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Abstract. The presentation of a landmark paper by Chu et al. at
SIGMETRICS 2000 introduced application layer multicast (ALM) as
completely new area of network research. Many researchers have since
proposed ALM protocols, and have shown that these protocols only put
a small burden on the network in terms of link-stress and -stretch. How-
ever, since the network is typically not a bottleneck, user acceptance
remains the limiting factor for the deployment of ALM. In this paper we
present an in-depth study of the user-perceived performance of the NICE
ALM protocol. We use the OverSim simulation framework to evaluate
delay experienced by a user and bandwidth consumption on the user’s
access link in large multicast groups and under aggressive churn models.
Our major results are (1) latencies grow moderate with increasing num-
ber of nodes as clusters get optimized, (2) join delays get optimized over
time, and (3) despite being a tree-dissemination protocol NICE handles
churn surprisingly well when adjusting heartbeat intervals accordingly.
We conclude that NICE comes up to the user’s expectations even for
large groups and under high churn.

1 Introduction

IP multicast is a technology with significant maturity that has been developed
for several decades. Nevertheless it lacks global deployment for reasons that are
manifold. They include, e. g., that IP multicast was designed without a specific
commercial use-case in mind, leading to insufficient support for address alloca-
tion, group management, authorization, protection against attacks, and network
management [7]. Nevertheless, many applications demand for multicast commu-
nication, and the demand is constantly growing in face of current trends towards
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video and TV transmission. A solution to this hassle was presented by [6], which
proposed to implement multicast distribution inside the end systems rather than
in the network itself, creating an completely new area of research. Many proto-
cols following this paradigm, denoted as end-system or application layer multicast
(ALM ), were developed. At the same time, it has been shown that the burden
that ALM puts on the network core is small. In particular, link stress, i. e., trans-
mitting the same multicast message across a physical link, and link stretch, i. e.,
extending the length of a delivery path compared to a unicast transmission, are
bounded and can be easily handled by todays over-provisioned provider net-
works. Thus, from a provider’s point of view ALM is an appealing alternative
to IP multicast.

However, pushing multicast away from the network core towards the end
systems also shifts the acceptance problem from the providers towards the users.
To this end, users must experience a sufficient performance in order to utilize an
ALM solution on a large scale. The user-perceived performance is determined
by three major factors: First, the user must be able to join an ALM multicast
group sufficiently fast, which is important, e. g., when zapping around between
multiple TV channels. Second, he should experience only a minimum delay, which
is important, e. g., for following a live broadcast or even more for interactive
applications like attending a video conference. Third, the bandwidth consumed
by the ALM protocol should be low, which is important, e. g., when using a
computer for other things than following a multicast transmission. Furthermore,
ALM must show the flexibility to be employed in different application scenarios,
where two scenarios are of particular interest: The first is broadcasting popular
events, which will on the one hand lead to multicast groups of significant size but
on the other hand of high stability, since many people will follow the transmission
for the entire duration. The second scenario is receiving a multicast transmission
along the way, which will lead to fewer, but rather instable users. Examples for
the second scenario include, again, zapping between TV stations.

In this paper, we present an in-depth evaluation study of the NICE appli-
cation layer multicast protocol that significantly extends the results presented
in [1,2,3]. In particular, we focus on the user-perceived performance of the proto-
col instead of the performance from the network perspective. The main work on
NICE [1,2,3] focused on underlay behavior in terms of stretch and stress. There-
with, the authors have taken a network-view, whereas our work evaluates NICE
from the end-user perspective. Similarly to the NICE studies, the work of Tang
et al. focused on hop-counts in NICE using different extensions for underlay-
awareness [11]. In terms of network dynamics the authors of NICE evaluated
the behavior of NICE using a bulk-churn model [3]. Our work uses realistic—but
aggressive—churn models to analyze NICE under real-world churn models. We
base our churn models on recent work by Stutzbach et al. that analyzed churn-
behavior of real-world P2P systems [10]. We do not cover extensions developed
to explicitly provide robustness like [5], but rather analyze the robustness of the
original NICE towards churn. In summary, we answer questions like: How long
does it take until I can view a multicast transmission? What is the transmission
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delay I have to expect? How much traffic is generated on my dial-up link? How
do other people constantly joining and leaving the system affect my transmission
quality?

