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Multicast is an ef cient transmission scheme for supporting group communication
in networks. Contrasted with unicast, where multiple point-to-point connections must be
used to support communications among a group of users, multicast is more ef cient be-
cause each data packet isreplicated in the network  at the branching pointsleading to dis-
tinguished destinations, thus reducing the transmission load on the data sources and traf ¢
load on the network links. To implement multicast, networks need to incorporate new rout-
ing and forwarding mechanismsin addition to the existing unicast methods. Unfortunately,
the necessary functions needed to realize multicast are not adequately supported in the cur-
rent networks. The IP multicast solution has serious scaling and deployment limitations,

and cannot be easily extended to provide more enhanced data services. Furthermore, and



perhaps most importantly, IP multicast has ignored the economic nature of the problem,
lacking incentives for service providers to deploy the service in wide area networks.

Overlay multicast holds promise for the realization of large scale Internet multicast
services. An overlay network isavirtual topology constructed on top of the Internet infras-
tructure. The concept of overlay networks enables multicast to be deployed as a service
network rather than a network primitive mechanism, allowing deployment over heteroge-
neous networks without the need of universal network support. This dissertation addresses
the network design aspects of overlay networks to provide scalable multicast services in
the Internet. The resources and the network cost in the context of overlay networks are dif-
ferent from that in conventional networks, presenting new challenges and new problemsto
solve. Our design goals are the maximization of network utility and improved service qual-
ity. Asthe overall network design problem is extremely complex, we divide the problem
into three components:. the ef cient management of session traf ¢ (multicast routing), the
provisioning of overlay network resources (bandwidth dimensioning) and overlay topol-
ogy optimization (service placement). The combined solution provides a comprehensive
procedure for planning and managing an overlay multicast network.

We aso consider a complementary form of overlay multicast called application-
level multicast (ALMI). ALMI alows end systems to directly create an overlay multicast
session among themselves. This gives applications the exibility to communicate without
relying on service providers. The tradeoff is that users do not have direct control on the
topology and data paths taken by the session ows and will typically get lower quality of
service due to the best effort nature of the Internet environment. ALMI istherefore suitable
for sessions of small size or sessions where all members are well connected to the network.
Furthermore, the ALMI framework allows us to experiment with application speci ¢ com-
ponents such asdatareliability, in order to identify auseful set of communication semantics

for enhanced data services.
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Chapter 1

| ntroduction

This dissertation presents a new service network architecture for providing multicast ser-
vices in the Internet and offers comprehensive solutions to the issues of designing the ser-
vice network from a service provider’s perspective. The premise of this work is that mul-
ticast services, as afundamental communication model of human interactions, ought to be
implemented at a higher service layer, not as anetwork primitive. This allows the multicast
service to be provided over diversi ed networks, and allows more exibility in the service

models, as they can be tailored to the needs of applications.

1.1 Group Communications

With the enormous advances in network computing and communication technologies, the
Internet has become essential for information exchange in many parts of the world today.
Yet, today’s web and email based networking is just the beginning of an upcoming in-
formation age, with the ultimate technology wave still preparing its entrance. The next
generation of the Internet will ride on the vast progress on network infrastructure, which
enables two important advances. First, it enables high speed real-time multimedia appli-
cations to be carried over the commodity Internet; Second, broadband access reaches to
millions of households enabling person-to-person network communications in a cheaper

and better way.
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However, today’s computer-supported communication is largely limited to data ex-
change between two computers, or point-to-point communications. Group communication,
on the other hand, is minimally supported, even though it is an equally important and natu-
ral model of communication in people’s day-to-day experiences. Students going to classes,
professionals going to staff meetings, friends getting together watching a game, are al dif-
ferent forms of group communication. Unfortunately, most of these applications are il
little developed or are only supported in very limited scales. This lack of support coin-
cides with the limited and expensive network infrastructure we have today, but as stated
earlier, thiswill change shortly and the availability of rich-media network communication
and high-speed network access for households and business corporations, with the appro-
priate development of applications, will drive the demand for system and network support
for group communications.

