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Abstract

Scalable Multipoint Routing with Mobility Support
by

Changdong Liu

Advisers: Professor Myung J. Lee, Professor Tarek N. Saadawi

The paradigm shift in the Internet towards supporting multimedia, multipoint, mo­

bility with QoS guarantee captures the emerging technologies in packet-switched inter­

networks. The work reported herein presents innovational research results in this new 

direction.

Application level QoS is always appreciated for multimedia/real-time applications 

over packet-switched internetworks. A efficient, yet simple to implement, adaptive mul­

timedia synchronization algorithm has been developed. The user defined QoS specifica­

tions can be directly mapped into the design parameters of the algorithm. The essence 

of the algorithm is partitioning the vicinity of the arrival epochs of packets into regions, 

counting arrivals at each region and adjust the PlayBack Clock (PBC) accordingly. The 

algorithm is adaptive to network changes, eliminates the need for a global clock, and is 

immune to the clock frequency drift.

Existing multipoint and mobile support approaches face the same problem — scal­

ability, which constantly challenge the masterminds behind the Internet. Early work 

on multipoint support uses source-based tree technique, which is tolerable when group 

members are densely packed and bandwidth is plentiful but not proper for wide area net­

works. Relatively new approaches use shared-tree technique, in which a center-specific
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tree spanning all members of each group is used to deliver multicast traffic for that group. 

But how to efficiently select the center for a group is still an open issue.

The proposed work, Core-Manager based Multicast Routing (CMMR), takes a new 

approach to the issues of center-specific tree creation and management. The basic idea 

behind CMMR is that the Core-Manager keeps tracking cores of each multicast delivery 

tree in order to maintain a brief image of the tree. Consequently, new members will almost 

always be directed to a nearby core to join the group so that tree cost is well confined. 

However, not every new member has to actually consult the Core-Manager to join the 

tree due to a self-growing scheme, which further lowered the control overhead. Further 

improving on scalability is sought by using a hierarchical architecture, which requires 

the multicast addresses be administratively scoped in accordance with the hierarchy. 

Given such a hierarchical CMMR multicast autonomous region, different approaches to 

reconnecting a mobile multicast group member host to its group tree after each moving 

into a new subnetwork are proposed.
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1. Introduction

People and their machines should be able to access information and communicate 

with each other easily and securely, in any medium or combination of media — voice, 

data, image, video, or multimedia — any time, anywhere, in a timely, cost-effective 

fashion. The trend of today’s communication networks development towards this end is 

Multimedia, Multipoint1, and Mobility with Quality of Service (QoS) guarantee (M3Q).

In the computer era, people’s desire to communicate in natural, expressive and ef­

ficient fashions formed the primary driving force behind the provision of M3Q support 

in the global communications infrastructure. By nature, humans are able and willing to 

acquire information through the eyes, the ears (and some times the nose) simultaneously. 

Even with the electronic media, people like to keep their natural way of communica­

tions. This passion constituted the motivation to carry digital audio and video over 

packet-switched networks. Multipoint communication is one of the oldest forms of com­

munication among humans. It has long been recognized that communicating a message 

to multiple recipients simultaneously is a very efficient method of getting the message 

across. This understanding stimulated the efforts of multipoint support in data networks. 

The desire for freedom from being physically connected to the underlying network grows 

up rapidly as computing devices have shrunk in size, weight, and power. This open up 

the enormous thrust towards the portable and wireless communications.

The term “multipoint” is used to refer in general to all forms o f communication with multiple participants, 
regardless of semantics. The term “multicast” having been used almost synonymously is more traditional, even though 
it is often used to denote point-to-multipoint communication. Throughout this document these two terms will be used 
interchangeably.

1
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Introduction 2

In vision of the M3Q themes, a great share of development efforts in the Internet 

devotes to QoS enhancement. Original design of IP, which forms the foundation of 

the Internet, adhered to best effort principle. It is good and efficient for non-real-time 

data messages. With the emerge of multimedia applications in the Internet, the classical 

networking techniques are falling short of their wishes despite their hard “efforts”. While 

explicit QoS measurements at the network layer [1, 2] are crucial to the IP’s survive in 

its competition with other techniques that have QoS supports like ATM, higher layer 

solutions are always appreciated since they may work alone before QoS supports at other 

layers become available. The adaptive multimedia synchronization algorithm [3] is a 

typical application layer solution to the QoS issue.

In the early days of electronic communication both point-to-point and multipoint 

communication were possible. Telephone is a typical example of point-to-point commu­

nication over various ranges, and radio was common means for multipoint communica­

tion. This multipoint communication was mostly simplex in nature with content being 

spread from a source to multiple receivers within certain covered range with little or no 

signaling being returned by the receivers.

In this context it is not surprising that early research of data networks and packet 

switching technology only focused on point-to-point communication. Even with the 

development of local area network technology that could easily provide multipoint 

communication, the focus was on how to provide point-to-point communication with 

multipoint communication supported almost as a later thought.

Multicasting in packet-switched networks conserves bandwidth by forcing the net­

work to do packet replication only when necessary. But, with network layer [4] support
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Introduction 3

for multipoint applications lacking in the early packet-switched networks, many multi­

point applications were developed assuming only point-to-point network support [5, 6]. 

This legacy continues today even though the inefficiencies are obvious.

For a rapidly increasing number of people, the largest packet-switched network 

infrastructure, the Internet, has become a basic means of communication. Meanwhile, 

over the last few years, there have been significant advances in personal computing and 

personal communications, including the introduction of powerful notebook computers 

and portable data/voice terminals. Stimulated by the increasing importance of portable 

computing applications in both business and consumer applications, migrating multimedia 

applications to portable devices grips more and more Internet community’s interests.

Certainly, the most fundamental problem for connectionless intemetowrking is rout­

ing packets between networks [7]. Because of their size, and geographic and administra­

tive diversity, routing protocols are also subject to particular constraints in the Internet. 

This challenging work becomes more challenging when multipoint application and mo­

bile services are demanded. Given that classic internetwork techniques [8—11] were 

focused on point-to-point communication with implicit assumption that hosts attach to 

the internetworks at long-lasting fixed points, some hard questions emerge.

Given the importance of multipoint applications would it make more sense to think 

of a entirely new infrastructure to support multipoint communication first and support 

point-to-point only as a special case? Or will we always need separate infrastructures to 

support the two forms efficiently? The answer to either question is no, since any attempt 

of completely getting rid of the existing infrastructures would not be accepted by the 

users. Then the next question would be that in supporting multipoint communication
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Introduction 4

how much of the existing point-to-point support can be reused? Literally, multipoint 

applications can be supported by using only point-to-point infrastructure in spite of its 

inefficiency. Some of the early work on multipoint communication used this reuse for 

multipoint solutions. For example, the reverse path forwarding technique, later adopted 

as the basis of Distance Vector Multicast Routing Protocol (DVMRP) [5] uses the same 

routing tables as in point-to-point routing. Multicast Extensions to Open Shortest Path 

First (MOSPF) [6], as its name says, is a direct extension to the point-to-point OSPF 

[9, 11]-

What are the exact semantics of multipoint communication [12] with mobility sup­

port? The semantics of point-to-point communication are very clean For every message 

there is one and only one recipient with a unique address. Reception reliability, packet 

ordering, and end-to-end flow control requirements are straightforward to define relative 

to this one receiver. The added dimensions of multiple receivers and their movement 

complicate the situation considerably [13-15]: How should this group of receivers be 

addressed at each level? How should the in-session applications be assured continuity 

when the link-level connections are not continuous? What is the adaptability the systems 

need in their architectures and algorithms?

Multipoint and mobile applications demand current communication protocols be fur­

ther enhanced. Such applications cover a very wide spectrum, including software dis­

tribution, replicated database update, command and control systems, multimedia con­

ferencing, computer supported collaborative work, and distributed interactive simulation 

(DIS), wireless information systems, and ubiquitous computing [16, 3, 17]. In the near 

future, the Internet users are expected to be increasingly mobile, and demand various
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Introduction 5

forms of multimedia communications over widely different network technologies and/or 

topologies. As computing devices have shrunken in size, weight, and power, untethering 

the communications link will make possible the next step in the evolution of computer 

environments, in which computing resources can be used more flexibly, because users can 

be freed from being physically connected to the underlying network. Therefore, the key 

issue here is to build the underlying infrastructure to support wireless communications.

Unfortunately, until recently, communication systems built around the Internet archi­

tecture were designed to support point-to-point services, where the end equipment was 

assumed attached to the network at permanent point. The majority of today’s Internet 

applications rely on point-to-point transmission. The utilization of point-to-multipoint 

transmission has traditionally been limited to local area network applications. Point-to- 

point communication often depends on implicit knowledge that is no longer valid for 

group communication with mobile members. In a multipoint session, any participant 

can decide whether, where, and when it wishes to join or leave the session. The join 

and leave operations have to be simple, of little (if there is any) side effect on the other 

participants and minimal burden on the networks, so as to ensure feasibly scale to large 

group membership over the Internet region. Nevertheless, the success of the Internet in 

supporting point-to-point applications implies that the Internet Protocol (IP) suite will 

continue to play a dominating role in the future. Fortunately, over the past few years 

the Internet has seen a rise in the number of new applications that rely on multicast 

transmission. While some modifications to the current internet protocols is an acceptable 

approach during the transient period to supporting multipoint applications or mobile ap­

plications, innovatively designed protocol suite that unifies solutions to both multipoint

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Introduction 6

and mobile applications is absolutely needed for the new generation Internet.

It is the goal of this proposed research work to develop an approach to scalable 

multipoint services in highly mobile networks.
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2. Higher layer Quality of Service Control:
Adaptive Multimedia Synchronization

QoS is a broad issue and can addressed from many different points of view. While 

network layer efforts, such as QoS routing [1] and resource reservation protocol (RSVP) 

[18], are important, the adaptive multimedia synchronization algorithm to be presented 

below is a measure towards the same objective but at application layer. It can of course 

work together with other QoS measures at different layers as well as individually in an 

environment that lacks other means of QoS support.

Research on software architectures of multimedia synchronization are reported in [19, 

2, 20]. In many studies, the software architecture issue is well contemplated, however, 

its implementation is rarely published. Although some synchronization schemes perform 

pretty well under certain conditions, they reveal limitations in other circumstances. For 

example, work in [21] provides an adaptive technique to achieve minimal voice delay, 

but it requires special measurement packets to estimate the mean network delay at the 

beginning of each silence interval. Work in [22] intends to give a general solution to the 

synchronization problem, but it is based on synchronized network clocks and assumes that 

messages are delivered reliably at least for initialization. Work in [23] copes with short­

term network congestion, but applies only to delivering stored multimedia to a user. And 

work in [24] minimizes perceptible degradations in the quality of media playback, but 

needs feedback. In contrast, the adaptive synchronization mechanism presented here is 

dynamically adaptive to network changes, works with any underlying delay distribution, 

does not need a global clock or synchronized clocks, is immune to clock offset and/or 

clock frequency drift, does not need any feedback, is adequate to real-time interactive

7
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Higher layer Quality of Service Control: Adaptive Multimedia Synchronization S

environment, and provides optimal delay/buffering for a given QoS requirement, while 

it has a simple structure.

2.1 Adaptive Multimedia Synchronizations

The proposed adaptive multimedia synchronization algorithm is adaptive in many 

respects. It is adaptive to any network changes: improvement or degradation, long-term 

or short-term fluctuations, and different delay statistics. It is also adaptive to different 

types of traffic: periodic or non-periodic, continuous or noncontinuous (talkspurt-silence), 

constant rate or variable rate. In addition, it easily fulfils a variety of QoS requirements, 

such as delay, jitter, and loss ratio.

2.1.1 Problems and Principles

Two multimedia synchronization problems, intramedium synchronization and inter­

media synchronization, are to be addressed. For real-time applications like teleconference, 

absolute delay and delay jitters are major concerns. Even when only a single medium is 

involved, the network inevitably introduces some variation in the delay of the delivered 

objects. At the receiver side the application attempts somehow to faithfully recover the 

object. Faithfully recover in the context of synchronization means that the temporal re­

lationship among data at the source is preserved when they are played back at the sink. 

How to do it is the very question that should be answered by the synchronization mech­

anism. For intramedium synchronization the most intuitive solution may be to buffer 

the incoming data and then replay them at some fixed offset delay from the original 

generation time at the source so that every object experiences an equalized delay. This 

fixed offset delay must be larger than the maximal possible delay that any object may 

experience. In this sense synchronization is nothing but adding the controllable delay.
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Higher layer Quality of Service Control: Adaptive Multimedia Synchronization 9

2.1.2 General Approach

By examining the synchronization problem in perspective, two arguments are made: 

First, the strongest temporal relationship among objects exists between adjacent ones 

since correlation between any two objects decreases as the time interval between them 

increases. Therefore, it is meaningless to retain temporal relation for two objects which 

are far apart in time. Second, small error in restoring the temporal relationship is tolerable. 

Actually, because so many random factors are involved, introducing some errors in 

synchronization is inevitable.

sequence number 
of the objects

A J G(t) Aft) R(t) Fft)

1 2 -------------------------------------------------------------

11  ►
10  ►
9  ► “

8  ».
7  ».

6  ►
5   ►

4----------------- = ------------------------------►

3 ; --------------------------- ►

2  ►

time

Figure 2.1 Playback times set up based on different criteria. G(t): objectis generation time; A(t): 
adaptive real-time playback time; R(t): real-time playback time; F(t): faithful playback time.

If the constraint of being faithfully recovered can be relaxed, it can exploit a lot 

from the two arguments made above. From the first: instead of using a unique reference 

time point, the application can adjust it from time to time. From the second: instead of
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Higher layer Quality of Service Control: Adaptive Multimedia Synchronization 10

dropping all the data arriving after the playback point (which creates incomplete signal) 

the application may still accept those data that arrive a little bit after the playback point 

(e.g., object number 8 with respect to the playback point R(t) in Figure 2.1 for recovering 

the object even if the object is somewhat distorted. One may feel receiving something 

is better than nothing in some situations like a teleconference, where the users generally 

favor cadence altered voice over the choppy, incomprehensible one. Therefore, the 

goals for adaptive synchronization are set as: find the optimal playback point based 

on which the original object can be piecewisely faithfully recovered with acceptable 

distortion while the loss ratio is kept under a given limit. “Optimal” is in the sense 

that while the QoS is ensured, the overall average end-to-end delay, consequently the 

buffer requirement, is minimal. “Piecewisely” implies that instead of always using one 

fixed offset delay an adaptive offset delay is employed. Line A(t) in Figure 2.1 features 

this adaptability. Initially, the playback point could be better set with certain knowledge 

of the network conditions and dynamically adjusted thereafter. However, since knowing 

network conditions to any extent is expensive or even impossible in some situations, the 

adjustment mechanism should be intelligent enough to quickly converge a playback point 

to the optimal state even with an arbitrary initial set. This adjustment should not be based 

on the worst case assumptions on the network and traffic behavior, rather is computed 

with proper predictions in response to the actual network delay in the recent past. To 

recover the object as completely as possible, this adjustment should respond quickly to 

network degradation to avoid serious object loss and rather be conservative to network 

improvement to avoid excessive surging in playback.
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2.13 Basic Synchronization Algorithm

The proposed synchronization algorithm uses minimal knowledge of the traffic 

characteristics. The algorithm assumes neither a global clock nor stationary network, does 

not need to register object arrival time and is immune to clock offset and/or frequency 

drift, while it ensures the QoS in terms of end-to-end delay, jitter and loss ratio. First, 

the basic algorithm is presented, then shown how it is applied to different aspects of 

synchronization.

The synchronization scheme requires the user to specify the maximum acceptable syn­

chronization error, Emax, (the difference between the generation time intervals at sender 

and playback time intervals at receiver o f any adjacent objects), the maximum acceptable 

jitter, 3max, (variance of the synchronization error), and the maximum acceptable object 

loss ratio caused by synchronization measures,2 Ana*. At the sender each object carries a 

time stamp, t^g, indicating its generation time. At the receiver a PlayBack Clock (PBC) 

and three event counters, namely wait counter Cw, non-wait counter Cnw and discard 

counter Cd, with associated thresholds Tw, Tnw and Td respectively, are maintained.

The PBC is nothing more than a virtual clock at the receiver site which emulates the 

clock at the sender site. The motivation to have the PBC is that once the source clock 

can be reproduced at the sink, the synchronization problem may be readily solved.

At the receiver site the PBC is initiated according to the time stamp carried by the 

first received object, updated by the receiver clock, and adjusted based on the contents 

of the three counters (details will be discussed later). The vicinity of an object’s arrival

2 It is possible to detect objects lost in the network, and there are also some countermeasures against excessive 
loss like asking the sender to slow down.
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time in reference to the PBC time is partitioned by the wait boundary (Bw) and discard 

boundary (Bj) into three regions: wait region, non-wait region and discard region (refer 

to Figure 2.2). These two boundaries are defined for each object. For the z'th object 

carrying time stamp r,-.g the two boundaries are

BtiW — tifg
(2 . 1. 1)

B i d  — B{ w -(- E max — ti,g "I" B max 

The arrival time t^ar, in reference to the PBC, of the ith object may fall into one of the 

three regions with respect to its associated two boundaries as defined in Equation 2.1.1. 

The synchronization algorithm conforms to the following rules:

1. If the object with time stamp //>g arrives before 2?,> (within the wait region), then it 

will be played back at B^w (waiting until the wait boundary).

2. If the object with time stamp f,-,g arrives after B^w but before B ^  (within the non-wait 

region), then it is played back immediately.

3. If the object with time stamp r/ig arrives after B ^  (within the discard region), then 

it is discarded.

The rules reveal that the wait boundary regarding an object turns out to be the scheduled 

playback time for that object.

Immediate questions that readers may ask are how to initiate the PBC and how to 

adjust it thereafter. The PBC is triggered by the first arrived object, say the &th object, 

and its initial time is set to t^g, the time stamp carried by this object. If there were no 

clock frequency drifting and the network were deterministic, the initialization by the first 

received object should be perfect. Unfortunately, the real situation does not allow either 

of the assumptions: network behavior is based on a time-varying stochastic process and
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Figure 2.2 Temporal relationship among sender, receiver and PBC.

clocks are drifting from each other. Hence, the PBC has to be adjusted from time to 

time. Criteria of adjustment are in response to network conditions and ultimately based 

on the user specified QoS requirements. Here is the adaptive multimedia synchronization 

algorithm (Bw and Bd are defined by Equation (2.1.1), and all times are in reference to 

the PBC. Refer to Figure 2.3):

1. Upon first receiving an object set the initial PBC time equal to the time stamp 

carried by this first arrived object.