To answer these questions, we conduct experiments using the overlay simu-
lation framework OverSim [4] that allows for large-scale simulations and use of
different churn models.

Our main findings are: (1) increasing the number of nodes by a factor of
16 increases latencies by only 31%, (2) join delays get optimized over time,
and (3) under a heavy churn configuration data success rates of 98.8% can be
achieved. From these results, we conclude that NICE is well suited to provide
user-perceived performance in large-scale and dynamic environments.

The remainder of this paper is structured as follows: To make the paper self-
contained, we give a description of the NICE protocol in Section 2. We also state
design decisions in our implementation concerning issues that are not clear in
the original proposal [2]. In Section 3 we describe our simulation methodology
that is used within the following Sections 4 and 5. In Section 4 we look at
NICE’s performance in scenarios with higher numbers of nodes. We evaluate the
protocol’s performance in face of churn in Section 5. Finally, concluding remarks
are given in Section 6.

2 NICE

The NICE protocol [1,2,3] is an early ALM approach that implements an un-
structured overlay (i. e. a node’s position in the overlay is not fixed). It explicitly
aims at scalability by establishing a cluster hierarchy among participating mem-
ber nodes. We first give a general protocol description in Section 2.1 before
detailing on specific implementational aspects in Section 2.2.

2.1 Basic Protocol

NICE divides all participating nodes into a set of clusters. In each cluster, a
cluster-leader is determined that is responsible for maintenance and refinement
in that cluster. Furthermore, all cluster-leaders themselves form a new set of
logical clusters in a higher layer, exchanging protocol data. Respective cluster-
leaders are determined from one layer for the next higher layer. This process is
iteratively repeated until a single cluster-leader in the topmost cluster is left,
resulting in a layered hierarchy of clusters (compare Figure 1). Protocol traffic
is mainly exchanged between nodes residing in the same cluster, leading to good
scalability.

Each cluster holds between k and (αk − 1) nodes, α and k being protocol
parameters. In case the number of nodes in a cluster exceeds the upper bound
the cluster is split into two clusters of equal size. If the lower bound is under-
cut, the cluster is merged with a nearby cluster. Clusters are formed on the
basis of a ‘distance’ evaluation between nodes, where distance is basically given
by network latency. Cluster-leader election is accomplished by determining the
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graph-theoretic center of the cluster and choosing the node closest to that point.
Nodes in the same cluster periodically exchange heartbeat messages to indicate
their liveliness and report measurements of mutual distance to other nodes in
that cluster. Cluster-leaders decide on splitting and merging of clusters as they
are aware of the current cluster size and all distances between nodes inside their
cluster.

The objective of NICE is to scalably maintain the hierarchy as new nodes join
and existing nodes depart. Therefore, the following invariants are maintained:

1. At every layer, nodes are partitioned into clusters of size between k
and (αk − 1).

2. All nodes belong to a L0 cluster and each node belongs only to one single
cluster at any layer.

3. Cluster-leaders are the center of their respective cluster and form the imme-
diate higher layer.

For bootstrapping, the joining node queries a Rendezvous Point (RP) for the set
of nodes that reside in the highest cluster. The node then queries the nearest of
these nodes for the set of the next lower layer, iteratively repeating this process
until the lowest layer L0 of the hierarchy is reached. As soon as this nearest
cluster is determined, the node requests from the L0 cluster’s leader to join
and finally becomes part of the cluster. Graceful or ungraceful leaving of nodes
is either detected by explicit protocol messages or through missing heartbeat
messages.