Multicast is an ef cient transmission mechanism that supports group communica-
tion semantics. In contrast to point-to-point transmission, or unicast, in which a data source
sends a copy of data to each of the receivers, a multicast data source only sends one copy
of data which is replicated as necessary when propagating in the network towards the re-
ceivers. Thisis extremely helpful for small and less capable devices to disseminate data
to alarge set of receivers, since the intelligence in the network helps the source to reduce
the load on both its cpu and its access link. Scalability is another reason for interest in
multicast, as it reduces the amount of total traf ¢ injected into the network by each mul-
ticast session. This allows multicast to scale to very large group sizes and enables group
communication without traf ¢ explosion in the network asin the case of unicast.

There is a diverse range of applications that inherently require group communica-
tion and collaboration: video conferencing, distance learning, distributed databases, data
replication, multi-party games and distributed simulation, network broadcast services and
many others. The diversity of these applications demands versatile support from the un-
derlying system in many dimensions. Examples of these dimensions include the amount

of data that needs to be delivered (bandwidth requirement), the timeliness of their delivery
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(latency requirement), the reliability of their delivery (reliability requirement), the num-
ber of participants that send data (multi-source requirement), the number of recipients to
be reached (scalability requirement), and the frequency of members joining or leaving the
group (dynamics requirement). Table 1.1 summarizes the individual characteristics of sev-

eral next-generation applications.

Table 1.1: Application Characteristics for Group Communication

Multi-source | Scalability | Dynamics | Bandwidth | Latency | Reliability

Video all small low medium critical | no

Conference

Distance one or few medium low medium critical | no

Learning

Distributed few or al medium low high non- yes

Cache Update critical

Multi-party al large high low critical | yes

Games

Distributed all large low high depends | yes

Simulation

Peer-to-peer few huge high low non- yes
critical

Internet one huge high high critical | no

TV/Broadcast

Supporting these applications has imposed a serious challenge to our current com-
munication systems. Due to the prevalence of underlying point-to-point connectivities,
communication systems are quickly reaching their limit. A typical example isthat requests
to a popular web server usually experience long response time due to server overload since
it has to establish individual connections for each incoming data request, even for requests
for the same objects. The inadequacy of unicast-only systemsis more signi cant for these
forward-looking applications, especially in distributed systems where data needs to be con-
stantly updated and synchronized.
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1.2 A Brief History of Internet Multicast

In the early 80s, multicast was mostly restricted to the LAN environment, as it is well
supported by most local area network technologies, such as Ethernet and Token Rings.
On the other hand, extended LANS interconnected with bridges and inter-networks did
not support multicast data delivery. Although multicast addressing was designed from the
beginning as a separate address class in the | P address family, there were no standard ways
to use it. It was not until the late 80s that Deering introduced multicast extensions to
the unicast routing mechanisms across datagram-based inter-networks [19], marking the
beginning of IP multicast.

Following Deering’'s work, the Multicast Backbone (MBone) [21] was born and
marked the rst widespread use of multicast in the Internet. The MBone consists of tunnels
whose end points are workstations that implement the Distance Vector Multicast Routing
Protocol (DVMRP) [4] and are able to process unicast-encapsulated multicast packets and
then forward the packets to the appropriate outgoing interfaces computed by the routing
protocol. In March 1992, the MBone carried its  rst event with 20 sitesworldwide received
multicast audio streams from a meeting of the Internet Engineering Task Force (IETF) in
San Diego.

However, DVMRP isinherently unscalableduetoits oodand prune mechanism
for building the multicast tree. In DVMRP, each router discovers the existence of group
members by periodically issuing Internet Group Management Protocol (IGMP) queries.
Upon receiving the query, aleaf router will send a prune message indicating that it does not
have directly attached group members. An intermediate router forwards the prune message
towards the source if it receives prune messages on all its interfaces except the interface
towards the source. Such a mechanism requires that every router that supports multicast to
keep state for each existing multicast group, regardless if the router itself actually belongs
to the group tree or not. Thus DVMRP is also referred to as the dense mode protocol, as it

assumes the dense spreading of group members where pruning is scarce.



Chapter 1. Introduction 5

With the growth of MBone and the appearance of native mode multicast, i.e. routers
directly support multicast, theinef ciency of dense mode multicast routing protocols hasto
be addressed. This motivates a new class of multicast routing protocols the sparse mode
multicast routing protocols. The most widely implemented sparse mode protocol is the
Protocol Independent Multicast Sparse Mode (PIM-SM) [22]. Although PIM-SM avoids
some complexity of DVMREP, it also introduces many other issues that, to this date, are not
adequately solved [1].