2. Upon receiving the ith object, compare its time stamp tlpg with its arrival time r(,ar 

(the current PBC time PBC(t)):

if tig > t^ar, increase the wait counter by one and do not playback the object 

until Bw;
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else if ti g < t^ar < ti'g+Emax, increase the non-wait counter by one and playback 

the object immediately;

otherwise (i.e., t^ar > f/,g+iwx) increase the discard counter by one and discard 

the object.

3. Check the most recently increased counter:

if Cx < Tx, xe{u>, nw, d}7 go to Step 2.

4. When the non-wait counter or the discard counter overflows:

if the wait counter is not full, decrease the PBC: P B C (t) = P BC (t) — A and

go to Step 5; 

otherwise go to Step 5.

When the wait counter overflows:

if the non-wait counter is not full, increase the PBC: P B C (t) = P B C (t)  +  A  

and go to Step 5; 

otherwise go to Step 5.

5. Reset all counters and go to Step 2.

In the second half of Step 4, the discard counter is not taken into consideration. A

simple reason behind it is that larger number of samples always gives better statistical 

significance. In practice, the threshold Tnw of the non-wait counter is larger than the 

threshold Tj of discard counter. Be aware that when initiating the PBC, the first arrived 

object at the receiver dose not have to be the first generated object at the sender. This 

eliminates the need for a dedicated initialization phase. The receiver can jump in at any
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Figure 2.3 How diagram of PBC adjustment mechanism.

time after the sender having started transmission. Also, it is easy to restart whenever 

the synchronization is lost.

The thresholds of the three counters are critical to the performance of this synchro­

nization algorithm. For example, the threshold of wait counter, Tw governs how sensitive 

the synchronization scheme is to the network improvement. Values of the thresholds, 

therefore, should be small enough to meet the needs of the user defined specifications 

while large enough to confine the computation overhead and achieve proper system sta­

bility.

The thresholds would be precisely determined when the underlying network delay 

distribution is known. Nonetheless, one can compute them with the worst case scenario. 

Figure 2.4 depicts a general network delay distribution and shows how the worst case
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assumption has been adopted. In this figure Bw is the wait boundary and Bd is the discard 

boundary. Figure 2.4 (a) is a delay distribution, f a(x), with a long and thin tail. Figure

2.4 (b) shows the worst case scenario, epitomized by

fb{*) =  PwS(x -  B w) +  (I -  Pw)6(x -  Bd) (2.1.2)

Bw
where Pw =  J  f a{x)dx and S(x) is the unit impulse function. In Figure 2.4 (a) all the

D mm

arrivals before Bw are buffered until Bw; all the arrivals between Bw and Bd are assumed 

to have arrived just before Bd. Note that the arrivals after Bd is neglected in Figure 2.4 

(b), because the discarded portion is anyway bounded by the user specified Lmax- This 

artificial bimodal distribution is the delay distribution after applying the synchronization 

algorithm with the worst case scenario. If the user specifies Emax and Jmax, the variance 

of the delay is obtained from Equation (2.1.2)

cr =  Jmax = PwEmax ~  EwEmax (2.1.3)

Let counting window be defined as W  = Tw + Tnw +  Td. Due to the worst scenario 

assumption, Pw =  Tw/W . The threshold of the wait counter is derived as

1 ~i~ > /l ~Tw = W (2.1.4)

Once Emax is fixed, from Equation (2.1.4), Jmax is upper bounded by y/Jmax < Emax/ 2.

When the worst case scenario is somewhat relaxed, the threshold for the non-wait 

counter can be set by assuming that all arrivals in the non-wait region are uniformly 

distributed as shown in Figure 2.4 (c). In this case the variance of delay is computed as

cr” =  Jmax =  IzPviEmax T BwEmax (2.1.5)
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then the Tnw is

Tm = (2.1.6)

Determining the threshold of the discard counter, Td is rather straight forward:

Td =  [LmaxW\ (2.1.7)

Dmin Bw Bd

k

Bw Bd 

k

(a)

(b)

(c)

Bw Bd

Figure 2.4 Derive Tnw based on worst case assumption. Where Bw is the 
wait boundary and Bd is the discard boundary, (a) a general network delay 

distribution; (b) the worst case assumption; (c) the relaxed worst case assumption.

So far the counting window size W  is yet to be found, which as a matter of fact 

determines the confidence level of the algorithm. One reasonable approach to finding 

W  is to approximate the probability that certain event occurs k times in the counting
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window by

f W \
Pro6{fc}=(  \ p k{ l - P ) W~k (2.1.8)

Due to the nature of network delays, it generally is true that Tw > Tnw >  Td. 

Consequently, best confidence would be obtained when it is derived based on the most 

sensitive factor, Td- The probability (i. e. the confidence) that the user’s specifications 

are satisfied, P rob{-^  <  Lmax}, is given by

j d /  \ v  \
P robl ^  } =  Prob{Cj < Ti) =  £  I f f ‘ ( 1 -  Pi)W~C‘ (2.1.9)

 ̂ cd=o \ C d )

where Pd is the probability of discard. It generally is true that WPd{l — Pd) 1 

because Z,max is always very small. Therefore the right-hand side of Equation 2.1.9 can 

be approximated by a Gaussian density function due to the Large Number Theorem, i. 

e.:

(2 . 1. 10)

Thus the value of W , and consequently Tnw, can be easily found for a given confidence. 

It is worthwhile to mention that Pd is just an expected value which should be less than 

Imax- However, it may not be satisfied if the discard counter fulls well before the other 

two counters building up. In that case the PBC adjustment is performed.

One may already realized that the synchronization algorithm is inherently immune 

to clock frequency drift since its effect can be treated as one of the contribution factors 

to network delay jitter. To see this, assume network delay has no jitter. If the clock at 

sender were synchronized with the one at receiver, the receiver should always receive 

an object carrying time stamp f,->g exactly at £,>, or f,iff =  t{AT. When the clock at the 

sender is faster than the one at the receiver, the receiver at one time receiving an object

Prob(Cd < Td) «  -  +  e r f (^max Pd)*
I w  

Pd( 1 -  Pi)
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carrying time stamp t^g exactly at B^w should find the succeeding objects always fall 

into the wait region, i.e., f,iff >  f,,ar, V i > k. This would soon cause the wait counter 

to go beyond its threshold while the non-wait counter and discard counter remain empty. 

Once this happens the PBC would be increased to track the clock at the sender. Vice 

versa, it would be handled conversely if the clock at the sender site were slower than the 

one at the receiver site. However, this time the PBC would be adjusted more frequently 

than the previous case because of the relative lower thresholds of the non-wait counter 

and the discard counter. Moreover, objects received out of sequence will be put in order 

automatically as they go through the synchronization process.

The conduction of adjusting amount to the PBC is based on the following argument. 

If the adjusted PBC had controlled the synchronization during the last counting period 

(the time between counter reset), it must be satisfied

r ^  C d  +  C nw • j  C w  C n w  ' A"*”/ £ m a x  , t ^
i m a x > ---------------^ -------------------a n d  Pw < ----------------- - ----------------  (2 .1 .1 1 )

if the PBC is advanced, and

I- ^  C * Cnw ' A  /E m ax. a  n  s ' C w  +  C n w  ‘ A  / ^ m a x  / ' i t  n - \L max > ------------^ ---------------a n d  Pw < ------------------—----------------  (2 .1 .1 2 )

if the PBC is delayed. Therefore, when the wait counter overflows, the PBC increase 

amount is computed as

A +  =  min {(-f-maxC C d), [C w — C P w ) }  ■ x / C n w  (2 .1 .1 3 )

when the non-wait counter or the discard counter overflows, the decrease amount is 

computed as

A  =  max {[C d  ~  £maxC)> {C P w  — C w ) }  ' E m a x /C n w  (2 .1 .1 4 )
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where C = Cw + Cnw +  Cd is the total counting of the last counting period.

An intuitive example helps better understanding of the proposed adaptive synchro­

nization algorithm. For a certain period of time, assume the underlying network delay 

distribution is represented by the curve in Figure 2.5. Figure 2.5 (a) is the well adjusted 

situation, in which all the three counters are always full almost simultaneously. Figure

2.5 (b) shows the under delayed situation, in which more objects than expected fall behind 

the wait boundary and are discarded just because the PBC is too fast. Consequently, the 

discard counter always becomes full before the other counters.3 Then the PBC should 

be decreased. Figure 2.5 (c) shows the over delayed situation, in which most objects 

have to wait unnecessarily long before being played back just because the PBC is too 

slow. Consequently, the wait counter always becomes full before others. Then the PBC 

should be advanced.

2.1.4 Intramedium Synchronization

Applying the adaptive synchronization algorithm to intramedium situation is straight­

forward. Figure 2.6 depicts the intramedium synchronization configuration. The time 

stamp of each object of a single medium is first compared with the PBC. The difference 

of these two times is fed into the intramedium synchronizer. The intramedium synchro­

nizer, composed of the three counters (Cw, Cnw and Cd) and necessary buffers, controls the 

playback time of each object, discards the ones coming later than their discard boundaries 

and generates feedback signals to adjust the PBC. If for a medium intramedium synchro­

nization is needed only for sometime, it is easy to bypass the intramedium synchronizer 

and let the objects go as they arrive.

3 For another delay distribution pattern, it might be true that the non-wait counter always fills first.
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Figure 2.5 A example intuitively demonstrating the adaptive synchronization algorithm.

2.1.5 Intermedia Synchronization

The intramedium synchronization structure can be easily extended to intermedia
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Figure 2.6 Intramedium synchronization, 

situation. Assume there are N  media to be synchronized. When the N  media try to 

reach their own intramedium synchronization individually, N  PBC’s and N  intramedium 

synchronizers are needed. The decision of adjusting each PBC is given by its associated

different. When intermedia synchronization is required, a Group PBC is engaged. The 

reading of the Group PBC is equal to that of the slowest one among the N  PBC’s. 

This Group PBC dominates the playback of all media in the intermedia synchronization 

group. Meanwhile, each medium in the intermedia synchronization group does its own 

intramedium synchronization as if it were not in the group in order to justify its PBC, 

but now the discard decision is made in reference to the Group PBC.

Figure 2.7 shows the configuration of intramedium and intermedia synchronizations. 

This structure allows the application to flexibly pick up certain media for intermedia 

synchronization and conveniently switch a selected medium back and forth between 

intramedium synchronization and intermedia synchronization modes. These functions 

are useful in many scenarios. Take teleconference as an example. Suppose there are 

four media, namely audio, video, graphic, and text. Normally it is not necessary to 

synchronize all these media, rather intermedia synchronization between audio and video 

are commonly required. So the application simply picks up audio and video for intermedia 

synchronization and lets other media go as they arrive, (graphic and text may not even

intramedium synchronizer. The adjusting decisions for different PBC’s are most likely
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Figure 2.7 Intramedium and intermedia synchronizations, 

need intramedium synchronization). However, when a conferee presents viewgraphs 

to the audience, the graphic has to be intermedialy synchronized with audio, maybe 

with video too, so that the audience can see the pointer moving synchronously with the 

speech. At this time, the application can switch the graphic from no synchronization 

mode to intermedia synchronization mode.

2.2 Implementation and Performance Studies

Figure 2.8 shows the experimental network testbed, which consists of an 100 Mbps 

FDDI as a backbone, 3 servers (Sun workstation 4/330) connected to FDDI, two 10 Mbps 

Ethernet segments, each connecting several Sun IPC’s. SunOS 4.1.4 is the operating 

system. Each of the hosts taking part in the multimedia experiment resides on a different 

Ethernet, as shown in the dotted squares.
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Figure 2.8 Testbed configuration 

Video compression is done by JPEG (XVideo board from Parallax Graphics), which 

provides up to 360 by 480 pixels true color image at about 10 frames per second rate. 

Audio acquisition/playback is performed through the Sun workstations’ audio hardware, 

which provides 8-bit /x-law companded audio at a rate of 8K samples per second.

2.2.1 Audio and Video Traffic

In the following experimental results regarding the performance of the proposed 

synchronization algorithm on the network testbed are presented. Measures were done 

for delays of audio and video objects for 1000 seconds between the two multimedia 

hosts while the microphone at the sender keeps on picking ambient audio signals in the 

lab and the video camera keeps on capturing a still scene and occasionally passing-by
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Figure 2.9 Audio and video network delays. The delays scattered into two 
groups: the lower one is the audio delay and the upper one is the video delay.

people. Under this condition, delays are mainly caused by processing overhead. Figure 

2.9 overlaps the delays experienced by audio and video objects, from the time when an 

object is created to the time when the object arrives at the receiver before synchronization 

(hereafter referred as network delay). Figure 2.10 shows the corresponding network delay 

distribution for audio. The average delay is rja =  6.9 ms and standard deviation (square 

root of variance) is <ra =  3.6 ms. Figure 2.11 shows the corresponding delay distribution 

for video. The average delay is rjv =  69 ms and standard deviation is crv = 10.7 ms. 

It is observed that the average delay of video is 10 times longer than that of audio. It 

is attributed to the fact that the size of video objects varies from 8 kBytes to 12 kBytes,
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about 10 times of the size of audio objects (0.8 kBytes). In the test environment the 

transmission delay is the major part of the network delay.

Situations being examined are the intramedium synchronization for audio with and 

without the background traffic, and the intermedia synchronization.

2.2.2 Intramedium Synchronization for Audio

As for the user given QoS requirements, it is assumed that = 1%, £ mar = 2 ms, 

and Jmax = (0.8 ms)2. It is chosen that Tw = 800, then Td = 8 from Equation (2.1.7), 

and Tnw = 200 from Equation (2.1.6). Figure 2.12 shows the wait boundary of audio 

objects given by the intramedium synchronizer, which is also the scheduled playback

I Fnl rrnTnlr.Tnill i lfr ^
8 1 12 14

audio network delays (ms)
16 18 20

Figure 2.10 Audio network delay distribution.
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Figure 2.11 Video network delay distribution.
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Figure 2.12 Wait boundary of audio objects.

time for audio objects. The intramedium synchronizer works well. Figure 2.13 shows 

the end-to-end delay (time difference between the generation time and playback time 

after synchronization of an object, Df =  t“p — t f  g) of audio objects. The small spikes
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Figure 2.13 The end-to-end delay of audio objects, 

above the lines are representing the actual playback times of those objects that arrive 

in the non-wait region. Therefore, none of their magnitudes is larger than the Emax, 2 

milliseconds. Figure 2.14 plots the end-to-end delay distribution for Figure 2.13. The 

average end-to-end delay is r]fntra =  10 ms  and its variance is (o-“nira)2 =  (0.75 ms)2. 

By comparing Figure 2.10 and Figure 2.14, it is observed that the variance has been 

significantly decreased from (3.6 ms)2 to (0.75 ms)2, while the average delay has been 

increased from 6.9 ms to 10 ms, obviously because of controlled synchronization delay. 

Since the intramedium synchronization error e{ntra is defined as the difference between 

the playback time (tip) interval and the generation time (f,ig) interval, i.e.,

e«n<ra — (fi,p t i — l,p) {U,g t i —l,g) — 7 i,p — T{tg — — D{—\ (2 .2 .1)

where Tjp is the playback interval and Tig is the generation interval. And its variance

[<eintra ) =  2(o-fnlrJ 2 =  2(0.75 m s f (2.2.2)

It is noted that without synchronization the square mean error is 2(3.6 ms)2, while with 

synchronization it is significantly reduced to 2(0.75 ms)2.
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Figure 2.14 Audio end-to-end delay density distribution.

Now, let us add some background traffic in order to see how well the synchronization 

algorithm works when the network condition changes. Background traffic was added by 

having another set of hosts keep sending a text file to the communicating multimedia hosts 

for 5 minutes. Figure 2.15 shows the network delay experienced by the audio objects 

under this condition with wait/no-wait boundaries indicated. This time, network delays 

caused by queuing at different layers along the transmission path became significant. 

During the period with the added background traffic both the minimal delay and delay 

jitter are increased. All the parameters retain at the same values as in the static case (i.e., 

Lmax ~ 1%» Emax ~ 2 ms, Jmax ~~ (0-8 ms)^, Tw — 800, Td — 8, and Tnw ~ 200). The 

intramedium synchronizer nicely tracks these changes as expected: when the network

0.05 -

o -
7
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delay increases the synchronizer follows up the jump very quickly (catches up with one 

jump), when the network condition improves the synchronizer responds in a conservative 

manner (reduces in two steps). Figure 2.16 shows the delays after the synchronization 

(i.e., the end-to-end delay). As evidenced by comparing Figure 2.15 and Figure 2.16, the 

variance of the delay is significantly reduced.

40 ---------------------------------------------------------------------- -------------------------------
 discard bound

35  ̂ -------  wait bound

30 -

'5T 1
E, 25 - 
co

0  --------   i-------- 1-------- !-------- :-------- 1--------1-------- i----------------- !
0 100 200 300 400 500 600 700 800 900 1000

time (sec)

Figure 2.15 The delay behavior of audio objects when the network condition changes.
The solid line is the wait boundary and the doted line is the discard boundary.

2.23 Intermedia Synchronization between Audio and Video

Now let us see how well the intermedia synchronizer works. Audio and video objects 

are not generated exactly at the same time instant. The intermedia temporal relationship 

with respect to a video object and the adjacent audio object immediately ahead of it in
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Figure 2.16 The end-to-end delay of audio objects when the network condition changes. 
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Figure 2.17 Asynchronousness between audio and video objects at arrival.

time were investigated. Denote the generation times of this pair of objects between which 

a temporal relationship is to be kept as t ^ g and t vn g, and the arrival times of them as
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tm,ar  *n,ar • Then the asynchronousness introduced by the network is

ti,asynch ,av l m,ar) Lm,g) (2.2.3)

Thus the intermedia synchronization error is defined as

Winter — (^n,p ^m,p) i^n ,g  t m , g ) (2.2.4)

Figure 2.17 shows the asynchronousness, as defined in Equation (2.2.3), between the 

audio and video objects at arrival. Figure 2.18 shows the intermedia synchronization 

error, as defined in Equation (2.2.4), between audio and video objects when they have 

passed through their individual intramedium synchronizers. The magnitude and variance 

of the difference in arrival times have been reduced because the individual intramedium 

synchronizers discarded objects with abnormally long delay and smoothed each stream. 

Once the intermedia synchronizer is engaged, the performance becomes remarkable, as 

noticed from Figure 2.19. All synchronization errors are less than 10 ms and the variance 

is within (2 ms)2.
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Figure 2.18 Asynchronousness between audio and video 
objects when only the intramedium synchronizers are engaged.
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Figure 2.19 Intermedia synchronization errors when the intermedia synchronizer is engaged.
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3. Multipoint Support Techniques

The best solution for building networks with large scale multicasting capability is 

still uncertain. Current IP multicasting (using DVMRP or MOSPF) has poor scaling 

properties. More scalable solutions, such as Protocol Independent Multicast (PIM) 

[25—27] and Core Based Tree (CBT) [28, 29] have better yet still limited scaling, but 

no general agreement has been reached at the Internet Engineering Task Force (IETF). 

