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Abstract—In this paper we investigate the performance of
distortion-bounded approximation methods for overlay multicast
tree construction and compare them to common overlay multicast
tree construction techniques such as the minimum spanning
tree (MST) and core-based trees. We study the fanout-distortion
tradeoff of these techniques on both synthetic and real Internet
topologies. The performance results vary not only between
different methods but also between different topologies. Our
study of the fanout-distortion tradeoff reveals that low distortion
approximation methods sacrifice fanout for low distortion sug-
gesting a more careful design in order to balance both mertics.
Furthermore, MST outperforms low distortion approximation
methods both in distortion and fanout, especially on realistic
Internet topologies, even though it was not designed to optimize
distortion or fanout.

I. INTRODUCTION

Interactive multi-party communication among a small group
is becoming very popular. Examples include video conferenc-
ing, remote education and distributed gaming. A large number
of such groups may coexist in the Internet and it is desirable
to optimize the perceived performance of the group members
together with the stress on the Internet resources. While IP
multicast was originally proposed for this purpose, it is not
supported in today’s Internet mainly due to its heavy reliance
on router support. Application-level (overlay) multicast is a
viable alternative [6], [18], which only requires intelligence at
the participating nodes. Typically, overlay multicast requires
an overlay tree connecting group members who communicate
over this tree. Two performance metrics are important from
a user’s perspective: (1) the delay between communicating
nodes or the delay distortion defined as the ratio between
overlay delay to direct communication delay, and (2) the
fanout at these nodes, defined as the out-degree of nodes in
the overlay. Minimal delay is critical for realtime applications
and a small fanout is needed since nodes are responsible for
data copying and forwarding to other nodes and the larger
the fanout the more the stress on nodes’ resources. Efficient
support for multiparty real-time applications at the application
level requires an overlay tree, which optimizes/balances the
distance and fanout metrics. Furthermore, from a network’s
perspective, it is desirable to reduce the stress on network

links.

Constructing an optimal fanout and distance-bounded tree
is an NP-complete problem [23], [13] and while many exist-
ing overlay multicast tree construction algorithms limit node
fanout, none of them target bounded distortion. On the other
hand, extensive research has been done on probabilistic metric
space approximations, embedding arbitrary graphs into trees
with bounded distortion [8], [9], [10], [20], [5], [2], [1],
[13], [19], [3], [23]. In this paper we investigate the per-
formance of representative distortion-bounded approximation
methods [10], [20] for overlay multicast tree construction and
compare them to common overlay multicast tree construction
techniques such as the minimum spanning tree (MST) and
core-based trees. Both [10] and [20] can achieve the tight
distortion bound of O(logn) [5]. To our best knowledge, this
is the first work investigating the application of distortion-
bounded algorithms to application level multicast tree con-
struction. Apart from the bounded distortion, these approxima-
tion techniques rely on hierarchical partitioning of nodes using
a well-defined partition radius, which is convenient for overlay
tree construction and suitable for small group communication.

We study the fanout-distortion tradeoff of these techniques
on both synthetic and real Internet topologies and show
how the performance results vary not only between different
methods but also between different topologies. Our study
of the fanout-distortion tradeoff reveals that low distortion
approximation methods sacrifice fanout for low distortion
suggesting a more careful design in order to balance both
mertics. Surprisingly, the MST outperforms low distortion
approximation methods both in distortion and fanout, espe-
cially on realistic Internet topologies, even though it was not
designed to optimize distortion or fanout.

The rest of the paper is organized as follows: In Section II
we introduce the overlay construction techniques to be inves-
tigated. In Section III We analyze the worst-case fanout bound
of the approximation methods; In Section IV we introduce the
network topologies that we use in our experiments. In Section
V we define the performance metrics of interest. In Section
VI we provide and comment on the experimental results. We
finally conclude in Section VII.



II. OVERLAY CONSTRUCTION TECHNIQUES

We investigate four different techniques: (1) Bartal, (2)
Berkeley, (3) MST, and (4) Star. They target different objec-
tives and rely on different constructions. Both Bartal’s algo-
rithm [10] and Berkeley’s algorithm [20] target an overlay with
bounded distortion of O(Inn). They both rely on clustering
nodes into balls with some radius, r, but differ in the way r is
selected. The value of 7 is drawn from an exponential probabil-
ity distribution function in Bartal’s algorithm and drawn from
an uniform distribution in Berkeley’s algorithm. The Minimum
Spanning Tree algorithm, MST, targets an overlay with the
minimum sum of the delays between connected overlay nodes.
The Star overlay construction is a core-based algorithm, which
selects one node as the core and communication between all
nodes is carried through the core.

