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Abstract—In this paper, we propose a novel approach for reducing the download time of large files over the Internet. Our approach,
known as Parallelized File Transport Protocol (P-FTP), proposes simultaneous downloads of disjoint file portions from multiple file
servers. P-FTP server selects file servers for the requesting client on the basis of a variety of QoS parameters, such as available
bandwidth and server utilization. The sensitivity analysis of our file server selection technique shows that it performs significantly better
than random selection. During the file transfer, P-FTP client monitors the file transfer flows to detect slow servers and congested links
and adjusts the file distributions accordingly. P-FTP is evaluated with simulations and real-world implementation. The results show at
least 50 percent reduction in download time when compared to the traditional file-transfer approach. Moreover, we have also carried
out a simulation-based study to investigate the issues related to large scale deployment of our approach on the Internet. Our results
demonstrate that a large number of P-FTP users has no adverse effect on the performance perceived by non-P-FTP users. In addition,
the file servers and network are not significantly affected by large scale deployment of P-FTP.

Index Terms—Distributed applications, performance measurements, Internet.
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1 INTRODUCTION

DOWNLOADING large files can be a very time-consuming
and slow process. As a result, they are highly susceptible

to congestion that results from the high network dynamism
that is prevalent in the Internet. Numerous studies of Internet
traffic characteristics have shown that file size distributions
are heavy-tailed [7]. This implies that a significant number of
large files are downloaded over the Internet. Hence, reducing
the download time for large files is an important and relevant
problem.

A common approach to address this problem involves
provisioning multiple mirror servers with replicated con-
tent. With multiple copies existing at these mirror servers, a
popular server selection strategy involves choosing the
geographically closest server, assuming that this will result
in the least delay [2]. However, this can result in poor
performance if other mirror servers, not necessarily
geographically closest, have a higher resource availability
at that time and, hence, can be accessed for less download
delay. Further, there is no guarantee that a server which
provides optimal performance at the start of the file
download will necessarily be able to provide the same
level of performance at the end of the download. Rather
than downloading the entire file from a single server, we
can take advantage of the fact that the files are replicated
across multiple servers and, hence, disjoint portions of a
single file can be simultaneously downloaded in parallel.

In this paper, we propose a novel parallel download
scheme, called Parallelized File Transfer Protocol (P-FTP),

with these capabilities. Our approach involves the use of a
special P-FTP server running within the client’s Autono-
mous System (AS) [12]. This server is capable of commu-
nicating with the file servers located anywhere in the
Internet and measuring the Quality of Service (QoS)
parameters along the paths to these servers. As opposed
to traditional FTP, a client in our case first contacts the P-
FTP server when a particular file is to be downloaded. The
P-FTP server then selects a set of suitable file servers from
which the file can be downloaded in parallel. This
information is sent back to the client, who then initiates
parallel file transfer sessions. In addition to this, the P-FTP
server also sends a list of backup file servers that will be
contacted by the client if there is congestion in the network
or some particular file server fails or slows down. This
makes our technique dynamically adaptable to the chan-
ging network conditions.

The file server selection is based on the server utilization
and the QoS characteristics along the network path to the
servers. The server utilization is measured based on its CPU
and memory utilization. The path quality is determined by
QoS parameters such as available bandwidth, round-trip
time, and packet dropping probability. However, additional
parameters can be easily introduced to account for any
other factors that may affect the performance. A database of
these parameters is maintained at the P-FTP server and is
regularly updated to ensure the freshness of the informa-
tion. The P-FTP server ranks all the available servers based
on these parameters and selects a subset of these servers
based on the available bandwidth between the client and its
Internet Gateway. Given this information, the P-FTP server
determines the respective file portions that can be down-
loaded from the selected file servers. This information is
then sent to the client.

The P-FTP client is able to dynamically adapt to the
changing network conditions. In particular, we focus on
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two such conditions: congested common links and the file
server’s throughput. Our client can detect servers that share
a common congested link on their path to the client. The
connections to such servers are terminated upon successful
detection and new connections with the backup servers
nominated by the P-FTP server are initialized. Moreover,
the throughput of the file servers is regularly monitored to
detect low-performing or failed file servers. In such an
event, the file portions to be downloaded from slow/failed
servers are reduced and new sessions are initiated with the
backup servers to download the remaining file portions.
This approach has two additional advantages: 1) It
distributes the load and reduces the congestion in the
Internet and 2) the download time does not vary signifi-
cantly when the network conditions change. The following
are the primary contributions of this paper:

. The paper discusses the distinguishing features of P-
FTP. In particular, network parameter-based selection
of file servers and dynamic adaptation ability are the
two main features that distinguish P-FTP from other
parallel downloading approaches.