Adding in the mobility issue increases the dynamics of the routing problem and causes 

some solutions to become impractical, especially with asymmetric links that may offer 

a slow (or no) return path.

While the IETF’s solution to IP mobility support has recently been standardized 

as RFC [30], there are a lot of efforts going on to improve the inefficiencies in the 

basic version. As the emerge of the next generation of Internet protocols, revolutionary 

changes in the near future is not impossible.

Current engineering solution to multicast support is the Internet Multicast Backbone 

(MBone) [31]. The MBone is an interconnected set of subnetworks and routers that 

support the delivery of DP multicast traffic. The MBone has grown from 40 subnetworks 

in four different countries in 1992, to more than 3400 subnetworks in over 25 countries 

by March 1997. With new multicast applications and multicast-based services appearing, 

it seems likely that the use of multicast technology in the Internet will keep growing at 

an ever-increasing rate.

The MBone is a virtual network that is layered on top of sections of the physical 

Internet. It is composed of islands with multicast routing capability connected to other 

islands by virtual point-to-point links called tunnels. The tunnels allow multicast traffic

34
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to pass through the non-multicast-capable parts of the Internet. Tunneled IP multicast 

packets are encapsulated as IP-in-IP [32, 33] so they look like normal unicast packets 

to intervening routers along the tunnel. The encapsulation is added on entry to a tunnel 

and stripped off on exit from a tunnel.

Since the MBone and the Internet have different topologies, multicast routers execute 

a separate routing protocol to decide how to forward multicast packets. The majority 

of the MBone routers currently use the DVMRP, although some portions of it execute 

either MOSPF or recently the PIM routing protocols.

3.1 Internet Group Management Protocol

The Internet Group Management Protocol (IGMP) [12] runs between hosts and their 

immediate neighboring multicast routers. The mechanisms of the protocol allow a host 

to inform its local multicast router that it wishes to receive transmissions addressed to a 

specific multicast group. Also, routers periodically query the LAN to determine if any 

group members are still active. If there is more than one IP multicast router on the 

LAN, one of the routers is elected as querier (also called designated router (DR)) and 

assumes the responsibility of querying the LAN for the presence of any group members 

(see Figure 3.1).

Based on the group membership information learned from the IGMP, a router is able 

to determine which (if any) multicast traffic needs to be forwarded to each of its leaf 

subnetworks (i.e., a subnetwork with group members but no multicast routers connecting 

to additional group members further downstream). Multicast routers use this information, 

in conjunction with a multicast routing protocol, to support IP multicasting across the 

Internet.
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G 1
g ]  g ]

DR
router mronter

G_1 G_1 
G 2

G 1

Figure 3.1 IGMP runs on a LAN with multiple routers.

There are so far 3 versions of the IGMP. In Version 1, the Query messages query all 

groups, and the leaf hosts report the groups they are actively in with Report messages. 

Version 2 allows group-specific Query and quicker group membership termination. Ver­

sion 3 supports for (source, group) pair Reports, and the quick leave mechanism first 

introduced in Version 2 has been enhanced to support (source, group) pair leave.

3.2 Multipoint Routing Techniques

To provide an internetwork multipoint delivery service, it is necessary to define mul­

ticast routing protocols. A multicast routing protocol is responsible for the construction 

of multicast delivery trees across internetworks and enabling multicast packet forwarding. 

The following explores a number of different multipoint distribution techniques that may 

potentially be employed by multicast routing protocols [34].

3.2.1 Simple-Minded Techniques

Flooding: When a router receives a packet that is addressed to a multicast group, 

the router employs a protocol mechanism to determine whether or not it has seen this 

particular packet before. If it is the first reception of the packet, the packet is forwarded
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Figure 3.2 Spanning tree in a network. Bold lines represent a tree spanning all nodes.

on all interfaces except the one on which it arrived guaranteeing that the multicast packet 

reaches all routers in the internetwork. If the router has seen the packet before, then 

the packet is discarded.

Spanning Trees: A subset of the internetwork topology is selected to form a spanning 

tree, which defines a structure in which only one active path connects any two routers 

of the internetwork. Figure 3.2 shows an example. Once the spanning tree has been 

built, a multicast router simply forwards each multicast packet to all interfaces that are 

part of the spanning tree except the one on which the packet originally arrived. Test for 

replicated packets is not necessary.

These techniques are primitive due to the fact that they tend to waste bandwidth or 

require a large amount of computational resources within the multicast routers involved. 

They may, if ever, work for small network with few senders, receivers, and routers, but 

do not scale at all.

3.2.2 Source-Based Tree Techniques

An immediate step towards improving the spanning trees would be to build a spanning
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tree for each potential source. These spanning trees would result in source-based delivery 

trees rooted at the source. There are a number of algorithms.

Reverse Path Broadcasting (RPB): For each source, if a packet arrives on a link 

that the local router believes to be on the shortest path back toward the packet’s source, 

then the router forwards the packet on all interfaces except the incoming interface. If the 

packet does not arrive on the interface that is on the shortest path back toward the source, 

then the packet is discarded. One of the major limitations of the RPB algorithm is that it 

does not take into account multicast group membership when building the delivery tree 

for a source. As a result, datagrams may be unnecessarily forwarded onto subnetworks 

that have no members in a destination group (see Figure 3.3).

Truncated Reverse Path Broadcasting (TRPB): In order to overcome the limitations 

of RPB, with information provided by IGMP, multicast routers determine the group 

memberships on each leaf subnetwork and avoid forwarding datagrams onto a leaf 

subnetwork if it does not contain at least one member of a given destination group. Thus,

source

shortest path back 
to the source: 
Parent Link

Child Link

Figure 3.3 Reverse Path Broadcasting.
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Figure 3.4 Truncated Reverse Path Broadcasting.

the delivery tree is truncated by the router if a leaf subnetwork has no group members. 

TRPB eliminates unnecessary traffic on leaf subnetworks but it does not consider group 

memberships when building the branches of the delivery tree (see Figure 3.4).

Reverse Path Multicasting (RPM): A further step to better efficiency is to build up 

a delivery tree that spans only subnetworks with group members, and routers along the 

shortest path to those subnetworks. RPM [35] allows the source-based shortest-path 

tree to be pruned so that datagrams are only forwarded along branches that lead to 

active members of the destination group. Despite the improvements offered by the RPM 

algorithm, there are still several scaling issues. The so used flood and prune paradigm 

is very powerful, but it wastes bandwidth. Also, every router participating in the RPM 

algorithm must have either a forwarding table entry for a (source, group) pair, or prune 

state information for that (source, group) pair for each and every (source, group) pair 

(see Figure 3.5).

It is clearly wasteful, especially as the number of active sources and groups increase,
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Figure 3.5 Reverse Path Multicasting.

to place such a burden on routers that are not on every (or perhaps any) active delivery 

tree. Unfortunately, this is still the fundamental technique of dominating multicast routing 

protocols used in the MBone.

3.2.3 Shared-Tree Techniques

Shared-tree techniques are an attempt to address the scaling issues, which become 

quite acute when most groups’ senders and receivers are sparsely distributed across the 

internetworks.

Unlike shortest-path tree algorithms which build a source-based tree for each source, 

or each (source, group) pair, shared-tree algorithms construct a single delivery tree that 

is shared by all members of a group. The shared-tree approach is quite similar to the 

spanning tree algorithm except it allows the definition of a different shared-tree for each 

group. A shared-tree may involve a single router, or a set of routers, which comprise(s) 

the core of a multicast delivery tree. Hosts wishing to receive traffic for a multicast group
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must explicitly join the shared delivery tree. Multicast traffic for each group is sent and 

received over the same delivery tree, regardless of the source.

Shared-tree algorithms release the burden on routers since they only require a router 

to maintain state information for each group. This improves the scalability of applications 

with many active senders since the number of source stations is no longer a scaling issue. 

Also, shared-tree algorithms conserve network bandwidth since they do not require the 

periodical flooding across all multicast routers. In addition, since receivers are required to 

explicitly join the shared-tree, data only flow over those links that lead to active receivers.

Despite these benefits, shared-trees may result in traffic concentration and bottlenecks 

near core routers since traffic from all sources traverses the same set of links as it 

approaches the core. In principle, shared-trees are an engineering compromise between 

scalability and efficiency (or cost) of the multicast delivery trees. The best (or lowest 

cost) delivery trees are the source-group specific shortest-path trees that require great 

detail information about the group membership and network topology. Thus, they do not 

scale well for Internet-wide applications.

3.3 Multicast Protocols Used by MBone

Early deployed solutions to providing multicast services in the Internet are represented 

by DVMRP [5] and MOSPF [6].

DVMRP is a distance-vector routing protocol designed to support the forwarding of 

multicast datagrams through an internetwork. It is the first standardized multicast routing 

protocol and today still dominates more than half of the routers on the MBone.

DVMRP was first defined in [5]. The original specification was derived from the 

Routing Information Protocol (RIP) [8, 36] and employed the TRPB technique. The
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major difference between RIP and DVMRP is that RIP calculates the next-hop toward 

a destination, while DVMRP computes the previous-hop back toward a source. Since 

mrouted 3.0, DVMRP has employed the RPM algorithm. Thus, the latest implementations 

of DVMRP 0mrouted 3.8) are quite different from the original RFC specification [8] in 

many regards.

Open Shortest Path First (OSPF) [11] is an Interior Gateway Protocol (IGP) [4, 37] 

that distributes unicast topology information among routers belonging to a single OSPF 

autonomous area. OSPF is based on link-state algorithms [37] which permit rapid route 

calculation with a minimum of routing protocol traffic. In addition to efficient route 

calculation, OSPF is an open standard that supports hierarchical routing, load balancing, 

and the import of external routing information.

The MOSPF is defined in [6]. MOSPF routers maintain a current image of the 

network topology through the unicast OSPF link-state routing protocol. The multicast 

extensions to OSPF are built on top of OSPF Version 2 [II] so that a multicast routing 

capability can be incrementally introduced into an OSPF Version 2 routing domain. 

Routers running MOSPF will interoperate with non-MOSPF routers when forwarding 

unicast IP data traffic. MOSPF does not support tunnels.

3.4 Protocol Independent Multicast

The PIM routing protocols have been developed by the Inter-Domain Multicast 

Routing (IDMR) working group of the IETF.

PIM is actually two protocols: PIM-Dense Mode (PIM-DM) [25] and PIM-Sparse 

Mode (PEM-SM) [26, 27]. While PIM-DM and PIM-SM share part of their names, and
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they do have related control messages, they are actually two completely independent 

protocols.

PIM4 receives its name because it is not dependent on the mechanisms provided by 

any particular unicast routing protocol. However, any implementation supporting PIM 

requires the presence of a unicast routing protocol to provide routing table information 

and to adapt to topology changes.

PIM makes a clear distinction between a multicast routing protocol that is designed 

for dense environments and one that is designed for sparse environments. Dense-mode 

refers to a protocol that is designed to operate in an environment where group members are 

relatively densely packed and bandwidth is plentiful. Sparse-mode refers to a protocol 

that is optimized for environments where group members are distributed across many 

regions of the Internet and bandwidth is not necessarily widely available. It is important 

to note that sparse-mode does not imply that the group has a few members, just that they 

are widely dispersed across the Internet.

3.4.1 Protocol Independent Multicast — Dense Mode

The PIM-DM is similar to DVMRP in that it employs the RPM algorithm. The 

PIM-DM protocol [25] floods the network with data packets to set up a source-based tree 

for every sender to every group. Initially, these trees reach every potential receiver in 

the network. After receiving multicast data for a group, each router that has no members 

of the group on its LAN sends prune messages toward the senders to remove unwanted 

branches from the tree of the group. This broadcast-type behavior returns periodically 

after the pruned interfaces have timed out. For those cases where group members

4 Any references to “PIM” apply equally well to either PIM-DM or PIM-SM.
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suddenly appear on a pruned branch of the delivery tree, PIM-DM, like DVMRP, employs 

graft messages to reattach the previously pruned branch to the delivery tree.

3.4.2 Protocol Independent Multicast — Sparse Mode

The PIM-SM designers observed that several hosts wishing to participate in a 

multicast conference do not justify flooding the entire internetwork periodically with 

the group’s multicast traffic. To eliminate these potential scaling issues, PIM-SM is 

designed to limit multicast traffic so that only those routers interested in receiving traffic 

for a particular group see it. This idea makes PIM-SM differ from existing dense-mode 

multicast protocols in two key ways:

1. Routers with adjacent or downstream members are required to explicitly join a sparse 

mode delivery tree by transmitting join messages. If a router does not join the 

predefined delivery tree, it will not receive multicast traffic addressed to the group.

2. PIM-SM employs the concept of a rendezvous point (RP) where receivers meet 

senders.

When a new multicast group is introduced to a network that uses the PIM-SM, a RP 

is assigned through a hash function to the group [27]. The RP then becomes the center 

node of a directed, shared-tree (called RP-tree) for the group.

Each multicast router that learns via IGMP that a local host has joined a group sends 

a join message along the shortest path to the RP for that group. The join message triggers 

each router on its path to the RP to set up or update a routing entry for the RP-tree for 

the group. The RP-tree that is built by these actions is a directed tree rooted at the RP 

that can be used to deliver packets to each member of the group. Each new sender to
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a group registers with the RP. In response, the RP initiates construction of a path from 

the sender to the RP.

The RP-tree provides connectivity for group members but does not optimize the 

delivery path through the internetwork. PIM-SM supports a scheme that allows router 

with local receivers either continue to receive multicast traffic over the shared RP- 

tree, or subsequently create a source-based shortest-path tree on behalf of their attached 

receiver(s). The change-over may be triggered by the event that the data rate from the 

source exceeds a predefined threshold.

3.5 Core Based Tree

The CBT [28, 29], another multicast architecture that is based on a shared delivery 

tree, is specifically intended to address the important issue of scalability. CBT sets up 

and maintains a single shared-tree for every multicast group that is active in the network. 

When a multicast router is notified via IGMP that a local host would like to join a group, 

the router sends a join message for that group toward the core node via the shortest path. 

The core node performs a function similar to that of the RP in the PIM-SM. A tree rooted 

at the core is constructed as the acknowledgments to the join messages are processed. The 

resulting tree is a bidirectional, loop-free graph that reaches every member of the group.

Forwarding packets to the group members using CBT is straightforward. When a 

node on the tree receives a packet addressed to the group, it forward copies of the packet 

on all branches of the group’s tree except for the branch on which the packet arrived.

CBT is protocol-independent. CBT employs the information contained in the unicast 

routing table to build its shared delivery tree. It does not care how the unicast routing
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table is derived, only that a unicast routing table is present. This feature allows CBT to 

be deployed without requiring the presence of any specific unicast routing protocol.

In a significant departure from PIM-SM, CBT has decided to maintain it’s scaling 

characteristics by not offering the option of shifting from a shared-tree (e.g., PIM-SM’s 

RP-Tree) to a shortest-path tree to optimize delay. The designers of CBT believe that 

this is a critical decision since when multicasting becomes widely deployed, the need 

for routers to maintain large amounts of state information will become the overpowering 

scaling factor.

Finally, unlike PIM-SM’s shared-tree state, CBT state is bidirectional. Data may 

therefore flow in either direction along a branch. Thus, data from a source which is 

directly attached to an existing tree branch need not be encapsulated.

3.6 IPng and Multicast Support in IPv6

The primitive motivations for the Internet Protocol Next Generation (IPng) are that 

the Internet was in great danger of running out of network numbers, the routing tables 

were getting too large, there was even a risk of running out of addresses altogether. 

Nevertheless, the Internet could not have been so successful in the past years if IP 

current version (IPv4) had contained any major flaw. IPv4 was a very good design, and 

IPng should indeed keep most of its characteristics [38].

The IPng should solve the Internet scaling problem, provide a flexible transition 

mechanism for the current Internet, and meet the needs of new markets such as nomadic 

personal computing devices, networked entertainment, and device control [39].

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Multipoint Support Techniques 47

3.6.1 Internet Protocol Version 6: IPv6

The consensus that the IETF has reached upon as a solution to the needs of the next 

generation Internet Protocol is IP version 6, and is formally called IPv6.

Ease of transition is a key point in the design of IPv6. As an evolutionary step, IPv6 

provides a platform for new Internet functionality, yet is still able to interoperate with 

IPv4. The major changes are:

• Expanded Addressing Capabilities IPv6 increases the IP address size from 32 bits to 

128 bits, to support more levels of addressing hierarchy, a much greater number of 

addressable nodes, and simpler auto-configuration of addresses.

• Improved Support fo r  OptionsChmges in the way IP header options are encoded 

allows for more efficient forwarding, less stringent limits on the length of options, 

and greater flexibility for introducing new options in the future.

• Scoped Multicast Addresses The scalability of multicast routing is improved over 

IPv4 multicast by adding a scope field to multicast addresses.

• Anycast Addresses Anycast addresses identify a set of interfaces such that a packet 

sent to a anycast address will be delivered to one member of the set. The use of 

anycast addresses in the IPv6 source route allows nodes to control the path which 

their traffic flows.

• Header Format Simplification Some IPv4 header fields have been dropped or made 

optional, to reduce the common-case processing cost of packet handling and to limit 

the bandwidth cost of the IPv6 header. The way encoding IP header options is more 

efficient and flexible.
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• QoS Capabilities The Flow Label and the Priority fields in the IPv6 header may be

used by a host to identify those packets for which it requests special handling by

routers, such as non-default quality of service or real-time service. This capability is 

important in order to support applications which require some degree of consistent 

throughput, delay, and/or jitter.

• Authentication and Privacy Capabilities Support for authentication, data integrity, 

and confidentiality are provided as basic elements of IPv6.

Figure 3.6 showing headers of IPv4 and IPv6 gives flavors of the changes.

It is notable that IPv6 itself alone is not the answer to multicast or mobile IP. What the

IPv6 contributes are the newly added capabilities that along with other IPv6 enhanced 

Internet protocols [40-42] will substantially improve multipoint and mobility support 

across the Internet.

3.6.2 Routing in IPv6

Routing in IPv6 is almost identical to IPv4 routing under classless inter-domain 

routing (CIDR) [43] except that the addresses are 128-bit IPv6 addresses instead of 32- 

bit IPv4 addresses. With very straightforward extensions, all of EPv4’s routing algorithms 

(OSPF, RIP, EDRP, etc.) can be used to route IPv6. IPv6 also includes simple routing 

extensions which support powerful new routing functionality, such as provider selection 

(based on policy, performance, cost, etc.), host mobility (route to current location), auto­

readdressing (route to new address).

