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Abstract

Recently many overlay multicast systems have been
proposed to overcome limited availability of IP mul-
ticast. Because they perform multicast forwarding
without support from routers, data may be delivered
multiple times over the same physical link, causing
a bottleneck. This problem is more serious for ap-
plications demanding high bandwidth such as mul-
timedia distribution. Although such bottlenecks can
be removed by changing overlay topology, a naive
approach may create bottlenecks in other parts of
the network. In this paper, We propose an algo-
rithm that removes all bottlenecks caused by the re-
dundant data delivery of overlay multicast, detecting
such bottlenecks using a wavelet-based technique we
recently proposed. In a case where the source rate is
constant and the available bandwidth of each link is
not less than the rate, our algorithm guarantees that
every node receives at the full source rate. Simula-
tion results show that even in a network with a dense
receiver population, our algorithm finds a tree that
satisfies all the receiving nodes while other heuristic-
based approaches often fail.

1 Introduction

Recently, many overlay multicast systems have been
proposed as alternatives to IP multicast. Overlay
multicast systems provide more flexibility in topol-
ogy construction, but consume more bandwidth of an
underlying network because data is often delivered
multiple times over the same physical link, causing a
bottleneck. This problem is more serious for appli-
cations demanding high bandwidth such as multime-
dia distribution. One way to mitigate the problem
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is to limit the fan-out of internal nodes in a multi-
cast tree [2]. However, deciding the right number of
children is non-trivial; fan-out should be a function
of the available bandwidth to each child and the net-
work topology. Furthermore, a bottleneck may be
caused by flows from different source (parent) nodes.
In such a case, fan-out has little to do with the bottle-
neck. Therefore, a better way to avoid bottlenecks
is to identify them by finding unicast flows in the
multicast session that traverse those bottlenecks, and
remove them by changing the multicast tree topol-
ogy. We recently presented a wavelet-based tech-
nique, called DCW (Delay Correlation with Wavelet
denoising), which can be used to detect flows shar-
ing bottlenecks (or congested links) [7]. While other
techniques require that flows should share a common
end point [4, 6, 9], DCW can be used for any pair
of Internet flows with different sources and different
sinks.

Identified shared bottlenecks should be eliminated
by changing the overlay tree topology. However, it
should be done very carefully. When a tree edge is
cut, another edge must be added to maintain con-
nectivity. But the newly added edge may cause an-
other bottleneck. Even worse, eliminating the new
bottleneck may reincarnate the old one, resulting in
oscillation. The algorithm we propose in this paper
removes shared bottlenecks without incurring such
oscillation. We prove that the algorithm always ter-
minates, and that on termination there is no shared
bottleneck in the multicast tree. In a case where the
source rate is constant and the available bandwidth
of each link is not less than the source rate, our algo-
rithm guarantees that every node receives at the full
source rate. We implement our algorithm in a dis-
tributed fashion, and compare its performance with
other heuristically-built multicast trees. Simulation
results show that even in a network with a dense



receiver population, our algorithm finds a tree that
satisfies all the receiving nodes while other heuristic-
based approaches often fail.

The remainder of this paper is organized as follows.
Section 2 presents our network model. Section 3 pro-
poses an algorithm to eliminate shared bottlenecks,
and Section 4 sketches the implementation of a dis-
tributed protocol based on the proposed algorithm.
Section 5 shows experimental results, and we con-
clude in Section 6.

2 Model

Our network model consists of two layers. The lower
layer represents the underlying traditional network
with links and nodes, where routing between nodes is
done through the lowest-cost path. The upper layer
is an overlay network, where a subset of the nodes in
the lower layer form a multicast tree.

2.1 Underlying Network

An underlying network is given as a directed graph
G = (N,L), where N is a set of nodes in the net-
work, and L is a set of unidirectional links between
two nodes in N. Each link (m,n) € L has two prop-
erties: B(m,n), the bandwidth of the link available
to overlay multicast, and ¢(m, n), the cost of the link.
The cost is a positive constant and used as a rout-
ing metric to compute shortest paths. We assume
symmetric routing, i.e. c(m,n) = c(n,m).