. A thorough evaluation of P-FTP is presented using a
mix of Internet experiments and simulations. Com-
parisons with traditional FTP and other parallel
downloading techniques are also conducted. The
results show that P-FTP significantly reduces the
download time of large files in all testing scenarios.

. Large scale Internet deployment issues of P-FTP are
investigated with the help of simulations. The paper
presents convincing evidence that if a large number of
users are downloading files using P-FTP, there is no
detrimental impact on the performance of other non-
P-FTP clients. In addition, our experiments indicate
that P-FTP does not significantly impact the servers
and the network due to its self-tuning ability.

The rest of the paper is organized as follows: Section 2
provides a brief description of the work related to our
approach. Section 3 provides details on the P-FTP approach,
in particular, the working of the P-FTP server (Section 3.2)
and the P-FTP client (Section 3.3). Section 4 discusses the
simulation carried out to measure the P-FTP performance.
Section 5 discusses the Internet implementation of P-FTP
and provides the results. Section 6 briefly discusses the
issues of P-FTP’s large scale deployment and provides the
details of the simulations carried out to study the effect of
such deployment. Section 7 discusses several issues related
to P-FTP deployment. Finally, Section 8 concludes the paper
and provides some future work options.

2 RELATED WORK

Numerous research groups have proposed different criteria
for the selection of a single mirror server for any client ([3],
[4], [5]). We propose the use of multiple mirror servers
when retrieving a single file to reduce the download time.
Our approach uses QoS parameters of the network and the
file-servers to select a suitable set of mirror servers for file
download.

In the client-server scenario, a few researchers have used
the approach of transferring a single file from multiple

mirror servers simultaneously ([38], [8], [6]). The work that
closely relates to our proposal is the Dynamic Parallel
Access Technique (DPAT) [8]. It proposes downloading
large files by connecting to multiple HTTP servers
simultaneously. The file is partitioned into small blocks
which are downloaded from all the selected servers. The
server with the highest throughput sends the largest
number of blocks. The mechanisms for calculating block
size, storing file server information, and failure recovery are
not clearly discussed by the authors. Plank et al. [26]
evaluated the performance of a DPAT-like approach with
progress driven redundancy of different block sizes. Collins
and Plank [27], evaluated different server selection algo-
rithms for DPAT. The authors concluded that the file server
algorithms based on bandwidth prediction performed best.
In addition, the authors anticipated that incorporating
server load in server selection may further improve the
performance. We also propose using multiple QoS para-
meters related to network and mirror servers for selection of
servers. However, our approach is based on continuous
connections with the file servers to download file portions
without requiring any redundant connections. Most ap-
proaches that propose parallel downloading ([19], [35])
require either change in the operation of the servers or
change in the content encoding method. P-FTP can work
even if no support from the file servers is available. Internet
experiments without any support from traditional FTP
servers are discussed in Section 5.

Grid-FTP [48] is designed for the grid environment by
extending the basic FTP to enable terabyte transfers in grid
systems. It adds new modes and commands to the basic
FTP standards. Grid-FTP is specifically designed for the
Grid environment and it requires modifications to the FTP
servers to support the Grid-FTP protocol. P-FTP uses
standard FTP and is designed to work on the existing
client-server model of the Internet. Allen and Wolski [28],
compared the performance of four server selection techni-
ques for file transfer in Grid environment. The authors
demonstrated that, for the fastest downloads, network
resource prediction techniques, based on network probing,
performed best. P-FTP system has also based its server
selection technique on prediction of resource availability in
network and at file servers. The resource prediction
requires network and server probing for resource usage.