A node intending to send out multicast data sends its data to all nodes in
all clusters it currently resides in. A node receiving data from inside its cluster
forwards the packet to clusters it is part of except the cluster it received the
data from. This leads to each participant implicitly employing a dissemination
tree to all other nodes in the structure.

An exemplary NICE structure, consisting of three hierarchical layers (L0–
L2) is shown in Figure 1. Here, Layer L0 holds five clusters containing five
member nodes each. The four phases (a) to (d) demonstrate the steps in data
dissemination for a given initial sender. Members forwarding the data in each

Common Member Cluster Leader Current Forwarding Member

Fig. 1. Layered hierarchical NICE structure
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step are symbolized by crosses. Also in this example, the cluster-leader of the
highest cluster in the hierarchy constitutes the RP.

2.2 Design Decisions

We implemented NICE in the open-source overlay simulation framework Over-
Sim [4] based on the technical descriptions given in [3]. We will now detail on
relevant design decisions that are not specified by the protocol itself to ease the
understanding of the evaluations given in this paper.

Heartbeats and Distance Evaluation. Heartbeat messages are sent to direct
cluster neighbors participating in any cluster the sender resides in. The heart-
beat interval HBI triggers periodic heartbeat messages. We use heartbeats for
protocol information exchange and simultaneously for the evaluation of mu-
tual distances between nodes (cf. Figure 2a). Distances in NICE are evaluated
through round-trip time measurements between heartbeat-exchanging nodes. As
those evaluations are prone to variance we use an exponentially weighted moving
average to smooth distance measurements over time. Also, to avoid intersecting
heartbeats that would tamper with measurements, we use dedicated heartbeat
sequencing (cf. Figure 2b), helping to avoid error-prone distance evaluations
when out-of-order packet receptions occur.

A B

HBA

∆ tHB = 
[tHB(B)_send – tHB(A)_recv)]

tHB(A)_send

tHB(A)_recv

A B

seqNo = 2

seqRspNo = 1

seqNo = 3

∆ t

HBB
[∆ tHB]

t

tHB(B)_send

tHB(B)_recv

Dist(A,B) = tHB(B)_recv - tHB(A)_send -∆ tHB

t t t

seqRspNo = 2Evaluate 
Dist(A,B) for 
seqNo = 2

seqNo = 3

(a) Distance Evaluation via Heartbeats (b) Heartbeat Sequencing

Fig. 2. Distance Evaluation

Bootstrap and Join Phase. A joining node queries the RP for all nodes of
the highest cluster and starts sending probe packets for distance estimation. The
joining node descends towards its nearest node, iteratively repeating this process
until layer L0 is reached. In our implementation, we use an in-band RP, always
being the cluster-leader residing in the highest current hierarchy cluster.

Maintenance and Refinement. After a successful join phase nodes start
maintaining the overlay structure with respect to their point of view. This is
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realized by periodic heartbeats to all cluster neighbors to validate liveliness and
ensure protocol invariants (cf. Section 2.1).

Heartbeat messages are used for propagation of distance measurements. This
way nodes are able to make decisions autonomously. A node being cluster-leader
in cluster Ci in layer Li emits a special leader-heartbeat in this cluster, holding
contents of a normal heartbeat as well as information about members in the
direct super-cluster Ci+1 in layer Li+1. This information is used by neighbors in
Ci to find better cluster-leaders in Ci+1. A node in the super-cluster is considered
better if the distance to this node is at least min SC Dist percent smaller than
towards the current cluster-leader (min SC Dist being a protocol parameter).
Should a closer cluster-leader B in Ci+1 be found for a querying node A, the
latter will change its cluster membership to the cluster in layer Li that B is
leader of. Furthermore, neighbors in Ci use the neighbor information in the
leader-heartbeat to update their view of the current cluster memberships, i. e.
they add new nodes or delete nodes that are no longer part of the cluster.