Furthermore, in spite of the rigorous efforts of a generation of researchers, there
remains many unresolved issuesin the IP multicast model that hinder the devel opment and
deployment of 1P multicast and multicast applications. The most prominent issues are the
lack of a multicast address allocation scheme, the lack of access control and the lack of an
inter-domain multicast routing protocol. A exible and scalable address allocation scheme
iscritical to the development of any multicast applications asit alows the quick discovery
of an multicast address available for immediate use. However, such scheme is not easily
devisable in a at multicast address space, where each |P multicast address is a 32-bit
number (in the range of 224.0.0.0 to 239.255.255.255) with no geographical or topological
meaning. Consequently, most multicast applications randomly pick a multicast address and
hope that it is not currently in use. The possibility of address con icts increases with the
number of multicast groups and complicates the applications unnecessarily.

Second, the lack of access control raises increasing concerns with the recent wave
of Distributed Denia of Service (DDOS) attacks [47]. In the IP multicast model, any ma-
chine can send to a multicast address without registering itself with the group. Until the
IGMPv3 [8], a multicast receiver had no means of selecting the data sources to receive
packets from; by default, al packets sent to a multicast address are forwarded to all re-
ceivers. In IGMPV3, source Iters are added to allow receivers to specify the sources they
wish to listen to or specify al but those they don’t wish to listen to, provided that receivers
know in advance who the sources are. The IGMPv3 protocol suite so far has not been

widely implemented in host operating systems and its scalability is still unclear.
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Last, an inter-domain multicast routing protocol is vital to whether multicast tech-
nology would truly be universally deployed or not. An inter-domain routing protocol pro-
vides means for setting up policy based and aggregated routes between Autonomous Sys-
tems (AS). This allows service providers to connect their networks to each other without
exposing their network topology. Additionally, route aggregation reduces the size of the
routing tables and is essential to the scaling of the Internet. Unfortunately, the equivalent
inter-domain multicast protocols proposed so far are unsatisfactorily complex and ineffec-
tual [1].

To reduce the complexities, a new generation of multicast protocols emerged to
support a subclass of multicast applications single source multicast applications. Ex-
press [37] and Source Speci ¢ Multicast (SSM) [36] are among such protocols. By re-
stricting to single source multicast applications, a multicast group, which is also called a
channel, is indicated by a pair of source and group addresses. This allows sources to se-
lect alocally unique group address which together with the source’s own IP address, will
uniquely identify the multicast channel. Thus, SSM solves some of the above mentioned is-
sues such asthe address allocation problems and the control of the data sources. Thissingle
source model argues that at least in the near future, large scale Internet broadcast service
will dominate the multicast service market. Whether such belief stands or not, there are a
range of other interesting applications that are not single-sourced and cannot be easily con-
verted to multiple single-source data streams. It is not yet known if these new protocols are

exible enough to be extended to support these other types of applications. If not, solutions

for supporting awider range of multicast applications still need to be pursued.

1.3 Why Overlay?

Today, the communication subsystem of the Internet has evolved into stability: the TCP/IP
network stack dominates the communication protocol domain and the router software plat-
form has aso stabilized to support a few standard routing protocols. While new functions

are continuously added to this subsystem, they are mostly general purpose functions, such
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as buffer management, routing load balancing, etc., that are relevant to the health of the
network rather than functions supporting aspeci ¢ application type. The functionalities of
multicast protocols, on the other hand, are largely application dependent and as illustrated
in Table 1.1, are hard to abstract into asmall and well de ned set suitable for implementing
on general purpose router platforms.

While the core of the networks has evolved into an environment whose primary
function is to transmit binary bits over distance reliably, new intelligence emerges at the
network edges. By network edges, we refer to access routers or gateways and in-house
servers that have direct connections to the core networks. 1P services such as quality-
of-services, VPNs, etc., have been deployed on edge routers, and back end server-based
solutions, such as content caching and delivery, and network storage services are emerg-
ing. The current state of the art single-chip technologies allow access routers to perform
multiple functions on each packet at wire speed, contrarily, the same processing power does
not exist in the core networks where data rates and the number of ows are much higher
than in the accessdueto ow aggregations.