The new routing functionality called address sequence is obtained by creating se­

quences of IPv6 addresses using the IPv6 Routing option. The routing option is used by 

a IPv6 source to list one or more intermediate nodes (or topological group) to be visited
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| version | IHL |Type of Service | Total Length |

H— + -  +  - + — I-— I !—  +  — I— H— H—  +  -H  1— H—  +  -H — H— H—  +  -H — H— H— H 1— H 1 1— H— H 1—  +  -  +

| Identification  |Flags| Fragment Offset |
H—  +  -  +  -H —  +  -  +  -H —  +  -  +  -H —  +  -  +  -  +  -  +  — I h — I—  +  -H —  +  -  +  -  +  -H — -I— H— H 1—  +  -  +  -H —  +  -  +  -  +

| Time to Live | Protocol | Header Checksum |
H— + -H—H 1 h-H— + -H—H I I—H 1— + - + —1-- + -H— + - + -H— + -  + —|—H 1-—|—H—H 1— + -  +
| Source Address |
H K- + -H—H I—-I— + -  + -H 1 h —H— + -  + —I 1---I-- + -H— + -H—H— + -H—H 1—H— + -  + -  + - + -  +
| Destination Address |

H—  +  -H —  +  -H  1— H— -I I I I— H— H— H 1-— V— I—  +  - H —  +  - H — H—  +  - H — H— H 1— H— H—  +  - H —  +  — I-

[ Options | Padding |
-I h -  +  — I—  +  -  +  - 4 — H I I— H— + — h — I 1— H—  +  — I I t I i— H— H— H— H I--H — H—  +  -  +  -  +  -  +

Figure 3.6 Headers of IP version 4 and version 6.

on the way to a packet’s destination. This function is very similar to IPv4’s loose source 

and record route option [7].

In order to make address sequences a general function, IPv6 hosts are required in most 

cases to reverse routes in a packet it receives (if the packet was successfully authenticated 

using the IPv6 Authentication Header) containing address sequences in order to return 

the packet to its originator. This approach is taken to make IPv6 host implementations
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I 8 | 4 | 4 | 112 b its
H------------------------ H-------------+ ------------+•
| 1 1 1 1 1 1 1 1 | F L G S | S C O P | GROUP ID
-I-------------- H------- +-------+ +

Figure 3.7 IPv6 multicast addresses format.

from the start support the handling and reversal of source routes. This is the key for 

allowing them to work with hosts which implement the new features such as provider 

selection or extended addresses.

3.6.3 Multicast Support in IPv6

Multicast capabilities were formally added to IPv4 in 1988, with the definition of 

class D addresses and the IGMP protocol. The deployment of these capabilities was 

stimulated by the arrival of the MBone in 1992. But this deployment is still very limited 

in comparison with the whole Internet. IPv6 takes advantage of the deployment of a new 

protocol to make sure that multicasting is available on all IPv6 nodes in the first place. 

The functions of IPv4’s IGMP are incorporated in the basic Internet Control Message 

Protocol (ICMP) protocol of the IPv6 (ICMPv6) [40], and all routers are made capable 

of routing multicast packets.

Enhanced multicast capabilities over IPv4 multicast is a direct result of the scoped 

multicast addresses. IPv6 multicast addresses format is shown in Figure 3.7 The first 

octet of the address l l l l l l l l i s t h e  multicast prefix, flg s  is a set of 4 flags: 000T. The 

high-order 3 flags are reserved, and must be initialized to 0. The fourth bit is abbreviated 

as T for Transient. t=0 indicates a permanently-assigned (well-known) multicast address, 

assigned by the global Internet numbering authority, T=l indicates a non-permanently-
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value scope value scope

0 reserved 8 organization-local scope
1 node-local scope 9 (unassigned)
2 link-local scope A (unassigned)
3 (unassigned) B (unassigned)
4 (unassigned) C (unassigned)
5 site-local scope D (unassigned)
6 (unassigned) E global scope
7 (unassigned) F reserve

Table 3.1 Assigned numbers for the SCOP values in the IPv6 multicast addresses.

assigned (transient) multicast address. The transient multicast addresses are available 

for reused by different groups. At initiation of a multicast session a free address is 

selected, which will be returned to the address pool at session termination. SCOP is a 

4-bit multicast scope value used to limit the scope of the multicast group. The values 

are listed in Table 3.1. While the IPv4 solely depends on careful tuning the TTL field 

to perform the same functionality, the IPv6 allows a much more precise control over the 

scope. However, it relies on routers to enforce scope boundaries, g r o u p  i d  identifies 

the multicast group, either permanent or transient, within the given scope.

Shared-tree based protocols like PIM and CBT scale better than source-tree based 

ones like DVMRP and MOSPF. But the shared-trees created by existing shared-tree based 

protocols are non-optimal basically because of the randomness of the RPs/Cores due the 

hashing function is used. The questions then become are there any ways with limited 

computation cost that can generate more efficient multicast shared-trees than hashing 

functions, and can new feature of IPv6 help? The next chapter is devoted to discussions
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of an innovative avenue to the answers.
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4. Core-Manager Based Multicast Routing

Several multicast routing protocols, such as DVMRP, MOSPF, PIM-DM/SM and 

CBT, have been produced over the recent years. However, all of these protocols seem 

faced some of the scaling, stability and policy issues.

Any scalable protocol will have to minimize forwarding state requirements. In the 

case of dense mode protocols (DVMRP, PIM-DM), routers may carry forwarding or 

prune state for every (G,s) pair in the entire multicast region. This is true even for 

routers that may not be on any delivery tree. It seems likely that as multicast deployment 

scales to the size of the Internet, maintenance of (G,s) state will become intractable.

Shared-tree protocols, on the other hand, have the advantage of maintaining a single 

(G,*) entry for a group’s receivers, thus relaxing the requirement of amount of forwarding 

state maintained. However, this is not without its own disadvantages, since it is well 

possible the case that participants of a specific multicast group belong to some service 

providers, say A and B, have to rely on a RP/core [44] belongs to a third service provider, 

say C, even if C has no receivers for the group(s) served by the RP/core. This so 

called Third-Party Resource Dependencies adds specific hardship to the provision for 

administrative and policy control, which is currently missing but should be required in 

today’s Internet.

The objective of a multicast forwarding state distribution mechanism is to ensure 

that multicast traffic is efficiently distributed to those parts of the topology where there 

are receivers. Dense and sparse mode protocols accept different overhead based on 

design trade-offs. In the dense mode case, the data-driven nature state distribution has 

disadvantage that data is periodically distributed to branches of the distribution tree

53
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which don’t have receivers due to the flood and prune behavior. It seems unlikely 

that this mechanism will be scalable. On the other hand, sparse mode protocols use 

receiver-initiated, explicit joins to establish a forwarding path along a shared delivery 

tree. While the on-demand nature of sparse mode protocols have favorable properties 

with respect to distribution of forwarding state, it also has the possible disadvantage of 

traffic concentration problem and distant RP/core problem.

4.1 Spanning Tree Algorithms

Multicasting uses a spanning tree for a source to reach all its receivers. Depending on 

different design objectives, the spanning tree can be of different characteristics. Examples 

are shortest path tree, minimum spanning tree (Steiner tree), or a suboptimal spanning 

tree. Considering end-to-end delay and required bandwidth, it is ideal for multicast to 

distribute packets along the source-based trees — the collection of the shortest paths from 

a data source to all receivers defines a source-specific tree. Unfortunately, this approach 

does not scale as the number of multicast groups and sources grows because the amount 

of state kept at each multicast router grows explosively. One of the common ways to 

restrain the amount of state uses shared-tree, in which data from all sources to a group 

is distributed along a single shared-tree, rather than a separate tree for each source. This 

eliminates the need to keep per-source information for the group at each intermediate 

router, and consequently tends to scale better.

Ideally, a shared-tree should use a Minimal Spanning Tree (MST) to minimize the 

cost (e. g. average latency and number of hops). Finding the MST for a subset 

of nodes in a given network can be modeled as the NP-complete Steiner problem in 

graphs [45—48]. Consequently, its explicit solutions [47], although well established,
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are prohibitively expensive for (semi-)real-time routing purpose. For example, two 

popular explicit algorithms, the spanning tree enumeration algorithm and the dynamic 

programming algorithm [48], have algorithmic complexities of O (p22(n-p) +  n3)  and 

0 (n 3 p + n22P + n 3), respectively, where n is the number of nodes in the graph and 

p < n is the number of nodes in the subset. Besides, these algorithms need the complete 

knowledge of network topologies, which is a rather tight requirement in the real-world 

internetworks.

A number of good, less expensive heuristics exist for near-optimal solutions to the 

Steiner problem [46, 47, 49]. Many of them are based on reducing the Steiner problem 

to the MST problem, and using a distributed MST algorithm [50]. A Steiner tree is 

then created by pruning the MST by removing sub-trees containing no nodes of the 

subset. However, distributed Steiner heuristics based on MST algorithm suffer from 

two drawbacks: (1) All nodes in the network must participate in the execution of the 

algorithm, which is undesirable, maybe even impractical in large internetworks, in order 

to find the MST. (2) The theoretical upper bound on competitiveness (see page 58) of 

a pruned MST has shown to be s +  1, where s is the number of Steiner nodes [49]. 

In comparison, the same theoretical upper bound on the shortest path heuristics for the 

Steiner tree problem is only 2(1 — 1 /p), where p is the number of nodes in the subset [48].

A relaxed approach to constructing a shared-tree is to use a center-specific tree, which 

chooses a single node near the center of the group and takes the shortest-path tree rooted 

at the center of the shared-tree. Previous work [51] shows that a topologically centered 

tree gives a delay bound of twice that of source-specific trees. If the root is moved to 

a group member, the bound becomes three times that of source-based trees. Combining
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the provision of cores, a more generic notion of the center-specific tree would be multi­

core based trees. The essence of a multi-core based tree is to represent each cluster of 

members of a group with a core that locates at the approximate center of the cluster, then 

a MST is constructed with respect to the cores. The member cluster is a loose concept, 

and conceptually it means members of a multicast group are partitioned in as much a 

way that the topological distances among cluster centers are much greater than those 

among members of the same cluster. Obviously, finding such a partition for a given 

group membership is by no means a easy task, sometimes it may not be possible at all. 

But this does not blemish it as a positive clue on alternative approaches of constructing 

efficient multicast delivery trees.

In a distributed environment like the Internet, topological information is often dis­

tributed across all nodes, so that many nodes may not have complete topological infor­

mation. Thus, an ideal algorithm to locate the center of a multicast group (or a member 

cluster) should require only a small amount of information at each node and minimal in­

teraction among neighboring nodes. It is understood that multicast groups are dynamic, 

thus the optimal center will change over the time. Once the optimal center has been 

determined for a group with dynamic membership, the optimal center tree will gradually 

degrade toward a rendomly-centered tree as nodes join and leave the group. However, 

the larger the membership and the more uniform its distribution gets, the slower the 

degradation undergoes. Indeed, the optimal center is unlikely to move very much at 

all for groups with a relatively large number of sparsely distributed members at steady 

state, with members leaving and joining randomly. Consequently, there exists a trade­

off between overhead of computing the optimal center and the centrality of the center.
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From engineering point of view, it is reasonable to define a criterion which assesses a 

good-enough center-specific tree versus the optimal center-specific tree.

A common consensus on multicast shared-trees is that it does not have to guarantee 

to be the optimal trees in anytime, since as the membership changes, cost of the 

shared-tree may degrade to any extent if no action is taken against it. For long-term 

multicast sessions and those with special QoS requirement, it may be worthwhile to 

trade additional computation overhead with reduced tree cost. Thus, the goal is to find 

an on-line algorithm that can monitor the accumulated damage to an existing multicast 

delivery tree and modifies the tree accordingly. In the language of graph theory, the 

problem is defined as5: Given a simple, undirected, connected, finite graph G =  (V, E), 

with vertices V = {ui,U2 , . . . , u m}, edges E  = {ei, &2 , . -. ,  e„} and nonnegative edge 

costs c(e,-) > 0, Ve; 6 E, a subset o f the vertices M  (C V) and a spanning tree 

T init(M ) =  (V init,E init), where M  C  V'nit C  V and E 'nit C  E .find  a sequence o f 

trees T\, To, . . . ,  Ta such that each tree T( spans vertices Mi =  M  U i?, (i.e., M  modified 

by a request vector R{ =  (n ,  r 2 , . . . ,  n), rj 6 {join, leave], j  E {1,2, . . . ,  i}), and its 

cost C(Ti) is the minimum among all possible choices fo r  the tree Ti, i.e.,

C ( T C™°) =  m i n  { C ( T ( M U R i ) ) }  (4 .1 .1)
v ' /  YT(MuRi)

Algorithms are available if computational cost is not concerned. In the extreme case, 

a multicast tree may be completely rebuilt after each change request using any static 

Steiner problem algorithm. Real-time multicast, however, can not afford the computation 

cost and does not tolerate too frequent tree-rebuilt which causes disruption in packet

5 For definitions of various terms, notations and expressions used herein, see Appendix A.
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delivery. Hence, ideal algorithm should not only be itself effective but also minimize 

data flow disruption. But, it is known that the Steiner problem is NP-complete so there 

is no such an ideal algorithm.

Algorithms with practical value ought to balance run-time against competitiveness

C (T (M ))
C0m p(r) =  C (T,vt(M )) (4-L2)

ratio between the cost of a solution tree and that of the optimal tree that spans the same 

member set. Hence, a relaxed version of the problem can be stated as: Given the same 

conditions, find  a sequence o f trees T\, To, ■.., Ts such that each tree T{ spans vertices 

Mi = M U  Ri, and its competitiveness does not exceed a given bound:

Comp(Ti) < I< (4.1.3)

Cost of a tree normally can be well estimated distributively in various ways by using 

local distance information at each node. Let M  be the set of members of a group, the 

appropriate approximations of the tree cost may be the maximum distance, the average 

distance or maximum diameter:

Dmax =  max {sp(center, u)} (4.1.4)
uSM

D =  sp(center,u) (4.1.5)
' ■ u e M

-^max =  max {sp(center,u)} +  max {sp(center,v)} (4.1.6)
u€ M vSM,v^u
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Another approach to approximation might be computing the upper and lower bounds on 

the estimated tree cost. To get a lower bound on the cost of the tree, it is observed that 

a best possible case tree could be linear, meaning that all members lie on the path from 

the center to the farthest member, so that the cost of the tree is simply the maximum 

distance from the center to any group member. When the distances are given as hop 

counts, the bound will be slighdy tighter. Specifically, if two members are at an equal 

distance, the tree can not be completely linear, but must have at least one additional 

branch. In this case, the lower bound is

C~t =  max {sp(center,u)} + I  (4.1.7)
ti£M

where I  is the number of members whose distances to the center are equal, i.e.

sp(center, u,) =  const, u,- 6 {ui, vo, . . . ,  u/} Q M  (4.1.8)

To get an upper bound on the cost of the tree, it is noted that a worst-case could be

no links of the tree are shared among the paths from the center to each member. Thus,

the maximum tree cost is Y , sp(center, u). Since the number of group members may
u£M

be greater than the degree of the center, \M\ > d(center), a tightened upper bound is 

given as

Y , sp(center,u) i f  \M\ < d(center)

Y  sp(center,u) — {\M\ — d(center)) otherwise v
. u£M

The estimated cost of the tree may be defined as

C „ , =  ° " i + (4.1.10)
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Certain properties of real networks can make the actual problem diverge from the 

traditional Steiner problem, which virtually relaxes the involvement. For instance, the 

shared-tree multicasting confines the center of any group to a RP/core. Because every 

group has to have at least one RP/core, it is natural to start the tree from the (primary) 

RP/core.

Another varied version of the center-specific tree problem represents a situation where 

only a list of sources maintained at the center, but the list of member is unknown. In 

this case, it is desirable to have the tree’s center at the center of all sources. This is 

especially substantial when the number of sources is large.

The bottom line is that the algorithm will restrict to sparse networks with low average 

degree (2 to 3) at each node. While no consensus on definition of the sparse network is 

reached, it is assumed, for the purpose of this research, to be defined by E  < V  log V  [52]. 

This is because so defined sparse networks are more representative of real-life networks, 

and they are inherently more difficult to solve because, in general, fewer solutions exist in 

a sparse network than in a dense one [47, 48]. Similarly, sparse-mode multicast satisfies 

M  < Vy 10. Competitiveness based on different cost of the tree will be used to justify 

a tree’s quality.

4.2 Core-Manager Based Multicast Routing Structure

The Core-Manager based Multicast Routing (CMMR) structure is based on a hybrid of 

PIM-SM and CBT with improved solutions to the issues of core selection, placement, and 

management. The CMMR architecture introduces a semi-centralized core management 

server called the Core-Manager (CM). All routers in a multicast region need to know 

only the address of the CM in order to initiate or join a group (on behalf of their attached
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hosts), and each Candidate Core (CC) in the multicast region needs to make itself known 

only to the CM. The CM intelligently selects cores from CCs known to it for multicasting 

groups. If location information is available by other means, CM can find a core close 

to a desired point, usually close to the majority of group members. If a session has 

special service requirements (e.g., high guaranteed throughput), CM can select a core in 

such a way that the constructed multicast delivery tree conforms with the requirements. 

Consequently, more efficient multicast delivery trees are created with considerably lower 

overhead. To further improve the scalability, a hierarchical architecture using the IPv6 ’s 

multicast address scope feature is proposed. The capability to intelligently select cores 

for multicast groups and build up more efficient multicast delivery trees with considerably 

lower overhead is the fundamental difference between CMMR and other shared-tree type 

multicast protocols.

4.2.1 Architecture Overview

A general process of joining a group in a CMMR multicast region is accomplished in 

the following steps: When the DR of a LAN receives a joining request (by running IGMP, 

for example) for a group, G, it sends a Core_Inquiry message hop-by-hop to the CM. 

According to where the message came from and how the message arrived the CM selects a 

core for the requested group, creates/updates the (group, cores) association list, and sends 

the identity of the selected core in a Core_Response message to the Core-Inquirer 

that is identified by the source address of the Core_Inquiry message. Then the Core- 

Inquirer sends a Jo in  message hop-by-hop to the selected core. Intermediate routers 

that forward the Jo in  message set up G state such that a new branch of the multicast 

delivery tree is created. Branches (consequently the entire tree) produced in this way is
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symmetric in both directions, meaning that a branch is used to deliver multicast packets 

to its attached leaves (group members), as well as to distribute multicast datagrams sent 

by those leaves to other parts of the tree.