Given two nodes u and v in N, the shortest
path between them is specified as a set of links
Pr(u,v) = {(u,m1), (n1,n2),...,(ns,v)}, which are
chosen to minimize the total cost of the links in the
set. If there are more than one such paths, we as-
sume that the routing algorithm always selects the
same path among them.

2.2 Overlay Multicast Tree

A multicast tree is built on top of the underlying
network G, using a set of end-hosts H. H is a sub-
set of N, and consists of end-hosts participating the
multicast session. The multicast tree is represented
as a set T = {(u,v)|u,v € H, v is a child of u in the
tree}. We call each element of T' an edge of the tree.
Similarly to Pp, Pr is defined as a path
in a multicast tree T.  Formally, Pr(u,v) =
{(U, hl), (hl, hg), ey (h,-,v)}, where PT(U,U) cT.

2.3 Bottleneck

We model multicast traffic as a set of flows; every
edge of an overlay multicast tree has an associated
flow for data delivery. Each flow f has a source node
Sre(f), a sink node Snk(f), and the rate of the flow
Rate(f).

Let F(m,n) be a set of flows passing through the
link (m,n) € L. Formally, F(m,n) = {f|(m,n) €
Pr(Sre(f), Snk(f))}. A link (m,n) is a bottleneck
of the multicast session if and only if B(m,n) <
2 rer(mn Rate(f). The bottleneck link (m,n) is
also called a shared bottleneck if multiple flows are
passing through the link, or |F(m,n)| > 1, where
the notation |S| denotes the number of elements of
a set (or vector) S.

3 Algorithm

The goal of our algorithm is to remove shared bottle-
necks in a multicast tree, so that they cannot throttle
throughput. In the algorithm we assume that each
bottleneck shared by multiple flows can be detected
accurately using a technique such as DCW [7]. Be-
fore we describe the algorithm, we define notation to
be used.

e r € H denotes the root node of a multicast tree.

e d(u,v) is the distance between u and v on T,
namely d(u,v) = |Pr(u,v)|.

e Parent(u) is the parent node of u in the tree.

o SLeaf (u) is one of the shallowest leaves in a sub-
tree rooted at w. In other words, SLeaf(u) is a
leaf node closest to u in the subtree.

e Ram(u) is the node that has caused ramification
of the branch of u in the tree, or @ if there is no
such node. Formally, Ram(u) is a node along the
path from r to u such that Parent(Ram(u)) has
more than one child, and all the nodes between
Ram(u) and Parent(u), inclusively, have only
one child. See Figure 1.

Shared bottlenecks need to be treated differently
depending on their relative locations in the tree.
There are two types of shared bottlenecks: intra-
path and inter-path shared bottlenecks, as shown in
Figure 2, where thick arrows represent flows sharing
the same bottleneck. Suppose that a link (m,n) € L
is a shared bottleneck. Then there exist two edges
(u1,v1) and (ug,v9) such that (uy,v1), (u2,v2) € T
and (m,n) € Pr(uy,v1)NPL(uz,v2). Without loss of
generality, we assume d(r,u;) < d(r,uz). A shared
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Figure 1: Ramification point
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Figure 3: Removal of an inter-path shared bottleneck

bottleneck (m,n) is called an intra-path shared bot-
tleneck of (u1,v1) and (ug, ve) if (u1,v1) € Pr(r, uz),
and otherwise an inter-path shared bottleneck. In this
section, we describe first the algorithm for the more
general case, inter-path shared bottlenecks, and then
the algorithm for intra-path shared bottlenecks. By
applying these algorithms iteratively, we can remove
all shared bottlenecks in finite iterations. To make
sure that it terminates, we will prove that the tree
after each iteration is different from any tree in pre-
vious iterations.

For proof, we define two properties of a mul-
ticast tree: the leaf distance vector and total
cost. The leaf distance vector is defined as D =
(d(ryuy),d(r,uz),..., d(r,ux)), where uy,us, ..., ux
are all the leaf nodes in T, and d(r,u;) < d(r,u;s1)
for every ¢ < k. Distance vectors are ordered as
follows. For two distance vectors, D and D', D pre-
cedes D' (D < D’) if and only if (i) |D| > |D’|, or
(ii) |D| = |D’| and D precedes D’ in lexicographical
order.

