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Abstract—In this decade, peer-to-peer (P2P) applications have
emerged as popular tools for sharing data and they have gained
much attention. Such P2P applications build overlay networks on
top of existing infrastructure networks and disseminate data in
a peer-to-peer manner. How well the P2P overlay network maps
onto the underlying physical network topology can significantly
impact P2P application performances.

In the literature, little work has quantitatively studied the
effects of underlying physical network topologies on P2P appli-
cation performance. In this paper, we used simulations to evaluate
the effects of underlying physical network topologies on the
performance of the real-life BitTorrent protocol and application.
QOur results show that underlying physical network topologies
significantly affect P2P application performances.

I. INTRODUCTION

In this decade, peer-to-peer (P2P) applications have emerged
as popular tools for sharing data and they have gained much
attention. Such P2P applications build overlay networks on
top of existing wired and wireless infrastructure networks and
disseminate and share data in a peer-to-peer manner. Due to
the complicated behaviors of P2P applications, simulations are
frequently used to study the performances of P2P applications.
In general, P2P simulations can be classified into two cate-
gories.

The first category is packet-level network simulation, which
simulates P2P networks with the details of underlying net-
work protocols (e.g., the behaviors of the transport layer,
the network layer, the MAC layer, etc.) and the physical
network topology. This simulation approach simulates the
communication network at a fine-grain level; thus, the sim-
ulation speed and simulation scalability of a packet-level P2P
network simulator are limited. Representative packet-level P2P
network simulation tools include ns-2 [1], Parallel/Distributed
NS (PDNS) [2], and NCTUns [3].

The second category is message-level P2P network simu-
lation, which virtualizes all the communication and network
details between peer nodes and generates simulation results
mainly based on messages generated by the top-level P2P
protocols. Many message-level P2P network simulators have
been proposed, such as P2PRealm [4], NeuroGrid [5], P2PSim
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[6], PeerSim [7], QueryCycle [8], 3LS [9], GPS [10], Oversim
[11], etc.

The main objective of the message-level P2P network sim-
ulators is to conveniently observe and evaluate the behaviors
and performances of P2P protocols in a large-scale network,
rather than observe P2P protocol performances over realistic
network topologies, conditions, and settings. For this reason,
in these simulators a physical path (which may traverse
many physical links) between two P2P peer nodes is usually
abstracted as a physical link with a dedicated bandwidth, and
the details of packet transmission/reception on such a physical
path are usually simulated by moving a message from one peer
node to another on the abstracted link.

However, in a real-life network the available bandwidth
between two peer nodes is not fixed and usually cannot be
easily estimated. For example, multiple P2P hosts may be
located in the same campus, which connects to the Internet
via a physical link. In such a condition, the connections set
up between them and the P2P peer nodes on the Internet will
need to share the bandwidth of the physical link that connects
the campus to the Internet. The available bandwidth that each
such connection can achieve is varied with the number of such
connections and even time-varied with the amount of dynamic
traffic on such connections. The assumption that each such
connection has a fixed and exclusive bandwidth, which is made
in many message-level P2P network simulations, is incorrect.

From the above explanations, one knows that the mismatch
between the logical network topology constructed by P2P
applications and its underlying physical network topology
can have significant impacts on P2P application performance
[13][14]. In the literature, little work has quantitatively studied
the effects of underlying physical network topologies on P2P
application performance. In this paper, we evaluated such
effects on the downloading performance of the BitTorrent
(BT) protocol using the NCTUns network simulator [3] and
a real-life BitTorrent application [18]. Our simulation results
show that underlying physical network topology significantly
affects P2P application performances. This finding indicates
that the performance results obtained from a message-level

2591



P2P network simulation can be too ideal and overestimated,
when verified with those obtained from a packet-level P2P
network simulation.

The remainder of this paper is organized as follows. In
Section II, we survey related work. In Section III, we briefly
explain the operation of the BT protocol, which is used in our
simulation experiments. In Section IV, we present the results
of our simulation experiments. Finally, the conclusion is drawn
in Section V.