Process of leaving a group is relatively simpler After all attached members of a 

group having left the group, the DR prunes itself off the multicast delivery tree if it finds 

itself a leaf-node of the tree and itself is not a core; if the DR is a core, it has to get 

permission from the CM before pruning itself off the tree. Because if this DR is the only 

core of the group, it has to stay on tree even as a leaf-node. This process is chained in 

such a way that any leaf-nodes resulted from the previous pruning will recursively run 

it until one of above mentioned checkups fails.

4.2.2 Functions and Operations

4.2.2.1 Bringing Up the CM and Maintaining a Core-Set

A principle for the selection of the CM is that it should be a node (router) having 

relative high degree of network interfaces located at about the center of an internetwork. 

Later it will be clear why the CM placed this way could select better cores for the 

multicast group members. The CM is responsible for advertising itself to all routers in the 

multicast region, maintaining an up-to-date core-set and a (group, cores) association list 

for each active group, selecting cores for multicast groups specified by Core_inquiry 

messages, and replying the Core-Inquirers with the selected cores. Since all activities 

of group joining in a multicast region rely on the proper operation of the CM, certain 

redundancy in the CM bringing up scheme helps preventing it become a potential single 

point of failure.
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In a multicast region, a small number of routers are configured as candidate CMs 

(CCMs). Each CCM maintains a core-set (initially empty) and advertises to the multicast 

region. An election routine runs periodically such that one CCM is elected as the CM, 

and the others become backups. Then the CM starts advertising itself to all routers in 

the region. Routers configured as CCs periodically register with the CM to show their 

availability as cores. Upon reception of a CC’s register message, the CM creates a 

corresponding entity in the core-set if none exists yet or refresh the existing entity. Aged 

entities will be deleted from the set. Incremental of the core-set is sent to backup CMs 

to keep their copies synchronized.

4.2.2.2 Selecting Cores for a New Group

The fundamental principle in selecting cores is that a core should be as close to 

(at least some of) the group members as possible. In responding to a C o re _ In q u ir y  

message, the CM examines the type of the message sender (a regular router or a CC) 

and from which network interface the message is received so as to deduce a core for the 

requested group by one of the following three basic core selection rules.

En-Route-Core rule: If a Core_Inquiry message for a group is from a CC, this 

CC is selected as a core for the requested group. Clearly, this rule applies when the DR 

initiated theCore_Inquiry message happened to be a CC. But this case is relatively 

rare because only a small percent of the nodes in a multicast region are configured as 

CCs. A more general case where the En-Route-Core rule is applicable occurs when a 

Core_Inquiry message sent by a non-CC encounters a CC on its way to the CM. 

Since Core_Inquiry messages proceeded hop-by-hop towards the CM, the chances 

that one of the intermediate routers is a CC is much higher than the Core_Inquiry
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initiator itself is a CC. Let the first encountered CC take over the core inquiry process 

and become a proxy for the Core-Inquirer. Then this en-route CC continues the process 

by sending a new Core_Inquiry message to the CM for the same group as the one 

specified by the intercepted Core_Inquiry message. Core_Inquiry messages sent 

by a CC will not induce any proxy. Upon reception of the Core_Inquiry message, 

the CM can tell by looking at the source address that it is from a CC. So this CC is 

selected as a core for the requested group, and a corresponding entry in the (Group, Cores) 

association list is created. The CM informs the source of the Core_Inquiry message 

(i. e. the proxy CC) this result by sending it Core_Response message. Then the 

proxy CC forwards the Core_Response message to the original Core-Inquirer so that 

the latter can join the core (the proxy CC). This case is exemplified by a network shown 

in Figure 4.1: Router-21 initiates a group, Router-4 is the en-route CC that becomes a 

core for the group. Apparently, the core selected in this way is, in most cases, closer to 

the requesting member than a one derived by a hashing function.

Co-Interface-Core rule: If a Core_Inquiry message for a group is from a non- 

CC, the selected core is a CC that can be reached via the shortest path through the same 

interface on which the Core_Inquiry message arrived. When multiple co-interface 

CCs exist, a simple rule like the round-robin may be used to balance loads among the 

available ones. Refer to Figure 4.1. An example of this case is a Core_Inquiry 

message from Router-16 arrived on the link between the CM and Router-6 , then Router- 

10 is selected as a core for the group. The core selected this way and the Core-Inquirer 

most likely locate on the same side of the CM. Therefore, this selection is again better 

on the average than a hashing function when the CM is placed at approximate center 

of the entire region.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Core-Manager Based Multicast Routing 65

i1 5  '^£■20

CC

£5

CC

25----------------------"-23

Figure 4.1 A 25-router (DR) multicast region, where Router-3 is the CM,
Router-1, 4, 10 and 12 are CCs. Bold lines are the shortest path for the CM to 

reach the CCs. Thick dashed lines are the multicast delivery tree of a group.
Thin dashed lines are the intended path of theJoin  message sent by Router-25.

Random-Core rule: If none of the above two rules is applicable and there is no other 

information available, a core is randomly selected from the core-set. Although, on the 

average, core selected in this way would not be better than the one selected by a hashing 

function in terms of costs of multicast delivery trees, the centralized core selection scheme 

leaves room to apply other policies and security.

4.2.23  Extending Multicast Delivery Trees

Even though the above core selection rules are discussed with respect to setting up 

new trees, the same principle is valid for extending an existing tree. While all three 

rules can be used as they are, the core pool has to be changed from the core-set to 

the registered-on-tree-cores (those cores that are currently associated with the requested
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group as indicated by the CM’s (group, cores) association list). Besides, the En-Route- 

Core rule will never work alone since even if a C o re _ In q u iry  message is from a 

CC (either an originator or a proxy), this CC must be further directed to an on-tree-core 

where either the Co-Interface-Core rule or the Random-Core rule will be used so that the 

former can become part of the delivery tree.

Another important observation is that there are great chances for the control messages 

(i. e. Core_Response or Join  messages) being exchanged to encounter an on- 

tree router when a delivery tree of the concerned multicast group already exists. The 

multicast delivery tree’s self-growing scheme is designed to take advantage of these 

encounters. By running self-growing scheme, any router on the tree of a group can 

complete a joining process when receiving an Core_Inquiry or a Jo in  message 

for the group. This clarifies why these messages are always forwarded hop-by-hop. 

Look at Core_Inquiry messages first. When using the self-growing scheme, if a 

Core_Inquiry message encounters an on-tree router on the way to the CM, the on- 

tree router will not forward the message further, rather it will send a Core_Response 

with its own identity as the selected core to the Core-Inquirer so that the latter can 

join the tree at the encountered on-tree router by sending it a Jo in  message. If a 

Core_Inquiry message is not lucky enough to meet any on-tree router, the Jo in  

message from the same source still has a good chance to encounter one before reaching 

the selected core, since these two types of messages normally take different paths.

A more valuable feature of the self-growing scheme is that it eliminates potential 

loops. This is evident in handling J o i n  messages. Since the path traversed by a J o i n  

message becomes an extended branch of the tree, a loop might occur if the J o i n  message
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passed through an encountered on-tree router and finally reached the selected core that 

obviously is also on the same tree. Another way of looking at this: there is already a path 

between the encountered on-tree router, if there is any, and the selected core, however, this 

path is not necessarily the route taken by the Jo in  message. An illustrative example of 

this case is shown in Figure 4.1 where an existing tree for a multicast group is represented 

by the thick dashed lines. Assume Router-25 now is joining the group and Router-12 is 

its selected core. The intended path of the Router-25’s Jo in  message is shown as the 

thin dashed lines. If Router-22 as an encountered on-tree router did not stop the Jo in  

message, a loop consisting of Router-10, 12, 22 and 19 would be created.

The last thing to clarify is why an on-tree router encountered by a Core_Inquiry 

message needs to send a Core_Response message to trigger a Join  message from 

the Core-Inquirer rather than joining it directly. The rationale behind this is: there is 

no guarantee that the Core_Response message’s route is the reverse of that taken by 

the Core_Inquiry message. If the encountered on-tree router simply sent a Jo in  

message back to the Core-Inquirer and this message encountered another on-tree router 

on its way to the Core-Inquirer, not only was a loop created but also the Core-Inquirer 

failed to join the tree. Thus, basic rule is to always let an isolated node join the tree, not 

the other way around (i. e. an on-tree router joins an isolated node).

4.2.3 Nonmember Hosts Sending to a Multicast Group

When a nonmember host first transmits a multicast packet to a group, it has to find 

out whether its DR has been on the group’s delivery tree. If it is the case, multicast 

packets can be sent in bare form, otherwise they must be encapsulated in a unicast 

C o re _ In q u iry  messages and addressed to the CM that will redirect it to a core of
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the group for distribution across the delivery tree after decapsulating. Meanwhile, the 

envelop packet will be processed as usual. All previously discussed rules in processing 

the C o re _ In q u iry  messages are applicable here. In so doing, the source node will 

eventually realize a nearby on-tree node such that the DR can switch the destination of 

encapsulated multicast packets from the CM to this on-tree node. Alternatively, the DR 

may decide join the delivery tree in order to send plain messages, should the amount 

of data to be sent be large.

4.2.4 Algorithm of Building Up Multicast Delivery Trees

The complete multicast delivery tree building up algorithm is a combination of the 

basic core selection rules and the self-growing scheme. Here are the routines for different 

protocol entities. A router running this routine is referred to as this router in the following 

Routine description.

Core-Inquirer Routine: run by a DR that receives a join request from a local host for a 

group, G, that the DR is not currently in, or run by a Core-Inquirer’s proxy.

• Prepare a C o re _ In q u iry  message indicating this router is a CC or not.

• Send the C o re _ In q u iry  message hop-by-hop to the CM.

• Wait for a C ore_R esponse  message.

• Send a J o i n  message hop-by-hop to the selected Core as indicated by the received 

C o re_R esponse  message.

Intermediate Router Routine: run by each intermediate router.

• If the message being forwarded is C o re _ In q u iry ,

if G state exists at this router,
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intercept the message,

send a C o re_R esponse  message with this mater’s identity as the selected 

Core back to the Core-Inquirer.

else if the message is sent by a non-CC and this router is a CC,

intercept the message,

call the Core-Inquirer Routine,

send a C o re_R esponse  message with this router's identity as the selected 

core back to the Core-Inquirer.

else

forward the message.

• If the message being forwarded is J o in ,

if no G state exists at this router,

create G state, 

forward the message.

else

stop the message, 

update G state.

Core Manager Routine: run by the CM upon reception of a C o re _ In q u iry  message.

• If G exists in the (group, cores) association list,

apply the Co-Interface-Core rule to the on-tree-cores.
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if no core is selected,

apply the Random-Core rule to the on-tree-cores.

• Else

apply the Co-Interface-Core rule to the core-set. 

if no core is selected,

apply the Random-Core rule to the core-set.

• Send the selected core in a Core_Response message to the Core-Inquirer.

• If the Core-Inquirer is in the core-set,

register it to the (group, cores) association list.

4.3 Performance Evaluation

In order to evaluate the performances of proposed multicast routing, various properties 

of multicast delivery trees created by CMMR and PIM-SM are compared. The PIM-SM is 

selected for its maturity among the existing shared-tree based multicast routing protocols, 

and its similarity with CMMR in the sense that both of them do not rely on any particular 

unicast routing protocols. The essence of shared-tree multicasting technique is to confine 

both the amount of multicast forwarding state at each intermediate router and the cost of 

the delivery trees for given multicasting internetworks. Sometimes it may be of interest 

to consider, in addition to delivery cost, the delivery latency, which is crucial for real­

time multicasting services. Since, in general, for a given internetwork the minimum 

cost tree differs from the minimum latency tree (also known as shortest path tree) for 

the same membership, it is important to evaluate tree performances using both criteria.
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Complexity of the protocol itself represented by control traffic overhead in managing the 

cores, number of steps of building up and extending a delivery tree are also of interest.

4.3.1 Protocol Overhead

The protocol overhead is composed of three parts: communication overhead, storage 

overhead, and computation overhead.

Assume a multicast region having N  routers, n of them are configured as CCs6. In 

CMMR, the periodic control traffic of maintaining the core-set would need to transmit n 

unicast register messages of size R  from each CC to the CM. Advertising the CM to all 

router requires one advertisement message of size A. The traffic overhead in managing 

the core-set and advertising CM is estimated by Oqm =  n R  +  A. The PIM-SM has 

a bootstrap router do the same job, except that it needs to distribute the core-set, or 

incremental of it, to all routers in the multicast region. So its overhead can be as large 

as Op im - sm  = n R  +  nA, where the size of advertisement message is conservatively 

assumed n times of CM’s. Since the advertisement is broadcasted to the entire region, 

the difference in the overhead is significant as n becomes large. In terms of the storage 

overhead, the PIM-SM requires that every DR stores a copy of the core-set while CMMR 

needs only a single core-set to be stored at the CM though its contents is a bit more 

complex than that of PIM-SM due to the structure of the {Group, Cores) association list. 

Besides the control traffic in maintaining the core-set, PIM-SM also needs additional 

mechanism to handle the asynchronism among the core-set distributed at each and every 

node all over the multicast region. In other words, all node running PIM-SM have to

6 Although PIM-SM uses Rendezvous Point(RP) as the official notion of core, the functionality o f  a RP plays in 
PIM is very similar to that o f  a core does in CMMR. In most o f the times, it would be not ambiguous to use either 
term but not both. The notion o f core, therefore, will be used solely whenever the contexts make it clear.
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synchronized about CCs, but in CMMR only the CM has to be updated about any change 

of CCs’ availability. Regarding computation overhead, the CMMR, in most time, needs 

to perform a searching among the co-interface Cores, which is only a subset of the core­

set. Given that the computational costs of searching and hashing are comparable, the 

CMMR out performs the PIM-SM since the smaller the size of the searching space, the 

lower the computation overhead. Table 4.1 summarizes the control overhead in CMMR 

and PIM-SM.

CMMR PIM-SM

communication
advertising CM all CCs

Core-set maintn. CC unicast CC braodcast
Core-set synch. no yes

storage
location CM all DRs
content {CC,interface} {CC}

computation mapping hashing

Table 4.1 Comparison of control overhead in CMMR and PIM-SM.

In CMMR, joining (creating) a multicast group always costs three message exchanges 

(Core_Inquiry, Core_Response and Join) but its latency can be very short due to 

the on-tree router’s self-growing capability. Depending on at which stage an on-tree 

router is encountered the join latency varies from the best case where a Core_inquiry 

message encounters an on-tree router to the worst case where a Join message does so. 

Advantageously, the join latency tends to decreasing as the delivery tree expands since 

the self-growing capability will be used more frequently. In PIM-SM, joining a multicast 

group claims two steps regardless of the scale of the existing tree: The DR computes a 

hash function to locate a core, then the DR attaches itself to the delivery tree by sending
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a Jo in/Prune message to the RP/core. Though the member joining process in the PIM- 

SM looks simpler than in the CMMR, but it does not necessarily mean faster since the 

number of hops that the exchanged messages traverse and the relative distance between 

the DR and core also matter. Moreover, the quality of the delivery trees is an equally, if 

not more, important issue. This one time extra overhead in joining a group can be easily 

paid off by the superior tree quality of CMMR as shown next.

4.3.2 Cost of Multicast Delivery Trees: Examples

Since the delivery tree of a multicast group is heavily topology-dependent, it is very 

helpful to intuitively compare performances of the delivery trees produced by different 

protocol with a concrete example network as shown in Figure 4.1. Extensive investigation 

with sophisticated simulations is to be presented in the next section. This example 

topology represents a multicast region, where the 25 nodes are DRs for their directly 

attached hosts. It is assumed that efforts were made such that the CM locates at the 

approximate center of the whole region and each quadrant has one CC at its approximate 

center: Router-3 is the CM, and Router-1, -4, -10 and -12 are CCs, denoted as:

£ = { i? i, A}, Rio, f2io} (4.3.1)

The same CCs will be used in both cases running CMMR and PIM-SM. Quality of a 

delivery tree is estimated by the count of the links composing the tree.

A couple of typical cases are to be examined. In an unevenly distributed membership 

scenario, a group, Gj, has members Router-5, -19 and -25, denoted as:

971 =  {/?5, R i o ,  R 1 2 }  (4.3.2)"

Carefully reviewing these routers, one may find that if Router-5 initiates the group, the 

En-Route-Core rule applies; if Router-19 initiates the group, the Co-Interface-Core rule
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Figure 4.2 The CM made delivery trees for G/ with uneven distribution 
members, (a) The worst case delivery tree when Router-25 initiates, (b) 
The best case delivery tree when anyone other than Router-25 initiates.

applies; and if Router-25 initiates the group, the Random-Core rule applies. The CMMR 

will create different delivery trees depending upon the sequence that the members join 

the group. Three member yields © =  |9H|! =  3! =  6  possible join sequences, and the 

probability for each sequence is P3eq =  1/©. Assume the probability that all member at 

any position of the join sequence is equal. Although it is over elaborative to exhaustively 

walk through all possible trees for each join sequence, it is worthwhile to closely look 

at how the worst tree and the best tree are created. First let us look at the worst tree. 

If Router-25 initiates the group (with the probability of Pf = P(Ri jo in s  f ir s t)  = 

1/3, Ri € 27t), a Core_inquiry message addressed to the CM via Router-22 will not 

encounter any CC. Since this a new group, the Co-Interface-Core rule is applied to the 

core-set, but the result is null. Consequently, the Random-Core rule is applied to the 

core-set, of which the worst case will be that Router-1 is selected (with the probability 

of Pc =  P{Ri selected) =  1/4, Ri € C) as the core. If Router-19 is the next joiner 

(with the probability of P3 =  P(Ri$ joins second \ R 2 5 jo ins fir s t)  =  1 / 2 ) thus sends 

a Core_inquiry message to the CM. The CM will apply the Co-Interface-Core rule and
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maybe the Random-Core rule to the on-tree-cores. In this example, the Random-Core 

rule has to be applied and Router-1 will be selected again since it is the only on-tree- 

core. After the last member, Rotuer-5, having joined, the worst delivery tree with quality 

metric equals 8 as shown in Figure 4.2 (a) is created. Note that the probability of getting 

such a worst case delivery tree is only

Pw 1 =  P f X Pa* Ps =  Pseq x Pc = 1/24 (4.3.3)

If the join sequence is Router-(25, 5, 19), and it happens that Router-1 is selected from 

the on-tree-cores when Router-19 joins, the worst tree is also created. The probability 

of this case is

Pw2 =  Pseq x Pc x P(Ri selected from  {R\, Ra}) =  1/48 (4.3.4)

Thus the total probability to obtain the worst tree is

Pw =  Pwl +  Pw 2 =  t t  (4.3.5)lb

Applying the above techniques again, one can easily figure out that the best tree with 

quality metric equals 5 shown in Figure 4.2 (b) is created with much larger probability. 

