defining DéServ bandwdth models

An important aspect that has to be considered after the creation of traffic trunks is the

resultant mapping process onto the LSP defined by the following

1 Traffic trunks with a single exit point which share common internal path can be

mergedo form a single sink treas peithedefinition given in [38]
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Packets with different

N, DSCP
N,

Traffic \
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LSP (e.g. E-LSP)
ink interface 3 N

packets with different DSCP within traffic aggregates based on | labeled packets with different Diff-
codepoints established PHB | Serv but same Label value
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|
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1) Link interfaces contains incoming | 2) Router maps incoming traffic | 3) Traffic trunks transporting MPLS
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Figure 3-12 Visualization of the transformation process for the multicast incoming

packets marked with different DSCP for QoS(e.g Diff-Serv) support, that in the

end are grouped under different traffic trunks.

The result of this conclusion is important because the introduction of the traffic trunks
definition allowed the concept of labeled packets from separate trunks, eachmof the
transporting different traffic classes, to share the same label on a shared LSP path. This

shared LSP path ends at a common exit router point as per Figdre 3

Foll owing a better understanding ofist he
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evident that the proposed architecture could make use of a traditions8dNffMPLS
model. The MPLS model involved to develop this proposed architecture is a traditional
MPLS Pipe Model, or a variation such as the MPLS Short Pipe Model, both of them
being well defined within the document [31].

The third element used in the proposed architecture and its surrounding concepts, or the
LSP path, was previously mentioned within this document. In the context of a multicast
traffic that was enhanced with QqgSpecifically with Diff-Serv type), and which is
required to be forwarded further according to FiguiE23the LSP embeds traffic trunks
delivering multicast | abel ed packWwhea t hat
compared to the case withouaffic trunks, where packets were delivered as labeled
packets without any QoS support, the difference is more evident. The QoS support is
added through codepoints into the IP header of the padBelivery wassimplersince

all of the traffic wasjust agyregate into a generatraffic aggregate thaénded into a

single traffic trunk As was previously mentioned, it was also unnecessary to understand
the method in which to setup extra stdpe Diff-Serv setup, or traffic engineering
setting) because mbof the packets were considered and treated as part of the best

effort type of traffig the default type of service.

3.6.3 Solution architecture

The following section presents the main components of a multicast traffic distribution
over a DiffServ aware witim a MPLSTE domain architecture which utilizes the
components that were outlined in the previous section. Only the relevant interaction
between those components that have direct effect related to this current research will be

present

It should be notegbrior to the presentation of the proposed architecture that the view of

the solutionbés architecture i s -fdrvaawaal at

MPLS-TE domain The selection of this point was concluded by the observation of
84



multiple, butrequired, operations that are performed by the ingress LER at the entrance
of the MPLS domainThe majority of the functions executed by a generic ingress router
are standardized for all routers. A few examples of functions would be the routing
functionalty or the label forwarding operation which is specific to a MPLS enabled
router The burden of the operations is brought over to the router by a few methods:
1) by theDiff-Serv classifiethat is in charge of packebloring
2) by theCSPF algorithnrequired todefine the shortest patmder thanfluence of
thenetworkresourcé sonstraints
3) by the extended RSVFPE signaling protocothat isin charge with the resource
reservatiorpath for the purpose of L8Ppathestablishment
4) by the newly added memhewhich is the PIMSSM that isdelegated with the
multicast traffic distribution.
Therefore all these major functions aseimmed upvithin an UML components diagram

according td-igure 3-13.

As per Figure 3.3, every node router can be conceived as contaeiiP modulethat
performs a ficontroll er r ollemodMebsesdifferants UML
functions that are declared as interfaces (e.g-8gfiv, PIM, TE).

The applied functions from the interfaces are not visible unless the compaments
represented as specialized classes. These specialized classes use the <<interface>>
stereotype notation. The appealed functions are implemented as regular methods
belonging to a class (e.g. setDSCP(), BEM(), PIMSM(), setTrafficTrunk()).

Based orthese observation#? ModuleusesDiff-Serv<<interface>> of théP packed s
module to setup the codepoint DSCP value inside of an IP packet. With the help of the
PIM <<interface>>, thdP moduleconfigures the multicast group destination address

withinal P header 6s packet
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D5-TE MPLS
Multicast Traffic
<<interface=> <<interface>> =<interface>> <<interface>>
Diff-Serv PIM QeSProfile QoSName
{abstract} {abstract} | {abstract} | {abstract}
i PIM-55M [) fabstract) setQoSProfilef) {abstract) setDoSMamel) {abstract}
setDSCRf) fobstroct] PIN-S () {abstract)
<Sinterface=> =<interface>> <<interface>= <<interfaces>
Marker Policer TE LSP
{abstract} {abstract} {abstract} {abstract}
markTraffic[) [abstract} mapDSCP_To MPLS_EXP{) S =
bstract P {{E! !
Talistrfict setTrofficTrunk(} fabstract} setLSPY) {abstract]

Figure 3-13 Architecture for IP Multicast with PIM -SSM within Diff -Serv aware

MPLS-TE presented withan UML componentsdiagram

The role of thiQoSmodule is to dfine the queuing profiles that are going to be applied

on the interfaces. For this purpose tQ@®SProfile <<interface>> could apply, for

example, a WFQ profile or an RSVP type of profile. The preferred profile used within

this document is a WFQ profile h& selection of this profile is based on the advantage of

WFQ queuing discipline introduced in Section 2.5.1.1 d). Within a queuing discipline,

the cri

selected by using theoName<<interface>> definitionThusfar four standardchemes
are proposewhich are based offiype of Service (ToS), Protocétort andDSCP It was
concluded that the best choitte enforce a Di#Serv QoS and propagatethis imposed

teri a

(or

ischemeod)

t hat

QoS within DS TE MPLSdomain is the DSCP based on scheme.
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Following thisthe IP moduleusesthe DS E MPLS6s component funct
by Marker, Policer, TEand LSP interfaces. As the name suggests, tWarker
<<interface>> definition marks the already colored IPkpts; based on the DSCP

values, into classes of traffics.

Going forward, these classes of traffic are handed over t®dlieerd6 s <<i nt er f ac
methodwhi ch starts maptpowmar dshet hleP 6P LDSS6C PE X P
mappings defindlikbdedpakicoesongsta the SL;/
are applied on the inbound and outbound interfaces of the router

Technically theTE (traffic engineering) module provides the ability to setup traffic trunks

by calling an instance of the setTraffichkuclass. It is evident that this setTrafficTrunk
class has to be defined in such a way that the methods responsible for the traffic trunks
configuration should be aware of the BServ support requirements that were
established earlier. The other impont interface provided by the MPLEE component,

and which thdP moduleuses for the purpose of laying down the path for traffic trunks,

is theLSP <<interface>>. Thd.SP <<interface>> declares two methods that have to be
further implemented; the comp@8PF and setLSP. As per their suggested names, the
computeCSPF performs the shortest path computation, which has to be aware of the
constraints imposed by the network resources. The second setLSP class instance
performs the LSP p arelfdhe signalimgfprotgcals, RSVIE@m u s i n
CR-LDP.

Once the multicast traffic is established, which is usually defined at the source router, the

IP modulewill be able to forward the multicast traffic. For this purpose Nhéticast

Traffic comporent provides thd’IM <<interface>> which does not need to define the

same method signature as the one used for IP packet. This implementation of the
Multicast Trafficcomponent is more extended and it is the one that is presented in Figure

3-13. Thisisbe ause in UML, the interface i mpl emen

provision requirement. Thé&IM defines two multicast protocols and the protocol
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discussed in this document is the PB&M. The function of the PINBSM protocol will

be to configure IGMR¥ 3 on the router | inkds interfac
diagram, in order to support this type of multicast distribution traffic

Most likely, the majority of the described components will appear at the ingress LER
router. A regular enabled MPL8uter will not be responsible for the traffic trunks setup

or with the initial LSP signaling or paths establishm@ihierefore, it is not necessary for

this type of router to define them. The presented architecture handles this type of optional
structural case without difficulties since the proposed UML representation suggests
interfaces implementations. By default, the advantage of using these types of UML
elements offers the flexibility to define optionally required structures. For example, a
core MPLS outer will not need to define the setTrafficTrunks or setLSP even though the

specialized classes, (noted as <<interfaces>>) TE or LSP, defines them

Thus far this section revealed the important components used to build the architecture
which will be adantageous to a Di#serv aware MPLSE domain. This architecture

would allow the domain to support multicast traffic distribution. At this point the
architecture has been briefly outlined to clarify the participating components and their
concepts. The fall wi ng Chapter wi || focus on t he
interactions; again the attention will be given to the components that directly influence

this researchoés solution i mplementation

364 Solutionso® behavior

The behavior of the consisting blocks of #rehitecture will be outlined in the following
Section. A wellsuited methodology for this purpose is to have it presented through a set

of classical finite state machines (FSM).

Il n order to support the presentoathe oert of t
FSM diagram was developed and simulated within a Matlab environment, utilizing the
Stateflow module
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[egress==1]
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l[ready’TE==1]
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o0 951.%':1;” | du: readyPol=in (DS_TEOn IngressRouter setihgOutboundPolicy); |i f

- SetPol==1]

‘ markTrafficClasses
1 |send(ENA

setPol==1]
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setinginboundPolidy i
- ABLEDY: i+ | send(ENABLEDY;

end{FNABLE

setMidOutboundPolicy
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5 setDS_TE s
i during- DS_TE =in(DS_TEON IngressRouter setTraficTrunk)*in(DS_TEOn MidpointRouter setMidOutboundPolicy)*in(DS_TECn TailEndRouter setAndSplitl SPperTraficTrunid:

- )

DS_TEOR
o Jsend(ENABLED)

Figure 3-14 FSM chart representingther o u t statesddring DS-TE MPLS
configuration

Figure 314 is a visual representation of a FSM and captures the main states required to

be turned Aono on the network nodes (rout
traffic distribution over DiffServ aware MPLSE to be accmplished

The two main states can be distinguished for a-B#fv aware MPLSE domain:

DS_TE Offstate which denotes the turned off state Bsd TE Onstate that configures

the DSTE within an MPLS domain

Once the setup command is triggered for&TE configuration over a minimum set but
with the required routers consisting of Ingress, Midpoint, TailEndRouter, the following

phases can be distinguished

1) In parallel, the Ingress, Midpoint and TailEndRouter will start to enable MPLS
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2)

3)

4)

5)
6)

7

TE functionalites within each of theet<Ing,Mid,End>MPLS_TEstates. This

step enables one of the IGP protocoll$Sor OSPF, enables MPLS module
within routers, and enables one of the extended signaling protocol, -RE\dP
CR-LDP.

The Ingres$outer will set the FECwithin setFECstate This step assigns a
destination address fahe incomingmulticasttraffic towards a preestablished
Multicast Group

The IngressRoutewill move to the nexsetLSPstate that initiates the LSP setup.

It is evident that this is a procesgnaled among the routers involved with the
LSP establishment to find and assure the required network resources. Hence,
within this state théngressRoutewill wait until the MidpointRouterand the last
TailEndRouter signal back the network resourcemdiness. Therefore, the LSP
path can be established and it is ready to be.used

Once the LSP setup is ready (this is signaled through an [LSP==1] event
condition) thelngressRoutemoves to the next statmarkTrafficClassesThis

state marks classesoitf f i ¢ according. to the SLAOGS
Next thelngresfRkoutersetsthe traffic policyinside thepoliceTrafficstate.