The input to each of these algorithms is a set of nodes,
V, with known pairwise distances (delays). Let A be the
diameter of the graph; i.e., the largest distance between any
pair of nodes. The output of each algorithm is an overlay
graph connecting the nodes. Let B(x,r) be the ball including
all nodes within radius of r of node z € V and |B(z,r)| be
the size of the ball.

A. Bartal’s Algorithm

By combining ideas from [8] and [9], Bartal proposed a
graph decomposition technique in [10], with a proven distor-
tion bound of O(Inn), where n is the number of nodes in
the system. The key idea is that each cluster/ball of nodes is
recursively partitioned into two non-overlapping clusters/balls.
A ball’s radius, r, is selected from an exponential probability
distribution function, p(r) = #2,2)%)\”/ R where R =
A/128, A = |B(v,16R)|/|B(v, R)|, and v is the center of
the ball, which is selected to minimize |B(v, 16R)|/|B(v, R)|.
Algorithm 1 provides the details of Bratal’s construction.

algorithm 1 Bartal(V)

R=A/128

Find v € V that minimizes |B(v, 16R)|/|B(v, R)]

choose a radius r € [2R, 4R] according to exponential p(r)
Vi=set of all nodes € B(v, )

Va=set of all nodes ¢ B(v, )

If (Vi # () then Bartal(V})

If (Vo # () then Bartal(V5)

B. Berkeley’s Algorithm

Berkeley’s Algorithm was proposed in [20] and again relies
on graph decomposition into balls but as opposed to Bartal’s,
it tries to get a balanced decomposition of the graph as a
ball’s radius, 7, is selected from a uniform distribution function
in the range [A/4, A/2]. The algorithm works as follows: A
random permutation of nodes, 7, is fixed and used throughout
the process, and also (3 is chosen uniformly at random in [1, 2].
For each ¢, we compute the set of node clusters, D; and D; 1

as follows. First, set 7; to 2! 3. Let S be a cluster in Dt
A node u € S is assigned to the first node v € V' closer than
r; to u, according to m. Each child cluster of S in D; then
consists of the set of vertices in S assigned to a single center
v. Note that the center v itself need not be in S. Thus one
center v may correspond to more than one cluster, each inside
a different level ¢ + 1 cluster. Also note that the radius of each
cluster, r;, is at most 2°. Algorithm 2 provides the details of
Berkeley’s construction.

algorithm 2 Berkeley()

choose a random permutation 7 of nodes v1,v2,--- jun

choose (3 uniformly at random in [1, 2]

0 = loga A

D5 ={V}

i=0-1

while D; 1 has non-singleton clusters do

T = 21y I]

foreach [ =1,2,--- ,n do

foreach cluster S in D;;1 do

Create a new cluster consisting of all unassigned
vertices in S closer than r; to m4(1)

end
end
1=1—1

end
return G ;

C. Degree-Bounded MST Algorithm

The Minimum Spanning Tree (MST) algorithm targets the
minimum overlay cost (sum of the delays between connected
overlay nodes), which makes it a good candidate for appli-
cation layer multicast. However, it has been shown in [26]
that the MST algorithm results in linear O(n) distortion.
Despite its linear distortion bound, the MST algorithm has
been found to incur low distortion in practice [4]. In this paper,
we use Kruskal’s algorithm to construct the MST. Algorithm
3 provides the details of the MST construction.

algorithm 3 MST()
order all links nondescendingly by the distance
L=0 L is the number of included links in the overlay
while L < (n—1) do
foreach link (u,v) in the ordered list do
if (adding (u,v) does not lead to a cycle) then
Add link (u,v) to overlay
L=L+1
end

end

end

D. The Star Algorithm

The Star overlay construction is a core-based algorithm,
which selects one node as the core and communication be-



TABLE I
MAXIMUM FANOUT FOR BARTAL’S ALGORITHM.

Distributions | p | No. levels (h) | Max fanout (p*h) |

sub-linear 2 | 0.5logea(n),0.5log3z2(n) | logsa(n)
linear 2 | [logea(n),logsa(n)] 2loga2(n)
polynomial 2 | [2logea(n), 2loga2(n) 4logza(n)
exponential 2 | [nlogea(2),nlogsa(2) 2nlogz2(2)

tween all nodes is carried through the core. We use the node
which has the minimum-maximum distance to all other nodes
as the core. This algorithm is used to study the behavior of
the case in which one node is highly capable (has excellent
Internet connectivity) and acts as an intermediary between the
source of communication and all destination nodes. Intuitively
the Star overlay construction should result in a better distortion
as communication will only hop through one intermediary
node (the core). As we show in Section VI, this is not
necessarily the case.