If a cluster-leader detects a violation of the cluster size upper bound it deter-
mines the resulting two new clusters as follows: Let Ci be the cluster to split, Cj ,
Ck the resulting sub-clusters. For all possible combinations {Cj , Ck|Cj ⊆Ci\Ck∧
Ck ⊆ Ci\Cj} determine the particular resulting cluster-leader and check the
maximum distance from each such leader inside the respective cluster. The num-
ber of combinations is bounded by the clustersize parameter k. If Ci holds n
nodes, n ≤ (αk), this leads to n!

2(n
2 !)2 combinations to test. As soon as an appro-

priate cluster-split-set has been determined, the cluster-leader signals the change
throughout the specific cluster and all involved higher-layer clusters.

Should a cluster hold less than k nodes, it will be merged with one of its
neighboring clusters on the same layer. The leader of the specific cluster Ci in
layer Li is also part of cluster Ci+1 in layer Li+1, knowing its distances to the
nodes residing in the latter. With this information, the leader is able to determine
the nearest node of cluster Ci+1, being the candidate to merge cluster Ci with,
and initiate the merge operation.

As part of the periodic refinement process, cluster nodes decide if the cur-
rent cluster-leader remains optimal. This is accomplished by finding the node
with the smallest maximum distance to all other members in this cluster, based
on each nodes local distance knowledge. To avoid fluctuations we use a lower
bound min CL Dist which has to be exceeded in order to trigger a cluster-
leader change.

Protocol Recovery. Changes in the network or the NICE hierarchy can lead
to temporary soft-state inconsistencies between nodes. In case of severe hierar-
chy inconsistencies like partitioning or failure, nodes can decide to reconnect to
the structure. It can further occur that more than one cluster-leader becomes re-
sponsible for one node. This can happen due to temporary duplicate leaderships
in clusters, packet loss during leader transfer, or other inaccurate negotiation
procedures. In our implementation duplicate leaderships are detected by heart-
beat messages. If a node A after reception of heartbeat H1 at time t1 from leader
B receives a heartbeat H2 from leader C at time t2 with t2 − t1 < HBI it checks
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if the predecessing heartbeat before H1 was sent from leader B. This will with
high probability indicate a child relationship to both B and C. Node A will then
resolve the situation with a proactive cluster leave sent to leader C.

In addition to nodes detecting duplicate leaders, cluster-leaders also have to be
able to detect mutual duplicate leaderships inside a cluster. Duplicate cluster-
leaderships appear if one node decides to be new cluster-leader while the old
leader did not take this decision—or in some cases never will due to different
distance knowledge. Such situations are detected if a cluster-leader receives a
leader-heartbeat message in the same cluster he is leader of.

3 Evaluation Methodology

In this Section, we detail on the simulation environment and the setup of our
simulations. Furthermore, we discuss relevant performance measures that are
used in the remainder of this paper.

3.1 Simulation Environment

Our experiments are conducted using the peer-to-peer simulation framework
OverSim [4]. OverSim provides a flexible environment for simulation of struc-
tured and unstructured overlay networks with focus on scalability of the simu-
lation models with respect to the number of simulated nodes as well as re-use
of modules implementing overlay functionality. The core part of OverSim com-
prises various network models, that each model the underlying network with a
different level of detail, and thus, complexity of the simulation model and sim-
ulation runtime. The network model of our choice is OverSim’s SimpleUnderlay
that is frequently employed for performance evaluation from the end-system per-
spective. This network model abstracts from network and transport mechanisms
and arranges nodes in Euclidean space. The Euclidean distance of two nodes
determines the basic network latency between them. A random jitter between
0%–5% is added to this latency for each packet transmission. Note that this
network model does not capture packet losses, i. e., every packet that is sent t
is received by the destination. This behavior is consistent with the behavior in
other ALM simulation studies, e. g. [2]. We provide details on the setup of our
OverSim simulations in the next section.