II. RELATED WORK

In [14], Ripeanu et al. measured and analyzed the logic
networks constructed by the Gnutella application. They also
estimated how well the clusters of the logic network con-
structed by the Gnutella application match the clusters of the
underlying physical network (i.e., the autonomous systems
constructed by ISPs). The authors first defined the entropy
of a set C that contains |C| hosts, each labeled with a domain
name out of n different domains, as follows:

n

E(C) = (=pilog(p:) — (1 —pi)log(1 —ps)), (1)
=1
where p; is the probability of randomly picking a host with a
domain name . They then defined the entropy of a clustering
of a graph G that is of size |C| and divided into k clusters as
follows:

k
-3 |C1i| ,
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where C; denotes the i-th cluster of G. The clustering al-
gorithm for merging hosts in the logic network constructed
by Gnutella can be found in [14]. According to the real
measurements made in [14], the entropy of the clustering of
the logic network constructed by Gnutella is similar to that of
the clustering constructed in a random manner (i.e., the F(C)
computed by Equation 1).

Such results suggest that the logic network constructed by
the Gnutella application is unrelated to the Internet structure.
Inspired by this finding, several recent works (e.g., [15], [16])
have designed new schemes to reduce network traffic across
different ISPs because such traffic is considered expensive.

Although previous works have noticed the mismatch be-
tween the logic network and the physical network [13][14],
so far, to the best of the authors’ knowledge, little work has
studied the effects of physical network topologies on P2P
application performance. For this reason, in this paper we
studied the performance of a real-life BitTorrent application on
different physical network topologies. Quantitative simulation
results are presented in this paper.

III. BRIEF INTRODUCTION TO THE BITTORRENT
PrROTOCOL

In this paper, we used the real-life BitTorrent application
[18] to evaluate the effects of underlying physical network
topologies on P2P application performances. The operation of

the BitTorrent protocol is briefly explained here. More details
of this well-known P2P protocol can be found in [13].

In the BitTorrent protocol, nodes are divided into three
types: 1) tracker server, 2) seeder, and 3) client. The tracker
server maintains the list of active clients that are uploading
and downloading files to be shared. The seeder is a client that
possesses complete copies of files to be shared. The seeder
that owns the first copy of the shared file is called the initial
seeder. The last type is the client, which denotes the nodes that
do not possess the shared file and intend to download that file.

For a client that intends to download a shared file F', it
should first obtain the torrent file of the shared file F' (e.g., by
downloading the torrent file from the web site where the initial
seeder published the torrent file). The torrent file contains the
meta-data describing the file F' and the IP address of the
BitTorrent tracker server that maintains the active peer list
of the file. After obtaining the torrent file, the client transmits
a control message to the tracker server specified in the torrent
file to request the active peer list of F'.

On receiving such a request, the tracker server usually
chooses a subset of the peer nodes that are download-
ing/uploading the contents of F' in a random manner and
replies the client with a list composed of the chosen nodes.
By using the information in the active peer list, the client
then tries to connect to other active clients that are upload-
ing/downloading the same shared file. (The client usually
chooses peers to download F' in an arbitrary manner [15].)
After establishing connections with those clients, the client
can obtain the blocks of F' from the connected clients in a
peer-to-peer manner. At the same time, the client can upload
the blocks of F' that it possesses to other peer nodes that have
not possessed them. Such a block sharing process repeats until
the client has possessed all of the blocks of F'.

IV. PERFORMANCE EVALUATION
A. Simulation Setting

In this section, we evaluate the performance of the BitTor-
rent protocol using NCTUns. NCTUns is a powerful packet-
level network simulator, which has two unique features. One
is that it uses the real-life TCP/IP protocol stack in the
Linux kernel to conduct simulations and the other is that it
allows real-life application programs to be run on it during
simulation. By exploiting these two features, we ran the real-
life BitTorrent software [18] over different simulated physical
network topologies to evaluate the effects of these topologies
on BitTorrent performances.

