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Abstract

Multicast is an effective and scalable solution to dis-
seminate data in the Internet. Middleware support for
multicast-based data dissemination (MSMDD) aims to in-
tegrate state-of-the-art data management methods and mul-
ticast communication techniques and provide a scalable
multicast-based data management layer to applications. By
using multicast in MSMDD, the server can disseminate hot
documents effectively. To evaluate multicast performance,
previous work often utilizes network-level metrics. In this
paper, we employ application level criteria to analyze the
multicast push performance in MSMDD. When packets are
not lost on links, our result shows that the application-
perceived (or client-perceived) performance is independent
of the delay from the server to clients; the multicast rate is
a major factor for the performance; an end-to-end multi-
cast system achieves almost the same application-perceived
performance as IP multicast under the same multicast rates.
However, IP multicast can tolerate much more packet losses
than the end-to-end multicast system.
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1. Introduction

Multicast is an effective and scalable solution to dis-
seminate hot data in the Internet. A critical issue of a
multicast system is to evaluate its performance. Previous
work uses metrics such as available bandwidth, delay, link
stress, resource usage, and control traffic overhead, which
have given an effective evaluation on the network level ef-
ficiency and cost [4, 12, 9, 15]. In a bulk data multicast en-
vironment like MSMDD [8], the application-perceived (or
client-perceived) performance often cannot be directly de-
rived from the network-level metrics. Therefore, in addi-
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tion to the network-level criteria, application-level metrics
are necessary to adequately capture the performance from
the application viewpoint. This paper gives both theoreti-
cal and experimental analysis on the multicast push perfor-
mance utilizing application-level criteria.

A variety of multicast schemes have been provided rang-
ing from IP multicast [10] to end-to-end multicast [4, 12,
9, 11, 15]. However, allowing multicast communication in-
troduces many non-trivial data management problems such
as caching, consistency, and scheduling. We have built a
middleware (MSMDD) [8, 13, 2] which aims at integrating
state-of-the-art data dissemination and multicast commu-
nication techniques into a software distribution. MSMDD
provides a scalable multicast-based data management layer
to applications. Hence in MSMDD, it is important to opti-
mize the application-perceived level of service.

Clients generally attempt to download multiple items.
For example, in a web multicast system, a client request
requires not only in HTML resource, but also the items em-
bedded in the HTML document. The application-perceived
latency is the time to receive all the items targeted by the
client request. In most cases, the application-perceived la-
tency is more meaningful to end-users because informa-
tion is often inaccurate and incomplete until all the targeted
items are received. Therefore, the application-perceived
performance is an important factor when evaluating the fea-
sibility and efficiency of a multicast system. On the other
hand, while the network-level performance factors affect
the application-perceived performance, their relationship
has not been adequately investigated in earlier research. In
many cases, the application-perceived performance cannot
be directly reflected by the network-level factors. For in-
stance, a small loss rate on the links may not largely reduce
the bandwidth available to clients, but we will show that it
can substantially increase the latency to satisfy a client re-
quest.

In this paper, we study the application-perceived perfor-
mance in multicast push systems. We first give a theoretical
analysis on the question, then we present the methodology



and results of our experiments conducted at Emulab [3]. In
the experiments, application data are multicast through the
MSMDD platform from the server to clients. Meanwhile,
we also make comparisons between IP multicast and an
end-to-end multicast scheme. The rest of the paper is struc-
tured as follows. We give more details on the background of
multicast schemes and the architecture of MSMDD in Sec-
tion 2. In Section 3, we analyze the application-perceived
multicast performance from a theoretical perspective. In
Section 4 and 5, the methodology and results for the ex-
perimental evaluation are presented respectively. We draw
the conclusions of our investigation in Section 6.