The second property, total cost C, is defined
to be the sum of costs of all edges in the
tree, where the cost of an edge is the sum of
all link costs along the edge. Formally, C =
2 (u)eT 2o(mom)e Py (uw) €(Msn).  For each link
shared by multiple edges, its link cost is counted mul-
tiple times.

Figure 2: (a) Inter- and (b) intra-path shared bottlenecks

3.1 Inter-path Shared Bottleneck

The algorithm to remove an inter-path shared bot-
tleneck is shown in Figure 3. See also Figure 2(a) for
illustration. When an inter-path shared bottleneck is
detected between two edges, (us,v3), the edge farther
from the root, is removed and the detached subtree
rooted at vy is moved to the subtree rooted at vy. If
the shallowest leaf in v1’s subtree is not deeper than
vy, than it is chosen as the node to which vy’s subtree
is attached. In this way, we can avoid increasing the
fan-out of an internal node, which may affect flows
from the node to the existing child nodes. However,
since we don’t want the tree to become too tall, we
also avoid attaching v, to a very deep node. There-
fore, if the shallowest leaf of vy is deeper than wvo,
v is attached to a node on the path from vy to its
shallowest leaf such that the depth of v increases at
most by one.

If uy becomes a leaf after removing (ug,vs), we
relocate its branch (the path from Ram(ug) to uz)
under another leaf in Lines 8-10, because leaving
behind wy’s branch may cause oscillation. Sup-
pose that the edge added to connect vy to the tree
causes another shared bottleneck. Then it is possi-
ble that vy is detached once again and moved back
to ug, if ws is the chosen shallowest leaf in this
case. Thus the change made to remove the shared
bottleneck between (u1,v1) and (ue,ve) is reverted,
and it revives the bottleneck that we removed ear-
lier. By relocating us’s branch when us becomes
a leaf, we can avoid such oscillations. The follow-
ing lemma states that the leaf distance vector before
REMOVE-INTER-PATH-SHARED-BOTTLENECK algo-
rithm always precedes that after REMOVE-INTER-
PATH-SHARED-BOTTLENECK. The proof is in Ap-
pendix A.

Lemma 1 Let D and D' denote leaf distance vectors
before and after REMOVE-INTER-PATH-SHARED-
BOTTLENECK respectively. Then we have D < D’.

3.2 Intra-path Shared Bottleneck

Figure 4 presents the algorithm to remove an intra-
path shared bottleneck. See also Figure 2(b) for illus-
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Figure 4: Removal of an intra-path shared bottleneck

tration. Some intra-path shared bottlenecks may be
treated like inter-path shared bottlenecks, but others
should be treated differently.

In the case of an intra-path shared bottleneck, the
shallowest leaf of v; may be vy itself or a node in its
subtree. If v1’s shallowest leaf is not in vy’s subtree,
REMOVE-INTER-PATH-SHARED-BOTTLENECK is ap-
plied to attach v to the shallowest leaf of w;. Oth-
erwise, we have two cases in Line 4, depending on
whether there is any branch between v; and vs. If
there is, vo’s subtree is attached under that branch
similarly as in an inter-path shared bottleneck case.
Otherwise, it becomes a child of a node in the mid-
dle so that the depth of vs in increased at most by
one. As in Lemma 1, this ensures that the leaf dis-
tance vector before REMOVE-INTRA-PATH-SHARED-
BOTTLENECK precedes that after REMOVE-INTRA-
PATH-SHARED-BOTTLENECK.

If there is no branch between v; and vo, edges
(u1,v1) and (ug,ve) are replaced with (uj,us) and
(v1,v2), and the edges in the middle are reversed so
that the flow traverses in the opposite direction in
Lines 15-16. Shortest-path routing guarantees that
this reduces the total cost.

From the two cases above, we conclude the follow-
ing lemma. Its proof is in Appendix B.

Lemma 2 Let D and D' denote leaf distance vectors
before and after REMOVE-INTRA-PATH-SHARED-
BOTTLENECK respectively, and C and C' be to-
tal costs before and after REMOVE-INTRA-PATH-
SHARED-BOTTLENECK. Then we have either D <
D' orD=D" and C < (.

3.3 Shared Bottleneck Elimination

Using the previous two lemmas, we prove that our
algorithm removes all shared bottlenecks from a mul-
ticast tree.