Many peer-to-peer (P2P) applications ([36], [37], [44], [45])
provide the advantage of simultaneous partial file download.
Some P2P applications require change in file format or special
files on the servers in order to operate successfully. The P2P
approach is limited in the sense that P2P application-program
must be running on all machines sharing the files. Unknown
machines must be trusted for some P2P applications which
require the users to allow uploading from their machine in
order to get good download speed. P-FTP is not on competing
grounds with the P2P application as P-FTP addresses the file
download in client-server paradigm of the Internet. Second,
our approach can work even if there is no support available
from the file servers.

Research groups have also addressed the issue of large
scale deployment of parallel downloading approaches;
two such efforts, due to their similarity to our work, are
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discussed here. Koo et al. [20] present analytical and
simulation results to show that parallel downloading
approaches degrade the performance of servers and the
network significantly. Gkantsidis et al. [21] compare the
performance of three parallel downloading techniques in
large scale deployment scenario using simulation. They
have shown that by introducing many simultaneous
parallel downloading clients in the network, other clients
experience degradation of performance. In contrast to the
research work discussed in [20] and [21], we have carried
out rigorous simulation-based testing, to show that
introducing a large number of P-FTP users has no adverse
effect on the performance perceived by users of other
applications.

3 PARALLELIZED FILE TRANSFER PROTOCOL
(P-FTP)

We describe the P-FTP approach in detail in this section.
The P-FTP design has been modified from our initial design
in [9] for scalability and ease of use in real-world
implementation.

3.1 P-FTP Features
P-FTP is a protocol to download files on the Internet by
efficiently using the available network and mirror server
resources in order to reduce the download time. The salient
features of P-FTP are:

. The dynamic use of distributed resources in the
network limits the file transfer time in a predictable
fashion.

. The placement of a central P-FTP server in the user’s
AS allows us to serve many clients by maintaining a
single database of network and file servers char-
acteristics. Some issues related to the feasibility of a
single P-FTP server in large ASs are discussed in
Section 3.4.

. P-FTP checks the available bandwidth at the last
hop, i.e., between the client and its Internet Gateway,
before starting the file transfer. This consideration is
introduced to avoid unnecessary parallel download
initiations in the situation when the client is attached
to slow access link, such as a dial-up connection to
the Internet.

. Simultaneously downloading parts of a large file
from different FTP servers distributes the load on the
mirror servers. This distribution of the load among
the servers improves performance for all users
accessing those servers.

. The P-FTP clients monitor the TCP flows after
starting the transfer of file portions from the mirror
servers. If multiple flows are sharing a common
congested link on their path to the client, the client
terminates selected flows to reduce congestion.

. P-FTP system can work even without any support
from the file servers. The tests conducted on the
Internet without file server’s support are discussed
in Section 5. As previously discussed, P-FTP system
requires a special client at the file servers to collect
file server utilization information. However, Naf [29]

has demonstrated with Internet experiments that the
load on the file server does not significantly affect
the file download time for the clients. Hence, the file
server monitoring module is not mandatory and we
expect it to be deployed incrementally.

3.2 P-FTP Server
The P-FTP server is the central entity in the system. It is
placed in the client’s autonomous system (AS) and is
accessible by all users of that AS. Balakrishnan et al. [23]
demonstrated that Internet hosts close to each other (within
2-4 hops) often experience almost the same throughput. The
P-FTP server is placed in the same AS as we assume that,
for small to medium ASs, where hosts are at 2-4 hops away
from each other, the measured network characteristics are
valid for all hosts of that AS (Section 7 discusses issues
related to large ASs).

When the P-FTP server receives a request from a P-FTP
client, it gathers relevant information regarding the mirror
servers containing a copy of the requested file. This
information is maintained by the P-FTP server in a database
and is used to rank the mirror servers in order of resource
availability. Depending upon the available bandwidth
between the client and its Internet Gateway, a P-FTP server
selects a number of high ranked mirror servers ensuring
that the aggregate P-FTP traffic does not produce conges-
tion in the client’s AS. The P-FTP server also calculates the
file portions to be downloaded from each selected mirror
server. The highest ranked mirror server is allocated the
largest file portion and vice versa; the ranking and selection
processes are discussed in Section 3.2.2. The information
about mirror servers and the file portions is sent to the
requesting client. This also includes a set of backup or
additional mirror servers in case the client detects conges-
tion and wants to dynamically adjust the load. We now
describe each step in detail in the following sections.