Within the next two statesetinginboundPolicyand setingOutboundPoligythe
IngressRouterapplies the inbound and outbound policies ¢t t out er 6's
interfaces. Insidéhe setingOutboundPolicgtate the policy application status is
flagged as finished through an output ds¢#Pol This output signal is expected

by the Midpointrouter inside the setMidInboundPolicywaiting state and by the
TailEndRouter within the setEndinboundPolicywaiting state The reason for
implementing these waiting states is the application of identical
inbound/outbound policies on tivMidpointRouterinterfaces and inbound policies

on the TailEndRouter interfaceSherefore, these policieare identical withthe
previously defined outbound policy applied on thPLS cloud facing
IngressRoutdr mterfaces

IngressRouter enters the setTrafficTrunk state which mainly deals with
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configuring the traffic trunks along thegsialed and established LSP path.
8) TheTailEndRouterouter enters into theetAndSplitLSPperTrafficTrunk
state which reverses the mapping, policing and sets traffic trunk operations applied at the
IngressRouterlt also separates traffic coming from té€LS cloud and redirects traffic

towards receivers based on the SLA6s contr

The status of the states that currently run within the routers is constantly monitored
within a supervising statsetDS TE.This state will flag the finish of the DBE

configuration setup

The following Chapter presents the method in which this MPLSTES onfiguration
process could be integrated to develop the functionality of a possible Control Server .
This Control Server could automatically deploy MPLS-DE configuratisl over an

MPLS cloud and in the end start forwarding multicast traffic distribution
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4 Det ai | ed Infptemantatioro n 6 s

The previous chapter referred to the struc

This section presents, getail, the method in which the key components are combined,

using several concepts, into a final solution to the multicast problem

4.1 Introduction

This chapter will focus on the design of a possible multicast MPLS control server that is
introduced with tk intention to better describe the occurrence of states required to deploy
and distribute successfully multicast traffic over an MPLS cloud withiTBESVIPLS

configuration

Initially, the algorithm of the solution for enabling B& MPLS configuration malcast
used by either a human operator or by an automated multicast control server was

introduced

Next the algorithm is sketched through a set of FSM diagrams that were developed in a
Matlab environment to prove the concepts through simulation fpoa#lible occurrences

of states

Finally, the whole concept is pretésted with the help of a testbed network that is
modeled within the OPNET simulation environment. OPNET is an advanced commercial
network simulator that offers high fidelity mathematicaidels network components and

in particular the MPLS modules

It should be indicated that the entire discussion is focused only on the usage-of intra
domain multicast routing protocols. The support of hatemain is out of the scope of

this document.tlis not excluded but rather proposed as a future possible implementation
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4.2 Algorithm for PIM-SSM multicast traffic distribution over DS-TE
MPLS environment

Using Figure 41 as referencehé following assumptions are considered to be true
1 The ISP authaty, which offers multicastapability over DSTE MPLS domain,

associateshe QoS service®ffering with its exitingegress routersEachegress

routere,, E,, E,, I8 capable of deliveringll of the available servicefferings
0,,0,,0,,6
T There is a Control Server bl oc k, prefer

function might also be accomplished by a human operator. This CRenver
associates the listening receivers to-@stablished multicast groups based on the
receiversd subscription to the avail abl

1 Multicastsources, , s,, s theat areproposed to be madmublicly available

21 3

for receiversare listedoy the ControlServer within a distribution list.

1 The peviously mentioned multicast sourees s,, s &e made available at

the entrances within MPLS cloud into multiple ingress routers.ekkamples_,

S S

21

€ enters iB8tp1, i ng(ne smaximunoavdilable

31

ingress routers within DSE MPLSconfigureddomain).

Taking into consideration these assumptions, the following algorithm is proposed as a
solution to the PIMSSM multicast distribution over the BIEE MPLS configured
domain. For a étter visualization of the proposed algorithm please follow Figtire 4

1) Receivers subscribe to thaulticast sources,, s,, s,, €&

2) ControlServer creates multicast group associations basee @vdilable ingress

routers. For example, the ingress router,, 1,, € associates groups, , G

21

G,,

3

3) ControlServer initiatesa DSTE MPLS configuration setup command as

described in section 3.6.4 (see Figl®, between,, m ,, E,. As a resultan LSP

11
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4)

path is signaled anatraffic trunkis configured with the heaend at the entering
ingress router and tail end exiting at the egress router
At this stage the multicast traffic can start to floW the capacity of the

bandwidth is at a maximum level and all interfacédsthe egress router, or

ingress router, arefully wired for multicasttraffic distribution therthe situation

is signaled to theControlServer andne of the sequences of operations is taken.
The next stepsfrom 4a) to 4e), are followed as long as the-gs&blished
contract for service offerings are not diminished. If the service offerings are

diminished tle process continues with step 5

a) In casehe egress router, reaches the mamum capacitythena newegress
E, routeris inserted

b) ControlServer initiates a new BI&E MPLS configuration setup command

betweeni, m , E,. The newly addede,will be able to deliver the pre

established service offerings, o,, o,, €

c) More available egress routers are added to the midpeir(or LSR1) router,
untl m | wires all of its available outbound interfaces

d) When m , wired its last available outbound interfacthe ControlServer is
made aware of a new midpoint router addition request.

e) A new M, midpoint router is inserted betweenandm ,. ControlServer
attaches a new egress rowgr and initiates a new DSE MPLS configuration

setup commanbetween,, M ,, E,, routers.

5) The process of inserting new midpoint routers continues until either there are no

more available egress routers within the analyzed MPLS domain or the ingress
router reaches the maximum bandwidth caam its outbound interfaces. These
outbound interfaces are enabled for-DIS MPLS configuration and are involved

in the multicast traffic forwarding process

6) If the ingress router can no longer ensure an established througtiotated by
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the preestablished contracts, then the additionaohew ingress router is

required to the MPLS domaiollowing this addition the steps 4a) to 4e) are

repeated. The same mul ti castardsthismewes Mc

ingress LER

Adding new midpoint router

Mcastl e \4 1spa1 Lspitd
<> . %—, 5i
N A
S, El
11 {LER1) M2 (LSR2) \ & M1 -
2 LSR1 % LER11 02
Mcast2 = ( ) \\ % { )
N
\ AL
e 03
u .
- P P o W
o1 .
E21 E2 02
(LER21) & 02 (LER12)
4
N f 03
N\, o3 /

x |
/
\ /

Adding new eggress routers

Figure 4-1 The process of adding new egress router E2, or a new midpoint router
M2 with egress router E21

Reviewing the previously defined algorithm and Figusg, 4 should be noted that the
previously established LSPs (e.g. LSP111, LSP112) are no longer required to be re
configured with each new addition of multicast receivers. Therefore, the existent LSP
paths towards the exit egress routers do not need to-égneded and restablished

again. Hence, the connected and configured consumers are not affected by the process of

adding new multicast receiver clients

The following paragraphs present the connections and communication established
between a ControlSesv and routers from an MPLS domain to enable TESMPLS
configuration. The purpose of this is to distribute multicast traffic over the analyzed
MPLS domain
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In order to visualize the connections between the proposed ControlServer and the
elements of a DIE MPLS (refer to Figure -33) configured domain, the previously
presented algorithm can be synthesized using the Matlab Simulink model shown in
Figure 42

N o]

count_eqress_interfaces

count_mid_interfaces

enahleDS_TE —
1 P /5ubseribeMCAST N ingress _TEODs_TE
eqress LSP[>
Sonstant i—l" masinterface e P cqress readyTE[>
P DS TE cegressinterace readyPol[»
Constant? cmidinterface mid ik |_|
PPl S5 56D TE \ -
. el DS _TE Fnabler
P Q035 setQoS
starMCASTTraffic
WCAST J enableP_SSii) DS TE
ControlServer ‘e.}, PIV_SSMI—
¥ PIM_SSM_Enabler

b

SarthCAST() ycagT)A Y |_|
END_LSP[» enableQos()
MID_LSP[»
ResLSP[» % Q08

MCAST Traffic_Flow MCASTFlows

QoS Enabler

Figure 4-2 Matlab Simulink model representing the connectiorbetween a
Control Server block and elements of a DSE MPLS configured domain.

One could easily recognize ti¥S TE_Enableblock that is responsible for the B

MPLS configuration. Its internal functionality has been presenteough an FSM
diagram according to FigureB3. TheDS _TE_Enableb| ock produces the
its output only when the MPLS domain consisting from an Ingress, Midpoint, and Egress
router were enabled for DBE MPLS ability. DS_TE_Enabldy s o u lup st vV a
monitored through a scope blobis_TE

The ControlServerblock implements the previously described algorithm. It primarily

coordinates t he commands bet ween t he mo d e |
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traffic can start flowing over a DSE MPLS domain. For a better understanding of the
commands sequences, the FSM diagram shown in Fig@repdesents the internal
functionality of the block. Th&€ontrolServers triggered through a subscription to the
multicast source request commarsdilfscribeM@ST) received from a receiver which
would like to listen (subscribe) to a channel. This channel subscription is represented
through a pair of multicast sources and destination groups (S,G). For the simplicity of the
model, it is assumed that all routerstam an MPLS domain have exactly the same
maximum number of outbound interfaces possible to enabl@®BIPLS configuration.

The ControlServer, shown in Figure24has an input that is connected through a constant

that enters a value ofaxinterface= 4.

[cmidinterface=maxinterfacel{cmidinterface=0;cegressinterface=0}
I\

addMidpointRouter
en:mid=1;

en, du:cmidinterface++;

W
addEgressRouter
enegress=1;
en,du.cegressinterface++, =

1 flowMCAST_Traffic
send(startMCASTTraffic);

[MCAST==1]

MCAST_REQ_Off

cmidinterface=0;
cegressinterface=0);
ingress=0;
egress=0;

mid=0;

Figure 4-3FSMchartf or t he Control Serverds states
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Once the ControlServer is switched into MEAST REQOs t at e (or it i s t
the ControlServer will start sequentially chainung the available Ingress, Midpoint and

Egress routers from an MPLS domain. The process of adding them up to the chain is
triggered by default transitions and is marked one by one in each of the following states:
addingressRouter, addMidpointRouter, addEgiRouter. This marking occurs by

setting the entrance output variabiegress mid andegresst o fi 1 0. The value
outputs are propagated to the entrance oDi8eTE_Enableblock and will represent a

minimal condition in order to be able to ge DSTE MPLS configuration

Each time theaddMidpointRouterand addEgressRoutestates are visited, the output
variablescmidinterfaceandcegressinterfacare incremented due to the actions executed
at the entrance while in these states. These acti@nsgescribed through the following
en,du:cmidinterface++or en,du:cegressinterface+statements. These output variables

are used as counter variables and keep the current number of used interfaces

With the routers ready to be configured, @entrolSever initiates the steps required to
set QoS on the routers interfaces. This process is accomplished witlsiet@uSstate

and is represented through the FSM diagram in Figure 4

The process to enable QoS is straight forward and primarily requalesasing a profile

and selecting the manner in which to place packets in the queue.

Therefore, there are two sequentially executed states that could be named as
setTypeOfQoSProfiland setQosNameBoth states are executedparallel at each node
routerrequired to be made aware of DBervices

As was previously mentioned in this document the WFQ type of QoS profile was selected
and the scheme used to place the packets
determined to be DSCP.

The A wa statehwhichrexpresses the readiness for QoS is tracked lsgttReS
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substate. This substate waits until all the routers finish implementing the QoS required

steps.