Theorem 1 By applying
REMOVE-INTER-PATH-SHARED-BOTTLENECK or
REMOVE-INTRA-PATH-SHARED-BOTTLENECK iter-
atively, all shared bottlenecks will be removed in a
finite number of iterations.

Proof If there exists a shared bottleneck in a multi-
cast tree, either REMOVE-INTER-PATH- or REMOVE-
INTRA-PATH-SHARED-BOTTLENECK can always be
applied to remove it. Each of them changes the
leaf distance vector or decreases the total cost
while maintaining the same leaf distance vector by
Lemma 1 and Lemma 2. For a leaf distance vector
D, there are only a finite number of leaf distance vec-
tors D’ such that D < D’. And the total cost C can
be reduced only a finite number of times because it is
lower-bounded, and each time the amount of reduc-
tion is also lower-bounded by the minimum link cost,
which is a non-zero constant. Therefore, all shared
bottlenecks are removed within a finite number of
iterations. (]

Note that our algorithms remove shared bottle-
necks, providing that the available bandwidth B and
cost ¢ of each link remain constant. In practice, how-
ever, since available bandwidth keeps varying and the
set of participating hosts H changes, the multicast
tree that the algorithm converges to may also change.
Nevertheless, we believe that the algorithm that con-
verges to the desired target in a static environment
is a good starting point for a dynamic environment,
and we will show empirically that the actual proto-
col based on our algorithm is in fact able to adapt as
available bandwidth and node membership changes
oceur.

4 Protocol Implementation

Our algorithm is based on assumptions that a shared
bottleneck is detectable, that information such as
shallowest nodes and ramification points is available,
and that each execution of REMOVE-INTER-PATH-
SHARED-BOTTLENECK or REMOVE-INTRA-PATH-
SHARED-BOTTLENECK does not interfere with an-
other execution. In this section, we explain how
these assumptions can be satisfied in a protocol im-
plementation. In addition, we briefly describe how
our protocol handles node joins and leaves in a dy-
namic environment.



4.1 Shared congestion removal

In real networks, a shared bottleneck is a congested
link shared by multiple flows belonging to the same
multicast session. DCW [7] determines whether two
flows are sharing such “shared congestion” with high
accuracy (> 95%) if one-way delay for each flow is
measured for 10 seconds with a sampling frequency
of 10Hz. It tolerates a synchronization offset up to
one second between different flows, which is achiev-
able with loose synchronization among participating
nodes as follows.

For loose synchronization, each non-root node
sends a packet to its parent periodically, and the par-
ent replies with a timestamp. On receiving the reply,
the node calculates the round-trip time and sets its
clock to the timestamp plus half the round-trip time.

Shared congestion is detected and removed on a
round-basis. The start time of each round is publi-
cized by the root node; each node obtains informa-
tion on the epoch Ty and round interval 7. from its
parent, and starts a round at Ty + nT}. with its local
clock, where n is an integer. In every round, a node
performs the following three tasks sequentially. (i)
At the beginning of each round, one-way delay from
a node to each of its children that are experiencing
congestion is sampled for 10 seconds with a frequency
of 10Hz as recommended for DCW [7]. (ii) After
measurement, a node waits for reports from all child
nodes; the reports contain delay samples of edges
experiencing congestion in the subtree of the corre-
sponding child node. Once all reports are received,
the node selects edge pairs such that the edges in
each pair share a bottleneck link with each other.
The node must ensure that executions of the bottle-
neck removal algorithms do not interfere with each
other. Since bottleneck elimination relocates nodes
in the subtree of Ram(vy) only, the node can select
as many pairs as it can, as long as such subtrees
of selected pairs do not overlap. Then, among all
congested edges in its subtree, the node reports de-
lay samples of those edges that “would not interfere”
with selected pairs. Because edges involved in remov-
ing a bottleneck are (u1,v1) and those in the subtrees
of Ram(vy) and vs only, shared bottlenecks in other
edges can be removed concurrently. Therefore, the
node sends to its parent the delay samples of those
congested edges that are not involved in removing a
bottleneck of any selected pair. (iii) Finally, the node
removes shared bottlenecks in its subtree by running
the algorithm for every selected pair.