2. Background
2.1. Multicast schemes

According to the layer on which multicast is imple-
mented, there are mainly two types of multicast schemes:
IP multicast and end-to-end multicast. 1P multicast is im-
plemented at the IP layer. It is efficient since a server sends
a single data copy to the network and packets are replicated
and forwarded to clients by multicast-enabled routers. Re-
liable multicast over IP multicast, such as JRMS [20], pro-
vides reliable data delivery and higher level features such
as congestion control, scalability, and security. However,
the deployment of IP multicast has so far been slowed
down by several challenging issues, such as the manage-
ment of globally unique addresses, maintaining per group
state at routers, defending from flooding attacks and needs
for changes at the infrastructure level.

End-to-end multicast is implemented at the application
layer. Applications maintain a self-organized logical over-
lay network and transmit packets along overlay edges.
Communication between the nodes is based on unicast.
This enables end-to-end multicast to be easily deployed in
the Internet. End-to-end multicast can utilize features such
as flow control, congestion control and reliable delivery that
are available for point-to-point connections. However, this
approach cannot utilize bandwidth as efficiently as IP multi-
cast because copies of the same data can be transmitted over
the same physical link multiple times (link stress). End-to-
end multicast can also increase the delay between the server
and clients since packets are relayed by end hosts.

In our experiments, we employed two multicast
schemes: IP multicast and HyperCast. HyperCast is a rep-
resentative of end-to-end multicast schemes and well im-
plemented at [1]. Currently, HyperCast supports two types
of overlay topologies: logical hypercubes [16] and logi-
cal Delaunay triangulations [15]. We only use the logical
Delaunay triangulations scheme in the end-to-end multicast
experiments because the logical hypercubes scheme has IP

multicast involved in its implementation and thus it is not a
pure end-to-end multicast scheme.

HyperCast supports both UDP and TCP communication
between the nodes. If TCP connections are used, HyperCast
provides a reliable end-to-end multicast data delivery. We
utilize the UDP communications for our experiments be-
cause of the following reasons: (1) since the other multicast
system we use is IP multicast that is based on UDP, using
UDP communications in HyperCast facilitates the compar-
ison between these two schemes; (2) the server multicasts
data cyclically (we will describe it in Section 2.2); even if
some packets are missed, the client can get the data later so
that reliable data delivery as in TCP is not required.

2.2. Multicast-based data dissemination middle-
ware

Middleware support for multicast-based data dissemina-
tion (MSMDD) provides applications with a scalable data
management layer. This middleware integrates and extends
latest research work on data management issues in multicast
environments. Three data dissemination methods, i.e., mul-
ticast push, multicast pull and unicast pull, are supported
by this middleware. When using multicast push, the server
repeatedly multicasts information. If a client wishes some
information, it simply listens to the multicast channel until
the requested information appears without sending an ex-
plicit request to the server. Multicast push is suitable for
disseminating hot information. In multicast pull, when a
client needs some information, it sends a request to the
server. The server multicasts the information to all mem-
bers in the multicast group. When there are multiple clients
requesting the same information at roughly the same time,
the server can aggregate the requests and multicast the infor-
mation only once. Multicast pull is an ideal fit to dissemi-
nate warm data for which multicast push cannot be justified,
while there is an advantage in aggregating concurrent client
requests. Traditional unicast pull can be used to disseminate
cold data. A middleware application can choose to use any
combination of multicast push, multicast pull and unicast
push to disseminate data. Since the details of the middle-
ware are concealed from applications, applications cannot
distinguish which data dissemination method(s) are used.

The middleware is composed of multiple components
that can be switched off or on according to the needs of the
middleware application and multicast scheme used. There-
fore, the middleware has a flexible and extensible architec-
ture. Figure 1 shows a possible architecture of the middle-
ware and its relationship with the application and underly-
ing transportation layer. The document selection compo-
nent periodically collects statistics on document (identified
by identifiers such as URLS) popularity, which is the prob-
ability that clients request a document. Based on this statis-
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Figure 1. Middleware data dissemination ar-
chitecture and its relationship with the trans-
port and application layers.

tics, the component decides if a document is hot, warm or
cold. The middleware uses multicast push to disseminate
hot documents, and multicast pull and unicast pull to dis-
seminate warm and cold documents respectively. An in-
dex of sorted index digest is multicast on the multicast push
channel, which enables clients to quickly decide if a docu-
ment is multicast by the push channel. The multicast push
scheduling component determines the frequency and order
by which hot documents are multicast. The multicast pull
scheduling component resolves contention among client re-
quests to use multicast pull channel and decides the order
in which warm documents are disseminated. Caching is
used to improve performance at the client side. The con-
sistency component ensures that only the most recent com-
mitted value of a document is disseminated or stored.