As a matter of fact, the join sequences that results in the best tree are not unique. The 

join sequence Router-(19, 25, 5) always results in the best tree no matter what. Its 

probability is

Pbx = 1 /6  =  1/6 (4.3.6)

The join sequence Router-(19, 5, 25) will result in the best tree if Router-10 is selected 

form the on-tree-cores when Router-25 joins. The probability of this is

Pb2 — Pseq x P(Rio selected from  {jR^Hio}) =  1/12 (4.3.7)
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The best tree is also possible out of the join sequences Router-(25,5, 19) and Router-(25, 

19, 5) under certain conditions. These conditions for the first join sequence are Router-10 

is selected when Router-25 joins and Router-10 is selected again when Router-19 joins.

These conditions for the second join sequence are Router-10 is selected when Router-25

joins and Router-10 is selected again when Router-5 joins. The probability for either of 

these two sets of conditions is

Pbz — Psep x Pc x P{P io selected from  {/Lt,i?io}) =  1/48 (4.3.8)

Thus the total probability to obtain the best tree is

Pb =  Pbi + Pb2 +  Pb3 x 2 = i  (4.3.9)

' ' " t  2 0  i 1 5  2 0

-- - 21
CC 4 CC 4

13

24 24
16

CC

22.

23 25 23

(a) (b)

Figure 4.3 The PIM-SM made delivery trees for Gj with uneven 
distribution members, (a) The worst case delivery tree regardless who 

initiates, (b) The best case delivery tree regardless who initiates.

Now let us look at the PIM-SM. The PIM-SM made worst tree with quality metric 

equals 8 and best tree with quality metric equals 5, independent of the join sequence, 

will look like those shown in Figure 4.3. Table 4.2 exhausts all possible trees and their
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quality metric alone with their probabilities made by both CMMR and PIM-SM for easy 

comparison. Symbols under the “selected cores per each member” column take a format 

C ,, Cj (Cjfc), Ci or similar, which represents the selected cores at each stage the members 

in the corresponding join sequence join the group. It means Ci is the selected core for the 

first member in the corresponding join sequence, Cj is the selected core for the second 

member in the corresponding join sequence with Cjt as its proxy (refer to the En-Route- 

Core mle), and Ci is the selected core for the third member in the corresponding join 

sequence. At the bottom of the table, weighted averages of metric of the trees created 

by both CMMR and PIM-SM are shown.

It is clear from Table 4.1 that the CMMR trees are more efficient on the average than 

PIM-SM trees when the group members are unevenly distributed across the network. It 

is also interesting to see an evenly distributed membership scenario. Assume a group, 

G2, has members

DJt =  {/?6, i?7, /?15, R n , i?l9, ?̂24i -^25} (4.3.10)

Since the number of possible trees is scaled by |9tt|!, which is too much to every one, 

only two typical delivery trees each made by CMMR and PIM-SM are shown in Figure 

4.4. More solid evaluations will be done with simulations. The CMMR tree is better 

because of fewer branches, and would be more efficient due to its multi-core structure 

when a nonmember, like Router-16, sends to the group (see the dotted lines).

4.3.3 Cost of Multicast Delivery Trees: Simulations

In order to evaluate the performances of proposed multicast routing, various properties 

of multicast delivery trees created by both CMMR and PIM-SM7 are compared.

7 Only the shared-tree created by PIM-SM is concerned, and the source-based tree is not
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CMMR PIM-SM

join

sequence

selected cores per 

each member
metric prob. core metric prob.

5, 19, 25 4 ,4 ,4 6 1/6
1 8 1/4

5, 25, 19 4 ,4 ,4 6 1/6

19, 5, 25
10, 10(4), 10 5 1/12

4 6 1/410, 10(4), 4 6 1/12
19, 25, 5 10, 10, 10(4) 5 1/6

25, 5, 19

1, 1(4), 4 7 1/48

10 5 1/4

1, 1(4), 1 8 1/48
4, 4 ,4 6 1/24

10, 10(4), 10 5 1/24
12, 12(4), 12 6 1/48
12, 12(4), 4 6 1/48

25, 19, 5

1, 1, K4) 8 1/24

12 6 1/4
4 ,4 ,4 6 1/24

10, 10, 10(4) 5 1/24
12, 12, 12(4) 6 1/24

average 5.81 6.25

Table 4.2 Quality of multicast delivery trees produced by CMMR and PIM-SM.

The intuitive comparison with a simple example network and some typical member­

ships done in the last section is illustrative but not comprehensive. In order to avoid 

the comparison from any specific networks, the random graph model presented in [53] is 

used. In this model, nodes are randomly distributed over the unit square in a Cartesian 

coordinate system. The probability that an edge exists between any two nodes u and v 

is given by the probability function

^ ({ u>u}) =  /?exP (4.3.11)
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Figure 4.4 Efficiency comparison of delivery trees made by the CMMR 
and PIM-SM for Gz with even distribution of members, (a) CMMR’s 

average delivery tree for G2. (b) PIM-SM’s average delivery tree for Gi-

where d(u, v)  is the distance between the two nodes, L is the maximum possible distance, 

and a  and /? are parameters in the range 0 < a ,  /3 < 1. Larger values of a  increase the 

proportion of longer edges to shorter edges, and larger values of increase the average 

node degree.

Due to the limitation of the computational power of the available facilities, networks 

used in the simulation is decided to consist of 250 nodes. The simulation is designed 

as follow. A series of 250-node random networks with average node degree 3-3.5 is 

generated. Figure 4.5 shows a typical sample of such networks. Each of the networks 

is represented by N  = {R ,L }  with routers (i. e. nodes) R =  {r\,ro ,. ■ ■ ,r m} and links 

L =  { h ,h  • • -J n } ‘ There is a cost associated with each link in the network, which is 

defined in the simulations as the distance between its two end-routers: c(/,j) =  d(r,-, ry). 

However, the usage of other cost metric (e. g. expected delay, link capacity, etc) would 

not alter the conclusions derived from the simulations and presented below, because other 

cost metric could be easily incorporated by modifying the weighting coefficients in the 

cost function. The CM is placed at the center of a network, which ensures a solid ground
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>*r

Figure 4.5 A 250-node random network with average node degree equal to 3.256.

for the Co-Interface-Core rule to play. The center of the network is the router whose 

average distance to all other routers in the network is minimum: If the average distance

from a router r* to all other routers in the network is Drk =  ^  sp(rk, r), where \R\
' reR

is the total number of routers, and sp(nt, r) is the shortest path along the network between 

r* and r8, then the center of the network is determined by D T(xnter =  min {D rk}. The
ricGR

density of cores and their location are factors effecting the average performance. In 

general, small number of cores causes severe traffic concentration at the cores; large 

number of cores introduces a lot protocol overhead. In the simulations, about 20% of 

the total routers randomly distributed throughout a network are designated as CCs with 

the restriction that a leaf-node will never be a CC. Performance of the CMMR trees and

8 The shortest path between two node in a network is found by the Dijkstra’s algorithm [52].
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PIM-SM trees are normalized by that of the near optimal Steiner trees computed by the 

heuristics presented in [54] (also see Appendix B).

Let a tree in a network N  = {R ,L}  be represented by T = {Rt ,L t }, Rt  6 

R , Lt  € L. Four metric describing different aspects of the performance of the trees 

are to be examined:

1. The hop count, H  =  \Lt \‘,

2. the link cost, Ct  =  E  c(();
l£LT

3. the average distance along the tree among members,

D T  |M |1 1 rke M
\ h \ ' £ s p A r i ' r)1 1 rgM

(4.3.12)

where spT(rjt,r) is the shortest path along the tree between rjt and r, and M  6 Rt  

is the set of all routers in a multicast group;

4. and the tree diameter which is the maximal distance along the tree between the two 

farthest separated members,

Tdiam  = max \ max [apT(rjfc, r)] \ (4.3.13)
r*€iw [reA f J

Since the concern is sparse mode multicasting over a large internetwork, costs of trees 

are observed for group sizes from 3 members up to 10% of the total routers It is found 

that when the group sizes grows beyond 10% of the total routers, the difference between 

performances of multicast delivery trees created by CMMR and PIM-SM tends to vanish. 

This behavior is actually expected. Take the extreme case where all routers are members 

of a group, then the PEM-SM tree becomes a shortest path tree rooted at its RP/core,
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Hop count as a function of group size 
1.3 --------------------------------------------------------

• p im
+ CMMR

1

0.95
3 4 5 6 7 8

group s ize  a s  %  of total num ber of routers
10

1.25
Link cost as a function of group size

• PIM 
+■ CMMR

1.15 -

1.1 -

1.05

0.95
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Figure 4.6 Tree costs of different group sizes.
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the optimal Steiner tree becomes a minimum spanning tree, and the CMMR tree will 

be anywhere in between.

Simulations are run over 5 different random networks, and the averages are obtained. 

For each network, 10 iterations each with different membership sets are performed for 

every group size. The join sequence for each group size is arbitrary. The RP/core of 

the PIM-SM is randomly selected from the predefined CCs. Curves shown in Figure 4.6 

and 4.7 are rather promising: While the trends for the hop counts and the link costs are 

well resembled, the costs of the CMMR trees are very close to the reference values (near 

optimal Steiner heuristics) regardless of the group size, and the CMMR occasionally 

performs even better than the reference algorithm (e. g. when the group size is 5.6% of 

the total number of routers). But the costs of PIM-SM trees are relatively high especially 

when the group sizes are small. The reason behind these phenomenons is obvious: For 

a small size group, with PIM-SM there are good chances that the core is far away from 

any members; with CMMR, due to the En-Route-Core mle and/or Co-Interface-Core 

rule there are great chances to locate a core that at least close to one member. When 

delivery latency is the concern (refer to Figure 4.7), the results are more encouraging: the 

CMMR’s results for the average distance and the diameter of the tree are not only always 

better than that of the PIM-SM, but in most of the times better than that of the reference 

algorithm. This is not surprising because reference trees are optimized with respect to 

the link cost. Nonetheless, the good performance for these latency related parameters is 

desirable for delay-sensitive multimedia services.

So far, only static group membership is examined. It is also interesting to find 

out how performances of the multicasting delivery trees change with a dynamic mem-
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Average distance among members as a function of group size
1.25 --------------------------------------------------------------------------------------------------
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Figure 4.7 Tree distances of different group sizes.
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bership. This is a real challenge with practical significance because even if an op­

timal Steiner tree obtained for initial members of a group, performances of the tree 

will inevitably degrade sooner or later as membership changes. It is to be found how 

CMMR behaves with dynamic membership. To this end, a sequence of join/leave events, 

E  =  {ei, e2 , ..  -, ep}, e,- 6 {join, leave}, is used to represent the membership dynamics. 

While generating this event sequence, the group size is controlled at around 10% of the 

total number of routers in the network so as to keep the sparse nature of the multicas­

ting. The length of the event sequence is determined in such a way that about 75% of 

all routers in the network are involved in the multicasting group in question. This is 

believed more than enough for potential participants of any group.

Figure 4.8 shows how link cost and average distance among group members change 

as the event sequence applied. Notice that the instantaneous group size (refer to the 

vertical axis at the right hand side) after each join/leave event is also plotted in the same 

figure to depict performance/group size relationship. As it is seen, the CMMR performs 

consistently well with the dynamic membership because it always tries to connect a new 

member to the existing tree at a nearby point. As with the case of the static membership, 

the PIM-SM performs poorly when the group size is small. In addition, the PIM-SM’s 

performance experiences occasional sharp degradation with dynamic membership (see 

the sudden jump in PIM-SM’s tree cost at event number 170). This phenomenon occurs 

when the core determined by the PIM-SM’s hashing function is located far from the 

majority of the members.

4.4 Scalability Enhancement

The CMMR scheme, while inheriting advantages from PIM-SM and CBT, constructs
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Figure 4.8 Tree properties of dynamic group membership.
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delivery trees through a completely different approach. Not only does it reduce the 

control overhead, but it creates multicast delivery trees of lower cost, on the average, 

than those a hashing function creates. To enhance the scalability up to the size of 

global internetworks (e.g. the Internet), the hierarchical CMMR architecture, which in 

nature possess scalability at the expense of control overhead [55], is proposed. The basic 

concept of hierarchical CMMR is to configure the entire multicast region into subregions 

of different hierarchical levels, and administratively scope the IP multicast addresses in 

accordance with the hierarchy. The idea of administratively scoping multicast address 

space, used to be negatively discriminated by some ones, becomes increasingly favorable 

as the Internet community got more working knowledge with multicast support over wide 

areas [56]. Indeed, IPv6 has adopted the idea of multicast addresses scope in its design.

The hierarchy is constructed like this: Given a entire multicast region S 1, it can be 

divided into a number of subregions S2 = {Sf, S2, • • •, ■?",} Each subregion S 2 E S 2 

can be further divided into subsubregions S f  =  {Sf{, Sf2, . . . ,  Sfn } . . .  The subdivision 

can be carried out recursively as many as necessary so long as the divided components 

satisfy that

s t = U  5£+1 <4A1>
VS*+1G5*

Moreover, leveling along different branches of the hierarchy tree does not have to be 

the same. It is well allowed, take the subregions at the second hierarchical level as an 

example, that S 2 is further subdivided but S 2 is not. As a matter of fact, subdivisions 

internal to a subregion of are hidden from other subregions.

To better understand the CMMR hierarchy architecture let us look at a 2-Ievel 

hierarchy example. Each subregion at the basic hierarchic level runs its own instance
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Figure 4.9 Hierarchical structure of the CMMR. Three hierarchic levels are 
depicted. Data flows shown as thick lines. Control flows shown as thin lines.

of CMMR with its own CM and CCs within the subregion. A CM at the basic level 

communicates to the CM at the higher level in order to make a group span the entire 

region. At the higher level, a separate set of CCs is configured. These higher level 

CCs register with the higher level CM, and only serve inter-subregions multicasting at 

the higher level CM’s disposal. When implemented in real networks, the number of 

hierarchical levels, solely an administrative decision, can be expanded through recursive 

applying the hierarchical structure. Figure 4.9 depicts a more generic 3-Ievel hierarchy.

While the overhead of coordination between hierarchies is inevitably introduced, 

the amount of protocol overhead charged to individual routers is well limited. While 

the CMMR does not restrict the number of levels in the hierarchy, the IPv6’s scoping 

scheme (shown in Table 3.1) may be adopted for interoperability. Thus, size of a link- 

scope region conforms that defined by the link-layer technique. In generic, it is the 

size of a LAN. How to define region of site-scope and organization-scope is only an 

administrative issue.

Link-local scope multicast relies on the link layer technique used. Site-local scope
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Figure 4.10 A example of a two level hierarchic CMMR 
region for an organization consisting of two sites.

is the basic region running the CMMR, in which one (active) CM (with one or two 

backups) support multicast among all embodied LANs. But, it is also allowable to have 

an entire organization-local scope run a single instance of CMMR. However, in this case 

a local video-conference, for example, between two neighboring LANs may leak on all 

subnetworks of the organization. Figure 4.10 shows how hierarchic CMMR might be 

configured in an organization with two sites, site a and site b. In this particular example, 

a CM_S is the CM of the site it resides in, and CC_Ss are candidate CCs for site-local 

groups. In site-local scope multicasting they work exactly the same way as what was 

described in Section 4.2. CM_0 is the CM of the organization, and CC_Os are candidate 

CCs for organization-local groups. In the context of organization-local multicasting, the 

CM_0 is known only to the CM_Ss, CC_Os are known only to the CM_0. When a 

organization-local multicast group, Gorg, is initiated, say by a host attached to Router-R, 

which sends Join messages to Router-F (the CM_S in site a) regardless of the group 

address scope since it only knows its own CM_S but does not know the CM_0. Router-F 

will forward the Join messages to Router-G (the CM_0) because it finds out that the
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requested group uses an organization-local address. Upon reception of the Join message, 

the CM_0 will select a core from its CC_0 list.

All the core selection rules as discussed in Section 4.2 are readily generalized to 

the hierarchical structure. For example, when a organization-local multicast group, Gorg, 

is initiated by a host attached to Router-T, Router-T will send Join messages hop-by- 

hop to Router-F through Router-N. By checking the group address, Router-N recognizes 

that the group uses an organization-local address so it takes over the Join due to the 

En-Route-Core rule. But if the Join message sent by Router-T had a site-local scope 

address, Router-N would forward it like any other regular intermediate routers.

The significant point is that CM_0 only needs to manage CC_Os, and every DR 

only needs to know its own CM. Therefore, multicast protocol overhead for any regular 

router is the same regardless of the scope.

Figure 4.11 A 2-level hierarchical network. The base level is composed of 5 
250-node subnetworks, and the top level consists 20 nodes, of which 4 from each 

subnetwork and randomly connected. The network on top represents the top 
level network, where the dotted lines indicate the inter-subnetwork connections.
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In order to evaluate the performance in generic a series of simulations is conducted 

over a random 2-Ievel hierarchical network. The base level of hierarchical network 

(shown in Figure 4.11) is composed of 5 250-node random networks, each of them 

represents a subregion of the simulated autonomous multicasting region. The higher 

level network interconnecting the subregions is 20-node random network shown as bold 

lines in the same figure. These 20 nodes, 4 from each of the 5 subregion, are literally 

the border routers for inter-subregion communications. So routers with relatively high 

degrees at each subregion are selected as the border routers.

4.5
Hop count as a  function of group size

’ PIM-SM 
+ CMMR

co
a
E
a. 3 - o
0 
a £
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group size a s  number of members

Figure 4.12 Link-count of trees in hierarchical CMMR.

Performance are again evaluated in reference to the near optimal Steiner tree heuristics 

presented in [54]. But the heuristics was run over the entire 1250-node region as a whole, 

rather than using any hierarchical structure. Besides, only inter-subregion multicast group
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3.5
Tree cost as a  function of group size
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Figure 4.13 Tree costs in hierarchical CMMR.

are observed. There are 10 higher level CCs 2 in each of the 5 subregions. The higher 

level CCs were not selected randomly because of the relatively small number of nodes at 

the higher level. It is concerned that random selection in this case would easily result in 

that some subregions did not have any higher level CCs at all, v/hich apparently should be 

avoided. Locations of the multicast group members in this simulations are purely random. 

Different group sizes changing from its minimal possible (3 members) to 100 members 

(8% of the total number of nodes in the region) are examined. The performance curves 

for the hierarchical CMMR shown in Figures 4.12 and 4.13 consistently showed the 

relationship among performance of CMMR, PIM-SM and the reference heuristics. The 

smoothness of the curves is due to large number of sample runs. Yet, the crucial benefit 

got from hierarchy but not shown in the figures is that the control overhead imposed to
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individual routers is much less than that in non-hierarchy network of the same size. The 

curves tending smoother is due to the simulation was ran over inter-subregion groups 

where members assumed evenly distributed across all subregions. Since the simulation 

was run over a larger network, and more trails were executed for each membership size, 

statistical relationship of performances between CMMR and PIM-SM became clearer. 