4.2 Information update

The algorithm requires that each node v should know
d(r,v), SLeaf (v), and Ram(v). These values are up-
dated at each node u by exchanging information with
its parent and with its child nodes when the val-
ues change. An information update packet from a
parent u and a child v contains d(r,u) and Ram(v),
which are used to update v’s local information on
d(r,v) and Ram(v). Similarly, an information up-
date packet from a child v to its parent u contains
SLeaf (v), and u updates SLeaf(u), d(u, SLeaf (u)),
SLeaf (v), d(u, SLeaf (v)), and the child node whose
subtree SLeaf (v) belongs to.

4.3 Membership management

We assume that a joining node obtains the address of
the root node through an out-of-band channel, such
as WWW. When it sends a join request to the root
node, it is accepted as a temporary child. If the new
node doesn’t experience congestion during the next
round, it becomes a permanent child. Otherwise it is
forwarded to one of the existing children of the root
node. This procedure is propagated along the tree
until the joining node becomes a permanent child of
an existing node. One concern is that congestion
caused by a temporary child may affect other chil-
dren. This can be avoided if a parent node uses a
priority queue for its outgoing flows, in which pack-
ets to the temporary child have lower priority than
others.

When a node leaves, its children become tempo-
rary children of the parent of the leaving node. Then
the temporary children are treated as joining nodes.
Node failures are handled in the same way.

5 Evaluation

To evaluate our protocol, we compare it against two
heuristic-based schemes. The first one optimizes
the multicast tree using bandwidth estimation as in
Overcast [5]. Each node estimates available band-
width from the grandparent, parent and its siblings
using 10kB TCP throughput, and then relocates be-
low the one with the highest estimation. However,
10kB TCP throughput doesn’t have very strong cor-
relation with available bandwidth. Taking into ac-
count that a path chosen using 10 kB TCP through-
put provides only half of the bandwidth of the best
path [8], we optimistically assume that the band-
width estimation has maximum error of 20%.

The second heuristic scheme is based on delay
measurement. It is similar to the bandwidth-based



one except that it selects the node with the shortest
delay instead of the highest bandwidth and that the
number of children each node can have is limited to
four to avoid high fan-out.

For fair comparison, we also introduce errors
in shared congestion detection. Since our goal is
to show that our protocol performs better than
heuristic-based ones, we conservatively assume that
the detection error is 5%, which is higher than ac-
tual error rate (almost zero when measurement in-
terval is longer than 10 seconds) of DCW [7]. Then
we measure performance of each scheme using a flow-
level simulator we wrote, where bandwidth allocation
to flows is max-min fair. The relationship between
the tree performance and error rate will also be pre-
sented.

5.1 Tree performance comparison

To demonstrate tree performance under heavy load,
we run simulations on a network with a dense re-
ceiver population. The network topology is gener-
ated with GT-ITM [1]. There are 24 transit routers,
576 stub routers, and 1152 hosts participating the
multicast session. The bandwidth (Mbps) of each
link is randomly drawn from four different intervals:
[300, 1400) between transit routers, [40,70) between
a transit and a stub router, [5,15) between stub
routers, and [1,5) between a stub router and an end
host. The source rate is set to 1 Mbps. Initially, the
tree consists of the source (root) host only. All the
other hosts then join the tree.

We use the following metrics to evaluate a multi-
cast tree.

Link stress The number of flows in a multicast ses-
sion that traverse a physical link. Defined in [3].

Link load The sum of required rates for all flows in
a link divided by the bandwidth of the link.

Relative delay penalty (RDP) The ratio of the
delay from the root to a node in a multicast tree

to the unicast delay between the same nodes.
Defined in [3].

Receiving rate The max-min fair rate assigned to
a flow from the root to a node divided by the
maximum rate of the flow (the source rate).

Below we show distributions of these metrics for trees
built with the three different schemes: delay heuris-
tic, bandwidth heuristic, and our bottleneck-free tree
protocol. We run the bottleneck-free tree protocol
until there is no shared congestion. The delay heuris-
tic scheme is run until the tree doesn’t change any

more. However, the bandwidth heuristic may oscil-
late as shown in Overcast [5] because changing tree
topology affects bandwidth estimation. Since Over-
cast becomes relatively stable after 20 rounds, we run
the bandwidth heuristic up to 30 rounds.