3.2 Simulation Setup

We have implemented the NICE protocol as described in Section 2 as an OverSim
application that is executed by OverSim’s simulation models. In our simulations
we analyze up to 8 000 NICE nodes, where the number of nodes differs with
the experiments. Nodes are arranged randomly in a two dimensional field of size
[150,150], i. e., the maximum delay experienced for a transmission between two
nodes is ≈ 212 ms with addition of the random jitter. Based on the parameter
terms introduced in Section 2.2 we use the protocol parameter values given in
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Table 1 (unless stated different in the specific experiments). Furthermore, we
use a simulation setup that is given by the simulation parameters also shown in
Table 1.

Our simulation experiment can be subdivided into two phases. In the ini-
tial phase after the start of the simulation, the NICE hierarchy is incrementally
constructed. That is, one new node joins the network every second, until the an-
ticipated number of nodes is reached. We choose this approach to avoid difficult
effects that could appear in the initial phase and that are not subject to our eval-
uations. After the last node has joined we employ a backoff time of 60 seconds to
stabilize the hierarchy. The initial phase is followed by the data exchange phase.
In this phase, a given node, fixed but chosen uniformly at random from the set
of all nodes, sends a multicast packet every 5 seconds for evaluation of scalability
in Section 4, and every 1 seconds for evaluation of churn in Section 5. Note that
although the resulting data rate is very low, this is sufficient to compute the
performance measures of interest as described in Section 3.4. After 10 minutes
of data exchange, we again employ a backoff of 60 seconds before finishing the
simulation run.

Note that depending on the considered application scenario nodes may be
either stable during the data exchange phase or join/leave the NICE hierarchy
at arbitrary times due to churn. Since we consider both types of application
scenarios, we describe our model of dynamic node behavior in the next section.

Table 1. Protocol and simulation parameters

NICE-specific Simulation-specific
Parameter Value Parameter Value

α, k 3 Number of nodes 500–8 000
HBI {1,5,10} s Offset after last join 60 s
Maintenance Interval 3.3 s Measurement phase 300 s
Peer Timeout 2 HBI Joins ∼every 1 s
Query Timeout 2 s Data Interval 1 s (churn), 5 s (scalability)
Structure Timeout 3 HBI Field Size [150,150]
min CL Dist 30% Simulation Time 2 000 s
min SC Dist 30%

3.3 Churn Model

Churn is the process of nodes joining and leaving the overlay structure. As joins
and leaves trigger adaptation and therewith restructuring of the overlay, they can
cause packet loss due to inconsistencies, or partitioning. Resilience to churn is
conventionally achieved through redundant links in the overlay structure, result-
ing in higher cost [8]. Furthermore, dedicated mechanisms for overlay robustness
have been developed to cope with high churn [9].

To study the performance of NICE under heavy churn we have to define
appropriate churn models for our simulations. Several churn models have been
described in the literature, which use either Poisson, Random, Exponential, or
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Weibull distributions to model a node’s session length, i. e., its dwell time in
the hierarchy. A recent study of Stutzbach et al. [10] analyzed different real-
world networks (Gnutella, Kad, BitTorrent) and identified that (1) session length
distribution is quite similar over different networks, and (2) that the session
length distributed is best modeled through a Weibull distribution. Prior work on
NICE evaluated the protocol under bulk churn where groups of nodes collectively
join and leave the overlay simultaneously [2]. Opposed to [2], we use individual
churn following the Weibull distribution in our simulations according to the
Weibull PDF defined as follows:

f(x; λ, μ) =
{

μ
λ

(
x
λ

)μ−1
e−(x/λ)µ

x ≥ 0
0 x < 0

(1)

We use shape parameter μ = 0.5, as a compromise of shape values identified in
the work of Stutzbach. As the scale parameter λ varies greatly depending on the
observed system, we perform simulations with different λ values to achieve dif-
ferent mean lifetimes of the nodes, i. e., different degrees of churn. All parameter
values of the churn model together with the corresponding mean (in minutes and
seconds) and variance of the session length are shown in Table 2. As our goal
is to find the limits of robustness for NICE, our scaling values result in much
smaller mean lifetimes than the values presented by Stutzbach et al., which are
also shown in the table.