In this paper, we focus our research on multicast push. In
multicast push, the transmission unit is a page. Each multi-
cast document is divided into a sequence of pages before it
is multicast.

Different applications may require different multicast
schemes, which in turn present different APIs and different
capabilities. The objective of Transport Adaptation Layer
(TAL) is to enable middleware to interact with various mul-
ticast schemes within a uniform interface. During the emu-
lation, we activate the TALSs for IP multicast and HyperCast.

3. Theoretical analysis

Documents denote items which can be identified by
clients using identifiers (ids) such as URLs. We give the
definition of an object as follows: the collection of doc-
uments targeted by a client request is called an object.
In this sense, a client requests objects. We employ three
application-level performance metrics in both theoretical
analyses and emulations. (1) Seek time: the time that a
client waits to receive the first multicast page that belongs to

the requested object. Seek time reflects how quickly users
start to receive the requested information. (2) Transfer time:
the time that the client waits to receive the rest of the object;
(3) Latency time: the time that the client waits to receive the
complete object, i.e., the sum of seek time and transfer time.
Latency time denotes the user-perceived delay, which mul-
ticast systems aim to reduce. The values of these metrics
perceived by the client are independent of the presence of
other clients in a multicast push environment. In this sec-
tion, we analyze the expected values of these metrics based
on the assumption that object requests are randomly gener-
ated by clients.

The performance is influenced by the multicast schedul-
ing at the server. It has been proved in [5] that it is sufficient
to consider cyclical schedules in multicast scheduling algo-
rithms. There are a variety of strategies for cyclical mul-
ticast. The MAD schedule [21, 5], which is used in our
experiments, schedules pages on the basis of their access
probabilities by clients. The algorithm is proved to achieve
2-approximation factor and is easy to be implemented. In
practice, the MAD achieves performance close to the opti-
mal lower bound [21]. Performance is improved when the
pages of the same document are multicast contiguously in
the schedule [14]. We assume that this strategy is adopted
by the scheduler.

The flat multicast schedule is a simple cyclical schedule,
whereby each page is transmitted once in every period. We
limit our theoretical analysis to the case of flat schedules for
the following two reasons. First, the theoretical analysis of
the multicast performance is manageable when the server
uses flat schedules. Second, the MAD degenerates into a
basically flat schedule when the page access probabilities
are close to each other. In particular, the MAD generates a
flat multicast when the access probabilities are equal. Fur-
thermore, if a subset A of the multicast documents S are
much more popular than the documents in S — A, we would
multicast A and S — A in separate channels in order to re-
duce latency time [8]. In this way, the difference between
access probabilities of pages within each channel is small.

We make some assumptions that are often employed in
this research area [5, 21, 14]. The server multicasts equal
length pages at a constant rate and at each time-slot one
page is multicast. The length of time-slot w is inversely pro-
portional to the multicast rate R since v = P/R where P
is the page size. Seek time, transfer time and latency time
are measured in terms of time-slots. The set of multicast
pages does not change. The pages are received by clients in
the same order as they are multicast by the server although
some pages can be lost. Client requests arrive at the begin-
ning of time-slots at a random location of the multicasting
schedule.
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Figure 2. The requested object in a flat sched-
ule.