3.2.1 P-FTP Database
The P-FTP database plays a vital role in the ranking and
selection process of the P-FTP server. The database contains
data on the network, file server utilizations, and the list of
files on these file servers. The P-FTP server can use any
publicly available network measurement tool to collect
network information (e.g., [14], [15], [16], [17]). Ping [50] and
Pathchar [39] are two examples of commonly used tools. The
network information consists of network characteristics
along the paths between the client’s AS and different mirror
servers. The utilization information consists of the mirror
server’s memory and CPU utilization. This information can
be controlled by the mirror server’s administrator. A special
client is placed at mirror servers that send information
about mirror server utilization to the P-FTP server at a
configured rate. The file information consists of a file replica
map of mirror servers that indicates which file is replicated
at which server. Some issues regarding the P-FTP database
design are discussed in Section 8.

3.2.2 Ranking and Selection Process
The ranking process makes use of the following information:

. Network Characteristics: The QoS parameters, i.e.,
the available bandwidth, the round-trip time, and
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the packet dropping probability between the user’s
AS and different mirror servers, provide the basis for
the ranking process. The mirror servers that have
more network resources along their path to the
client’s AS are ranked higher.

. Utilization: The P-FTP server considers the CPU and
memory utilization level of the mirror servers.
Highly utilized mirror servers have lower rank.

. Other user defined parameters (such as the use of
selected servers) can be easily incorporated as well.

We call the parameters used in the ranking process the
optimization variables. For every optimization variable, the
suitability of each mirror server is calculated and then a
combined rank is allocated. Suppose there are m mirror
servers and their suitability on the basis of an optimization
variable, OV , is to be calculated. The method to calculate
the suitability for mirror server k, Sk, depends upon the
type of OV : direct (DOV ) or inverse (IOV ). DOV directly
influences the suitability of mirror servers. Examples of
DOV are bandwidth along the path and the mirror server’s
available resources. The suitability of mirror server Sk using
DOV is calculated by the following equation:

Sk …
DOVkPm
i…1 DOVi

: ð1Þ

IOV s affect the suitability of the mirror server inversely.
End-to-end delay along a path and mirror server utilization
are examples of IOV . The suitability of mirror server Sk on
the basis of IOV is calculated by the following equation:

Sk …
1

IOVkPm
i…1

1
IOVi

: ð2Þ

The P-FTP server calculates the suitability for all mirror
servers on the basis of each optimization variable. The
simple average or weighted average of all suitability values
is calculated depending upon the relative importance of the
optimization variables. The mirror server with the highest
average suitability is ranked first, and so on.

The P-FTP server selects the mirror servers according to
their ranks; high-ranked mirror servers are selected first.
The selection is limited by the available bandwidth between
the client and its Internet gateway. The mirror servers are
selected such that the aggregate P-FTP flow does not
produce congestion at the link between the client and its
gateway. The file portions to be downloaded from each
server are calculated based on the suitability values of the
selected servers. The server with the highest suitability
transfers the largest file portion and vice versa.

When the request arrival rate at the P-FTP server exceeds
a predefined threshold, the P-FTP server changes the
selection criteria. The reason behind this is that, in case of
large number of requests, if only the best servers are
selected, then these servers may get congested and all
clients will experience poor performance. To avoid this
condition, the P-FTP server tries to load balance the
requests among all available FTP servers when the request
rate is high. The load balancing is a well-tested concept,
hence, we do not discuss it any further in this paper.

3.2.3 P-FTP Server Failure Recovery
A single P-FTP server for a complete AS is susceptible to
failure, in which case, all the clients of that AS would be
unable to use P-FTP. The simplest solution for efficient
recovery in case of failure would be to have a backup server
that takes over in case of failure of the primary P-FTP
server. Since these servers can be built using low-cost
personal computers, it will not add a lot to the infra-
structure cost.

3.2.4 P-FTP Server Discovery
The P-FTP server is a central entity in an AS and all P-FTP
clients of that AS contact it when they need to download a
file. This raises the issue of discovering the P-FTP server by
P-FTP clients in order to contact it. The network adminis-
trator can use any resource discovery technique [24], [25] to
facilitate P-FTP clients in discovering a P-FTP server. DNS
Resource Record (RR) [30] can also be used to specify the
location of servers for specific protocols and domains in the
DNS response to a requesting client.