Once again, cost of the multicast delivery trees tends to not constantly drop as the group 

size grows. The reason behind it is apparent: The chances that a new member of a group 

is an on-tree node increase as the group size getting larger.
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5. Mobile Internet Protocols

5.1 Mobility Support in IPv4

Current version of the Internet Protocol (IPv4) [7] made an implicit assumption that 

a node’s point of attachment to the Internet remains fixed, so that a node’s IP address 

uniquely identifies the node’s point of attachment to the Internet and, consequently, is 

used for identifying the node. Meanwhile, datagrams are sent to a node based on the 

location information contained in the node’s IP address, which means an IP address, as 

the same says, is also used for delivering datagrams.

If a node moves but still needs to retain its ability to communicate, what IPv4 can 

do is either change the node’s IP address, or propagate node-specific routes throughout 

the Internet. Unfortunately, none of these alternatives is practically acceptable. The first 

makes it impossible for a node to maintain transport and higher-layer connections when 

the node changes location. The second has obvious and severe scaling problems.

The recently standardized work in Mobile IP [30] specified IPv4 enhancements that 

allow transparent routing of IP datagrams to mobile nodes in IP networks.

Mobile DP is intended to enable nodes to move from one IP subnetwork to another 

while maintain continuous transport or higher-layer connections. It is just as suitable for 

mobility across homogeneous media as it is for mobility across heterogeneous media. 

Mobile IP can be thought of as solving the macro mobility management problem. It 

is less well suited for more micro mobility management applications, such as handoff 

among wireless transceivers, each of which covers only a very small geographic area. 

For situations where node movement does not occur across different IP subnetworks,

94
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C.I
CN

HA
router A
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A_3
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Internet
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A J
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Figure 5.1 Mobile IP using tunnelling mechanism.

link-layer mechanisms for mobility (i.e., link-layer handoff) may be faster convergence 

and less overhead than Mobile IP.

5.1.1 Basic Version of Mobile IP

The basic version of mobile IP routing, called Mobile IPv4, works as follows (refer 

to Figure 5.1). While visiting a foreign network, a mobile node (MN) is served by 

the home agent (HA) on its home network via a care-of address indicating its current 

location. The association between a mobile node’s home address and its care-of address 

is known as a mobility binding. The care-of address is, in many cases, the address of 

a foreign agent (FA) on the network being visited by the mobile node, which forwards 

arriving datagrams locally to the mobile node. Alternatively, the care-of address maybe 

temporarily assigned to the mobile node using Dynamic Host Configuration Protocol 

(DHCP) [57] or other means. All IP datagrams addressed to the mobile node are routed
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by the normal IP routing mechanisms to the mobile node’s home network, where they are 

intercepted by the mobile node’s home agent, which then tunnels each datagram to the 

mobile node’s current care-of address. Datagrams sent by a mobile node use the foreign 

agent as a default router but require no other special handling or routing.

Thus, Mobile IPv4 relies on protocol tunneling to deliver packets to mobile nodes 

that are away from their home network. The mobile node’s home address is hidden from 

routers along the path from the home agent to the mobile node due to the encapsulation. 

Nodes that do not implement mobility functions, like the correspondent node (CN) in 

Figure 5.1, can communicate with mobile nodes the same way as with any other fixed 

nodes due to the presence of home agents.

The mobile computing environment is potentially very different from the ordinary 

computing environment. The tunneling feature is widely understood to be a security 

problem in the current Internet if not authenticated [58]. Hence, all mobile nodes and 

mobile agents need to perform a strong authentication mechanism known as keyed MD5 

[59].

5.1.2 Mobile IP with Route Optimization

The Mobile IPv4 scales to handle a large number of mobile nodes in the Internet. 

While supporting transparent interoperation with mobile nodes, the Mobile IPv4 forces 

all datagrams for a mobile node to be routed through its home agent. Thus, datagrams to 

the mobile node are often routed along paths that are significantly longer than optimal. 

For the example shown in Figure 5.2, if a mobile node, say A.3, is visiting network B, 

datagrams from a correspondent node C.I must first be routed through the Internet to 

A.3's home agent on A.3's home network A, only to then can they be further tunneled to
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A.3 's foreign agent on the visited network B for delivery to A.3. Even if the correspondent 

node is on network B, similar procedures would have to happen. This indirect routing 

can significantly delay the delivery of datagrams to A.3 and places an unnecessary burden 

on the networks and routers along this path through the Internet. If the correspondent 

node in this example is actually another mobile node, say X.Y, then datagrams from A.3 

to X.Y must likewise be routed through X.Y's home agent on X.Y's home network (not 

shown in the Figure) and back to the original subnetwork for delivery to A.3. Besides, 

without route optimization [60], the home agent is a potential bottleneck when serving 

many mobile nodes. Therefore, although not required by the Mobile IPv4 standard, 

optimization of the path from a correspondent node to a mobile node is desirable.

Cl
CN

HA
router A

router C
A J
MN

Internet

FAT
router B

A J
MN

X.Y
MN

Figure 5.2 Mobile IP with routing optimization.

Extensions to the Mobile IPv4 protocol allow for the optimization of datagram routing 

from a correspondent node to a mobile node. These extensions provide a means for nodes
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that implement them to cache the binding of a mobile node and then tunnel their own 

datagrams directly to the care-of address indicated in that binding, bypassing the possibly 

lengthy route to and from that mobile node’s home agent. Extensions are also provided to 

allow datagrams in flight when a mobile node moves, and datagrams sent based on an out- 

of-date cached binding, to be forwarded directly to the mobile node’s new care-of address. 

These extensions are collectively referred to as route optimization. All operation of route 

optimization that changes the routing of IP datagrams to the mobile node is authenticated 

using the same type of authentication mechanism used in the Mobile IPv4 protocol. This 

authentication generally relies on a mobility security association established in advance 

between the node sending a message and the node receiving the message that must 

authenticate it. When the required mobility security association has not been established, 

a Mobile IP implementation using route optimization operates in the same way as the 

Mobile IPv4 protocol.

5.2 Mobility Support in IPv6

Mobility support in IPv6 has moved in the direction of end-to-end location updates 

using the facilities of IPv6 to send binding updates. Communicating via the home agent is 

only necessary if a correspondent node does not know the current location of the mobile 

node or if the mobile node wants to hide its location. Although there are important details 

to be worked out and tested, the reduction in network load and reduction in end-to-end 

latency over the IPv4 solution makes Mobile IPv6 attractive for unicast applications. An 

issue that needs more fundamental research, however, is solutions for mobile multicast. 

Efficient multicast cannot be done end-to-end, since it requires network support in the 

form of multicast routing algorithms.
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A mobile node is always addressable by its home address, whether it is currently 

attached to its home network or is away from home. While a mobile node is at home, 

packets addressed to the mobile node’s home address are routed to it using conventional 

internet routing mechanisms in the same way as if the node were never mobile. Since 

the network prefix of a mobile node’s home address is equal to the network prefix of its 

home network, packets addressed to it will be routed to its home network.

While a mobile node away from home is attached to some foreign network, it is also 

addressable by one or more care-of addresses, in addition to its home address. A care-of 

address is an IP address associated with a mobile node only while visiting a particular 

foreign network. The network prefix of a care-of address being used by a mobile node is 

equal to the network prefix of the foreign network to which the mobile node is link-level 

connected, and thus packets addressed to this care-of address will be routed to the mobile 

node’s location at the visited foreign network. The association between a mobile node’s 

home address and care-of address is known as a binding for the mobile node. A mobile 

node typically acquires its care-of address through stateless [61] or stateful [62] address 

auto-configuration, according to the methods of IPv6 Neighbor Discovery [41], although 

other methods of acquiring a care-of address are also possible.

While away from home, the mobile node registers one of its binding with a router 

in its home network, requesting this router to function as the home agent for the mobile 

node. The care-of address in this binding registered with the home agent is known as 

the mobile node’s primary care-of address. The mobile node’s home agent thereafter 

uses proxy neighbor discovery to intercept any IPv6 packets addressed to the mobile 

node’s home address on the home network, and tunnels each intercepted packet to the
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mobile node’s primary care-of address. To tunnel each intercepted packet, the home 

agent encapsulates the packet using IPv6 encapsulation [63], addressing to the mobile 

node’s primary care-of address.

Mobile IPv6 provides a mechanism for IPv6 nodes communicating with a mobile 

node to dynamically learn and cache the mobile node’s binding. When sending a packet 

to any IPv6 destination, a node checks its cached bindings for an entry for the packet’s 

destination address. If a cached binding for this destination address is found, the node 

uses an IPv6 Routing header [64] (instead of IPv6 encapsulation) to route the packet 

to the mobile node through the care-of address indicated in this binding. If, instead, 

the sending node has no cached binding for this destination address, the node sends the 

packet normally (with no Routing header), and the packet is subsequently intercepted and 

tunneled by the mobile node’s home agent as described above.
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6. Core-Manager based Multicast Routing 
Mobility Enhancement

Generally speaking, multicast routing protocols do not discriminate mobile group 

members at home network and those away from home. However, continuous delivery 

of group traffic to mobile members is not inherent to most multicast routing protocols. 

Given that the current mobile IP solutions (both IPv4 and IPv6) require mobile nodes not 

change subnetworks more frequent than once per second, the question is how to minimize 

sensible disruptions, if there are any, in data flows to mobile members.

Except a few [65-69] most published work, including that posted over the Internet, 

attacks either the multipoint routing or the mobility support individually. The fact is, 

however, special considerations are needed in order to support multipoint and mobility at 

the same time. Varies approaches to mobility support in a CMMR multipoint supporting 

infrastructure are to be observed.

Given a multicast group, its coverage is assumed to be confined to certain scope as 

specified by the group address. There are two types of significance that describe the 

mobility of hosts with respect to this scope concerning the reconnection support.

1. No-transition: Intra-scope movement — a member host moves from one subnetwork 

to another subnetwork, and both subnetworks are within the coverage of the group’s 

scope. Disruption of inter-reachability with other member may or may not occur 

depending on the membership status local to the new subnetwork.

2. Scope-transition: Inter-scope movement — a member host moves from one sub­

network within the group’s scope covered region to another subnetwork outside the

101
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region. Disruption of service is most likely inevitable regardless of the maintenance 

of higher layer connections [70].

6.1 Sensing Boundary Crossings

As being seen in the next two Sections, efficient approaches to support of intra-scope 

mobility and inter-scope mobility are different, yet they have to interoperate with each 

other. Therefore, it is very important for the mobile nodes to be aware when they are 

crossing the boundary of the scope that is associated with a currently participated group.

For the sake of clarity of the discussion, a relative simple scenario is assumed: A 

multicast group, G, covers a scope, S. In addition to some fixed members, a mobile node 

originally joined G at its home network that is within S. While continued participation in 

G is required, the mobile node may be roaming within or beyong S. However, the mobile 

suppose to be aware when it moves out of S so that different schemes could be applied for 

efficiently re-attaching it back onto the multicast delivery tree under different conditions.

It is believed a good approach should take advantage of other unavoidable message 

exchanges like those needed by the location registration process taking place between 

a mobile node and its Home Agent [30]. The overhead incurred by the multicast 

enhancement upon the standard mobility support registration process is moderate. When 

a mobile node registers with its home agent after moving into a new subnetwork, it 

includes in the R eg is tra tio n  Request message the address of multicast group, Ac, 

which it was participating when at the last visited subnetwork and wants to continue its 

participation. Thus the R eg is tra tio n  Request message will register the interested 

multicast group(s) as well as the mobile node’s current location. Each intermediate 

router forwarding the R eg is tra tio n  Request message will be asked whether a
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packet with Ac  as the destination address would be forwarded between the incoming 

and outing interfaces of the R e g i s t r a t i o n  R e q u e s t message. If every intermediate 

router says “yes”, the mobile member is roaming within the scope of the concerned 

group. If a router says “no”, then it must be a router on the border of 5 and so is called 

en-route border router. Consequently, not only is boundary crossing sensed, but also a 

border router can be pinpointed.

6.2 Support for No-transition Mobility

Intra-scope mobility support is relatively simple. When a member of a multicast 

group, G, is a mobile multicast group member host (simply referred as a mobile member 

host whenever the context is clear) and moves from one subnetwork, iV,-, to another, 

Nj, it may or may not have to rejoin the same group depending on the membership 

status local to Nj. If the members of G already exist in Nj, the mobility issue becomes 

trivial (and hence precluded from the following discussions) since the mobile member 

host can receive the multicast datagrams as soon as its lower layer connection with the 

new subnetwork having been established. Otherwise, the mobile member host has to 

join G again. When rejoining is required, it is always possible for the mobile member 

host just moved into a new subnetwork to join G as a complete new member. In this 

way mobility does not bring in any specific issue to the multicasting structure. However, 

unlike the original joining to a group, a mobile member host (rejoining the group in 

which it has been participating due to its mobility) is more sensitive to the join latency 

because noticeable intermittent in the multicast traffic is undesirable. Hence, if the link 

layer migration from W,- to Nj can be done in a reasonably short time, it is meaningful to 

spend efforts on providing virtually continual data feed at the network layer. Otherwise,
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if the link layer migration takes long, the data flow interruption would be noticeable 

anyway. Notice that a quick migration is not meant it has to be taken place between 

adjacent nodes. In order to recover from service disruption caused by roaming, a mobile 

member host can do better than rejoining. If the mobile member host can send out an 

U n s o l i c i t e d  R e p o rt [71] immediately after being connected to Nj, the N j's DR will 

start joining G right away. But still that the N j's DR joins the delivery tree through the 

regular join procedure does not sound like the best way to reconnect the mobile member 

host back to G. Thus, it is worthwhile to look for some possible shortcuts.

The essence of any shortcuts is to have the mobile member host retain some 

knowledge about G 's  delivery tree, and pass it on to its new DR after each migration. 

This knowledge should be sufficient enough for the new DR to skip the core inquiry steps 

and join the tree at a known point directly while be simple enough so as to minimize the 

introduced overhead. Now the question becomes what information is most efficient to 

pass. An intuitive thought is to ran the mobile binding between the mobile member host 

and a core. One might let the DR of a subnetwork where the mobile member host first 

joined the group memorize the core to whom it has intended to join and convey this piece 

of information to the mobile member host. All of these exchanges can be fulfilled as 

additional payload to the IGMP messages. If a mobile member host, having joined G  in 

Ni whose selected core were C„ moved into Nj and demanded retaining its participation 

in G, it might furnish the N j's DR with the identity of Q . As a consequence, N j's DR 

could join G by sending a J o in  message directly to Q.

Unfortunately, this simple and easy approach is not always available. Since the 

association between a DR and its selected core is significant only when the DR is joining
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the group and vanishes after that. It is very well possible that a DR stays in the group 

longer than its selected core but is not aware when the core left. In other words, the 

information carried by the mobile member host regarding the selected core could be 

out-of-date anytime. Attempt of joining such a out-of-date core would fail the mobile 

member host from being reconnected to the group’s delivery tree.

In light of the above observation, a more reliable way to expedite the rejoining 

process would be taking advantage of the so called residual membership, which refers to 

the fact that the DR of a subnetwork with local members to a multicast group remains 

on the multicast delivery tree for certain time after the last member leaves the group. 

Since it is always true that the N fs  DR is on G’s delivery tree when the mobile member 

host is leaving, the knowledge about this DR becomes the very appropriate information 

to be passed to N f  s DR. The mobile member host can include the identity of the N f  s 

DR in its Unsolicited Report so that the N /s  DR can send a Join directly to 

the Ni’s DR. One may be worried about that the residual membership at A/j would not 

last long enough when the mobile member host itself happens to be the last member 

of G in N[ such that the rejoining could fail if the A//’s DR had pruned itself off G’s 

delivery tree before the Join message from Nj arrived. This is an understandable but 

over prudent concern. The chance for a event like this to happen is extremely rare and 

can be easily precluded by carefully engineering the protocol. As a matter of fact, the 

IGMP standard requires the amount of time that must pass before a DR decides there are 

no more members of a group on its affiliated subnetwork — the pruning delay — be the 

Group Membership interval, whose default value is as long as 260 seconds (more 

than 4 minutes!) [71]. This is much much more than sufficient for most types of mobile
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member host migration that may require continued feed of multicast data flows, otherwise 

it is not rational for the mobile member host to ask for continual data feed in the first place. 

Even if for any reason, the DR in question sets its Group Membership interval less 

than the default, the actual duration of the residual membership will be longer than the 

Group Membership interval since a mobile member host is unaware of in advance 

when it is going to migrate, so it will normally not send a Leave Group message before 

it leaves a subnetwork. Furthermore, if the DR is a non-leaf node or the only core on G’s 

delivery tree, it will not be pruning itself at all. Nonetheless, for the sake of robustness 

any implementation of the protocol should have a way to properly handle a short-lived 

residual membership. For example, set a timer to start the regular join routine should 

the Join message missed the residual membership.

6 3  Support for Scope-Transition Mobility

A more challenging than missing the residual membership issue is the potential 

restrictions on the mobility support coverage due to the hierarchical CMMR structure. 

Assume a multicast group G uses a site scope address which covers a entire subregion S,-. 

A mobile member host joined G at a subnetwork within 5,-. Later on, the mobile member 

host moves out of 5,- into a peer subregion Sj but still needs to continually participate in G. 

In this case, the residual membership method would not work because of the hierarchical 

CMMR structure and its multicast address scoping scheme. This depicts a scenario where 

scope-transition mobility support is needed.

While a solution may work equally well to serve either purpose, it is preferred 

to distinguish scope augmentation from out-of-scope support for better focusing while 

elaborating the solution. Scope augmentation refers the situation where a group is initiated
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with certain scope and later for whatever reasons needs to include members beyond the 

original scope. On the other hand, the out-of-scope support targets the scope-transition 

mobility of mobile member hosts.

The most straight forward way of providing out-of-scope support is scope-upgrade 

by which a completely new group with a larger scope is initiated. But this approach 

requires every group member to leave the current group and join the new one, causing 

disruption in service to all members. It is obviously inefficient and also disturbing to 

ask all member hosts to change group just because as few as a single member moves 

out of the scope. A good mobility support solution should be transparent to other (fixed) 

members as much as possible.

Another idea to accomplish out-of-scope support relies on a concept called virtual 

group. A new group at a higher hierarchical level, Gh, whose scope covers both 5/ and 

Sj is initiated when the mobile member host moves there. Members of Gh are (restricted 

to) the DR of the subnetwork being currently visited by the mobile member host in Sj 

and a border router (e. g. the en-route border router) in S,-. The border router hence has 

to be in both groups G  and Gh, and realizes that these two groups are virtually a single 

group. At this border router where multicast delivery trees of these two groups meet, 

datagrams of one group must be forwarded to the other. It is clear that the virtual group 

method could create near optimal delivery path in supporting mobile member hosts (see 

Section 4.3). However, it is not flexible to support highly random roaming which may 

claim frequent/recursive applying of the virtual group mechanism, and also not scalable to 

support large number of mobile member hosts roaming across many different subregions. 