;’,IngressRDuter N :”MidpnimRnuter

+f setTypeOfQoSProfile

setQoSName
en- DSCP
send{(ENABLED);

Figure 4-4 FSM chart descibing QoS setting on routers preparing for DSTE

MPLS

As a result, the output variabl€oS from setQoS substate acknowledges the
accomplishment for setting QoS within a domain and forwards this value back to the
ControlServerthrough a back loop. Th€ortrolServer actions, based on this entered
value whenQoSequal s A10, -3 and initfakes further, thougle an dutput
event setPIM_SSM from setPIM SSM substate, the next block module
PIM_SSM_Enableas per Figure 5.

The PIM_SSM_Enableblock module is responsible for preparing multicast capabilities

on the routersé interfaces. I n order to ac
of the available routing protocols defined for routing IP packets towards multicast
groups. Based on therguments described in previous chapters, each router will define

the PIM:SM protocol and must ensure it applies the IGMP v3 on each interface involved

for multicast distribution. This enforces a RBSM type of multicast traffic distribution

Due to thefact that the sequence of states to setup multicast on each router can be
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implemented independently, treetPIM_SSMsub state checks continuously over the
routers settings. The successful setup of the multicast over the nodes is signaled back to

the ControlServerblock.

PIM_SSMOn

end(ENABLED):

@E‘P‘M.—SM e j : | (eetPIM_SM i
end(ENABLED); : B e o :

: during: PIM_SSM =in(PIM_SSMOn IngressRouter_setPIM_SM)*in(PIM_SSMOn MidpointRouter. setPIM_SMyin(PIM_SSMOn. TalEndRouter setPIM_SM):

S ),

PIM_SSMOTt
o ¢]send(ENARLED)

Figure 4-5 FSM chart outlining main states for configuring PIM-SSM

The ControlServeracknowledges the end of this operation (according to FigitBe 4

when its input variabl®IM_SSMe qual s A 10. This becomes the
start enabling DSE MPLS configuration within the MPLS domain. Therefore, the
process is concluded with a new substsé¢DS TEand wherein the output event
setDS_THriggers the presented loloDS_TE_EnablefFigure 314).

Once the DS_TE MPLS configuration is flagged back to the ControlServer as a
successful process, through the input véd& TEe q u a | t GontfolEarvemaves e
forward to the next substatdowMCAST Traffic This statedescribes the flowing

process for multicast traffic.

Essentially in this stage (see Figuré)the multicast subscription to channels is already
established based on the receiverods demanc
traffic flows toward the Ingress node (LER) from MPLS through QoS policed interfaces.

The incoming multicast traffic is marked and policed within ¢hessifyMCAST Traffic
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State

NAST_TrafﬁcOn 777777777777777777777777777777777777777 \
“.I ;"MidpoimRDuter “= e

UnavailableLSPResources ® A @
en:MID_LSP=0; Uﬂaval\ableLSPResource}s
[END [ SP=0:

i ! x :
- e [MID_LSP==0] L END_LSP==1] !
(mapMCAS'IT@‘ﬁc OnTrafficTrunk J [MID_LSP==1] ! :

send(ENABLED); [END_LSP==0

: AvailableLSPResources : i }e\r\:ialwflszlethEE?_suurces
P en:MID_LSP=1; o e

TrunkAdmissionValidateL SPResources
du: MCAST=MID_LSP * END_LSP;

= i

MCAST_TrafficOff
send (ENABLEDY);

Figure 4-6 FSM representing multicast traffic flow over DSTE MPLS domain

The Ingress router is capable of mapping and placing the packets inside tbertnakf.
Thi s i s based on t he QoS definition and
accomplished within themapMCAST TrafficOnTrafficTrundtate

Within the trafficTransitsTrunkWithinLSFstate the principal activities are developed
around traffic trunksvhich are driven on tunnels (or LSPs). It should be recalled that

LSPs could be defined either statically or dynamically with the aid of the CBR algorithm

Next, the multicast distribution process transitions to the
TrunkAdmissionValidateLSPResourcette by default. At this moment the trunk
admission control plan steps activates in order to check resources availability across an
established LSP. It was seen in the previous chapters how the link adm@simis use

the PATH message to signal the baiuth availability,

The activity within this state is modeled as a waiting state which searchs for the network
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resources availability. In particular, it expects the LSP to be signaled and ready to be
established on both tididpointRouterand TailEndRougr..

In order to represent the possible cases for the available network resources, history
junctions and two exclusive substatddnavailable/AvailableLSPResourcewere
introduced through which both routers switch at some point in. imactual practice

these states should be triggered through external events caused by the network resources
availability. They were defined this way to simplify the design of possible cases within

the routers.

The following summarizes what is happening within theunkAdmisionValidate
LSPResourcestate: Initially multicast traffic flow is unable to flow because the LSP is
signaled as not established due to unavailable network resources as per-Hajure 4

a) LSP candt Ibexausessoueceslaie aohavallable B mcastriows
ﬁAST TrafficOn e \ % p }8’ ﬂ) ﬂ EI E

92
[UnavauanleLSPRﬁDu rees ] :
er H

n:MD_LSP=0;

UnavailableL SPResourc

i1 2o i ! - ;
~ feosen Resoutces not available :

[MID_LSP==0]

[END_LSP==0]

ssssssss

b) LSP areestablishedbecauseesources aravailable MCASTFlows
ﬁAsijmcu" \ é p ;8} ﬁ ﬁ %

< IngressRouter 15 ¢

esou
£n:MID_LSP=0;

Unavailablel SPResource
AEND LEDal

[MD_LSP==0]

g END_LSP==1] £
MD_LSP==1] & & 5

[END_LSP==0]

‘AvailableLSPResources

‘AvailableL SPResources onEND. LSP1:

enMD_LSP=1;

issionValidatel SPResources

runkAdmi
du: MCAST=MID_LSP * END_LSP;

Figure 4-7 FSM simulating a) network resources unavailability and b) with
resources available for LSP establishment
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Routers are artificially switched from these unavailable states
(UnavailableLSPResourcesinto a network with resources that are available
(AvaialbleLSPRessourfestates by setting the output transitioning conditi@tsthe
moment of entering into these activities (see MID_LSP=0anden: END_LDSP=0).

The incapacity of multicast traffic to flow is recorded at the ingress node from the MPLS
domain inside of theTrunkAdmissionValidateLSPResourstate within the MCAS

output variable. This value is propagated back toGbetrolServerblock (see Figure-4

3), that wildl acknowledge it as a MCAST eq
will decide ta

1) Add a new egress router connected to the last midpoitg¢rras long as there is an
available interface that could connect the last midpoint router with this egress router. This
is indicated when marked in a FSM with a transition [MCAST==0 &&
cegressinterface<=maxinterfac¢jpe

2) If there is no availablenterface between midpohsgress which is marked in the FSM
through a conditioned transition such as [MCAST==0 &&
cegressinterface>maxinterface] {cegressinterface=tgn simply add a new midpoint
router. One should observe that this conditioned tiansi followed by a reset action of

the number for the available egress interfaces between midpoint and egress

{cegressinterface=0}

Going forward with more network resources available,GbatrolServerstarts to repeat
the same steps for setting QoS PIM-SSM, DSTE and finally to launch the multicast

traffic flow process

When theControlServerreaches th8ow MCAST _Traffistate, and due to the existence
of history junctions added to the router st
states from the routers which indicate available network resources as per Figime 4

As a result, the LSP is successfully signaled and established with the head end LSP
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starting at the ingress router and the tail end finishing at the egress router.
Therefore, the multicast traffic can start flowing as visualized represented by the Matlab

scope in FigureZ b).

The ControlServer keeps monitoring and forwarding the requested multicast traffic
provided the MCAST input v a K resobrtes beeomal a | s
unavailablewhich is signaled through MCAST == 0, the ControlServer tries to escalate
the situation using the previously mentioned actions. If all of the interfaces between
midpointegress are wired and busy, then it tries to add va ingress router. The
conditioned transition towards the state addingressRouter is marked through the
[cmidinterface>maxinterface]{cmidinterface=0;cegressinterface=0%tatement.  This
statement has an action condition expressedchydinterface=0;cegressterface=0}

that resets the number of interfaces between ingress and midpoint itoalsoresets the
number of interfaces between the midpoint and egress router. These actions are obvious
due to the fact that new routers will be added from the araly#L.S domain.It is also
possible to reuse some old routers that have become available since some receivers are no

longer listening to the multicast transmission

In conclusion, this chapter discussed the algorithm for the proposed solution of the
multicast traffic distribution problem over a BEE MPLS domain. The functionality of
a ControlServerthrough a set of FSM charts and the interaction established between this

serverand DI E MPLS architectureds el ements wer e
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4.3 Modules interactions

Taking into consideration the known architecture previously described and the
knowl edge of the proposed solution, t his

elements with modules that are already present within OPNET

More finely cefined models which are more accurate to practical situations are desired. It
must also be possible to be observed and measured these models under different traffic

flows situation.

Each node (router)hich is added during the modelingocess,s built upon several
functional modules described in OPNET through the process model.

The proposed solution makes use of the MPLS enabled router in order to engage traffic
engineering functionality. Each router that is MPLS enabled also contains an IP module.
This IP module embeds an IP dispatcher process that spawns the MPLS processes.

By referring to the simplified IP dispatcher state diagram in FigeBe the following

activities can be depicted.

In the Initializing statethe module initializes the child gress handles, prepares the
packagesd | P address, | P datagr am, | CMP pa
also collects the IP QoS attributes, creates a list of the multicast addresses that this node
can handle and publishes this list through Bwygistrationstate. If this node is a

multicast capable routgt obtainsthe multicast routing protocol.
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Registration & ( Distributing_routing &

Initializing & “wip_dispatch wait for “wip_dispatch_distribute_routing_info)
“wip_dispatch_da_init

L 3

Distributed

InitializeMPLSMgrMPLSEnabled]

Selfinterrupt[regjster o ;
Selfinterrupt[distripiteRouting]

agisterad | MPLS_Manager

MPLS_Cenfiguring

|
Wait @

“bschedulelnterrupt{CLK) Selfinterrupt{MPLSTableSupport]/initializeMPLSL SPTabla()
=, getinterruptType(): getinterruptCode()

elfinterrupt[childProcess]

Cleaning_And_Child_Process_Initialization @')

‘\Q “wip_dispatch_cleanup_and_create_child_proces
ChildInitralized

Dispatching_forward e

Getlnterrupt[multicast_rsvp|

Handle

Handling_MCast RSVP_VPI @] =, ip_dispatch_forward_packet()

“wip_dispatch_handle_mcast_rsvp_vpn()

L g

Figure 4-8 IP dispatch module

Once the initialization state is finishedhet IP dispatcher module remains in the Wait
state while it schedules the following states: it waits to finish all ofRé&gistration
process in the process registry of the IP and IPX processes and it ddid_&initialize
function belonging to the MPL$anager moduleMPLS_Manager to initialize the
MPLS LSP table. This MPLS LSP table may have been initialized previously due to the
MPLS Config object existent in the analyzed OPNET network. If this is the case then the
MPLSInitializereturns back withoutontinuing any other actions. If the MPLS Config is

not present, but there are LSPs defined in the network, then this function will parse all of

them.
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The next scheduled state of the IP dispatcher module Bistxebuting routingstate. In

this statethe router redistributes the initial routing information among the available
routing protocols in this node. This step has to be finished prior to the IP inserting these
routes into the common route table itself. It parses the statically defined roiieghal

adds entries to the common routing table. The router initializes the route information for
the available static route table. At this stage the following actions occur: the interfaces
information is configured, it initializes the Internet Controkddage Protocol (ICMP)
message processing from this node and afterwards initiates the import of the forwarding
table

This state parses the fAmulticast routing p
SM protocol was e nabdtedtheaautertwiti passihe EHRINIGs | nt e
process handle to the IGMP router process for each multicast enabled IP interface.