In the broadest sense, we de ne an Overlay Network as a set of tunnels formed
among network edges to support acommon packet processing function other than the ones
supported in the conventional network. These tunnels are unicast connections setup among
the service nodes on top of the general network infrastructure. The primary advantage of
the overlay network architectureisthat it does not require universal network support (which
has become increasingly hard to achieve) to be useful. This enables faster deployment of
desired network functions and adds exibility to the service infrastructure, as it alows
the co-existence of multiple overlay networks each supporting a different set of service
functions. An Overlay Multicast Network is one type of overlay network that provides
multicast servicesto end users on top of the general Internet unicast infrastructure.

While one may argue that overlay networks are only an intermediate solution for
service deployment, we think otherwise. With Internet traf ¢ volume doubling every year,
router processing capacities are barely keeping up with this speed of traf ¢ growth. Even
with Moore's Law’s prediction that processing speeds double every 18 months, it still falls
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short of the speed that bandwidth capacity is growing at. So not only it is not cost-effective
to add new software to router platforms in order to meet new application demands, the
limited processing power available at core routers also leaves little room for additional
processing functions. Thus, overlay networkswill be the key infrastructure for new service
deployment and will have a continuing rolein preserving the exibility and diversity of the

I nternet.

1.4 Contributions

The main contribution of this dissertation is to offer a viable solution that enables the pro-
vision of multicast servicesin the Internet. It isthe rst to address issues pertaining to the

multicast routing and provisioning aspects in the overlay network design space.

Overlay multicast network architecture (AMcast). We design the overlay network ar-
chitecture by leveraging the existing unicast-based network technologies and de ne
it as a service-level infrastructure rather than a network primitive mechanism. This
allows faster and exible service deployment without the need of universal network

support.

Link dimensioning in overlay networks. We develop an iterative approach to assign ca-
pacity to individual service nodesin the overlay network. Using simulation, we show
the relation between the network con guration and the projected traf c distribution,
and their implications on the sensitivity of routing performance to the traf c distri-

bution.

Multicast routing in overlay networks. Resource management in overlay networksisdif-
ferent from traditional networks. Additionally, asaserviceinfrastructure, application
constraints on the selected routing path must be met. We design new multicast rout-
ing algorithms that manage these resources ef ciently while also satisfying the delay

constraint set by the applications. As the exact solution to the routing problem is
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NP-hard, we design severa heuristic approximation algorithms and evaluate their

performance.

Placement of service nodesin overlay networks. In order to provision the service net-
work, service providers must rst know where to locate their servers. We formulate
the placement problem as an integer programming problem and show how to solve
it using linear programming (LP) relaxation methods. Although LP-based solution
is more complex than the conventional greedy approach, we show that the added
complexity is worthwhile yielding an additional 10% - 15% cost reduction.

Quantitative evaluation of overlay multicast networks. We quantify the bandwidth trade-
off of overlay networks and compare it with an optimal network level approach as
well aswith the IP multicast model. We show that overlay multicast trees not only are
more cost-ef cient than the source-based shortest path tree approach, the overhead

on aper-link basisis also minimal.

Geogr aphic based network topology modeling. Up until now, most network topology
modeling does not consider the geographic locations of network nodes. With the
emergence of co-location service providers, who provide high-speed network access
to servers at various regional facilities and provide connectivities to multiple national
backbones simultaneously, geographic location becomes the dominant factor in net-
work delays. We introduce network topology modeling with several geographic va-
rieties and use them as a basis for the evaluation of both our routing algorithms and

placement algorithms.

Middlewarefor application-layer multicast (ALM1). For small and non-time-critical ap-
plications, a spontaneous mechanism that involves only the participating hosts to set
up a multicast group can be an attractive solution. We designed and implemented
such amiddleware system, called ALMI, which was one of the rst few schemes that

explores the feasibility of end-system only multicast mechanisms.
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1.5 Outline