For churn simulations we use a mean of 128 nodes and single-source multicast.
The simulation time is 3 600 s, subdivided as follows: Again, we have an initial
phase where 128 are created in the first 128 s, one node per second. We start the
churn model together with the data transmission face at simulation time 200 s
and end it at simulation time 3 540 s. The source node of the transmission is
selected as described above and is not subject to churn. Finally, the simulation
ends at 3600 s. We evaluate different churn rates as detailed in Table 2. Finally
we perform one simulation with no churn as reference model.

3.4 Performance Measures

In our simulations, we consider four measures to capture user-perceived perfor-
mance of the ALM protocol:

Join Delay: This is the delay for integrating a new node into the NICE hier-
archy. Since it is the time a user has to wait until he can receive a multicast

Table 2. Weibull parameters and properties used for churn simulation in our work and
real-world observations from Stutzbach et al.

Our Work Stutzbach et al.

μ 0.50 0.34 0.38 0.59

λ 0.83 2.50 5.00 7.50 10.00 12.5 15 21.30 42.40 41.90

mean [minutes] 1.66 5 10 15 20 25 30 117.25 163.38 64.46

mean [seconds] 100 300 600 900 1 200 1 500 1 800 7 035 9 802 3 867

variance [minutes] 14 125 500 1 125 2 000 3 125 4 500 241 986 313 390 13 395
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transmission, we consider this measure of particular interest from the user’s per-
spective. For a given node, we measure this delay by the time between contacting
the rendezvous point and finally integrating the node in a cluster at layer L0

following the procedure described in Section 2.

Data and Heartbeat Latency: Data latency is the time required to transmit a
data packet from the multicast source to a given destination node. This latency
is of particular interest for users following a real-time transmission. It can be
measured by setting timestamps when sending and receiving a multicast packet,
respectively. Furthermore, the hopcount, i. e., the number of hops in the NICE
hierarchy that must be traversed to deliver a multicast packet, can be computed
using a field in the packet header. We will show that data latency depends to
some extent on the latency for transmissions inside a cluster. Thus, we will also
measure heartbeat latency, which is the delay experienced by heartbeat messages
as described in Section 2.2.

Overhead: Maintaining the NICE hierarchy comes at a cost, which is quantified
by the overhead for sending control messages. Overhead is relevant from the
user’s perspective since it must be transmitted over the user’s access link. We
measure the overhead for a given node by summing up the sizes of all control
messages it generates according to the protocol description in Section 2. We
assume addresses to be 32 bit and that e. g. heartbeat messages hold all known
cluster members together with their related distance evaluations, each stored
also in a 32 bit value.

Successfully Delivered Packets: Although OverSim’s simple underlay does not
consider packet losses, a multicast data packets may be lost due to structural
problems in the NICE hierarchy, in particular under heavy churn. Since data
packet losses directly affect the transmission quality, we consider them of partic-
ular interest from the user’s perspective. To compute the fraction of successfully
delivered packets is non trivial, since it is not clear how to count a node that is
part of the hierarchy when a data packet is send by the source, but leaves the
hierarchy before the packet is able to reach it. Thus, we measure successfully
delivered packets only for those nodes that are a part of the hierarchy when
a packet is sent and do not leave the hierarchy until transmission of the next
packet.

In the following sections, we use the performance measures defined here to
evaluate the performance of the NICE protocol.