III. FANOUT ANALYSIS

Clearly, there is a tradeoff between distortion and node
fanout. The higher the node fanout the more likely it is that
an overlay construction would achieve a low distortion. The
distance between nodes in the underlay impacts the fanout and
distortion in the resulting overlay. In this section we analyze
the expected worst-case fanout under certain underlay dis-
tance distributions. We choose the following popular distance
distribution functions for our analysis: (1) sub-linear (y/n),
(2) linear (n), (3) polynomial (n2), and (4) exponential (27).
We do not claim that any of these distance distributions are
representative of the distance between Internet nodes. Still,
two factors have lead us to the choice of these distributions:
(1) the diversity in their properties, and (2) the lack of a
representative distance distribution for Internet nodes. Our
analysis is intended to clarify and back the simulation results,
which we present in Section VI

A. Analysis of Bartal’s algorithm

Bartal’s algorithm uses an exponential radius function to
cluster nodes and explicitly decomposes a graph into two sub-
graphs, so each partitioning level always leads to a fanout,
p, of 2, and the final fanout depends on the number of
partitions, h. In the worst case, a single node is always
chosen as center nodes for all partitioning levels leading
to a worst case (maximum) fanout of p.h = 2h. Notice
that using the exponential radius distribution function, there
is a high probability for choosing a ”small” radius, which
produces many small sub partitions. For example, for a linear
distance distribution and a radius range of [A/64,A/32],
the sub partition size would be [n/64,n/32], which will set
h = [logea(n),logsa(n)]. So the worst case fanout would be
in the range [2 *logga(n), 2 * logsa(n)], when a single node is
chosen as the center at all partitioning levels. The maximum
fanout for the considered distance distributions when using
Bartal’s algorithm are outlined in Table 1. As is clear from the

table, Bartal’s resulting overlay has a logarithmic fanout bound
independent of the underlay node distances. The resulting dis-
tance distortion will heavily depend on the underlay distances
though.

TABLE 1I
MAXIMUM FANOUT FOR BERKELEY’S ALGORITHM.

| Distributions [ p | No. levels (h = logpn) [ Final fanout(p*h) |

sub-linear [4,16] logien, logan] 4logan
linear [2,4] logan,logan] 2logan
polynomial V2, 2] [logan,logi.an] 1.4log1.an
exponential n/2,n] | [1,2] n

B. Analysis of Berkeley’s Algorithm

Berkeley’s algorithm uses an uniform radius function in
the range of [A/4,A/2] to cluster nodes resulting in a
balanced hierarchy and a low fanout. For example, for a linear
distance distribution and a radius range of [A/4,A/2], the
sub-partition size would be [n/4,n /2], which sets the number
of sub-partitions p = [2,4], and h = logpn. The maximum
fanout in this case would be the maximum value for p.h;
i.e. 4logan. The maximum fanout for the considered distance
distributions when using Berkeley’s algorithm are outlined in
Table II. From the above analysis, we conclude that the fanout
can be (asymptotically) well below n under various distance
distributions, except for the exponential distribution case.

IV. NETWORK TOPOLOGIES

The structure of the Internet underlay, the number of nodes
in the system, and the distance between nodes together with
the overlay construction technique all affect the overlay per-
formance. We use five different network topologies to test the
performance of the overlay construction techniques discussed
in Section II.

Two of these topologies are synthetic and are generated
using (1) Brite [27], [28] and (2) GT-ITM [14] topology
generators. Brite is degree-based and generates a graph with
power law degree distribution, while GT-ITM is structure-
based and generates graphs emulating the Internet structure
with transit and stub autonomous systems (AS). The difference
between the generated Brite and GT-ITM topologies reflects
the disagreement in the networking research community about
the exact structure of the Internet and its features. The gener-
ated BRITE topology has 1000 routers, while GTITM has 600
routers. End hosts in our experiments are attached to randomly
chosen routers and we vary the number of end-hosts to study
the scalability of the overlay construction techniques.

The other three network topologies were obtained through
actual network measurements to obtain the distance between a
set of Internet nodes through Ping packets: (1) The PlanetLab
topology [30], (2) the NLANR topology [29], and (3) the
Meridian topology [33]. The PlanetLab topology connects 364
nodes on the PlanetLab infrastructure [30], the NLANR topol-
ogy connects 117 nodes and the Meridian data set connects
2500 nodes. We randomly select different size subsets of these



nodes to study the performance of the overlay construction
techniques for different group sizes. Each data point in our
graphs (Section VI) is a result of 25 runs leading to a 95%
confidence in the results.

V. PERFORMANCE METRICS

We compare the performance of the overlay construction
techniques using the following metrics:

1) Average Distortion Ratio, or distortion for short, defined
as the ratio of the overlay delay to the direct connection
delay, averaged on all pairs of nodes

2) Maximum Fanout, or fanout for short, defined as the
maximum degree of the overlay nodes. The fanout
reflects the heaviest load on any node in the overlay.

3) Stress, defined as the maximum load (copies of ex-
changed content) on any physical links (underlay link).