3.1. Reliable delivery

First, we discuss the case where links are reliable. We
define s as the total number of multicast pages. Hence, the
period of a flat schedule is s time-slots. As the schedule
is cyclical and object requests are uniformly distributed, we
can focus the analysis on the requests arriving at random lo-
cations within one multicast period. Suppose the requested
object contains m documents and document 4 has g; pages
for 1 < i < m. Also, let g,5; denote the total pages of the
object, then gop; = > oiv, gi and m < gop; < s. Figure
2 presents how the object is scheduled in a flat schedule,
where a; denotes the number of time-slots between the last
page of a document 7 and the first page of the following
document (i + 1) mod m (0 < 4 < m). Since each docu-
ment is multicast once in a period, s = >, (g; + a;) =
Gobj + Diey i

Let X be the location where the request arrives within
the investigated period. We have 0 < X < s — 1. De-
fine L(X), S(X), T(X) as the latency time, seek time and
transfer time respectively. In a specific flat schedule, a; is
fixed for 1 < 4 < m. As X is uniformly distributed, we
have the expected latency time *

ol gy 1 xm o
EL(X)] = s-5+5%0—o ;a
the expected seek time
E[S(X)] = s+1-E[L(X)],
and the expectation of the transfer time
E[T(X)] = s+1-2E[S(X)].

Hence, the summation of the expected seek time and latency
time is roughly equal to the multicast period. When the

1Due to the limited space, we omit the derivation here. For the same
reason, we refine our presentaion in the following sections. Please refer to
our full paper for more detail.

expected seek time increases, both transfer and latency time
linearly decrease. While the expectations are decided by
the values of s,m, g,s; and a;, they are independent of the
size g; of any single document. Since the length of time-
slot u = P/R, the above analysis shows that the expected
seek time, transfer time and latency time are also inversely
proportional to R, therefore R is a major performance factor
when data are reliably delivered.

Now we extend the analysis to the cases that
ai, as, ..., a,, are also random variables which satisfy
Ytiai = s—gejanda; > 0forl < i < m. We
introduce V. = (a1,as,...,an), and an assignment v =
(v1,v2,...,um) 10 V implies a; = v; for 1 < i < m. We
aim at obtaining the following expectations: E[L(X, V)],
E[S(X,V)]and E[T(X,V)].

We assume that any of the s — g.»; pages that do not
belong to the object is randomly scheduled in one of the m
gaps between the object’s documents. Then, each page that
does not belong to the object has a probability 1/m to be
scheduled in gap ¢ which is between document ¢ and the fol-
lowing document (¢ + 1) mod m (0 < i < m). Therefore,
a; is a random variable that follows a binomial distribution
with parameters 1/m and s — gop;. We have the following
expected values

(5 = gobj) (s = gobj +2m — 1)

E[L(X,V)] = s-— s )
E[S(X,V)] = s+1—E[LX,V)],
and
E[T(X,V)] = s+1-2E[S(X,V)].

When g,p; is small compared with s, E[L(X,V)] = (1 —
ﬁ)s; Figure 3(a) presents the expectation values and the
corresponding m where s = 200. As the number of docu-
ments m grows, the expected transfer time and latency time
increases while the expected seek time is reduced. Figure
3(b) investigates the relationship between the expected val-
ues and gop; when s = 200 and m = 3. In both figures, as
the number of documents or pages grows, its effect on the
expectations flattens out.

3.2. Packet loss

Network links may drop packets and performance is im-
paired by this data loss. Suppose that p (0 < p < 1) is
the packet loss rate of the multicast path between the server
and a client. When we set the page length properly, a page
is encapsulated in an IP packet without being fragmented.
Thus, the probability of reliably delivering a page from the
server to the client is 1 — p. In any cyclical multicast sched-
ule, let ¢; be the number of times document ¢ appears. In
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Figure 4. Effect of packet loss.
each period, the client is expected to miss g;p® pages of
document i and }_:", g;p°* pages of the object. We are in-
terested in the number of cycles & within which the client is

expected to miss less than 1 page of the object. The value
of k satisfies

Zgipc"k<1, 0<k O0O<p<l.
i=1

In a flat multicast schedule, where ¢y = cs = ... = ¢, = 1,
we have
n>" g In gopi
k> Z’qlg’:— obi - g<p<l.
In > Inp

Figure 4 presents the values of —1/Inp (proportional to k)
corresponding to the values of p ranging from 0 to 0.95.
The performance deteriorates as the packet loss rate grows.
Moreover, as k depends logarithmically on g.;, larger ob-
jects suffer packet losses more than smaller objects.