4 Protocol Scalability

This section analyzes user-perceived performance of the NICE protocol from a
scalability perspective. Consistent with [2], it focuses on the performance during
initial construction and during stable operation of the multicast structure, while
the performance under churn is considered in Section 5. Opposed to [2], we
analyze large scenarios (i. e., up to 8000 nodes) and focus on user-perceived
rather then network-centric performance.
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In a first experiment, we analyze the join delay as defined in Section 3.4. We
plot join delay as a function of time in Figure 3 for different sizes N of the
multicast group. Recall that in the experiment one node per second joins the
hierarchy. In the figure, one line is drawn for each node’s join delay. Join delay
depends on the number of layers in the hierarchy, since a node starts to join at the
rendezvous point in the highest layer Lk and descends through the hierarchy. In
order to relate join delay and hierarchy depth, the figure also depicts the current
number of layers in the structure.

The figure shows that for N < 1500 the resulting hierarchy has four lay-
ers, while it has five layers for larger group sizes. Indeed, we find that the join
latency—as expected—depends on the current number of layers with the most
significant increase when raising the hierarchy depth from four to five layers.
As an interesting fact, the figure indicates that for a hierarchy with Layers
L0, . . . , Lk the join delay is highest directly after Layer Lk has been established.
Afterwards, it decreases constantly until Layer Lk+1 is added to the hierarchy.
This is due to the fact that a new established layer leads to few nodes in the
higher layer clusters, as illustrated in Figure 4. This figure plots the mean num-
ber of nodes in clusters of each layer computed once a second. The figure shows
that the cluster size in the lower layers stays quite constant over time. In con-
trast higher layer clusters are incrementally filled with nodes, confirming the
claim made above. For understanding the decrease in join latency depicted in
Figure 3, recall that a node must perform a distance estimation for one cluster
on each layer Lk, . . . L1 until it reaches the lowest layer L0. That means basically
waiting for a response by the cluster member that is closest in each cluster with
respect to latency. Since fewer nodes within a cluster reduces the probability
for having a nearby node—as we will illustrate later—this increases join delay
due to an higher delay for distance probing in the higher layers. However, the
join delays are significantly below two seconds with an average of 0.51 seconds.
We conclude from Figures 3 and 4 that even for large multicast groups NICE
provides a reasonable join delay for the users.
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In the next experiment, we focus on data latency as defined in Section 3.4.
We will restrict us to the latency achieved when the structure has stabilized, as
results for a structure with nodes entering and leaving are be shown in Section 5.
Figure 5 plots the cumulative distribution function (CDF) of the data latency.
One would expect data latency to increase with an increasing size N of the
multicast group. However, we find that it is quite stable regardless of group size,
e. g. a growth in number of nodes from 500 to 8 000 increases mean latencies
by 31% from 173.6ms to 228ms. To gain deeper insight into this behavior,
we plot the CDF of one hop heartbeat latency measured inside each cluster
as well as the hopcount distribution for multicast packets in Figures 6 and 7,
respectively. Confirming our claim made earlier, Figure 6 indicates that intra
cluster latency decreases significantly with an increasing number of nodes, since
the probability for clustering nearby nodes increases. Thus, every hop a data
packet must traverse for delivery takes less time. This fact compensates the
moderate increase in path length that results from increasing the depth of the
hierarchy, which is illustrated in Figure 7. We conclude from Figures 6 and 7
that NICE is highly scalable with respect to data latency.
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The last performance measure we consider is the overhead as defined in Sec-
tion 3.4. We plot overhead as a function of time in Figure 8. Since control over-
head may depend on the position of a node in the cluster hierarchy, we subdivide
the overhead by the layers. That is, we plot mean overhead for all nodes that
have the highest layer cluster membership on the same layer. The traffic is both
aggregated by 1 s and 10 s respectively. As expected, the figure shows that the
overhead for nodes in the highest layer cluster and especially for the rendezvous
point is significantly higher that for nodes that are only members of lower layer
clusters, since heartbeat messages etc. must be send for each cluster. As soon as
the depth of the hierarchy is increased from k to k + 1, the traffic for the nodes
that are member of cluster k but not of cluster k + 1 stabilizes. The fact that
each additional cluster membership adds a constant overhead for cluster main-
tenance leads to a linear grow in mean overheads with the number of clusters.
For the considered protocol configuration, each additional cluster membership
increases overhead by about 1–3kbit/s. Given a logarithmic growth of hierarchy
depth, we conclude from Figure 8 that NICE is scalable with respect to control
overhead. Nevertheless, more powerful nodes with high bandwidth connections
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seem more suited for membership in higher layer clusters, leading to the conclu-
sion that the choice of cluster leaders should not only be determined by average
latency. While we focus on user-perceived results in this paper, the experiments
also pose questions concerning reciprocal effects between the cluster parameters.
We are currently investigation issues like efficient parameter selection in specific
scenarios in the context of another work.