The simulations were conducted on a desktop computer
equipped with the Intel Core2 Duo 3-GHz processor and 3 GB
main memory. The main parameter setting for each simulation
case is described here: the bandwidth of each simulated link
is set to 1 Mbps and the propagation delay of each simulated
link is set to 10 ms. It is assumed that no bit errors occur
on each simulated link. The routes of a simulated network is
pre-determined by using the Dijkstra’s shortest path algorithm.

In our simulation experiments, each BitTorrent client pro-
gram randomly selects IV of the peers indicated by the tracker
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Fig. 1.
topology

Fully-connected 8-host Fig. 2. Example 8-host topology

program to establish N connections, where N denotes the
maximum number of connections that a BitTorrent program
is allowed to establish. In a simulation run, the set of all
BitTorrent client programs and their established connections
is referred to as the logic network constructed by the BitTor-
rent protocol. Such a logic network will be mapped onto a
underlying physical network topology in a simulation case.

Six underlying physical network topologies are used to
study their effects on the performances of the BitTorrent
protocol. The first one is the fully-connected 8-host topology,
as shown in Fig. 1. This topology comprises 8 hosts, each
connecting with a router via a link. Each router is connected
with all other routers via dedicated non-sharing links. The
second physical topology is a small network comprising 8
hosts, which is shown in Fig. 2. The third physical network
topology is the fully-connected topology, as shown in Fig. 3.
In this topology, there are 20 hosts, each connecting with a
router via a link. Each router is connected with all other routers
via dedicated non-sharing links. The fourth physical network
topology is the mesh topology, which is shown in Fig. 4. In
this topology, 36 routers form a core grid network and each
of the 20 edge routers connects with a host via a dedicated
link. The fifth physical network topology is the ring topology.
As shown in Fig. 5, 20 routers together form a ring network
and each of them connects with a host via a dedicated link.
The last physical network topology is the tree topology, which
is shown in Fig. 6. In this topology, 20 routers form a binary
tree structure. Each of these routers connects with a host via
a dedicated link.

In a simulation case (regardless of the underlying physical
network topology), each host runs a BitTorrent client program
on it. Host 1 also runs a BitTorrent tracker program on it and
possesses the complete file that is to be shared. The maximum
queue size of each output queue associated with a physical link
is set to 50 packets. For each simulation case, it is run ten
times with different random number seeds. The performance
reported for a simulation case in this paper is the average
performance of its ten different runs.

B. Simulation Results

Fig. 7 shows the average download time of all BitTorrent
clients with different amounts of background traffic in the
topologies shown in Fig. 1 and Fig. 2. In each of these
two topologies, a background UDP flow generates traffic at a
specified constant bit rate. The source node of the background
traffic flow is randomly chosen from the nodes at the bottom
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left part of the network and its destination node is randomly
chosen from the nodes at the top right part of the network.
The download time results in Fig. 7 shows that the network
topology greatly affects the behaviors of P2P applications (not
only the absolute performance values but the performance
trend).

In the fully-connected 8-host topology, each host has a non-
shared link to each other host; thus, the background traffic does
not affect the bandwidth available for each BT connection
and the performances of the BT connections remain about
the same regardless of the amount of the background traffic.
However, in the example 8-host topology, the hosts share a
common backbone link in the core network. In such a network,
each BT connection has to compete for the bandwidth of the
shared link with other connections and background traffic.
As a result, the downloading time greatly increases as the
bandwidth consumption of the background traffic increases.

These results reveal that the simple fully-connected graph,
which is commonly used in the research of P2P applications,
may not be adequate to study the performances of P2P
applications in real networks where background and cross-
ISP traffic usually exists and consumes the bandwidth of each
ISP’s core network. If the ideal fully-connected graph is used
to study P2P application performance, one should be very
careful to avoid obtaining misleading performance results and
trends.