4. M ethodology

We have given a theoretical analysis of application-
perceived multicast push performance in the above section;

however, there are several limitations. Firstly, we assume
the server utilizes flat schedule in the theoretical analysis,
but in practice, the schedule is not necessarily flat. For in-
stance, the schedule generated by the MAD algorithm is of-
ten not flat since the access probabilities of different docu-
ments are seldom the same in practice. Secondly, the distri-
bution of client object requests is not necessarily uniformly
distributed across the multicast session. Thirdly, when we
discuss the case where a4, as, ..., a,, are also random vari-
ables, we assume that the s — g,5; pages, which do not
belong to the investigated object, are independent of each
other. In fact, the pages that belong to the same object are
dependent of each other as they are multicast contiguously.
Therefore, in this paper, we also give an experimental anal-
ysis based on emulations. In this section, we first discuss
the strategies taken by the middleware, and then describe
how we obtain the traces for the experiments.

4.1. Strategies in middleware

At the server side, the middleware maintains a set of
multicast documents specified by the application via the
middleware interface. The documents are associated with
attributes including document URIs, size and their access
probabilities. The middleware does initializations accord-
ing to the selected multicast scheme. For example, the URIs
are transformed into the specific formats known to the client
middleware. When the application intends to multicast data,
the middleware activates the multicast scheme at the trans-
port layer and establishes a multicast channel. The middle-
ware starts to disseminate data as soon as it detects that a
client joins the channel.

The server’s multicast push scheduling component uses
the MAD algorithm to determine the frequency and order in
which documents are multicast. The MAD is a simple and
practical 2-approximation cyclical algorithm. Each docu-
ment is assigned a value p; which is the probability that
document i is requested by clients. When multicasting the



data, the MAD algorithm also maintains a value s; for doc-
ument i recording the time since the last time document i
was multicast. The MAD algorithm multicasts a document
i with the maximum value of (s; + 1)2p;. The pages of the
document are multicast contiguously in the schedule.

We assume clients have knowledge of document ids of
the documents within an object, so that it triggers requests
for all the documents of the object when the object is re-
quested. This scheme can be easily implemented in the mul-
ticast middleware[19]. Although we believe cache will im-
prove the performance, the client switches off cache func-
tion since the HTTP server logs used for the emulations
(discussed in Section 4.2) do not report requests that are
satisfied by intermediate caches.

During the multicast session, a page is encapsulated in a
middleware frame. The frame is composed of a header of 30
bytes and a data page. To control accurately the multicast
rates in emulation, we set the maximum page length to be
512 bytes. This prevents a page from being fragmented at
the IP layer since most links in the Internet have MTUs that
are no less than 1500 bytes.

4.2. The traces

The HTTP servers of Soccer World Cup are among
the hottest spots of the Internet. During peak time, the
servers receive 10 million requests per hour. As a result,
the World Cup site is one of the busiest recorded so far,
which makes it an ideal testbed for multicast data dissem-
ination. We extract the experiment traces from the log of
HTTP servers for the Soccer World Cup 98. The traces
begin at 30/Jun/1998:21:00:00 (coord.univ.time), and end
at 30/Jun/1998:21:40:00 (coord.univ.time), which is one of
the most active periods in the server logs. In [14], we have
elaborately discussed how to decide the hottest x faction of
bytes to be multicast. In this paper, we will take the same
x Vvalue that is 0.0007. These hottest data include 65 docu-
ments composed of 208 pages.