In the presented results in Section VI, stress and fanout are
measured when the center node of the whole graph is the
sender. Also, we do not study the stress for the Internet
topologies, PlanetLab, NLANR, and Meridian due to the
difficulty in attaining the stress for such topologies.

VI. SIMULATION RESULTS

In Table III we compare the distortion/fanout tradeoffs
for the different overlay construction techniques using the
different network topologies when the number of nodes in the
system is 100. The results in Table III reveal that: (1) Topolo-
gies affect the performance. however, this trend is observed for
some techniques more than the others and for some metrics
more than the others. For example, the distortion resulting
from the Star topology is much higher in the PlanetLab
topology than for all other topologies, while the distortion
of the Berkeley’s algorithm does not vary dramatically for
different topologies. (2) Statistical approximation techniques
such as Berkeley and Bartal indeed bound the overlay dis-
tortion. However, this comes at the cost of relatively high
fanout. (3) MST, which is not directly intended to optimize
distortion, does lead to better distortion than Berkeley and
Bartal, which are designed to bound distortion, especially with
realistic Internet topologies (PlanetLab, NLANR, and Merid-
ian). Furthermore, MST, which is also not intended to bound
fanout, does lead to better fanout than all other techniques. (4)
The Star construction, which seemingly is expected to produce
very low distortion at the cost of using a node with very high
degree, does not produce low distortion especially in realistic
PlanetLab, NLANR, and Meridian topologies. The degradation
in performance of the Star topology can be attributed to the
high variation in node delays in the Internet. In general,
synthetic topologies have low variation in distance , while
real data sets distance is arbitrary, asymmetric, not complying
the triangle inequality and of high variation. For example, the
PlanetLab distances range from 0.1 ms up to 1500 ms, while
the node distances range between 7 ms and 400 ms for the
Brite topology and between 1 ms and 200 ms for the GT-
ITM topology. (5) In our experiments, we have found that
when the maximum fanout is large, then typically this is due

to the presence of a a very small number of nodes with this
high fanout but most nodes have typically a low degree. This
suggests that if some nodes are able to fake high fanout due
to their superior Internet connectivity, then they can act as
supernodes and relieve the group from high distortion.

We next study the scalability of investigated algorithms as
the number of nodes in the system (group size) increases. Fig-
ures 1 and 2 compare the distortion, fanout, and stress of the
different algorithms on the Brite and GT-ITM topologies; and
Figure 3 compares the distortion and fanout of the algorithms
on the Planetlab, NLANR, and Meridian topologies. Figures
1, 2 and 3 reveal the following: (1) Berkeley’s distortion scales
better as the group size increases in almost all considered
topologies. This however comes at the cost of a slightly higher
fanout. (2) The Star algorithm is very sensitive to different
topologies. While it leads to the best distortion in synthetic
topologies, it leads to high distortion in realistic Internet
topologies as in Planelab and NLANR. It is also clear that Star
algorithm leads to the worst stress among all other algorithms.
(3) The MST algorithm is still performing better than the
others for all topologies and all metrics: distortion, fanout,
and stress. The performance of Berkeley as the group size
increases does not deviate by a lot from the MST algorithm.
(4) Again, in our experiments, we have found that when the
stress is large, then typically this is due to the presence of a
a very small number of links with this high stress but most
links have typically a low stress.

Overall, the results suggest that the MST outperforms all ex-
isting algorithms including distortion bounded approximation
techniques and the Star algorithm. The close similarity be-
tween MST and Berkeley performance suggests that Berkeley
maybe suitable for application-level multicast due to its simple
deployment. The reasons for the MST superiority results from
its ability to dynamically adapt its structure based on nodes’
distances allowing pairwise communication with minimum
overall cost.

To show whether our fanout analysis can match with the
simulation, both results are shown in Figure 4, including
fanout values for the 3 algorithms on the 5 topologies, where
“(B)”,“(G)”,“(P)”, “(N)”, “(M)” represent the Brite, GT-ITM,
PlanetLab, NLANR and Meridian topologies, respectively,
with 100 nodes in each topology. While there is a difference
between the absolute values of simulation results and our
analysis, one can see that the analysis is able to capture
the relative performance differences between the different
algorithms on the different topologies.

VII. CONCLUSIONS AND FUTURE WORK

In this paper we compare the performance of low distortion
hierarchical partitioning multicast tree construction techniques
to other tree construction techniques such as MST and Star.
We investigate the correlation between fanout and distortion
and study the scalability of these techniques as the system
size increases. To our best knowledge, this is the first work
on studying the performance of approximation methods with
bounded distortion for application- layer multicast. Our results
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TABLE III
FANOUT-DISTORTION TRADEOFFS IN TOPOLOGIES WITH 100 NODES.
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