Therefore, the routersd interfaces are pre

Depending on the attributes that are configuos the node, the IP dispatcher module
will continue to check the RSVP setting, and if it is available, it will send a remote
interrupt for the RSVP process. This must be sent after the IP PIM registration process
since the RSVP process will have to beasawof the IP PIM routing table setting

The next step that is initiated during thestributing routingstate relates to the proposed
method to engage the multicast stream distribution with-8effv characteristic within

the MPLSTE environment. Thistep prepares the table of label spaces for the interface
and spawn process belonging to EieLS Managemodule

The other available state performed by the IP dispatcher as part of tesehsiiled
interruptions that should be mentioned is the cleamgrations. Memory dallocation

and child process creation on each interface are delegated by the IP dispatcher creation

(Cleaning and Child Processes InitializatorThese child processes remain busy with
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the Queue management processing that mightohégured with the following: FIFO,
Weight Fair Quality (WFQ), Priority Queuing or Custom Queuing types

Once the child processes for routing and queuing management are delegated and
initialized, the IP dispatcher continues to listen to the possibégrumtion that might

appear depending on the type of the packet arriving at the node.

The main task of the IP dispatcher at this point is to dispatch the packet to the right
treating module and to control the task executions that arsdwfiuled at theode
level. The same process occurs with either a labeled packet or packets with a matching

FEC description received by the IP dispatch module of an LSR

The peviously mentioned and spawn®PLS Managerprocess will take over this
labeled packet, or plet with matching FEC criteria. It will forward the packet further
through the MPLS domain using incoming label map (ILM) and FEC to Next Hop Label
Forwarding Entry (FTN) maps. The complexity of tMPLS Managerfunction is
beyond the scope of this documebut the directly affected states to the proposed
solution are mentioned in the state diagram of this process model shown in Fiyure 4
According to the OPNET model description, th&PLS Managerrepresents the
forwarding component and the forwardingntrol plane of the MPLSI[9].

Referring to Figure 4 after the process is spawned by the IP dispatch modulelRh&
Manager modules enters into an initializing state that is beyond the state variables
initialization. It obtains a list with the parsedE€s specifications, gets pointers to the
label space table, stores information about each interface, initializes the LSPs list,
initializes the EXP to PHB maps that are used for this node, creates lists with the used
flows and hashs tables for used NHLHIBIs state also parses the LSPs passing through
this node and creates ILMs for nodes that are not ingress LER. Prior to switching into a

Wait-ing state, it transits into a temporary initialization statBalize Signaling Protocol
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which invokes a selfdeduled action to check for any constraint routed dynamic
signaling protocol CR.DP. If this node isaningress LER, it checks for any LSP starting

from this node and parses the TE configurations set at this ingress LER.

Initializing @')

"y initializeMPLSMgrStat...

(J

InitializeSignalingProtocol @

"t schedulelnterrupt{CLK);
=, checkCR-LDPSignaling(); if (checkingressLER()...

(_/

Wait @)

=, getinterruptCode();
SPFailure

Recavering @.’J

k "% Isp_failure_recovary()

Fonnvardingu_packet @')T

GetInterrupt[prpcessPacket]

Processing_packet )

mpls_magr_packet_process
ompls_mgr_p = 0 allForwardEngine

=

=, freeMemary():

“tmpls_mgr_packst_forward(packst_and_NHLFE); L

Figure 4-9 MPLS manager module

Once it is transitioned into thé/ait state, the process model waits for interruptions that
could be triggered by the IP dispatcher module. These interruptions either redirect the
receival packet without any other processing, or wait for the interruption triggered by
any LSP failure. If this failure occurs the node must determine a different recovery LSP

path.
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The call from | P di s pamgshregr pasketpmcesstioa. | s p a
This checks for the validity of the packet, reads the incoming interface index and
initializes the label space index for the incoming interface. It also reads the incoming
stream, and if the label is not yet initialized, maps the incoming padke& IREC. If a

valid FEC is found then it starts to search for an outgoing label which will have to go out
through an MPLS capable interface. Therefore MiRt.S_Managemodule tries to map

an NHLFE for the transferred oFO@enmame oand .
the validity check of the NHLFE, it verifies that the packet confirms to the associated

traffic trunk. From this traffic trunk the traffic class is also extracted, which the proposed

solution will make use of

Following this the packetand NHLFE are ready to be passed on further to the
Forwarding_packestate. The main actions during this state will focus on forwarding the
packet based on the information stored in NHLFE through the common operations
all owed on the ll@abefipde. yp IAiaswalpo) abe

4.4 Network Design

This section presents a practical testbed implementation devised to show and capture
results. These results support the proposed solution for multicast traffic distribution over
a Diff-Serv aware MPLS E domain.

The poposed testbed is implemented using the OPNET network models by simulating
real world components such as computer servers, workstations, CISCO routers, and
connecting hardware links. A final assembly containing all of the required networks
components ipresented at the end of this Chapter in Figu284 .

The entire topology is deployed at the level o€ampussize. This translates into a

deployed network simulated and spread to an area betlveerfto to a maximum

10km 2.
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4.4.1 Objects configuration

To configure the proposed netwérls r e ,ghe tolfowig<OPNET objects are added
from the Opnet models libraty o t he n et wothrdughstheQbjeat Radsttp a c e
N

1 Ethernet_wkstn_ad{that will represent 3 seersthat will behave as multicast
sourcelus Sworkstationreceivers$.

1 Application Config(required to definea set of applicatiors and their general
characteristics that will be conveyed over the netwarld Profile Config (this
component definethe profile of a specific applicatiothat was previously listed
in theApplication Config.

1 QoS Parameteris a component used for QoS definititrat will be applied over
the network resources.

1 MPLS Configurations the componenthat will be used to confige MPLSTE
relateditems (e.g. FEC, LSP, Traffic trunk®iff-Serv QoStraffics conveyed
over the associated traffiminksthat are placdon an LS.

The connectivity betweecomponentghat are placethsidet h e t everkspaeeas 6 s
accomplished usinthe following link models:

1 Servers and receivers workstations are attached to their distributing router using
100BaseT _intThese are poirtb-point link models associated to Fast Ethernet
standard links, which in this case have a transmission spe€@ diHit/s.

1 Routers are connected between each other throughRBReDS1link model that
represents the Tlhesf oined (or fibondedd)

Equi pped with these components availabl e f

configure each of theminordero wi re t he networkds infrast.:

% One T1 line provides a transmission speed of hfidlind 1.5 Mbps for 24 channels each of which providing

64Kbps. In this way 2 joined T1 provides a transmission speed of 3 Mbps for 48 channels.



A. ApplicationandProfile configuration(or services configuration)

The service provided is enabled for two multicast souvdeigh arerunning a video
conferencing application. The simulated video conferencing thes following
characteristics: frame interarrival time is set to 10 frame/sec, the size in bytes of a single
incoming or outgoing video frame is configured to 5000 bytes. The video frames are

assumed to be sent or received at a constant rate.

In order toapply these requirementshe Application Configattributes arenodified as
follows:
1. Application Definitions= Default
2. ReopenApplication Definitionsand setNumber of rows= 17 (This adds a new
row that will be set agknter Application NameVideo)

The final settings of the values are presented in Figtk6.4

For the Profile Config object the attributes will be set to use the newly added and
configuredVideo Conferencingpplication. TheVideo Conferencingpplication is set to
be repeated 10 times at @anstant rate (sdeepeatability)as shown in Figure-41. All of

the other parameters are left at the default values provided by the Opnet.

The QoS Parametersonfiguration object is automatically added to the workspace of a
modeled design by using thdlaving QoS Configuratiomialog:
1. Selecting the connecting link between the nodes that are under the provision of
QoS. For this testbed all of the links were enabled to be aware of QoS
2. SelectProtocols->IP ->QoS-> Confi gure QoSé
3. Enable a QoS suppontith DiffServ IP QoS model. This means the interfaces of
the nodes will be made aware of the Esrv code point (DSCP). To configure
this type of QoS support, tleettings applied have be the same as Figurel 2.
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=EES)

IEFEEEEEE =

|Attribute Walue
Incarming Stream Frame Size [bytes] constant (S000)
Outgoing Stream Frame Size [bytes] constant (S000)

IOV

Figure 4-10 Application Config attribute

Type: | Utiliies
[ Tatbue Valus This operation will overwrite existing QoS
@ name Prafile Corfig configurations on 1P interfaces.
& F_'rofile Configuration [:]
i Number of Rows 1 Qo5 Scheme; |W'F|] [Clazs Based) j
=] \f"ideo
€3] i+ Profile Mame Video QoS Profile; ] DSCF Based j
@ = Applications [...] = .
£ Number of Rows 1 v Apply selection to subinterfaces
= Yideo Conferencing -
@ - Name Viden Conferencing - &pply the above selection ko -
€3} Start Tlme Offzet [seconds] unifarm [5,1.0] ‘o e e e e
€3} i- Duration [seconds) End of Profile )
@ ] atahility ) {e Interfaces acrozs selected link[z)
@ : Inter-repetition Tiltn.e [zecon... exponential [300] ™~ Interfaces on zelectad ru:uuter[x]
@ Mumber of Repetitions constant [10] E
@ . = f=peliior Eattem Serial [ Yisualize DoS configuration
@ i Dperation Mode Serial [Ordered)
3} Start Time [zeconds) uniform (100,110 Qancel
3} i- Duration [seconds) End of Simulation
@ Fepeatability Once at Start Time
Figure 4-11 Profile Config attributes Figure 4-12 QoS Configuration

At this stage a QoS Parametarobjectis placed in the testbédsvorkspace All node

interfaces have enabled QoS support and have applied a WFQ queuing profile scheme
with the characteristics illustrated in Figureld According to the theory presented in
prevous chapters, this WFQ queuing profiles
based on the DSCP valu@&herefore, the following entries should be recognized as an

example for the AF21 and EF PHB QoS traffic treatment levels. each of these traffic
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treatmat levels are defined in Figurel8 and Figure 44. It is evident that OPNET

appeals tdhe notatiorused for TypeOfServices (ToS) which was superseded by the DS

field containing the DSCP value according to [47].

One of the required and significant pasters that will ensure the necessary QoS
treat ment up t o t h e Destipatian iAtdeessThis mpaasnetegp i n t [
configured for a multicast destination group that has IP = 230.10.20.30/32 address for
this research.