Thisdissertation is organized asfollows. Chapter 2 introduces the AMcast overlay network
architecture and shows how it can be best incorporated into the current Internet architecture
and how to provide multicast serviceto avariety of applications. We also quantify the cost
bene t and evaluate other network and application performance metrics to further justify
the use of overlay multicast service networks. Last, we present the main design issues for
overlay networks: the multicast routing problem, the link dimensioning problem and the
node placement problem; each of these is then studied in the subsequent chapters. Chap-
ter 3 studies the routing problem. We rst formalize the multicast routing problem in a
graph and analyze its complexity. Then we introduce approximation schemes for two for-
mulations of the routing problem and study their performance anaytically. In Chapter 4,
we rst study the link dimensioning problem and describe a simulation-based approach
for dimensioning link capacity subject to atotal xed cost. This serves as the basis for
network con gurations, on which we evaluate the routing algorithms. With extensive sim-
ulations over a variety of network topologies and traf ¢ con gurations, we show that the
routing algorithms can achieve high network utilization while at the same time satisfying
the application constraints. Chapter 5 studies the placement problem of overlay service
nodes. This problem is posed as an integer-programming problem and we present two
approximation schemes. one based on linear-programming relaxation and the other on a
greedy approach. The performance of these approximation schemes are then compared on
avariety of network models. Last, in Chapter 6, we describe an additional approach of mul-
ticasting that targets small-group applications. We introduce ALMI, a middleware package
for end-systems, and present its control and data protocols for supporting self-organized
multicast trees. We aso describe experiments carried out over the Internet to evaluate its

performance. Finaly, we conclude in Chapter 7 with a discussion of future work.
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Chapter 2

Architecture of Overlay Multicast
Networks

In this chapter, we rst discuss the necessary background on the current Internet architec-
ture so as to provide a basic understanding of the existing bottlenecks of the network, as
well as the emerging technologies and trends that are overcoming these limitations. We
then describe the overlay network architecture and show how it takes advantage of the new
technology trends and bene ts both network service providers and the targeted multicast
applications. We aso quantify the cost related to providing the overlay network services
and justify the feasibility of the technology. Last, we describe issues in designing overlay

networks which serves as a prelude for the subsequent chapters.

2.1 Background on Internet Architecture

The Internet has evolved from itsearly daysasa at network to athree-level hierarchy con-
sisting of individual administrative domains. At the bottom of this hierarchy are end users
including home users and small business corporations, where the most common technolo-

gies to connect to the Internet are: dial-up connections, asynchronous digital subscriber
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lines (ADSL), cable, and dedicated T1 or T3 lines;! The second layer of the hierarchy
consists of small I1SPs that directly provide network connectivity to end users. There are
many hundreds of these so called second tier 1ISPs.2 Some of them have their own regional
networks, others use leased lines and only operate their own routers; The top layer of the
hierarchy consists of large | SPs that are sometimes referred to astier one |SPs. These | SPs
typically own physical networks that span the continent or the globe. Their main business
isto provide network transit for the smaller ISPs to connect to each other, with the addition
of providing network services to large business corporations. The number of tier one | SPs
isrelatively small, about one or two dozen including most of the telecommunication carri-
ers. Currently, the typical network backbone consist of transmission lines in the capacity
range of OC-3 (155 Mb/s) to OC-192 (10 Ghby/s).

Internally from the ingress routers to the egress routers, an ISP network is engi-
neered to carry traf ¢ with paths dimensioned in proportion to their traf cload. Astraf ¢
grows, they are accommodated by more engineering efforts, e.g. route traf ¢ through the
linksthat arelessloaded. When these effortsfail to meet the growing demands, more band-
width must be added to avoid congestion. Since a service provider has full knowledge of
the traf ¢ demand matrix and full control of route selections within its own network, the
internal networks are typically well provisioned and routed, and congestion rarely occurs
except for equipment or software failures.

However, as network traf ¢ continues to grow, bottlenecks can arise at the inter-
connections between ISP networks. There are two types of interconnections. transit and

peering.

Transit Thetrangit relation refersto a unilateral relation in which smaller 1SPs, for exam-
ple an ISP A that only has regiona coverage, buy bandwidth capacity from larger
ISPs (typically backbone network providers), to connect to the rest of the Internet.

1The latter two are mostly offered by I1SPs to business or campus networks, operated at 1.5Mb/s and
45Mb/s respectively.

2The terms, tier one and tier two |SPs, are not technically well de ned terms. They are roughly used to
distinguish backbone | SPs from the others and we merely borrow them for simpli ed reference.
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The backbone network in this case announces to the rest of its interconnected net-
worksthat it connectsto ISP A, and providestransition routesfor al traf cinand out
of ISP A’s network. The cost of buying this chunk of link capacity istypically quite
high: the price for leasing an OC-3 line is about $100,000 per month in the year of
2001 [53], and in some cases, the charge can also be usage based, for example based

on the 95 percentile of the traf ¢ volume.