Figure 5 shows the link stress distribution for links
used by the multicast session. Since the delay heuris-
tic tends to build a tree well-matched with the under-
lying topology, its link stress is far better than other
schemes. Note that the bottleneck-free tree shows
the worst performance in terms of link stress. How-
ever, this does not necessarily mean that it is abusing
the network, because having a large number of flows
in a link (high link stress) is totally acceptable if the
link has available bandwidth to accommodate all of
them. The next figure shows this point clearly.

Figure 6 presents the distribution of link load,
which is the amount of bandwidth required to carry
all flows traversing a link divided by the link’s avail-
able bandwidth. Contrary to the previous result, the
delay heuristic is the worst among the three; on some
links, the required bandwidth to support the mul-
ticast session is more than 3.5 times the available
bandwidth. This is because the delay heuristic often
chooses a link with small bandwidth if the delay of
a path going through the link is short. Note that
link load with the bottleneck-free tree is always less
than one. The bandwidth heuristic maintains similar
performance as the bottleneck-free scheme, but some
links have load higher than one. Since each of such
links throttles receiving rates of the entire subtree
connected upstream through the link, even a few of
them may affect a large number of receiving nodes.

In Figure 7, the receiving rate distribution is
shown. Due to high link load, all the receiving nodes
in the delay heuristic tree receive less than half of
the source rate. The distribution for the bandwidth
heuristic shows the impact of the few links with high
load in Figure 6; only less than 40% of the receiv-
ing nodes can receive data at the full source rate.
The other 60% experience quality degradation due
to bandwidth shortage. However, in the bottleneck-
free tree, 100% of the receiving nodes receive at the
full source rate since it maintains link load less than
one. Usually such gain in receiving rate comes with
the cost of longer delay. However, our algorithm is
very careful in changing the tree topology not to in-
crease depth of a relocated node unnecessarily. As
a result, its RDP is only a little worse than the tree
built with the delay heuristic, as illustrated in the
distribution of RDP in Figure 8. Because the band-
width heuristic pays little attention to delay, its RDP
is worse than the others.

We have to mention that this experiment regarding



1+ o)
&%Wwwwm’mw
E’EW
08 /" g

w 06 (& i
a
(@]
04 i
0.2 - Delay Heuristic Tree —+— o
Bandwidth Heuristic Tree ---8---
Bottleneck Free Tree ------
O Il Il Il Il Il Il Il Il
0 5 10 15 20 25 30 35 40
Link stress
Figure 5: Link stress distribution
T
T |
Delay Heuristic Tree I
Bandwidth Heuristic Tree ———- |
08 Bottleneck Free -------- } b
|
L 06 . J |
[a) ! ;
O I
04 | i
1
i
0.2 | |
—
i
0 1 1 1 | | |

0 0.2 0.4 0.6 0.8 1
Receiving rate

Figure 7: Receiving rate distribution

RDP is somewhat unfair to the bandwidth heuristic;
the relative delay of the bandwidth heuristic would
be better if rate allocation was TCP fair rather than
max-min fair. That is because TCP throughput
is affected by round-trip time, and then by choos-
ing a path with high throughput, a short path is
very likely to be chosen. Nevertheless, since the
10kB TCP throughput doesn’t have strong corre-
lation with round-trip time [8], we don’t expect sig-
nificant improvement with TCP fair rate allocation.

5.2 Convergence speed

The next aspect of our protocol to evaluate is its
convergence speed. The protocol defines a series
of actions performed during each round, and thus
we use round as a unit to measure the convergence
time. Because each round of our protocol involves
shared congestion detection, which takes ten seconds
to achieve high accuracy (> 95%), a round should
be longer than that. Also, the last case in remov-
ing an intra-path shared bottleneck, where edges are
reversed along the path between edges sharing the
bottleneck, requires packet transmissions as many as
the length of the path. Therefore the length of a
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round interval must be on the order of tens of sec-
onds.