A scalable and easily adaptable solution to this problem
is to fix a port for communication among the P-FTP server
and clients. The P-FTP server can inform to all the P-FTP
clients of that AS about its presence via a periodic broadcast
message on the fixed port. The network administrator can
adjust the frequency and size of the broadcast message to
minimize the overhead of P-FTP. In case of failure of the
primary P-FTP server (lack of broadcast message for a
while), the backup P-FTP server takes over by immediately
broadcasting its address to all P-FTP clients of that AS.

3.3 P-FTP Client
The P-FTP client is an FTP client with additional capabilities
of partial file transfer and flow monitoring. To download an
arbitrary portion of a file, a P-FTP client uses the standard
FTP command REST to initiate file transfer from a required
point in the file and terminates that flow after collecting the
required file data.

A P-FTP client measures the available bandwidth to its
Internet Gateway before requesting file server information
from the P-FTP server. We used Ping messages of different
sizes to calculate the bandwidth of the link [34]; however,
any other tool can be used. A P-FTP client sends a request
containing the file name and the available bandwidth to the
P-FTP server. After receiving a reply from the P-FTP server,
the client starts simultaneous FTP connections with the
nominated mirror servers and starts downloading disjoint
file portions. The P-FTP client is able to dynamically adjust
to the changing network and file server conditions. The
client monitors the interpacket arrival rate to detect the
servers sharing a congested link on their path to the client.
The client terminates connections to all detected mirror
servers except one (as explained below). The client starts the
same number of new connections to the additional mirror
servers nominated as back up servers by the P-FTP server.
The client continuously monitors the received data rate
from all file servers. If one or more of these servers falls
below their expected rate, then it reduces the size of the
respective allocated file portions and downloads the
remaining file portions from the backup servers. The effect
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of dynamic adaptation ability of P-FTP clients on file
transfer time in wireless networks has been evaluated with
simulations [1]. We now explain these steps in detail.

3.3.1 Shared Congestion Detection and Dynamic
Adaptation

The P-FTP server selects the file servers on the assumption
that no links from the file servers to the clients are shared,
except the last link. In reality, this may not be the case,
resulting in congestion on shared links. Our client is capable
of detecting and dynamically adjusting to this situation.

Katabi et al. [13] proposed the use of packet interarrival
rate to detect a common congested link and evaluated their
approach with a simulation study. We implemented an
algorithm at the application-layer level, based on the same
approach. The client monitors the data packet arrival time
of all the flows. The data packets of the flows reach the
client with random interpacket intervals. However, when
packets traverse a congested link on their path, the
interpacket arrival times of such packets follow a pattern
and do not show randomness. The client detects the servers
which share a common congested link on their path to the
client by measuring the entropy of interpacket intervals.

After detecting the servers sharing the congested links,
the client terminates the connections with all such file
servers except the server ranked highest in that set of
servers. It should be noted that only those servers that have
enough network resources to support at least a single FTP
session are selected by the P-FTP server, hence the
justification for leaving one connection intact. We have
evaluated the shared congestion detection ability of P-FTP
clients with experiments; details are not provided due to
space restrictions, but can be found in [32] and [31].

3.3.2 Slow Server Detection and Dynamic Adaptation
The P-FTP server calculates the file portions, such that all
file servers finish sending the file-data at approximately the
same time. If any of the file servers slows down or fails
during a P-FTP session, then that will increase the total file
download time. Our P-FTP client can detect this situation
and act accordingly for better P-FTP performance. The
client continuously monitors the throughput of each server
connection. The throughput should be proportional to the
allocated file size. If this is not the case for a particular
server, the client proportionally reduces the size of the
remaining file portion to be downloaded. The backup
servers are invoked to download the rest of the file portion.
In case any of the file server stops the file transfer, the P-FTP
client terminates that connection and downloads the
remaining file portion from a backup server.

3.3.3 Complexity of the P-FTP Client Algorithm
The P-FTP client starts simultaneous file transfer connec-
tions to download required file quickly. The dynamic
adaptation ability of the P-FTP client is based on a shared
congestion detection algorithm and slow server detection
algorithm. These algorithms at the P-FTP client add to the
complexity of its implementation. We have calculated the
complexity of each algorithm and determined the overall
complexity of P-FTP client.