When we extract the client traces, only those client re-
quests for hot documents that received 200 (OK) and 304
(Not Modified) response code are considered. There are
25149 clients that request for these hot documents. These
clients created 5390667 requests, which corresponds to
about 2246 requests per second on average. We choose 8
client traces for the emulation experiments. The numbers of
requests in these traces range from 196 to 14060. Every re-
quest accesses a document identified by its id. We limit our
performance analysis on the period when the multicast tree
is stable because the efficiency of initialization and decom-
position of a multicast tree is a big topic which exceeds the
scope of this paper. We discard the first and last 5 minutes
running result in order to remove the influence of multicast
tree initialization and decomposition. The total remaining

Trace | tot. req. | eff. req. | eff. obj. | doc/obj
trace 1 196 177 163 1.086
trace 2 570 447 379 1.179
trace 3 1001 710 395 1.797
trace 4 1995 1608 788 2.041

trace 5 4010 2877 1057 2.722
trace 6 7845 5666 1598 3.546
trace 7 10231 7997 1716 4.66
trace 8 14060 10521 1458 7.216

Table 1. Client traces.

emulation time is 30 minutes.

Although clients are often interested in a collection of
related documents, the HTTP protocol does not aggregate
document requests into object requests. In order to get ob-
jects for our experiments, we take the heuristic view that
if two documents are requested within one second of each
other in the client trace, they belong to the same object. In
every client trace, there are at most 1800 objects during the
effective time. Table 1 is a summary of the 8 client traces.
Column 2 denotes the total requests in the traces. Column
3 and 4 denote the number of requests and the number of
objects respectively within the effective time (30 minutes).
Column 5 denotes the average documents of an object dur-
ing the effective time.

5. Evaluation

In this section, we present our emulation results. We cre-
ate the topologies for the emulation using the BRITE topol-
ogy generator [18]. In the experiments running on reliable
links, the topology is a Waxman model [22] and consists
of 16 routers and 32 links. Thus, the average node degree
is 4. We attach 9 end-hosts separately to 9 routers labeled
from RO to R9. The multicast server CO runs on the end
host connecting to RO, and the clients run on the rest end
hosts. We call these 8 clients C1 through C8 according to
the routers to which they are connected. During each exper-
iment, the server multicasts data at a stable rate and the 8
clients use the same client trace selected from Table 1. For
example, in one experiment, clients C1 through C8 all use
trace 1; in another experiment all use trace 2, and so on.
The server is launched at the beginning of an experiment,
and then the clients join the multicast channel one by one
following a fixed sequence used by every experiment. The
IP multicast tree is observed to be fixed in the IP experi-
ment. Since we specify the logical addresses of the clients
in the HyperCast experiments, the overlay multicast tree is
also fixed. Fixing multicast tree facilitates the comparison
between the experiments and the assignment of server-to-
client delays for the clients (we will describe the delay as-
signment in the Section 5.1). A client leaves the channel



client | delay(ms) || client | delay(ms)
C1 0 C5 1200
C2 300 C6 1500
C3 600 C7 1800
C4 900 C8 2100

Table 2. Server-to-client delays.

after all its requests have been satisfied and the experiment
ends if all the 8 clients have left the channel. As discussed
in Section 4.2, we discard the first and last 300 seconds’
performance result recorded at every client to remove the
effect of multicast tree initialization and decomposition.

We select six multicast rates: 9.6 Kbps, 56 Kbps, 300
Kbps, 512 Kbps, 1 Mbps, 1.544 Mbps. Among them,
56 Kbps and 1.544 Mbps are equal to the bandwidths of
modems and T1 lines respectively, and 9.6 Kbps and 512
Kbps are the bandwidths mobile devices may experience.
We assign 100M bandwidth to each physical link so that
data delivery is reliable unless we intentionally assign a
packet loss rate to the link.

The experiments are conducted at Emulab. All the ma-
chines run on FreeBSD 4.7 and are equipped with 850MHz
Intel Pentium I11 processors and 512 MB RAMs.