Figure 9 shows how long it takes for a tree to sta-
bilize when n nodes join. The convergence time in-
creases linearly as the number of joining nodes in-
creases, reaching 300 round when 50 hosts join. This
presents an upper bound because in this scenario all
the nodes first become children of the root node re-
sulting in shared congestion on most links close to
the root. The convergence time would be reduced
if nodes are allowed to contact a non-root node di-
rectly to join or the root node forwards the new node
to a random node, though the resulting tree might
be taller.

Unlike joins, concurrent leaves can be handled rel-
atively easily. In Figure 10, we plot the convergence
time when n hosts leave the tree. Except for a few
outliers, most cases take less than 20 rounds. This is
because shared bottlenecks in different subtrees can
be eliminated concurrently.

Another question is that how long it takes to re-
move a new bottleneck caused by external factors
such as increased background traffic. Because of the
tree structure, a bottleneck close to the root usually
affects a large number of downstream nodes. There-
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fore, it is critical to remove the bottleneck early.

We plot in Figure 11 the time it takes to remove
bottlenecks with different depth in the tree. A new
shared bottleneck was created by reducing available
bandwidth. As we can expect, a bottleneck near a
leaf (depth larger than 25) can be removed within a
couple of rounds. On the other hand, a bottleneck
close to the root takes longer—up to ten rounds with
a few outliers.

In real applications where available bandwidth
changes dynamically and nodes leave and join at
any time, the tree is more likely to keep evolving
toward the moving target, rather than staying at
the bottleneck-free state. Therefore, it is important
to increase receiving rate in early rounds of evolu-
tion. In Figure 12, we demonstrate receiving rate
changes as time elapses until the tree converges to
the bottleneck-free state. The initial trees are built
randomly with fixed degree. For each degree (3, 4, or
5), both median and average receiving rates are plot-
ted. Although it takes tens of rounds to converge,
most receiving rate increase is achieved within early
half of the convergence time.
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5.3 Effects of measurement errors

All the three schemes we evaluated in Section 5.1 de-
pend on network measurements. In this section, we
investigate the relationship between errors in mea-
surements and tree performance in terms of receiv-
ing rate. We exclude the delay heuristic because de-
lay measurement is relatively easy and accurate com-
pared with bandwidth measurement and shared con-
gestion detection. The network topology we use has
4 transit routers, 96 stub routers, and 192 end hosts.
The link bandwidth is uniformly distributed in the
intervals [200,100] between transit routers, [15,35]
between a transit and a stub router, [5,10] between
stub routers, and [1, 3] between a stub router and an
end host.

Figure 13 shows cumulative distributions of re-
ceiving rate for the bandwidth heuristic with differ-
ent levels of errors when every receiving node joins
through the root node. Although the receiving rates
with higher errors are less than those with lower er-
rors, the difference is not significant. It means that
the poor performance of the bandwidth heuristic in
earlier simulations resulted from the weakness of the
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bandwidth estimation

heuristic itself, not from the 20% error we intro-
duced.

For shared congestion detection, there are two
types of errors: false positive and false negative.
False positive means that two paths are considered
to be sharing congestion when they are not. Note
that these errors are not as serious as bandwidth es-
timation errors because both error rates are very low
in DCW if measurement period is longer than 10 sec-
onds [7].

In the following simulations, we run the
bottleneck-tree protocol with different false positive
and false negative ratio, starting with a randomly
built tree with degree of 3.

False positives may make the tree deeper because
subtrees are moved under a deeper node even with-
out shared congestion. The effects are demonstrated
in Figure 14. However, we notice only a very slight
increase of the RDP as the error rate increases up to
6%.

The effect of false negative is also negligible in the
range from 0 to 6%, as shown in Figure 15; this type
of errors make the convergence slower due to hid-
den shared bottlenecks, but only by a few rounds.
Therefore, errors in shared congestion detection less
then 6%, which is achievable with DCW, don’t affect
much the performance of our protocol.

Also note that, unlike the bandwidth heuristic,
which only looks for local optimum and does not con-
sider the source rate it should support, our protocol
eventually reaches the state where all receiving rates
are as high as the source rate, with or without errors.