The shared congestion detection algorithm determines a
congested link shared by two or more flows by aggregating
different flows and determining the entropy of interpacket
arrival time of aggregated flows. The calculation and
aggregation of entropy values require a constant number
of steps. Let the number of file transfer flows be n since
shared congestion detection requires comparing each pair
of flows so the overall complexity of the algorithm is n2 in
terms of number of flows.

The slow server detection algorithm detects the slow file
server by comparing the throughput of all the flows. The
steps required in determining the throughput of n flows
takes a constant time. The number of comparisons of the
throughput values has the same complexity of n2. Combin-
ing this with the shared congestion detection algorithm, the
total complexity will be Oðn2Þ. As the number of flows is
small (typically 5-10), the combined complexity of both the
algorithms can be ignored for practical purposes.

3.4 Modeling P-FTP Server Workload Using MVA
The P-FTP server is a centralized entity in a user’s AS. As all
users of that AS query the P-FTP server when they need to
download a large file, the P-FTP server may become a
bottleneck in a large AS. To study the scalability issues of the
P-FTP server, we have designed and implemented a P-FTP
server for the UNSW.edu.au domain and have analyzed its
performance from the system-level point of view with the
help of the Mean Value Analysis (MVA) technique [22].
Complete details of the analysis are omitted due to space
limitations, but are available in [31].

The results of the P-FTP server’s feasibility analysis
showed that the response time of the P-FTP server serving a
very large population of, say, 200,000 users using a resource
intensive tool like Pchar [49] was very small. The P-FTP
server response time (in milliseconds) is almost negligible
compared to the download times of large files, which are
usually on the order of seconds or minutes. Hence, we can
safely state that the P-FTP server does not create any
bottleneck to process the P-FTP downloads even when it is
implemented on a simple desktop machine and serves a
large population of users.

4 SIMULATION

A simulation study was performed to evaluate the
performance of P-FTP clients with a widely used discrete
event network simulator, Network Simulator 2 (NS-2) [41].
A new application and a new agent were introduced to test
the idea of multiple FTP transfers to a single client
simultaneously. The simulation results were validated,
using the quantitative stochastic simulator Akaroa-2 [47]
in independent observation mode due to the independent
nature of the observed parameters. The simulation source
code is available at [43].

Topology and Methodology. Different network topolo-
gies were generated with the Boston University Represen-
tative Internet Topology Generator (BRITE) [46]. Topology 1
contained 10 nodes and 19 links and was created to
compare P-FTP with another parallel downloading ap-
proach. Other topologies were created to compare P-FTP
with FTP in large networks. We only discuss results of
topology 1 here due to space restrictions, but [32] and [31]
contain more simulation results for P-FTP. Topology 1
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contained 10 mirror servers and five requesting clients,
which were connected to the routers randomly with
10 Mbps links having 5 msec delays. Multiple traffic
sources and sinks were introduced in the network ran-
domly to produce competing traffic. The file sizes ranged
from 500 KBytes to 5 MBytes and each file was replicated on
at most five mirror servers. The end-to-end delay between
each mirror server and each client was calculated by
monitoring agents introduced on the servers and the clients.
The file download time for P-FTP clients was calculated
from the instanct the client first requested the P-FTP server
to the instanct the complete file was transferred.

4.1 Simulation Results
Other parallel downloading techniques have been briefly
discussed in Section 2. In this section, we discuss and
compare P-FTP with the Dynamic Parallel Access Techni-
que (DPAT), proposed in [8], which closely relates to our
work. We compare both approaches on the basis of their
working model and simulation results.

DPAT proposes downloading large files by connecting to
multiple HTTP servers simultaneously. The file is parti-
tioned into small blocks and the client requests a block from
each server. When the transfer of one block from any mirror
server is completed, the client requests the next block from
the same server until the complete file is received. The fast
HTTP servers that transfer file blocks rapidly are the ones
that send the most blocks.