-] [Qos Parameters) Attributes

Type: | Ltilities

\ Attribute: Y,
i) # HSYF Frohles |
@) = WFD Profiles [
3] Mumber of Rows 5
1# Tof Based
# Pratocol Based

# Port Based
= D5SCP Based
il i Profile Hame DSCP Based =55
@ = Queues Configuration [.:2) @ Weight 55
@ i Number of Rows 3 @ b aximum Queue Size [pkis) 500
Y ] €3} = Classification Scheme [
@ = 1EDW’ = = €3] Mumber of Rows 1
- Weig 8

@ ta=imum Queue Size [pkis) 800 ﬁ E__FTDS EF
& B Clazsification Scheme [..] = =

& - Protacal Unassigned
@ _ :E;ber pikions g 3] - Source Address Unazsigned
@ L ToS AFH 3] - Destination Address 2301 D 20.30/32
@ Protocal Unsssigned 3] - Source Port Unazsigned

i > @ - Diestination Port Unassigned

@ i Source Address Unassigned 3 =
@ . Destination Address  23010.20,30/32 @ - Incoming Interfacs Unassigried
@ Source Port Unassigned
3] Destination Port Unassigned
& & Incaming Interface Unassigned

Figure 4-13 Qos Parameters forAF21 PHB  Figure 4-14 Qos Parameters forEF PHB

The next object that has to be configured relates to the MPLS and TE configuration. This
object, defined bympls_config objecthas t o be added speci fic:
workspace as part of the MPLS configuration. Attributes of the MPLS configuration
related to the EXP field remains unchanged, which OPNET by default considers as
standard mppings. These standard mappings are Evep Precedenceand PHB

mappings of the EXP field. Therefore, this document considers that the 3 bits of the EXP

field are sufficient to map enough QoS PHBs in order to determine the PHB of the
behavior aggregatesk@aBA) coming into an ingress LER (see Figur&23and Figure 4

15a)).
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] (MPLS Configuration) Attributes

Type: | Utiities
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Walue
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@
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= Fow 0
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& i Destination Address Fange
)] & Source Port
& - Destination Port Yideo Conferencing Server
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@ 1= Traffic Trunk Profiles [..]
MNumber of Fows 2
= Row 0
|- Trunk Name F4kbpz EF |
= Trunk Details [..]
1= Traffic Profile [..]
b awirium Bit Fate (bits/sec) E4.000
Average Bit Rate [bitz/zec) 32,000
Peak Burst Size [bits) 32,000
L Masimum Burst Size [bitz] 32,000
% Out of Profile Action
L Traffic Class
= How 1
I Trunk Marme

1= Trunk Details

1= Traffic: Profile
b arimum Bit R ate [bits/zec)
Awerage Bit Rate [bitz/zec)
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Figure 4-15MPLS Configuration
The following two attributes of théMPLS Configurationobject are relevanto the

115

success of the multicast traffic distribution over the {Si#rv aware MPLSE problem.
These attributes are ti&C SpecificationandTraffic Trunk Profiles A TE problem can
be simplified into three steps: associate a FEC for the traffic stfg@anFigure 4.5 b)
that is planned to be distributed (which in this case is a multicast traffic), associate this



FEC with the traffic trunks (that are specified according to the QoS PHB mappings
decided to be conveyed in the network), and place thefie tranks on LSP (which in

case of this document will use arLEP).

Traffic trunks specifications are defined in M®LS Configuratioras per Figure-45 c).

This document focuses on defining the two traffic trunks which allow the incoming LER
to map the incoming BA into two traffic classes. These traffic classes are treated
according to the AF21 and EF QoS PHB lev®#¥#hen the incoming traffic exceeds the
imposed traffic trunks limits, the applied profile will simply discard the non conforming

traffic.

4.4.2 Network resources configuration

A list with the deployed components in the network is composed of the following

resources:

i] MNetwork Inventory.Summary Q@

File Edit Yew Help

Element Type Count J
Devices Total 15
Routers 7
Workstations 2

Phyzical Links Total 15

Senial 7

9 Ethernet ]

10

11 Vitwal Links — Total 4

12 MPLS Static LSPs 4

13

14 Traffic Flows  Total 2

15 IP Multicast 2

16

17 | Other Configuration Utilities 9

1
2
3
4
5 Vendors Cizco Spetems 7
[
7
a2

Table 2 Network inventory

Assuming that the network resources are connected as nmeghtiothe previous section,

the purpose of the following step is to associate their logical functionality, described
through the Objects configuration section, with the items themselves.

Firstly, all nodes have an assigned IP address v4 and it is prefeatthe OPNET

116



automatically associates these addresses. With this automatic association a network

operator user does not need to worry about the possible IP address changes.

A. Multicastapplicatiord service configuration

According to the problem deftion, the configure of at least a source generating
multicast traffic is required. For this purpose the testbed is configured with two servers
that broadcast multicast video towards the same multicast group, 230.10.20.30. Each

server transmits the previsly configured applications with two AF21 and EF QoS Diff

Serv levels.
The applicationds service att-l6 butes are c
o
|
@ -
® =
& B
1@
@
@ ®

i+ (Application: Supported Services) Table

| Mame Description

Yideo Conferencing Yideo Conferencing Supported

Figure 4-16 Server 1 and Server 2 Applicab n 6 s ser vi ce configuratd.i

The flag that allowsthe multicast applicatiors to run on these servers (Serverl and
Server3)is configured through the IP module of the models associated to these nodes as
shown in Figure 4L7. The outgoing interface of the ser will require the application of

a QoS profile. For this testbedbs case it
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shown in Figure 4.8.

= IP QoS Parameters |

[
LRl Al = Interface Information [
=P i Number of Rows
B & = IFD
B e IE' Host Parameters . [.] e o
) # Interface Information (%] = QoS Scheme (]
el - Pazsive RIP Routing Dizabled Number of Rows !
- 5 WFQ (Class Based
) i+ Default Route Auto Aszigned ”p[e s Berm] WFG (Class Based]
) [ Static Fouting T able Hore Narme DSCF Based
k) - |PvE Default Route Auta Aszigned Stbinteifore it None
. Bulfer Size (Bytes] 1MBytes
T - Multicast Mode Enabled | eserved Bandwickh Type Relative
=

i rved Bandwidth 75 %
# Hold Ques pacity NA&
Imterface Transmit Ring Limit N/

Figure4-17TEnabl e applicationds mkiued-l8Qe8 amppkied on the server 0:¢

For simplicity all the interfaces involved in conveying traffic, and which are aware of the
Diff-Serv QoS support regardless of the type of the node (séo&s, and receivers),
have applied a similar WFQ Queuing profile as shown in Figtr®.4

The router senderl corresponding to the ingress LER models the entering edge router
LER1 of a PE domain into a Diferv aware MPLSE domain (or simply DSE) as

illustrated in Figure®. I n the testbedbds case a Cisco 7

B. PIM-SSMconfiguration

To support the multicast traffic distribution governed by the8I8M pr ot ocol 6s
and according to the documentation presented in Section 3r&3pfothe preparing

condition of the transmitting interfaces is to have them capable of accepting IGMP v3

type of multicast membership group messages. For this purpod® thkilticasting

module of the router is configured as shown in FigwE94The IGMBs v er si on
mar ked as version 3 in the | GMP Parameters

that is specified is the Membership Groups which points to the address of the multicast

group.

Each interface participating in the multicast transmissiemands that the routing
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protocol be enabled. The generic name is 8IM as per Figure -20, but since the
| GMP version was already been established

aware that the multicast protocol intended to be used isS8M

= |P Multicasting = IP Multicast Parameters [
= IGMP i~ Start Time [seconds) congtant [B5)
# |GMP Operational D ata MHone i Multicast Routing Enabled
= |GMP Parameters (. = Ifﬁterface Infarmation [...]
i Immediate Leave Groups ACL Mot Configured _ :”::mbe' of Ros 4
# Timers Default

iy 5 & Name IF1
=i I!ﬂterfacelnformatlon [...] " Status Ttieg
- Nurnber,of Bows £l " Routing Protocolls) FiM-5M
= IF0 & TTL Threshald 0
Mame IFD # Subinterface Infarmation Mat Configured
i Statug Enabled # Administrative Scoping Filter C... Mot Configured
i Wersion 3 I # Rate Limit Configuration Mot Configured
= Memberzhip Groups ] Usze Token Ring Functional 4. Disabled
MNumber of Rows 1 i CGMP Caonfiguration Mot Configured
= 230.10.20.30 # IF2
i Address 230.10.20.30 ®IF17
# Source Hosts All _®IF18

Figure4-19Enabl e rout er &8s i n triguref4-20dReMulicast Pala@dels v 3

The final item t o ¢ o mpenableneent urider the PIBISMr f ac e 6
protocol 6s rule is the specification of th
According to the Internet Assigned Numbers Authority (IANA), the SSM applications

and protocols have reserved the address range 232.0.u@hH82.255.255.255. Most

of t he resalbwethesessalu®s3o be shifted to use another addresses range. For
exampl e, according to Cisco, ACi sco | OS a
subset of the IP multicast address range 224.0.0.0 throu@ 32 . 255. 255 . 25
Therefore, the proposed testbed usesCibstination Address 230.10.20.30/32 for the

multicast group address. This value is set unde6G8ldAdress Rangattribute within

thelP Multicastirg attribute group

The next paragrdpwill add LSP paths and configure th#°LS Configureobject related

to these LSPs. ThigIPLS Parametergroup of attributes defines the path of the LSP and
maps the incoming traffic. This will be a multicast distribution type toward an LSP for
this case.The current testbed implements a static specifically routed LSP, but the
scenario can be modified such that it can be used with a dynamically defined LSP. In this
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case, a dynamic LSP with CSPF must use a routing protocol (e.g. OSRFS)that is
basel on the SPF protocol . These protocol s a

it between the routers

The purpose is to define a Differv aware MPLS E domain entering through an ingress
LER (as LER belonging to a PE domain) and map two traffic suadsigned for two

QoS EF, AF21 traffic classes onto a common LSP static path. This static path is
specifically routed and defined betwesender 1i receiver 2throughreceiver 1.In
general, LSPs can be created based on two deployment approachesd: daptmyment

and fully traffic engineered deployment. For the purpose of this researchLS® E
creation that most likely falls in the tactical deployment category will be chosen. This
choice is ideal because the path is selected by an external usetwork operator). The
choice of the H.SP is based on the arguments presented in previous chapters of this
document. For further details on the tactical deployment and fully traffic engineered

deployment refer to the documents42].

C. Satic LSPdefintion

When a static LSP is used, the path is defined completely from the first router until to the
last router of the domaiff.he procedure for defining an LSP static is as foltows
1. SelectMPLS_ELSP_STATI®bject fromthe Object Palette
2. Selectand clickonthe first router(e.g. senderland then continuingith thenext
adjacentrouter hat 1 s planned to be used on the
3. WhentheLSP patdef i ni ti on is finished then ju
workspace and sele8bort Path Definition.
4. From Protocols-> MPLS Menu,chooseUpdate LSP Detailsto configure label
switching information on the LSP(s)
Through a similar method, two other separate LSPs are defined starting from receiver2

towards receiver 4 and receiver 5. The reason behindntiplementation solely as a
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demonstration to illstratea practical example for further traffic distribution that exits a

PE with a DiffServ aware MPLSE domain. The provider is able to split the

provisioned traffic based on the QoS traffic classes remuents demanded to be

provisioned

at t he

edge of a

cust omer 6s

testbed, at the exit of the routeeceiver 3, the provider will be able to supply two types
of multicast traffic based on the two types of endu@®S PHB treatment levels, AF21

and EF.