6 Conclusion

In bandwidth-demanding multicast applications
such as multimedia distribution, it is critical for a
user to receive at the full source rate not to expe-
rience quality degradation. Though many heuristics
to achieve high receiving rate have been proposed,

in shared congestion

in shared congestion

they often fail to provide required receiving rate. We
proposed a new tree construction algorithm that re-
moves bottlenecks caused by the multicast session,
and proved that it removes every such bottleneck. If
the available bandwidth of each link is larger than
the source rate, the algorithm guarantees that all
receiving nodes receive at the full source rate. Sim-
ulation results show that our protocol maintains low
link load and short delay penalty while providing the
maximum receiving rate.
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A  Proof of Lemma 1

There are two cases depending on d(r, SLeaf(vy))
and d(r,vs).

Case 1 d(r,SLeaf(v1)) < d(r,vs)

If uy has more than one child, the number of
leaf nodes decreases by one in Line 3 . Other-
wise, the condition in Line 7 is satisfied, and hence
it decreases in Line 10. Note that removing (u,v)
doesn’t increase the number of leaf nodes because
u = Parent(Ram(usz)) has more than one children
by the definition of Ram. Therefore, D < D’ holds.

Case 2 d(r,SLeaf(v1)) > d(r,v2)

In this case, ¢t in Line 5 is not a leaf node; thus
Line 6 doesn’t decrease the number of leaf nodes.
Since d(r,t) = d(r,u2) + 1, the depth of every leaf
node in the subtree of vy increases by one when the
subtree is moved by Line 6. If us becomes a leaf
node in Line 6, the path from Ram(uz) to ug is relo-
cated under another leaf node in Line 10. Note that
the depth of every node between Ram(uz) and ug
increases after relocation. As a result, |D] is equal
to |D’|, but some elements in D are replaced with
larger values, resulting in D < D’.

Therefore, D < D’ in both cases.
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B Proof of Lemma 2

If SLeaf (v1) # SLeaf(vs) in Line 2, D < D’ holds
by Lemma 1. Otherwise, there are the following two
cases.

Case 1 Ram(v1) # Ram(vs)

When the condition in Line 7 holds, Line 8 doesn’t
increase the number of leaf nodes. If us; becomes a
new leaf node by Line 8, then the number of leaf
nodes is decreased again in Line 13. Hence the net
effect is always negative. If the condition in Line 7
doesn’t hold, Line 11 either maintains the same num-
ber of leaf nodes or increases by one. In the case of
increase, it is decreased back in Line 13. Thus the
number of leaf nodes always remain same. However,
the depth of every node in the subtree rooted at vs
increased by 1 due to the way t is chosen. Therefore,
D < D' always holds.

Case 2 Ram(v1) = Ram(vs)

The condition means that every node between
v1 and usg, inclusively, has only one child. In other
words, the path from vy to usg is just a list. Then we
reverse the order of the list, and connect it upside
down. Since leaf nodes are not affected by this
change, we know D = D’. Consider C and C’. Note
that (u1,v1) and (ug,vs) are sharing a bottleneck
link. Suppose the bottleneck link is (a, 3). Then
Pr(ui,v1) = Pr(ui,a) U{(e,8)} U PL(B,v1) and

Pr(ug,v2) = Pr(uz,a) U {(a,8)} U Pr(B,v9).
Hence, the total cost of these two edges
is z(m}n)EPL (u1,a) C(m7 n) + C(O{, ﬁ) +

2 mom)ePy (o) M) + D20 e Py (us,a) €M 1) +
cla, B) + (mn)E Py (Bv2) (M 1) After
Remove-Intra-Path-Shared-Bottleneck, the edges
(u1,v1) and (ug,v9) are removed, and (uj,us) and
(v1,v2) are added. The cost for other links remains
same because it is symmetric. Since P (uq,us2)
is the shortest path between the two nodes, the
cost along the path is not larger than the cost
of the path going through «. In other words,
Z(m,n)EPL(ul,a) C(m’ n) + Z(m,n)EPL(ug,a) C(m7 77,) 2

(m,n)EPr, (u1,us2) C(ma TL) Similarly,
2 (mmyePy(Bor) (M 1) + 2 mnye Py (8,0g) €157 2

(mn)€Pr(v1,00) (M, ). Because c(a, B) > 0, the
cost after Remove-Intra-Path-Shared-Bottleneck is
strictly less than the cost before.

Therefore, D < D', or D = D" and C < C". O