Fig. 8 shows the average time required for all BitTorrent
clients to finish downloading the shared file versus the number
of connections that they are allowed to establish. One obvious
finding is that, when the number of allowed connections
increases, the time for all BitTorrent clients to finish down-
loading the shared file significantly decreases. This result is
expected because when the number of allowed connections
increases, the number of connected peer nodes of a BitTorrent
client increases. In this condition, a BitTorrent client can
obtain more different blocks of the shared file from different
peer nodes at the same time. Thus, the time required for a
BitTorrent client to obtain all blocks of the shared file can be
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reduced.

A more important finding is that when the underlying
physical network topology is changed, the time required for
all BitTorrent clients to finish their downloads differs greatly.
One first sees that the BitTorrent clients in the simulation cases
that use the fully-connected graph as the underlying physical
network topology on average need the least time to finish their
downloads, as compared with those in simulation cases using
other physical network topologies. The reason is that when
the fully-connected graph is used as the underlying physical
network topology, each link of the logic network constructed
by BitTorrent clients is mapped onto a dedicated non-sharing
physical link. In this condition, each logic connection between
two peer nodes need not contend for link bandwidth with
other connections. The fully-connected topology represents
the ideal (but unrealistic) case for the underlying physical
network topology. For simplicity, however, most message-level
P2P network simulators use a fully-connected topology as the
underlying physical network topology.

In contrast, when other common network topologies (such
as the mesh, ring, and tree topologies) are used as the under-
lying physical network topology, many logic connections may
need to be mapped onto the same physical link, which may
result in traffic congestion on that physical link. In this condi-
tion, the quality (bandwidth, delay, loss) of a logic connection
experienced by a BitTorrent client can vary greatly over time
and is affected by the dynamic behaviors of other clients (e.g.,
packet transmission, peer node selection, and block selection).
The effects of these different physical network topologies are
compared and studied below.

Tab. I shows the ratios of the required download time
in the three common physical network topologies to that
in the fully-connected physical network topology. There are
two findings worth noting. First, even in the cases where
each BitTorrent client is allowed to establish connections with
all other peers (i.e., the number of allowed connections is
set to 20), the required download time in the three studied
physical network topologies are at least 27% larger than that
in the ideal fully-connected physical network topology. These
results show that ignoring/simplifying the underlying physical
network topologies, which is usually done by a message-level
P2P network simulator, may overestimate the performances of
P2P applications.

Another finding is that the underlying physical network
topologies greatly affect the performance of the BitTorrent
protocol. For example, when the number of connections that
a BitTorrent client is allowed to establish is set to 10, the re-
quired download time in the mesh topology is on average 1.33
times larger than that in the fully-connected topology, while
the required download time in the ring and tree topologies are
on average 1.60 and 2.11 times larger than that in the fully-
connected topology.

The reason why the BitTorrent clients on the three un-
derlying physical network topologies achieve different per-
formances is explained here. The BitTorrent clients in the
mesh topology achieve the best performance because the mesh
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topology provides the most links in the core network among
the three studied topologies. Suppose that each edge router is
connected with only one end host and n is the total number
of the end hosts in the network. Then the mesh core network
will have (2+2)2 routers and provide (2% — 1) % (244) % 2
physical links for forwarding packets. In contrast, when the
ring topology or the tree topology is used, the core network
has only n routers and provides n physical links. As a result,
the mesh topology provides more network bandwidth and
flexibility to distribute the traffic load of a P2P logic network
over different physical links. This reduces the possibility of
traffic congestion on physical links.

The above explanations can be confirmed by Fig. 9 and
Fig. 10, which show the probability distribution functions
(PDF) of the number of logic connections passing through
the same physical link, when the number of connections that
a BitTorrent client is allowed to establish is set to 2 and
10, respectively. The corresponding cumulative distribution
function (CDF) results are presented in the Appendix for
readers’ reference. The PDF and CDF results obtained when
the number of connections that a BitTorrent client is allowed to
establish is set to 20 (i.e., unlimited) are very similar to those
when this value is set to 10. Therefore, we do not present them
here for brevity.