In order to achieve the aforementioned provision, MeLS Parametersnust be the

same as defined in Figure24.. It is apparent that the two incoming trafficsIoterface
1 and 2are mapped accordingly to theawraffic trunks,64Kbps EFand64Kbps AF21

+] (sender1) Attributes

& Number of Rows
= zendl_recl_recz

Type: | router Make:| Cisco 700C
| Attribute Walue
= MPLS Parameters [..]
- Status Enabled
# |nterface Information [21 Rows) [...]
1# Aggregate Interfaces (0 Rows) Mone
# Tunnel Interfaces Mone
LWLAN Interfaces Mone
# C5PF Parameters [..]
[# Explicit Routes Mone
1=l Traffic Mapping Configuration [..]
- Number of Rows 2
B2
L Interface In 2
i FEC/Destination Prefix Video_conference
& Traffic Trunk E4Kbps EF
B LSP [:3),
1= Primary LSPs [..]

1

] (receiver2) Attributes

& |nterface Information (11 Rows

# Aggregate Interfaces [0 Rows)
B Turnel Interfaces
YLAM Interifaces
(=1 CSPF Parameters
Optimization Metric
& Murnbeer of Shartest Paths

# Explict Foutes

= Traffic M apping Configuration
i Mumber of Rows
B3
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- FEC/Destination Prefix

- Traffic Trunk

@ L5P

= Primary LSPs
- Mumber of Fows
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Figure 4-21 MPLS Parameters for ingress LER sender Bnd egress LER receiver 2
Both traffics are grouped uvidebeconfeteric&iss a me

establishes a common destination, which is targeted towards the same multicast group.

The fact that both traffic trunks are placed on a common LSP path, in this case called
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sendl_recl_reck the case ofender Iconfiguration, should beoted.

A reversed procedure is conducted over the traffic at the exit edge of a provider from a
DS-TE domain at the level of the routeceiver 2 The single incoming traffic available

at the entrance dhterface In 3of thereceiver 2is forwarded though the router towards

the exits and it is split at the exit. It is split into two different traffic class provisions,
AF21 and EF QoS levels, based on the traffic trunks definition

The CE routers are now able to overtake these incoming multicagt saams and
forward them further towards the designated multicast group. The provision is supplied
and classified based on the QoS EB#rv requirements within the customer domain, and
later within the designated multicast group up to the listeninphos e cei ver s6 ent
In order for workstation receivers to be able to listen to the channels offered through the

pair of (S,G) subscriptions, it will need to be equipped as well for multicast traremiss

These settings are definegd Figure 422

] (whstn5) Attributes

Tvpe: | waorktation

| Altribute Walue
& - name wkstn
1= Applications
@ ® Applicatior: ACE Tier Configuration Unzpecified
@ # Application: Destination Preferences MHone
@ = Application: Multicasting Specification  [..]
- Mumber of Fows 1
= Video
6] i Application Mame Yideo
)] = Membership Addresses [24)
Mumber of Rows 1
= 230.10.20.30
6] . Supported Multicast Addres... 230.10.20.30
6] Jaining Time [seconds) 10.0
)] L Leaving Time [seconds) End of Simulation
@ ® Applicatior: RSVP Parameters Mone
)] Application: Segment Size E4.000
@ # Application: Source Preferences [..]
@ = Application: Supported Profiles [..]
& Mumber of Fows 1
= Video
6] i Profile Mame Yideo
)] i Traffic Type All Digerete
# Application Delay Tracking Dizabled

Figure 4-22 Workstations (receiver) attributes

In conclusion, all of the components described in this chapter can be synthesized into a
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network testbed that is presented in Figu234

In Figue 423, one of the routers was designated as the rendezvous point within the
customer 6s domai n. TihteerC& LERrisalefinet dsea RMRWAthim e c e i
a multicast group to successfully forward multicast traffic at the level of hosts. If this
does not occur then the aggregated traffic distribution engaged bys8N multicast

protocol will end at the exit PE LER router (receiver2). Alternatively, another RP router

that could be selected is, for example, receiver 3 which belongs to the sedtindsmu

group identified through the 230.10.20.31 IP address

saryerl

C

SRS s e
EE AET] Serverd

A e

EI"-'EI' //r_
MPL PE domain ...
EF . : ) 500
AFZ1 _ iyt

FZ1
EF

Groupz2 5

230.10. 20,31

Groupl 'SsMm
230.10.20.30

Figure 4-23 E-LSP paths(blue, green, magentayvithin an IP Multicast with PIM -
SSM enabled at the PE LER routers of the MPLRIomain and PIM-SM enabled at
the CE LER.
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5 Experimental Results and Evaluations

This chapter presents the experimental results and their evaluations for several scenarios

simulated for the proposed and designed testing network.

5.1 Introduction

Starting with an initial baseline configuration of the proposed and designed testbed
network in Figure €3, this chapter will outline the different simulation scenarios that
were varied in order to present the benefit, the robustness and to validate the proposed
methalology for multicast traffic provision within a MPLBE with Diff-Serv aware

domain.

Prior to discussing characteristics for specific scenarios, this section starts by configuring
a set of reports and statics that must be set prior to runningribagons. These reports

and statics will collect the desired results provided by the OPNET simulator.

5.2 Configuring reports and statistics

A. Configuring Reports

During the networkés node configurations,
groupal under theReportsname. Different settings of these attributes can enable or
di sable the nodeb6s dat a. This data i s as

collected for final statistics and reports.

For example,Figure-& shows the settingsahare applied for the workstation and routers

in order for reports to be collected at the end of simulation
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= Reports
# BGP Roufing Table Do Mot Export
# EIGRF Rouling Table Do Hot Export
# IGRP Rouling Table Do Hot Export
= IF Forwarding Table [

L] Enabled

Enabled
@ 1 Export Time{z] Specification Once at End of Simulation

Once at Erd of Simulstion
Do Hot Export
Do Hot Export
# DSPF Link State Database Do Hot Export
 DSPF Fiouting Table

[

[

(

E
® Export Time(s) Sneciication Once ot End of Simulation
 RIPng Fiouting Table !

a) b)

Figure 5-1Enable IP forwarding Table (a) and RIP routing table for routers (b)

B. Choasing Statistics

OPNET offers a large set of statistics, each of them targeting a specific type of analyzed
domain for a designed network. The purpose of this research is to show how multicast
traffics corresponding to different types of services are omd/@ver the associated
traffic trunks using MPLSTE techniques. It also graphicaltisplays the multicast path
distribution. Finally, the collected results obtained for the transmitted traffic are
compared at the receiver level for different type of isess for which they were

associated (in this documentés case a QoS

Therefore, the set of statistics required is selected in OPNET through the following
procedure:
1. Rhght click anywhere in the analyzed te:c
2. FromtheDESmenu selectChoose Individual Statistics
3. From theNode Statisticshoose:
a. IP and from hereMulticast Traffic Received/Sent (packets/sdcgffic
Received/Sent (packets/sec)
TheMulticast Traffic Received/Serdgsults are collected to prove arehtbnstrate
the number of multicast IP datagrams. that are received or sent by a node from the
network across all of the IP interfaces of the node.
The Traffic Received/Seneflects the total number of broadcast, multicast and

unicast IP datagrams whicheaeceived bya node from the network across all of

125



the IP interfaces of the node.

b. Both TCP and UDP will collect the Traffic Received/Sent (bytes/sec,
packets)results in order to represent the total number of bytes that are
forwarded (or received) teards (or received from) the application layer
by the TCP/UDP layer.

These results are collected in order to emphasize the szenenere TCP or
UDP congestiomccurs and how this issue can be remediated through the use of
additional LSPs.

c. Video Cofferencing.This will collect data about the packetdto-end
delay, traffic received/sent (in bytes/sec or packets/$&e3ults have a
specific classification in regards to the video conferencing application
4. FromLink Statisticsselectpoint-to-pointitem containing
a. Queuing delaysvhi ch according to OPNET rep
measurement of packet waiting ti mes
Therefore, it is the interval of time between the moment a packet enters
into the tr a&lnedihetmomantotlse last bibof packet is
transmitted
b. TheThroughputof the links for sending or receiving packets
c. The Utilization o f t he l i nks, representing
percentage of the consumption of an
5. From Path Statisticselect
a. Flows Traffic In/Outrepresents the traffic sent (or received) into (or from)
an LSP at the ingress (or egress) end of the tunnel. The collected results
illustrate the existence and intensity of each traffic flow that is carried
through a specified LSP
b. LSP Traffic InfOutdescribes the total traffic that is sent (or received) into

(or from) an LSP at the ingress (or egress) end of the tunnel. These results
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are primarily used to represent the overall value of an aggregated traffic

5.3 Generating Traffic

An important condition that has to be fulfilled before the collection of values through the
net workoés resource, is to instantiate a ¢tr
As discussed, the proposed testbed is developed to test niutlaths distribution and

thus a relevant traffic is planned to be engaged. Furthermore, the simulated multicast
traffic is enhanced at the source to be transmitted and treated with the associated QoS
PHBs corresponding to AF21 and EF QoS levels.

A series of traffic flows which are instantiated according to the scope of the simulation
will be generated. Therefore, the traffic flows is going to be described initially and
enabled only when a simulation scenario wishes to emphasize a particular context. Thus
the next few sections present the procedures within OPNET that generate traffic flows

which will later be used in simulation scenarios

A. Multicast traffic provision over TCP protocol targeted towards http

source/destination ports

Presented belovare the required procedures tetup a multicast traffic that will be
provided over the TCP protocol. The purpose of this traffic is to simulate a multicast
content provision generated by a multicast server (server 2) when there is a request
initiated at the agdpcation layer This request is demanded by a workstation computer
(wkstn 3) belonging to a multicast group 230.10.20.31 through http protocol.
Here are the main steps used to configure this type of traffic:

1. Select the transmitting server (e.g. serveard) from the menu bar chooseffic

-> Create Traffic Flows> | P Mul ti cast é
2. In the Create IP Multicast Traffic Flowsdialog set Destination IP

address=230.10.20.31jn Type of ServicehooseDifferentiated Services Code
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Point (DSCP)= EF choose&ProtocoTCP as per k. 5.2
3. Click on theCreatebuttonto generate the required settings.
It should be noted that the traffic 1is
the application layer through an http access request launche@dty 3from sever 2
Streams of data are then packaged at the transport layer by using the TCP .pBgtocol

choosingTCP protocol it is desired to receive reliable and ordered streafrbgtes.

Intensit ty Characteristics
Packets/sec: [100 Description: [Represents IP Mulicast Traffic Flows
Coor: [
Bits/see: 120000
[ Setstatiime  10:3374000Jun 11 2011
Duration (secs]: | 3500 [~ Characterize demands
Sacket infomatian
Destination!P ackess: | 220122031 [E] s E
Tupe of service: |EF Destination port: [T -~
Piolocal; [TCP |
Cieats Cancsl

Figure 5-2 Genegating multicast traffic over TCP protocol with DSCP = EF level
type of service

B. Two nulticast video traffic provisioned with two QoS PHBs levels AF21Ehd

by twoseparate multicast servers

The initiated multicast traffic will be transmitted frosener 1 which will be setup to
broadcast a video transmission with a QoS associated with a PHB &eBfer 3will
broadcast a multicast video transmission with QoS associated with a PHB of AF21 level

The generated traffic for this case specifies onlynigvork layer type of protocol which
in this case is the IP protocol. The upper (application and transport) layer selection is

determined based on the predefinetbo conferencprofile.