The most significant difference between the two ap-
proaches is that P-FTP, in contrast to DPAT, considers
network characteristics and the mirror server’s utilizations
before selecting the most appropriate mirror servers.
Collins and Plank [27] demonstrated that the server
selection techniques based on bandwidth prediction results
in better performance than random selection, even for
DPAT-like approaches. DPAT introduces some ambiguities
regarding the calculation of block size, number of mirror
servers to be used, and the mechanism to collect informa-
tion about mirror servers. Another important limitation of
DPAT is that the mirror servers do not have any knowledge
about the next block of file they are expected to send until
the transfer is requested. This introduces interblock gaps
[8]. The excessive number of seeks on hard disks can
produce performance degradation, even when few sessions
are in progress, as each session requires multiple seeks. The
results presented in [26] were sensitive to block size for
block-based download approach like DPAT. DPAT initiates
multiple TCP sessions at the beginning of the file download.
This can produce additional congestion over the last-hop
link when the last hop link is the bottleneck, such as when
the client is connected via a dial-up connection to the
Internet. In contrast, P-FTP is fair as the selection of mirror
servers is based on the available bandwidth between the
client and its Internet gateway. When the client is connected
to the Internet via a slow link, P-FTP initiates a single
connection to download a complete file. DPAT requires
retransfer of a complete block from another server when a
server fails to fully transfer a block. In case of large blocks, a
lot of data can be lost, whereas P-FTP is a byte-oriented
approach and, in case of server failure, no data is lost. For P-
FTP, the penalty is in the form of an extra time requirement
to establish connection to a new server.

For comparison of both approaches, files ranging from
0.5-5 MBytes were downloaded using both approaches and
traditional FTP for reference. The P-FTP and DPAT showed
a significant impact on download delay compared to
normal FTP, as shown in Fig. 1. The simulation results
showed that both approaches were better alternatives for
downloading large files than the traditional download
method. Fig. 1 also shows up to 30 percent less download
time for the P-FTP approach compared to DPAT. This
demonstrates that P-FTP is better than either of the other
approaches. The impact is more vivid for large files as, for
small files, the message passing among P-FTP entities
overshadows the download delay.

We would like to emphasize that approaches like DPAT
derive the network and system status implicitly and adapt
dynamically. Due to this, they do not need additional
infrastructure support and, hence, are much easier to
deploy. P-FTP is an approach that explicitly requires
infrastructure support and, hence, is more complex to
deploy. For large files, the performance gain with P-FTP as
compared to DPAT is significant (up to 30 percent). Hence,
both of these approaches can be used by future tool
developers, depending upon the availability of infrastruc-
ture support.

5 EMPIRICAL EVALUATION OF P-FTP
To study the behavior of P-FTP on the Internet, we
implemented the P-FTP server and the client. The imple-
mentation source code is available at [42]. Planet-Lab was
selected to test our P-FTP implementation because of its
vast deployed infrastructure [40]. After careful observation
of various Planet-lab nodes and their access links, 16 nodes
were selected and configured as FTP mirror servers. Five
nodes were in Asia (Asia-1 to Asia-5), seven nodes were in
Europe (Europe-1 to Europe-7), and four were in America
(USA-1 to USA-4).

The unsw.edu.au domain was used as the client’s AS and
the P-FTP server and the client were placed in this network.
The P-FTP server collected QoS parameters along the path
between the host network and mirror servers using Pathchar
[39], once every hour. Pathchar measures bottleneck band-
width, Round Trip Time (RTT), number of hops, and packet
dropping probability, along the path, between the host
network and each mirror server [39]. Several experiments
were performed to download an 8-MB file with P-FTP and
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Fig. 1. P-FTP and DPAT download delay.
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traditional FTP. The experiments were conducted from 20 to
40 times for each test, with a randomly chosen interval of time
between each run.