That is why the less efficient (as far as delivery path concerned) tunneling approach to
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out-of-scope support can be more generic.

Because of the mechanism to be described below, the tunneling approach is named 

as proxy member tunneling. In this approach, a mobile member of group G away from 

home subnetwork always communicates with other group members via its home agent if 

the visited subnetwork is out of S,-. The home agent joins G that the mobile member host 

substantially participates in the same way as for any local (fixed) members. Datagrams 

addressed to G being received in their native form (not encapsulated) are encapsulated 

and tunneled to the mobile member host. When the mobile member host needs to send 

to the group, datagrams addressed to G are encapsulated and sent to its home agent, the 

latter in turn decapsulates the datagrams and forwards them to G’s delivery tree. Since the 

encapsulated datagrams are treated as unicast ones by the network, their reachability to 

any part of the internetwork is not restricted by the group scope. Although inefficient as 

far as the delivery path concerned, this tunneling approach should not be overlooked due 

to its advantages such as transparent to other group members and minimum functionality 

requirements imposed upon the mobile member host. The standard mobility support has 

made a mobile member host capable of handling (de/en)capsuIations. When the proxy 

member tunneling is utilized, special cares should be given to a situation in which a 

DRcurrent is being visited by more than one mobile members of the same multicast group 

supported by different home agents [72]. In this case, one tunnel would be sufficient 

to support all the mobile members. Hence, the DRcunent is respossible to coordinate so 

that only one tunnel is built.

Support for dynamic-scope can be achieved by a hybrid of the residual membership 

mechanism and the proxy member tunneling. When a mobile member host is roaming
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Figure 6.1 Message exchanges in supporting for mobile multicast group member in the CMMR.

around within the scope of the concerned group, residual membership procedure is 

followed; when the mobile goes out of the scope, the proxy member tunneling is used. 

Figure 6.1 depicts timing of message exchanges in a generic scenario.

Although not fitting well for out-of-scope support, the virtual group is a practical 

approach to scope augmentation. In generic, a scenario where scope augmentation applies 

can be illustrated as following. Assume N  groups, G\, G<i, • • •, Gn , called elemental 

groups with scopes S\,So, - • ■ ,S n  respectively, and scopes of any two groups may or 

may not be at the same hierarchical level. For whatever reasons, if the N  elemental

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Core-Manager based Multicast Routing Mobility Enhancement 1 1 0

groups have to merge into one, in other words, members of the elemental groups need 

to communicate one another, the virtual group scheme is ideal in fulfilling it without 

disrupting service to most of their members. A new group G& at a higher hierarchical 

lever whose scope satisfies

will be used to interconnect the elemental groups. Each elemental group needs to elect 

a representative node, which must be on the elemental group’s delivery tree for obvious 

reasons, to handle the join/leave with respect to G/,. Once a representative node Ri joined 

Gh on behalf of its elemental group G„ the Ri is responsible for relaying multicast traffics 

back and forth between Gh and G,. Who is responsible to initiate the merge and how 

a representative node is elected by each elemental group are totally at the disposal of 

higher layer applications.

An alternative approach to the tunneling implementation of the virtual group is 

forward state mapping, which requires all on-tree routers map forwarding state of G, 

to that of Gh- In so doing, service disruptions are expected to be minimized.

6.4 Performance Analysis

Two aspects of the performance are to be examined: control message overhead and 

changes in shared-tree cost.

6.4.1 Cost of No-transition Mobility Support

As far as the shared-tree cost concerned, the effect made by the mobility of member 

nodes is equivalent to that due to the dynamic group membership, which has been 

thoroughly studied in Section 4.3.3. Indeed, when a mobile member moves from a

(6.3.1)
i e { N}
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subnetwork served by DR^t to one served by DRcurrent, the shared-tree changes as if 

DRiast prunes itself off the tree (if there is no other member left in its subnetwork) 

and DRcurrent joins itself onto the tree (if there was not any member in its subnetwork 

before the mobile node moves in). Even though it maybe subtle, different re-attachment 

procedures affect the cost of shared-trees differently.

ixCM

Figure 6.2 Re-attaching a mobile member to the shared-tree.

In no-transition mobility support, two procedures, namely joining as a new and 

residual membership, are available for re-attaching a mobile member to the shared- 

tree. Joining as a new ensures a best shared-tree cost that the CMMR can achieve, 

at a price of relatively higher control message overhead. The DRcurrcnt has to send a
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Core_Inquiry message to CM, then the CM (or an on-tree router encountered by the 

Core_Inquiry message) sends a Core_Response message back to the DRcurrent, 

and then the DRcurrent sends a Jo in  message to the selected Core. On the other hand, 

it costs only one message for the residual membership procedure to reconnet the mobile 

member, that is a Join  message from the DRcurrent to the DRiast- In so doing, the shared- 

tree is actually stretched along the direction pointed by the mobile member’s movement. 

Therefore, the cost of the new shared-tree is not guaranteed optimal. Figure 6.2 shows 

such an example. The most-heavy bold lines represent an existing shared-tree, and a 

mobile member moves from the subnetwork served by Router-A to that by Router-B, 

then to that by Router-C. The second-heavy bold lines (connecting Router-A and Router- 

B) represent the stretched portion of the shared-tree after first move created by residual 

membership procedure. When join-as-a-new procedure is taken after the first move, it 

is easy to verify that the new shared-tree would look the same regardless where the 

selected Core is (of course it must be somewhere on the tree). The least-heavy bold lines 

represent the residual membership created stretched portion of the shared-tree after the 

second move, and the dashed lines represent the additional portion of the new shared- 

tree if join-as-a-new procedure is taken after the second move. The additional cost for 

serving the mobile member, in terms of hop-count, of the residual membership stretched 

shared-tree is 9, while that of the join-as-a-new created shared-tree is only 6. Hence, the 

residual membership approach trades off delivery cost for shorter reconnection latency. 

However, this trade off is quite limited, especially when the group size is getting larger. 

As a matter of fact, the larger a multicast group whose members randomly scattering the 

network, the less the number of moves it takes before the mobile member runs into a
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subnetwork which is already on the shared-tree. The stretching processe would not keep 

going unless the mobile member is moving deep into a portion of the network where no 

other group members exist at all. Actually, it will restart again from the “hitting point” 

after each time run into the shared-tree.

Number of message-hops as  a  function of group size 
25----------------------------------------------------------------------------------------------------------------

+  * residual membership
+ join-as-a-new

+
2 0 L +

-  •  * •  • •
•  + + 9- + + ,° + + + +
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Figure 6.3 Control message overhead in intra-scope mobility support.

Figure 6.3 shows some simulation results of control message overhead in intra-scope 

mobility support, which is measured by

€ {control messages}
£  |A4il X |/r,'l (6.4.1)

i Hi 6 {Mi traversed hops}
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a summation of the number of hops that each control message traverses in terms of 

message-hop counts. The simulation is conducted over the same series of 250-node 

random networks that have been used in simulations study of cost of multicast delivery 

trees. Control message overhead was examined with respect to multicast groups of 

different sizes which changes from 3 nodes up to 10% of the total number of nodes 

in the network. (See Section 4.3.3 for details). All trials simulates one step movement 

which is a result of a randomly selected member roams from its currently location (which 

is on the shared-tree) to a random new node (which is not a member node but may or 

may not be on the shared-tree). The two curves in Figure 6.3 show control message 

overhead of two approaches to intra-scope mobility support, namely join-as-a-new and 

residual membership, respectively. While both curves tend to go down slightly as the 

group size increases, it is obvious that residual membership procedure costs much less 

than join-as-a-new does. On the average, cost of residual membership is only about a 

quater of that of join-as-a-new.

6.4.2 Cost of Scope-Transition Mobility Support

Three procedures of scope-transition mobility support in a hierarchical CMMR 

autonomous multicast region have been discussed. Similar to the no-transition case, cost 

of the multicast delivery trees would not be affected by the fact that a group member 

is mobile. However, delivery costs resulted from different re-attaching procedures are 

normally different yet intuitive. For example, tunneling approach is least efficient. 

Therefore, the following performance studies will be concentrated on control message 

overhead only.

Overhead of the scope augmentation approach to out-of-scope support is pretty large
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due to its essence that terminates the previous group with a small scope and originate 

a new one with a larger scope. But when this procedure being implemented, it is not 

necessary to entirely abandon the previous group. Rather, the existing shared-tree can 

be upgraded to become part of the new group’s shared-tree. One of many possible 

easy ways of doing this is to let an authorized on-tree-router join the new group first, 

then distribute a forwarding state upgrade message along the existing shared-tree (of the 

previous group). Even in this way, the involved overhead is still considerably large, 

especially it grows proportionally along with the size of the previous group. Fortunately, 

at this price a relative efficient delivery tree can be obtained.

Figure 6.4 shows simulation results of control message overhead in scope-transition 

mobility support in terms of message-hops.

Virtual group procedure claims much less control message overhead, which actually 

is the result of trading off delivery efficiency for less control message overhea. In this 

approach, only the D R current(s) of mobile member(s) and a limited number of nodes, i. 

e. the border router(s) leading to those D R cUrrent(s )  are involved in joining a new group. 

Consequently, the control message overhead is pretty much depending on how far the 

mobile members are away from the scope of the original group, and fairly independent 

of the group size. This is clearly shown in Figure 6.4. While the virtual group approach 

in most case can provide the same quality of delivery trees as the scope augmentation 

approach does, it does require additional functionality at the border router(s).

Further reduce in control message overhead can be achieved through the proxy mem­

ber tunneling approach. In this case, there is no need to pinpoint a border router. Rather 

the Home Agent will provide multicast feed right after receiving the U nso lic ited
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Figure 6.4 Control message overhead in scope-transition mobility support.

G roup  R e p o r t  piggybacked by the R e g i s t r a t i o n  R e q u e s t  message, should 

boundary crossing has been sensed. The price for this light control message overhead is 

obviously the higher multicast message delivery cost.

By this point, it becomes clearer why dynamic-scope mobility support chooses 

a hybred of residual membership and proxy member tunneling, because they are the 

most efficient procedures in no-transition mobility support and scope-transition mobility 

support, respectively.
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7. Conclusions and Future Work

The driven force of network development has been expanding from computers only 

to including many other areas such as entertainment and device controls. Nomadic 

computing devices will soon become ubiquitous, of which a key characteristic is that they 

will be networked. The growth of the Internet and countless other smaller internetworks 

which are not connected to the Internet yet constantly arise challenges to the masterminds 

behind the Internet. To cope with the ever explosive growth of the Internet, the next 

generation internet protocol —  IPv6, and associated routing and controlling protocol 

suite are being developed. Therein a lot of efforts are spend on the M3Q issues. The 

reported research has the same focus with emphasis on multipoint and mobility support 

in large internetworks.

The adaptive multimedia synchronization algorithm is an efficient, yet simple, means 

of QoS support at application layer. Even with the presence of recently developed 

network layer QoS supporting protocols, its share of contribution to the end-to-end QoS 

insurance is not diminished.

The proposed CMMR outperforms, in many aspects, existing multicast routing 

protocols. Together with mobility support, it becomes a strong candidate for tomorrow’s 

scalable multicast routing scheme. Continuing work on this direction may concentrate 

on mobility support to mobile subnetworks and combining QoS support into the CMMR 

structure.

The demands for mobility support to mobile subnetworks is well justified in reality. 

Imagine a transport platform of reasonable large size with on board networks in a large 

internetwork environment. A mobile node in this case is a router, which is responsible for
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the mobility of one or more entire subnetworks moving together. The nodes connected 

to a subnetworks served by the mobile router may themselves be fixed nodes or mobile 

nodes or routers, and are normally called mobile subnetworks.

Typical routing to a mobile node via a mobile router is the case in which the mobile 

node is mobile with respect to the subnetwork, which itself is also mobile. While the 

residual membership method serves well for the no-transition mobility support to mobile 

subnetworks, special attention must be paid to out-of-scope support when the moving 

entities are mobile subnetworks. Implementing a naive merge of recursive tunneling [30] 

and proxy member tunneling would be quite inefficient. It may well be the case that the 

mobile subnetwork’s home network, the mobile node’s home network, and the current 

location of the mobile node (and its visiting subnetwork) are well separated from one 

another. It more eagerly needs for dynamic mobile binding with optimal routing.

The whole idea of dynamic mobile binding with optimal routing is to connect the 

mobile member host to the group’s multicast delivery tree through a (near) shortest 

path. When there is only one gateway from the group covered scope to the external 

world, the matter is simple: let this gateway join the group on behalf of all out-of-scope 

mobile member hosts, and the latter perform mobile binding with the former as they 

roam around. But when several gateways available, a smart way of dynamic choosing 

the nearest gateway is appreciated.

A potential approach to improved performance in this case might be through multiple 

home agents so that it is possible to optimize among available home agents with respect 

to multiple gateways when the proxy tunneling is needed.
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Appendix A. Definitions of Terms, 
Notations and Expressions

A graph G(V, E) is a structure that consists of a set of vertices V  = {ui, V2 , . . .} and 

s set of edges E  = {ei,eo,. - each edge e is incident to the elements of an unordered 

pair of vertices {u, v}. An edge e connecting two vertices {u, u} is denoted as

e {u,»} ( A . l )

A cost function c(e) > 0 is defined on each edge. c(e{u t,}) =  oo implies that there is 

no edge between vertices u and v. The cost of a graph is C(G) =  C (V ,E) =  ^3 c(e)-
e£E

The degree of a vertex, deg(v), is the number of times v is used as an endpoint 

of the edges.

A path is a sequence of edges ei, eo, . . . ,  ep such that e,_i and e, have a common 

endpoint, and e, and e,+ i have a common endpoint, Vi 6 { 2 ,3 , . . . ,p — 1}. The 

shortest path between a pair of vertices, {u,u}, in graph G is denoted as spc( u, v) =  

{■£'3p(u,u)}i EsP(u,o) ^  may be, for simplicity, referred as sp(u, v) whenever the

context is clear.

If both V  =  {v\,V2 , ■ ■ ■ ,um} and E = {ei,e2 , . . . , e „ }  are finite, then G is finite. 

The number of elements in a set is denoted as |V| =  |{ui, U2 , . . . ,  um}| =  rn.

A tree is a circuit-free and connected graph.

A tree spans a given subset M  of the vertices V  is denoted as

T( M)  =  (VT , Et ), M C V r Q V  (A.2)
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The cost o f the tree, T(M) =  (Vf,  Et ), is the summation of costs of all its edges

C(T)  = C(Vt ,E t )=  c(e) (A.3)
Ve6J?r

The distance between two vertices u and v is the cost of the shortest path between 

them, dist(u,v) = C(sp(u,v)) =  J2 c(e). Likewise, the distance between a vertex
e € £ ,  p(u,e)

u and a tree T  =  ( Vt ,E t ) is the cost of the shortest path between the vertex and any

on-tree vertex, dis(u, T) = min dis(u,e).
V '  V e g ^ T

When discussing networks modeled by graphs, some synonyms used in place of the 

terms defined above are graph — network; vertex — node, router; edge — link.
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Appendix B. A Near Optimal 
Solution to the Steiner Tree Problem

The Steiner tree problem in graphs is a generalization of the minimum spanning tree

problem. The Steiner tree problem is described as: Given a connected graph G(V, E),

a subset o f vertices M  C V, and a cost function c(e) > 0 defined on edges. Find a tree

TS(W, F) in G, such that M  C W  C V, F  C E  and £  c(e) is minimum. The vertices
e€ F

S  = W  — M  are called Steiner vertices.

Previous reported work [48, 54,49,47] on heuristic solutions of the minimum Steiner 

tree problem generally took one of the two following approaches. In the first approach, 

likely Steiner vertices are selected and then a minimum spanning tree of these vertices, 

together with those in M , is constructed. In the second approach, a minimum spanning 

tree of the whole graph G is pruned to remove superfluous vertices and then perturbed 

to try to include more Steiner vertices that may reduce the overall cost of the spanning 

tree. The original version of the latter approach is known as KMB heuristics after names 

of its developers: Kou, Markowsky and Berman [73]. The reference algorithm used in 

Chapter 4 is an improved version of KMB, whose competitiveness bound is

2(1 — 1/ L) (B.4)

where L represents the number of leaves in the optimal Steiner tree.

The algorithm consists of four parts:

1. Construct the forest F  of disjoint trees out of G.

2. Compute all the shortest paths between every pair of distinct Steiner vertices. 

Construct the connected undirected distance graph G\ =  (Vi, E \,d \)  in such a way
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that V \ =  M  and for every edge { v i , v j }  6 E \ ,  di({ui,Uj}) is the length of the 

shortest path in G .

3. Compute the minimum spanning tree TntaT o f G\.

4 . Construct a Steiner tree T 3> as a subgraph of G ,  by replacing every edge in T near  by 

its corresponding shortest path in G .
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Appendix C. Abbreviations and Acronyms

CBT: core based tree 

CC: candidate core 

CCM: candidate core-manager 

CIDR: classless inter-domain routing 

CM: core-manager

CMMR: core-manager based multicast routing

CN: correspondent node

CRP: candidate rendezvous point

DHCP: dynamic host configuration protocol

DHCPv6: dynamic host configuration protocol for the IPv6

DIS: distributed interactive simulation

DR: designated router

DVMRP: distance vector multicast routing protocol

FA: foreign agent

FN: foreign network

HA: home agent

HN: home network

ICMP: internet control message protocol 

ICMPv6: internet control message protocol for the IPv6 

IDMR: inter-domain multicast routing 

IDRP: inter-domain routing protocol
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IETF: the Internet engineering task force

IGMP: internet group management protocol

IGP: interior gateway protocol

IP: internet protocol

EPng: internet protocol next generation

IPv4: internet protocol version 4

IPv6: internet protocol version 6

LANE: LAN emulation

MAC: medium access control

MBone: multicast backbone

MN: mobile node

MOSPF: multicast extensions for open shortest path first protocol 

MST: minimum spanning tree 

OSPF: open shortest path first 

PBC: playback clock

PIM-DM: protocol independent multicast — dense mode

PIM-SM: protocol independent multicast — sparse mode

QoS: quality of service

RFC: request for comments

RIP: routing information protocol

RIPng: routing information protocol next generation

RP: rendezvous point

RPB: reverse path broadcasting
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RPM: reverse path multicasting

SN: stationary node

TCP: transmission control protocol

TRPB: truncated reverse path broadcasting

TTL: time to live

UDP: user datagram protocol
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