The procedure to create these traffic flows within the testbaesented below:
1. Select the transmitting server (esgrver ) and from the menu bar chooBeffic
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-> Create Traffic Flows> | P Mul ti cast é
2. In the Create I[P Multicast Traffic Flowsdialog set Destination IP
address=230.10.20.30jn Type of Servicehocse Differentiated Services Code
Point (DSCP)= ERor AF21 forserver3, chooseProtocol=IP as per K. 5.3 a)
3. Select theCreatebuttonto generat¢het r af f i c6s confi gurati on
The same procedure is repeated for both servers 1 and 3 in order to create BiéthAnd
AF21 type of service. The result of this procedure can be seen in Figlre) By
selecting from the menu baraffic -> Open Traffic Center

4 _ﬂ Traffic Center
Hode selection
File Edit

£ From allnodss
. -
From selected nodes Anrange by: | Tok - Source - Destination =~ ‘ Total Packets Per Second
Intensity Characteristics 2 objects selected
Packets/sec: [100 Desseripion: [Fepreserts IP Muficast Trafc Flows EACS Flows B =0
e = aFa1
Bils/sec: [ 120000 o [ H servend 2
I Setstatline  18:07:30000 Apr 24 2011 {ASy 230.10.20 30
Dusston fsecs}: [3600 I~ Charsetrize demands ) LA servers &
Soekel infomation =2A3 EF 200
oo TR =|  Soucspot [video conference =~ L ?éslwe'w ]
B4 230 10 20 30
Type of sevice: |EF Destination pot. [ | A e server! > =

Protocal: |IF' =

| Update: Multicast traffic flo... [5)

Create Carcel |

Figure 5-3a) Create multicast traffic with EF and EF21 type of services for server 1
and server 3 b) Edit traffic flows characteristics in Traffic Center

The Traffic Center allows different statistic summaries regarding the flooded traffic in the
network to be displayed. It alsallows the finer tunng o f the traffic

characteristics.

C. Increasing multicast traffic provision

This section will focus on the procedure required to change the characteristic (in
particular the intensity) of one of the multicast traffics. A similar procedurebeaused

to change any other predefined traffic, for example a unicast type of traffic. Following
the procedure for openinigaffic Centerdescribed at section B, the method to modify the
intensity of the multicast traffic to be injected over the distiiiy multicast tree is
outlined below
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1. OpenTraffic Centeras per Figure3 b)

2. Right click on the blue arrow of the server 3. As a result thewing dialog is
opened as inif. 54
3. Apply an increased traffic that changes every 5 minutes of the $edutaffic
generation
e - [Ox]
\ =l
% ] Profile; 99
@ : Prafils name: [99
: v Uniform % intervals: [300 seconds/step
I Usestarttime  [22:27-25.000 Dct 05 2010
secands| bits/secand ] mbtsisecand
oo 60,000 600,000 4
@ i 0o
®_ a0 460000 {00008
J C%;ZDBS 22:33:00 223500
el ipt W Show calendar time
@ Cancel
ef r ? o] 1
5 1

Figure5-4Mul t i cast trafficds intensity i s incre

A valid reason to generate this tygesten of tr

mechanism. The effect of this traffic increase will be presented later during a simulation
seenario

D. Unicast VOIPtraffic over UDP protocol between two calling parties

Lastly, a unicast VOIP traffic which is established between two callingiepais
generated. The steps required to establish this type of traffic are as follows

1. Select server 3 and wkstnl and then choose the menu opdic -> IP
Uni cast é

2. Adjust traffic settings to be similar to those presented in Figiiie 5
Prior to colleting the results for the scenario which engages this type of traffic, the

following changes have to be applied to tApplication Configurationand Profile

130



Configurationobjects

Inside theApplication Configuratiora new entry is added for VOIP with tl@&lowing

attribute values

1. From Application DefinitionsselectVoice over IP Call (PCM Quality)

2. ExpandDescriptionhierarchy and assigvioice= PCM Quality Speech

for which theProfile Configurationdefines next fine tunings as per Figuré.5

] Create IP Unicast Traffic Flows =)
Mode selection

© Full mesh between all nodes

& To all other nodes fiom: | serverd

Lef L

£ From 2l other nodes to: |

Intensity Characteristics
Packets/sec: [100

Deseiiption: |Represents IP Unioast Traffic Flows

Color: I
Bits/sec: [120000 oot
[~ Setstattine  15:3%45.0004un11 2011
Durstion (secs): [3600

[™ Characterize demands
Sacket information

Desinaion P addess: [ =] Seuczpat [vdce El
Type of service: | AFZ1 Destination port: |voice j
Fuotoosl: [UDP E

Lreate Cancel

#0000 2e0f [ Tamibue
H o T
odel
oo eF = Socket Information
Actual Destination IP Address
Actual Source IP Addiess
Application
= Diestination Port
Protocal
« Source Port
i Deplopment Data
@ } Desciiption
® Autonomous System Information
+ Destination IP Address
. Flow Type
i Overhead/S egmentation
# Probe Locations
# SLA Parameters
i Source IP Address
£ Traffic (bits/second)
£ Traffic (packets/second)
2 Traffic Characteristies
- Type of Service
buerane Parket Size Putes]

Same A3 Destination

Same As Source

Mot Sets

woice

UppP

woice

Not Set

FRepresents |P Unicast Traffic

Buta Assigned
Aggregate
None

None

Nat Get

Buto

S

]

AF21

duibe Talrilate fdefan i

Figure 5-5 Generating and settings for a unicast VOIP traffic generated between
two calling parties.
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Figure 5-6 Adding support for VOIP application
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5.4 Running simulation

Once the reports and the desired set of statistics are enabled, the simulation is ready to be
started. It is a good practice to create a new scenario starting from the initial scenario
each time a new requirement whiahvolves an adjustmestfor the network nodes
definition is required,. The initial scenario is also referred to lzasalinescenario. The
procedure to duplicate a current scenario (e.g a baseline scenario) requires the following:
from the menu bar seleStenarios> Duplicat e S ¢ e and provideéa new name for

the duplicated scenario. The comparison of the results obtained from the different
scenarios and overlaying them in order to make a better conclusion in regards to the

observed phenomena is an advantage to usimasoe

The simulation can be started from the same menu item as mentioned $dEnaios

> Manage ScenariosChoose a specific scenario, or if a comparison between multiple
scenarios is intended, then select multiple scenarios. It is important tahabtéhe
simulations usually consume a lots of computer memory and might slow down when

multiple simulation are being processed.

If the network components are properly defined, and the testbed project is successfully
compiled, the paths of the tigast traffic distribution can be visualized by following the
procedure Select Protocols -> [P -> Demands->Display Routes for Configured
Demandsé

The next simulation cases will demonstrate the proposed methodology of providing IP

multicast traffic wih QoS DiffServ awareness within a MP{E domain. These
methodologies are proved through the collected results.
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A. Providing plain PIMSSM type of multicast traffic

The role of this simulation case is to demonstrate how a plain§3M multicastraffic
distribution tree is built. In order to simulate this scenario, the testbed network is flooded
with a traffic that was previously described in Section 5.3 A. Based on the collected

results, OPNET displays the PIBISM mul t i cast tgures/6s pat hs as:c

verl sarverl

| RP_repsiverd
Groupz Sstt
230.10.20431

Figure5-7a) PIM-SSM di stri bution treebds path
RP_receiver3b)PIMS SM di stri bution treesods pa
RP_receiver4

The following conclusionsan be drawn from these examples
1 A PIM-SSM distribution tree is built close to the source generating the multicast
traffic.
1 Multicast traffic is distributed towards all the nodes branches that are subscribed
on a channel (S,G) per channel basis. In bosiesahe wkstn 3 belonging to the
multicast 230.10.20.31 is the only work
Receiver 2, located at the border of the two multicast groups, is configured to have the
capability t o pr ovi datons ineomihg fom éllcsérnzersn el s 0

serverl, 2 and.3
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B. Multicast traffictreedistributionpaths

The purpose of this simulation is to present a comparison between the multicast traffic
treeds distribution paths of pathsnwailtadarthd er ent
network nodes which only have the RBSM protocol enabled. The second are the paths

built over network nodes that have the PB®M protocol enabled and are actively
engaged in explicit routing process of the multicast distributiaffiar This traffic is

aware of the imposed QoS expressed through theSeif¥ requirements and conveyed
through nAtraffic trunkso that are driven
resources.

Simulation for this case floods the testbed netwottk Wwoth types of traffic described in

Sections 5.3 Aand.B

Groupz sstt ; Groupz st
230,10.20§31 : 1 : 230.10.204 31

! Groupl Ssm
230.10.20.30

Figure 5-8 Multicast traffic distribution over network nodesenabled with PIM -SSM protocol
(magenta paths)and multicast distribution path controlled at the ingressLER sender 1land
distributed over traffic trunks driven on a staticLSP (blue and pink paths).

This simulation visually presents the basis of the proposed methodology to provide
multicast traffic distribution over traffic trunks aggyated at the entrance of the ingress

LER in an MPLSTE domain with DifEServ awareness.
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It shows how the construction of the multicast tree distribution path is regained by a
network operatorIn other words the construction of thepath is developedi nder
contTlhémoef or e, the construction of the pat
toFigure58 it i s apparent that the constructi ol
controllably built (see blue and pinknulticast distributiorpahs), closer to the initiating

multicast server (seer 1 and 3)It is then aggregated on the traffic trunks at the ingress

LER (senderl) with established QoS (expressed throughSeiff requirements) and is

placed on an explicit routed LSP

The plain M-SSM di stri bution treebds path is buil
the nodes interfaces that have PB8M protocol enabled. These are located on the path
towards the requesting multicast group (see magenta paths). Although there is no
attachedyequesting listener (e.g. workstations), the requested traffic is flooded towards

all the routers (in this case receiver 2) belonging to a multicast group e.g.
230.10.20.31.The traffic reaches wkstn 3 destination which is the only subscribing

listener (wokstation) of the multicast traffic generator server 2

C. Incoming unicastand multicast trafficat theingress LERentrance of théVIPLS

TE domain with DiffServ awareness

The proposed methodology presents a question which relates to the behavior aka unic
traffic forwarded within this MPLSE domain. The question appears due to the fact that
the network resources are primarily designed to handle multicast traffic. The proposed
solution will now be tested in to real life situation where multicast anchantraffic will

be ubiquitous present. The proposed methodology is questioned from the robustness
perspective to determine how well the unicast traffic is handled within the presence of a

multicast traffic conveyed simultaneously over this establishkeastructure.

A theoreticalexplanationarises fromthe fact thatraffic is characterizethrougha tuple

of source and destination IP addessdf the unicast traffic is established through an
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unicast source/destination IP addresses, then an ingomiulticast traffic is also

described through a unicast source addisis source address comes from the multicast
trafficds source generator and the multica
or 230.10.20.31).

As a resultthe generatedinicast traffic will travel ovethe MPLSTE domain under the

influence of theRIP protocol that leada path with a minimal hop number$his path is

not necessarily the fastest for the traffic, nor is the traffic driven over a path that ensures
enough netork resources. This could cause congestion, although the other longer path

has enough network resources.

In order to simulate this case, the proposed scenario sets up a unicast VOIP traffic
established between two calling parties. The network testbdoded with multicast
traffics established by servers 1, 2 and a unicast VOIP traffic established between server
3 and wkstn1 as described in Sections 5.3 A, B and D.

Collected results are graphically represented in Figige 5

i

s \ AF serverd

RP_rebeiverd

Groupz SSIt
230.10.20§31

whstnd

Figure 5-9 Unicast VOIP traffic between server 3 and wkstni(blue path) follows its regular
paths governed by RIP protocol while the multicast traffic aggregated over LSP follows the
explicit constrained path (green path) The multicast traffic from server 2 defined for
230.10.20.3%till follows its own distribution paths.
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D. Effectsand recoverie$roman increasingnulticasttraffic

This scenario studies the effect of an increasing multicast traffic that is merged and
flooded & the entrance of the ingress LER with another multicast traffic. The other
multicast traffic is constant in intensity through an MPLE with Diff-Serv awareness
domain over a single and common LSP. For this purpose the simulation will use traffic

generagd based on the description presented in Sections 5.3. B and C.