5.1. Effect of delay

Delay measures the time for a packet to be transmitted
from the server to a client over the multicast tree. We assign
different server-to-client delays to the 8 clients as shown in
table 2. In the IP multicast experiments, this is done by
assigning delays to links on the IP multicast tree. For in-
stance, on the multicast path from the server CO to client
C3, we assign 600 ms to the link between router R3 to C3
and assign 0 ms to the other links. Thus the delay from CO
to C3 is 600 ms. In the HyperCast experiments, we first
fix the overlay multicast tree by specifying the logical ad-
dresses of the server and clients, then assign delays to links
according to the overlay tree. Let d(s, u) denote the unicast
delay from the server s to client u, and d(u, v) denote the
delay on the unicast path from client « to client v. Then
d(s,v) = d(s,u) + d(u,v) where client « is the parent of
client v. For example, the delay on the unicast path from
CO0 to C2 is 300 ms; since C2 is the parent of C7 and the
server-to-client delay from CO to C7 is 1800 ms, we assign
a delay of 1500 ms to the unicast path from C2 to C7.

Figure 5 gives the performance results when the server
multicast rate is 56 Kbps and all 8 clients emulate client
trace 6. The multicast scheme in the Figure 5(a) is IP mul-
ticast while it is HyperCast in Figure 5(b). The three lines
in the figures represent average seek time, transfer time and
latency time respectively. In either IP multicast or Hyper-
cast case, although the clients’ delays range from 0 ms to

2100 ms, the clients have almost the same average seek
time, transfer time and latency time. Larger delays do not
imply worse performance. Similar results are observed in
other experiments with different multicast rates and client
traces. Based on the results, we conclude that none of seek
time, transfer time and latency time is sensitive to delays.

5.2. Effect of multicast rate

While we investigate the relationship between the multi-
cast rate and client-perceived performance, we average the
performance values on all the 8 clients in each experiment.
Figure 6(a) and 6(b) show the results of the clients running
on client trace 3 using IP multicast and HyperCast respec-
tively. In the figures, as the multicast rate increases, the
average seek time, transfer time and latency time decrease
dramatically. The performance values are roughly inversely
proportional to the multicast rate. We have similar emula-
tion results in the experiments on other client traces. There-
fore, to improve performance, the multicast server should
use as much bandwidth as it can get between the server
and clients during the multicast session. However, the rate
should not exceed the available bandwidth in order to avoid
packet loss on links because packet loss impairs perfor-
mance remarkably (we will discuss the cases of packet loss
in the Section 5.4).

The result also proves the effectiveness of multicast.
Even a rate of 56 Kbps, which is no more than a modem’s
bandwidth, can provide tolerable average latencies. When
the rate is 300 Kbps, which is applicable in most broadband
networks, the average latency time is less than 4 seconds.

The latency time using HyperCast is outperformed from
2% to 5% by that in IP multicast. In the HyperCast experi-
ments, when a middleware data segment is sent to the trans-
port layer, HyperCast adds its own header to the front of
the segment to form an HyperCast frame before sending the
data to the underlying network. The overhead of the Hy-
perCast frame header prevents HyperCast from delivering
application data as efficiently as IP multicast does. How-
ever, the performance difference is small and HyperCast is
still effective for disseminating data.

5.3. Effect of object size

As we look into an object, we find that the number of
documents and pages within the object also affects the per-
formance. Figure 7 gives the performance versus the aver-
age number of documents per object in the 8 client traces,
where the server multicast rate is 56 Kbps. The seek time
decreases with the growth of the number of documents per
object. An intuitive explanation is that a new received page
is more likely to belong to a requested object when the ob-
ject contains more documents. On the other hand, the trans-
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fer time and latency time increase as the number of docu-
ments per object grows. This is because an object with more
documents needs more time to receive all its pages from the
multicast channel. In the figures, when the number of doc-
uments per object is less than 2.7 docs/obj, the seek time is
the dominating factor of the latency time. The transfer time
becomes the dominating factor when the number of docu-
ments per object is more than 2.7 docs/obj. The relationship
between the number of documents per object and the trans-
fer time shown in the figures provides additional evidence
of the importance of considering document dependencies in
multicast scheduling (as in [14]).