Peering The peering relation on the other hand refers to a bi-lateral relation between two
ISPs, in which each provides accessibility to its own network for customers of the
other. However, the peering relation is non-transitive, so if ISPs A and C have a peer-
ing agreement, neither of them will announce this network peering to their neighbors.
Therefore, no traf ¢ that originates outside of network A will pass through network
C to reach a destination in a third ISPs network. The cost of peering is typically
low or zero. Under the circumstances of asymmetric traf ¢, peering can be charged

proportional to the ratio of the asymmetric traf ¢ volume.

Although peering reduces ISP cost and provides better routes for the traf c, not
all 1SPs are able to peer with each other directly. Since backbone ISPs earn substantial
revenues by selling transit connections to the small 1SPs, they are reluctant to peer directly
with smaller ISPs. This has two major impacts on network performance. One is that in
order for the smaller 1SPs to keep operating pro tably, they can only afford a few transit
links to carry all the traf c in and out of their networks. As a result, congestion often
happens on these transit links. Second, due to the lack of direct peering of two networks,
the routes from one | SP to another are often suboptimal as neither of them hasthe control of
route selections within the backbone transit network. Additionally, the speed and location
of the network access points (NAP) or exchange points (EP), which are routers or switches
that serve astraf ¢ exchange points between networks, have great in uence on the network
performance. In the current network, the sparse locations of the NAPs often require ISPsto

setup detoured routesin order to reach one of the NAPs where they have points of presence.
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sherlia@ol o /honme/sherlia> traceroute trinity.arl.wistl.edu
traceroute to trinity.arl.wstl.edu (128.252.153.152), 30 hops nax, 38 byte packets
1 adsl -208- 190- 223- 254. dsl . st| snmo. swbel | . net (208.190. 223. 254) 57.840 ns 59.472 nms 59. 710
ns
di st 1-vl anl10. st | sno. swbel | . net (151.164.14.2) 59.723 ns 59.541 ns 60.819 ms
bb1l-gl-0. stlsnp. swbel | . net (151.164.14.225) 59.730 ns 58.465 nms 59.721 ns
206. 205. 233. 5 (206. 205.233.5) 64.092 ns 60.704 ns 59.726 ns
stl 3-corel-posl- 3. atlas. al gx. net (165.117.60.210) 59.739 nms 67.168 ns 68.425 s
df w3- cor el- pos5-0. atl as. al gx. net (165.117.50.245) 76.059 nms 72.621 ns 76.272 s
df w3- core3- pos7-0. atl as. al gx. net (165.117.48.129) 75.801 ns 80.228 ns 80.398 ns
atl 1-coreb5-pos5-0. atl as. al gx. net (165.117.48.21) 99.966 ns 95.423 nms 92.571 ns
atl 1-core3-pos7-0. atl as. al gx. net (165.117.48.146) 95.390 ns 95.423 ns 99. 958 ns
dca6- core3- pos5-0. atl as. al gx. net (165.117.48.62) 116.284 nms 107.490 ns 106. 393 ns
dca6- core2- pos6-0. atl as. al gx. net (165.117.48.109) 105.396 nms 108.490 ns 103. 211 ns
pl-0-1.r01. st ngvaOl. us. bb. veri o. net (129.250.9.149) 108.659 nms 105.181 ns 110. 832 ns
p4-1-0-0.r02. st ngva0l. us. bb. veri o. net (129.250.4.186) 108.664 ns 106.290 nms 111.894 s
p16- 0-0-0.r01. chcgil 01. us. bb. veri o. net (129.250.5.102) 132.571 ns 129.106 nms 132.577 ns
p4-0-3-0.r01. stl sm01. us. bb. veri o. net (129.250.4.45) 143.459 ns 143.233 ns 143.458 s
ge-1-2-0.a01. stlsno01. us.ra.verio. net (129.250.29.180) 144.542 ns 145.404 ns 143. 454 ns
d3-6-1-0. a00. stl smo03. us. ra.verio.net (129.250.125.74) 144.544 ns 141.064 ns 143. 454 s
br ooki ngs-verio.wistl.edu (128.252.1.249) 140.194 s 147.619 ns 143.452 s
ncrc-engl. wustl.edu (128.252.1.50) 147.805 nms 142.319 ns 143. 460 s
trinity.arl.wstl.edu (128.252.153.152) 147.791 ns 148.694 ns 151. 060 ns
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Figure2.1: Route Trace of Peering between Southwestern Bell Network and Verio Network