As one sees, when the number of logic connections that a
client can establish is set to 2, over 40% of the physical links
in the mesh topology have 5 and less logic connections passing
through them and no physical link in the mesh topology has
more than 45 logic connections passing through it. In contrast,
most of the physical links in the ring topology accommodate
40-55 logic connections. In the tree topology, on average 25.64
% of the physical links accommodate more than 50 logic
connections and 6.13 % of the physical links accommodate
95 or more logic connections. These results evidence that the
logic connections in the mesh topology can be distributed over
more physical links, which reduces traffic congestion on each
physical link.

For the ring topology, due to its circular and symmetric
structure, the numbers of logic connections mapped onto the
physical links in the ring topology are roughly the same. In the
tree topology, because there is only one path between any pair
of peer clients, the physical links connecting with the routers
that are near the tree root will need to accommodate more
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TABLE I
THE RATIOS OF THE REQUIRED DOWNLOAD TIME IN THE MESH/TREE/RING TOPOLOGY TO THE REQUIRED DOWNLOAD TIME IN THE FULLY-CONNECTED

TOPOLOGY
Number of allowed connections
2 4 6 8 12 14 16 18 20
Mesh 1.35 1.34 1.37 1.36 1.33 1.29 1.28 1.29 1.30 1.27
Ring 1.99 1.99 1.87 1.79 1.60 1.53 1.40 1.37 1.42 1.35
Tree 239 | 228 | 2.10 | 2.11 2.11 2.13 1.92 1.90 1.92 1.86
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Fig. 11. The PDF of the average
link output queue length (the num-
ber of connections that a client can
establish is set to 2)

Fig. 12. The PDF of the average
link output queue length (the num-
ber of connections that a client can
establish is set to 10)

logic connections. As a consequence, traffic congestion may
frequently occur on these physical links. This explains why in
the tree topology several physical links have a large number
of logic connections passing through them.

To observe how traffic load is distributed over the under-
lying physical network topology, we plotted the PDF of the
average output queue lengths of physical links in Fig. 11
and Fig. 12. The average queue length results confirm our
explanations for the impacts of the three physical topologies on
P2P application performances. One can see that the BitTorrent
clients in the fully-connected topology generate the least buffer
occupancy, while those in the tree topology result in several
bottleneck links (with very high buffer occupancy). As a result,
BitTorrent clients in the fully-connected topology achieve the
best download performance and those in the tree topology
achieve the worst download performance. The BitTorrent
clients in the mesh and ring topologies generate moderate
average buffer occupancy; thus, the BitTorrent clients in these
two physical topologies generate moderate download perfor-
mances, as compared with those in the fully-connected and
tree topologies.

ber of logic connections passing
through a physical link (the num-
ber of connections that a client can
establish is set to 10)

ber of logic connections passing
through a physical link (the num-
ber of connections that a client can
establish is set to 2)

V. CONCLUSION

In this paper, we studied the effects of different underlying
physical network topologies on the performance of the BitTor-
rent protocol using the NCTUns network simulator and a real-
life BitTorrent application. Quantitative performance results
of the BitTorrent application on different underlying physical
network topologies are presented. Our simulation results show
that underlying physical network topologies significantly affect
P2P application performances. These results suggest that P2P
performance results obtained on an abstract physical network
topology (which is usually used by a message-level P2P
network simulator) can be too ideal and overestimated than
those obtained on a more realistic network topology (which is
normally used by a packet-level network simulator).

APPENDIX

For readers’ reference, the CDFs of the number of logic
connections passing through the same physical link, when the
number of connections that a BitTorrent client is allowed to
establish is set to 2 and 10, are plotted in Fig. 13 and Fig. 14,
respectively.
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