A review of the involved components reveals the following: The video multicast traffic
starting from server 3, and deployed through a TCP protocol towards the multicast group
230.10.20.30 tlough an ingress LER1, has ensured a PHB with a QoS at AF21 level.
The intensity of the traffic is increased every 5 minutes as per Figird\bother video
multicast starting from server 1, which is deployed through a UDP protocol towards the
same multiast group 230.10.20.30 and through the same ingress LER1, has ensured a
PHB with a QoS at EF level. This traffic has a constant intensity all over the simulation

time.

Based on the collected results, the chart from Fige® &urther supports known fact

about the TCP protocol. As the video multicast traffic over the TCP increases in intensity
every 5 minutes, it eventually reaches the
TCP congestion control mechanism. This sends back a signal to theastustburce to

reduce the generated traffic. In this scenario is it completely suppressed because of the
high injected traffic. The chart from Figurel® represents the traffic flows injected

through the single existent static LSP at this time, whichefned from senderl to

receiver 2 through receiverl.

This type of situation is often encountered in real life by ISPs and results in negative
effects on the client sides. These negative effects are primarily due to the fact that the

network links are afrady flooded with traffic over the UDP protocol. When it is falsely
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assumed that the network is capable of accepting a higher traffic demand over TCP, the
traffic is suddenly chopped down at the source by the TCP congestion control

mechanism. Thisoccurelc ause the fApipeso are full with

B Annotation: 192.09.2 --= 2301020 30
B Annotation: 192.015.1 --= 230.10.20.30

Flowes Flowe Tratfic In (hitsizec)

160,000+
140,000
120,000 ‘-/Y\J\/VV\MN
100,000 -
50,000
0,000
40,0001

20,000

0

T T T T T T T
| Groupl ssm i i Qrmin 2min 4min Eimin Smin 10min 12min 14min
H 220.10.20.20 H

Figure 5-10 TCP Video multicastincoming from server 3(or IP address192.0.15.1)s cut down at
the sourcedue to TCP congestiorc 0 n t mechaéism while the UDPmulticast video from server 1
(or IP address 192.0.9.2is forwarded further without almost any modification.

A possible solution to this problem could be implemented without expensive
infrastructure changes but rather throughdabTE deployments. This case in particular
might be solved by defining a second LSP as shown in Figlile 5
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Figure 5-11 Defining a secondE-LSP senderl2_receiverl2_receiver22 that will drivéhe traffic
trunk (e.g. 64Kbps AF21) associated for theulticast traffic from server 3.
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By defining this second E S P

possiblecongestion buileup is avoided through this logical TE implementation, which is

a software setting at the router level.

The new

results

collected

for both defined LSPs,

(in

t he

s senuerll2areceieni®d s
receiver22 traffic flooded from the multicast server3 will be more relaxed. This way a

senderl2_receiverl2_receiver22, can be seen in Figlee 5
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Figure 5-12 a) Results for the multicast traffic flows collected for two ELSPs send1l_recl _rec2 anc

senderl2_receiverl2_receiver2B) Next network segments with single LSPé&etween receiver2 and

receiver5 or receiver2 and receivetfar e

influence.

It is evident with the introduction of the second &P, senderl2_receiverl2 receiver22,

that the multicast traffic flow is improve@his is due to the fact that the newly added

LSP

noted that the traffic was only improved on that particular segment of the network. A
similar intervention is required fohé next following network segments, otherwise (e.g

between receiverRP_receiverd and receiver2_receiver5) the traffic flows will suffer

from

s capable

t he

same

st

| under t he

of accommodating

TCPO6s
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E. Comparing thequdity of traffic reception within same multicastayp without
MPLSTE enabled

The next two scenarios (E and F) presesmd conclude the observatiofisr using
DiffServ aware MPLSTE domain compared t@lain PIM-SSM type of multicast
network.

This currentscenario deploys a network that does rasttivateany MPLS functionalities
at the routers leveld.inks hterfaces of the nodes (routers and workstationpasbled
for DiffServ support as part of the selectdd QoSmodel In addition links nterfaces
are configured to be capable to distribute F88M multicast type of traffic (see section
4.4.2. B) Two servers (serverl and 3) generates the multiedBt described in Section
5.3 B The multicast traffic flowng from server 1 with IP address 192.0.&Zhown in

Figure5-13 a).

srverl

B Chiect: wkstn2 of Campus Network
B Chject: wkstnS of Campus Metwork

Wideo Conferencing Packet End-to-End Delay (sec)

Choose

Multicas

Chooze
[~ Share

aa
3

.iP_.'en:e'wr_ﬂ

=

kstnl whstn2 whatnd

Sl R Omin 2riin 4min Brin Ermin 10min 12min
Figure 5-13a) IP Multi cast traffic flowing from server 1 over plain PIM-SSM enablec
network b) Packets endto-end delays reorded at receivers wkstn2 (blue) and

wkstn5(red).
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Thepaths of the multicast traffic originating from server 3 will takailar pathsasthose

originating from server.1

Figure 513 b) represents the values of the packetstemasd delay recorded at wkstn 2
and wkstn5. These twworkstationreceivershaveappliedfor two differenttypesof QoS.
Workstation 2 (Wkstn2) demanded an AF21 QoS level traffic reception while
workstation 5 (wkstn5) subscribed for an EF QoS level traffic reced®egardless of
the demanded QoS multicast traffic reception, it islésthat for both receivers the time

endto-end delays for packets are almost similar.

In this scenaridhe receivedQoS traffic could not beenoughemphasizedn order to

provide amacceptable solution to distributeulticast trafficaware of QoS

F. Conparing the quality of traffic reception within same multicast grouigh
MPLSTE enabled

The generated traffic used for this scenario was presented in Section 5.3 B and the
collected reslts are revealed in Figure2®l a). This Figure displays the path thfe
multicast traffic distribution anéigure 514 b) lists the paths followed by theutticast

traffic. In Figure 514 the multicast traffic follows the routed path indicated by the traffic
trunks. These traffic trunks were used to map traffic, withffaréntiated type of service,

onto a single shared LSP through an MPIESdomain.

Based on the selected statistics important restdt®gressed through Figurel5 and

Figure 516. Theseifures compare the throughput values of the received transmiss$io

the receivers (wkstn 2 and 5) over the time. This occurs to prove an expected result with
regards to the two types of services, EF versus AF21 QoS.
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Figure 5-14 a) IP Multicast traffic flowing from
MPLS-TE domain b) Multicast path details
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Figure 5-15 Traffic received by wkstn 5 with
an EF Diff-Serv level has lower endo-end

delay times than wkstn 2 with AF21 Qos level

| Path Details

Path details [node, link pair) between the following nodes:
Source: Campus Metwark. server]
Destination: 230.10.20.30
Mumber of paths: 3

Path #1

Common Subnet: Campus Network

serverl serverl <-» senderl
senderl senderl <-> receiverl
receiverl receiverl <-> receiver?
receiverz receiver? <-= receivers
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Path #2

Common Subnet: Campus Network

serverl serverl <-> senderl
senderl senderl «<-= receiverl
receiverl receiverl <-> receiver?
receiver2 receiver2 <-= RP_receiverd

RP_receiverd
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Figure 5-16 The number of packets received
by wkstn 5 have a better arrival frequency
rate for which was ensured an EF DiffServ
level requirement.

Figure 515 illustrates the packet erid-end delays as they are received during the

simulation at the wkstn2 and wkstn5. The

graphic demonstrates how the traffiedece

by wkstn 5, with a guaranteed Differv EF level, had a superior provision with respect

to packet delays over the guaranteed-Bigrv AF21 level traffic received by wkstn 2.
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Firstly, comparing Figure 85 with Figure 513 b), one could easily obserfow the
packets endo-end delaytimes,at wkstn2 and wkstnéeceiversareoverall improvedor
both typeof QoS traffic levels(AF21 and EF). Secondly, the difference betwésn
ensured Qo&affic levels (AF21 and EF) is moprominent

The lower ad-to-end delay time of the EF compared to AF21 reinforce the success of
forwarding multicast traffic over the MPLBE domainwhilet he deman el tr af

levelis preserved at reception

Figure 516 illustrates how the multicast packets, receinmsdwkstn 5, have a better
arrival rate for which an EF DH®erv level was required compared to wkstn 2. It also
shows that a DifServ of AF21 level was ensured.

These graphics prove that the EF EB#rv level has better quality insurance, and
therefoe it is a better candidate for video multicast transmission. Therefore it is probable

that clients will select this case if they desire a high quality video reception

F. Extending the number of multicast receivers

The premise of this experiment is t'emonstrate how the algorithm for RISBEM
multicast traffic distribution over a DSE MPLS environment can be used to extend the
number of multicast receivers. The case where a constantly increasing number of
multicast listening clients occurs is an exdnpf where this experiment may be used.
The procedure to add multicast receivers considers the type of QoS services offered from

an ISP side and then selects the multicast sources from the client side.

The algorithm briefly suggested that if the egnesger reaches the maximum number of
outbound interfaces capable to distribute multicast traffic, then a new midpoint must be

added along with a new egress router(s).
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Each of these additions dedicated for one type of QoS service offering.

This exampleexpands the basic network cell represented by Figl@& Z his expansion

occurs by inserting a new midpoint router, (or LSR) receiver 3, that has the same type of
QoS inbound/outbound policies applied on the interfaces as the outbound policy applied
on the outbound interface of the ingress router sender 1. The new network, along with the

added LSPd)ecomes wired as per Figurel 3.
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Figure 5-17 Extending multicast traffic distribution by add ing new midpoint router
(LSR) receiver 3 togeher with egress router (LER)receiver7, receiver 6

It is evident that the last group of routers, consisting of midpoint router (receiver 2) and
the last two egress routers (receiver4, receiver 5), are dtgaliovith this new midpoint
router addition. Furthermore, the last LSPs are left unbroken between receiver 2 and
receiver 4 or receiver 2 and receiver 5. Therefore, a network operator does not need to
revisit the previously established clients listeningthe multicast traffic since the

required network resource configuration is already allocated.
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The task of the newly added midpoint receiver 3 will have to be enhanced to forward the
incoming multicastdriven on thetraffic trunks over the LSP from senddr through
receiverlto be forwardedoward receiverZas per Fig. 88. Simultaneouslythe same
traffic will have to be glit betweenthe newly added egress routeceiver7 and receiver

6 based on the QoS service offering that in this case are expressgghtAF21 and EF

QoS levelsas per Fig. 8L9.
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Figure 5-19 Traffic mapping of the LSPs from

Figure 5-18Traffic mapping of the LSP from receiver 3 towardsreceiver 7 and receiver 6

receiver 3 to receiver 2

The newly added group of routers from the midpoint router receiver 3 (LSR) and the
other two egress routers, receiver 7 and receiver 6, will be added to the same multicast
group 230.10.20.30. This assas that the newly attached multicast receivers wkstn 6

wkstn 8 have subscribed to listen to server 1 and server 3 multicast transmission.

A new generated simation of the multicast traffigvith the same parameters as defined
in Section 5.3B, but flooded over a larger network as tine Figure5-20, will further
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