To illustrate the existing inef ciency of network peering and transit, Figure 2.1
shows an excerpt of route traces, from a DSL host on Southwestern Bell’s network in St
Louis to an end host in Washington University which is a customer of Verio; the physical
distance between the two desktops is about 9 miles apart. The network delay between the
two hosts, however, is more than enough to travel from coast to coast across the entire US
continent. A closer ook at the trace reveals the following routing paths. swbell transits
their traf c through algx.net (Allegiance Telecom, Inc.), which only peers with Verio at
one of the largest NAPs MAE-East in the Washington, DC. area, and Verio then routes
thetraf c back through Chicago to WashU. Geographically, the actual route goes from St
Louis, MO (stl) ¥ Dallas-Fort Worth, TX (dfw, hops6 - 7) ¥ Atlanta, GA (atl, hops 8 -
9) ¥ Washington, DC (dca, hops 10 - 13) ¥ Chicago, IL (chcgil, hop 14) and back to St
Louis. The jumps in the delay measurements are evident as traf ¢ goes through one city

to another. A trace on the reverse routing path shows the same geographical routing path
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with similar delay measurements, although the actual network paths are through different
ingress and egress routers.

Fortunately, newer trends are on the horizon. The increasing importance of peering
relationships recently has been fueled by the economic bene ts of eliminating the costly
transit networks, and the performance bene ts of direct interconnections. As illustrated
in Figure 2.2, the emergence of a growing number of private peering relations and third-
party operated exchange points at geographically dispersed areas allow |SPs to exchange
traf ¢ and routing information more effectively. The use of EPs within a metropolitan
area provides new means for traf ¢ localization and reduces their reliance on national and
international backbone networks. Most emerging EPs are operated by a commercial third
party rather than a consortium of 1SPs. In order to stay competitive, private EPs are more

willing to adopt new technologies, new services and to upgrade existing systems.
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Figure 2.2: Ef cient Routes Enabled by Direct Network Peerings

The most important service, in the context of this dissertation, currently supported
by most EPs is the co-location service, which allows equipment, usually routers and other
value-added services such asweb hosting services, to operate locally within the co-location
facility. This provides high speed network access for servers to multiple ISP networks si-
multaneously and with high reliability. Content providers such as Akamai [83], are already
participating directly at many peering points, which subsequently allows faster delivery of

content to alarger percentage of end users.
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The co-location service trends provide a foundation for the overlay network model.
The overlay service nodes, when co-located at EPs, can connect directly with end users of
different I SPs, overcoming the bottleneck of network interconnections. Asthetier one | SPs
are likely to have presences at the EPs, the overlay service provider can select one of them
as its backbone network provider and route the aggregated local traf c directly to other
locations. As backbone networks have plenty of bandwidth capacity, an overlay service
provider can setup service level agreements with the backbone provider and be assured of
the path quality through the backbone. Therefore, the availability of broadband network
access from end users, the prevalence of network peering and exchanges, and the large
availability of backbone bandwidth give rise to opportunities for the overlay service model

for many next generation multicast applications.

2.2 Overview of Overlay Multicast Networks

We recall that an overlay network is a collection of data tunnels connecting network edge
routers or access routers, supporting the same processing functions. With the notion of
co-location services, the de nition of network edges can be expanded to include servers
deployed within co-location facilities. The choice of providing network services by imple-
menting additional functions directly on the edge router platforms or by re-directing data
ows to the co-located servers depends on the type of services and the processing require-
ment for these services. For example, services such as DiffServ [6] and network security
can be implemented as processing functions on the access router platforms that apply to all
ows but require only small amounts of additional state; while services such as content dis-
tribution or network storage are more likely to use processing servers, since these services
only apply to afraction of ows but require more managed resources. For the purpose of
this dissertation, we will not distinguish between these two alternatives but refer to them as
overlay networksin general.
Figure 2.3 illustrates a multicast service architecture using overlay networks. An

overlay multicast network provides services through a set of distributed Multicast Service