The experiments shown in this section indicate that the NICE protocol from
a user’s perspective performs well even for large but stable groups. However,
depending on the application scenario, coping with large group sizes might be
less important than providing stability of the multicast structure under high
node churn. We will enlighten this aspect in the next section.

5 Churn

In this section, we evaluate the user-perceived performance of the NICE protocol
under the realistic churn model introduced in Section 3.3. Recall that as our goal
is to find the limits of robustness for NICE, our scaling values result in much
smaller mean lifetimes than the values presented by Stutzbach. Furthermore, a
mean number of 128 nodes is considered in this scenario, being rather instable as
a result of churn. We believe this node number is sufficient to get an impression
of NICE’s abilities to handle fluctuations during multicast transmissions.

In a first experiment, we analyze the impact of churn on the structure of
the NICE hierarchy. Similar to Figure 3, we plot both the join delay and the
hierarchy depth as a function of time in Figure 9. The figure additionally shows
the number of group members. We find that during the data transmission phase
the hierarchy depth may alternate between two and three layers due to churn.
However, adding or removing layers does only delay the join operation of a few
nodes. In fact, the join delay of most nodes is with an average of 470ms almost
unaffected by churn. In an experiment not shown here due to space limitations we
find that data latency is not affected by churn, too, although multicast packets
may be lost as we show below. We conclude from Figure 9 that NICE performs
well under churn from the perspective of user-perceived latencies.

Since packet loss certainly affects user-perceived performance, we analyze the
fraction of successfully delivered multicast packets as defined in Section 3.4 in
a last experiment. Using variations in heartbeat intervals (HBI) defined in Sec-
tion 2 and using the churn rates given in Section 3.3 we evaluate the packet loss
ratio to find the robustness limits of the NICE structure. Figure 10 plots the
probability for successful delivery of a multicast packet as a function of mean
node lifetime together with the involved standard deviations. We alternate the
heartbeat-interval HBI between values 1s, 5s, and 10s. Note that without churn
(not shown in the figure), NICE delivers close almost 100% of the multicast pack-
ets successfully, since the NICE hierarchy is stable and packet losses on lower
layers are not considered by the underlay model. However, even under moderate
churn, a value of HBI larger than 1s implies significant packet loss, such that
10% and more of the packets are not delivered. Only an aggressive HBI value
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of 1s can compensate the churn up to a certain extend. Nevertheless, for node
lifetimes smaller that 900s even such aggressive parametrization of NICE fails to
successfully deliver more than 90% of the packets. We conclude from Figure 10
that high churn either requires aggressive efforts to maintain the NICE hierarchy
or some resilience mechanisms as introduced, e. g.in [5].

6 Conclusions

In this work we evaluated the NICE application layer multicast protocol from
a user perspective. Our focus is on scalability—using large groups of up to
8 000 nodes—and the behavior under churn—using aggressive versions of realistic
churn-models. By extensive simulations we achieve the following insights: (1) in-
creasing the number of nodes by a factor of 16 increases latencies by only 31% in
the considered scenario, (2) join delays get optimized over time, and (3) under a
heavy churn configuration data success rates of 98.8% can be achieved. Despite
not being designed for high churn, NICE can cope with such situations by using
smaller heartbeat intervals. Furthermore, NICE also achieves good scalability
for large groups.
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