Figure 8 plots the performance corresponding to the
number of pages in an object. They are running on client
trace 8 with the multicast rate of 300 Kbps. With the incre-
ment of the number of pages, the seek time decreases while
the transfer time and latency time increase. However, the
effect becomes less pronounced when the number of pages
turns larger.

5.4. Packet loss

In the previous experiments, the multicast tree is reli-
able in delivering pages. However in the Internet, links are
likely to experience packet loss. This subsection discusses
the cases in which packets are lost. We set up two machines
in Emulab to run a multicast server and client respectively.
We assign different loss rates on their connection to emulate
the various degrees of packet loss.

Figure 9 shows how the packet loss affects the perfor-
mance. The experiments emulate client trace 8 with the
multicast rate of 56 Kbps. While the packet loss has a small
impact on the seek time, it substantially increases the trans-
fer time which makes up most of the latency time. We ob-
serve that a small loss rate 1% can cause the latency time
to increase 14% and 15% in the IP multicast and Hyper-
Cast experiments respectively. When the loss rate is 9%,
the latency time is increased by 86% and 91%. Figure 9(a)
and 9(b) plot the performance under a wide range of packet
loss rate. The IP multicast experiments’ results follow our
theoretical analysis in Figure 4. The performance degener-
ates with the growth of packet loss and drops dramatically
around p = 0.8. However, the curve of the HyperCast in
Figure 9(d) reaches a knee around p = 0.5. The reason
is that HyerpCast overlay multicast network becomes very
difficult to be maintained when more than 50% messages
are lost. The HyperCast overlay multicast tree periodically
crashes during the multicast session 2 . Therefore, it is im-
portant for an end-to-end multicast system in challenged
networks to have its overlay network strongly resistant to
packet loss.

2Note that in the case of extremely high rates of loss, the IP multicast
tree can also crash in similar ways.

6. Conclusions

Based on our theoretical and experimental analysis, we
make the following observations.

In the cases that there is no packet loss, the application-
perceived multicast push performance is insensitive to the
server-to-client delay. The multicast rate, which is limited
by the available bandwidth from the server to clients, is a
dominating factor that affects performance. The average
seek time, transfer time and latency time are all roughly in-
versely proportional to the multicast rate. At the same time,
the object size also remarkably affects the performance.
The more documents and pages in a requested object, the
more waiting time the client will experience. However, as
the number of documents or pages increases, its effect on
performance flattens out.

Experiments also show that, using multicast push in
MSMDD, the server satisfies client requests within short la-
tency time with low bandwidth cost. When the server mul-
ticasts at the same rate, the average latency time perceived
by applications when using HyperCast is almost the same
as that perceived by applications when using IP multicast.

The application-perceived performance is notably im-
paired by packet loss on the multicast trees. When the loss
rate is below 0.5, the performance damage in the Hyper-
Cast experiments is near that in the IP multicast experi-
ments. However, when the loss rate becomes more serious,
performance in the HyperCast experiments drops dramati-
cally due to the crashes of the HyperCast overlay network.
Thereby, HyperCast does not tolerate packet loss as much
as IP multicast. It is expected that if Forward Error Cor-
rection based on erasure codes [17] is applied to the data
transmission in the multicast system, it can reduce the per-
formance damage caused by packet losses. Further work is
needed to evaluate how effective the erasure codes improve
the application-perceived performance.

As shown in the paper, a large multicast rate can effec-
tively improve the performance. However, the evident im-
pairment on the performance by packet losses requires the
rate to keep below the available server-to-client bandwidth.
The selection of multicast rates is made more complicated
by the fact that the available bandwidth to different clients
is often various in a heterogeneous network. A solution to
this problem is layered multicast [6, 7], in which the server
multicasts the data at different layers (channels) with dif-
ferent rates and clients subscribe to as many layers as they
can only if the accumulated rate at the subscribed layers
does not exceeds the available bandwidth. The scope of our
evaluation of the application-perceived performance is to be
extended to the layered multicast environment. This study
concerns to a number of challenging research topics such as
the layered multicast scheduling that we are actively work-
ing on.
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