5.1 Sensitivity Analysis of Network
Parameter-Based Server Selection

A set of tests was conducted to find the relationship
between the file download time and the network para-
meters measured with Pathchar. As mentioned earlier,
Pathchar measures bottleneck bandwidth, RTT, and drop-
ping probability along a network path. The dropping
probability of the packets was not used for the file server
ranking process. The reason is that Pathchar measures the
dropping probability of ICMP packets, which is not
applicable to data packets as network routers drop ICMP
messages quickly even in the case of minor congestion. The
average transfer time of an 8 MBytes file downloaded from
eight Planet-Lab nodes was measured. The average bottle-
neck bandwidth and average round-trip time measured
with Pathchar were used for ranking of those file servers.
We studied the relationship of file download time with RTT
and inverse of bottleneck bandwidth (details in [31]). We
used linear regression in Matlab [52] to predict the file
download time of the servers based on bottleneck band-
width, RTT, and their combination. The coefficient of
determination (R2) [33] for these three cases as 0.2, 0.5,
and 0.9, respectively. Hence, we considered the combina-
tion of bottleneck bandwidth and RTT for predicting the
download time. The following equation shows a linear
relation calculated by Matlab:

DownloadTime …
247:44

BottleneckBandwidthðMbpsÞ
þ 344RTT ðsecÞ:

ð3Þ

Fig. 2 compares the measured download time with the
one predicted using (3). The difference between the
measured and predicted values in Fig. 2 is very low, thus
(3) gives good estimate of file download times. The linear
relation needs to be readjusted after a predefined time
interval, depending upon the database update.

We have performed a sensitivity analysis of the predicted
download time. The four servers with the lowest predicted
time (calculated with (3)) were selected for file download. The
Sk values of the selected servers were calculated with (2),
using predicted time as the inverse optimization variable. The
suitability values of the selected servers indicated the file

fractions to be downloaded from each respective server.
Table 1 provides the comparison of P-FTP’s file server
selection and file portion calculation processes with two
other methods. Method 1 downloaded equal portions of the
file from the four best file servers. We considered this method
to evaluate the effect of P-FTP’s file partitioning process on
the download time. Method 2 downloaded equal file portions
from randomly selected file servers. The results with all
methods were collected while avoiding the shared bottle-
necks among different servers for fair comparison. The
experiments were conducted 10-30 times for each method.
The results in Table 1 show that the average download time
was smallest with P-FTP (47 sec), followed by method 1
(52 sec) and, finally, method 2 (77 sec). From the results, it is
clear that the network parameter-based selection of the file
servers greatly affected the file download time as P-FTP
performed significantly better than method 2. However, the
file partitioning did not significantly impact the download
performance as the performance of method 1 was almost the
same as P-FTP. The download times, measured with P-FTP
showed least standard deviation, as shown in Table 1. Fig. 3
shows the Cumulative Distribution Function (CDF) of the
download time of three methods. Fig. 3 shows that the results
measured with P-FTP were distributed in a considerably
smaller range than the other two methods, which implies that
most values measured with P-FTP were close to the average
value. Hence, the download time was more predictable with
P-FTP than with the other two methods. Even though the
average download time measured with method 1 was almost
same as P-FTP, the standard deviation and CDF of download
time of the three methods showed that P-FTP performed file
transfers in most predictable time.

5.2 Comparing P-FTP and FTP
P-FTP was tested with a number of mirror servers under
different conditions. Due to space limitations, we are
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Fig. 2. Comparing download times.

TABLE 1
Sensitivity Analysis

Fig. 3. Cumulative distributive function.
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presenting results of one representative case only, more
results can be found in [32]. Table 2 shows the time taken to
download an 8-MB file with P-FTP, using three servers. The
table also shows the time taken to download the same file
from each of those servers individually using FTP. The
minimum, maximum, average and standard deviation of
the measured download times are also shown in Table 2.
The ranking and selection process during the tests used the
predicted download time (calculated with (3)) as the only
IOV . The server availability was not considered during the
file portion calculations because the Planet-Lab infrastruc-
ture provides limited root access to the users. It was
impossible for us to find out CPU and memory usage of the
mirror servers during tests. The file download time with P-
FTP was 48 to 91 sec, with an average of 72 sec. When the
same file was downloaded from each mirror server
independently, the average FTP transfer even from the
fastest server required more than 135 seconds. Hence, the
download time reduces to about half when P-FTP was used.

An interesting aspect of the results shown in Table 2 is
the difference in the standard deviations of the download
times. Download times measured with P-FTP had signifi-
cantly less standard deviation than download times
measured with FTP. The small standard deviation of
download time shows that files can be downloaded in a
predictable range of time with P-FTP.

6 LARGE SCALE DEPLOYMENT OF THE P-FTP
As discussed in the earlier section, the implementation
results of P-FTP show significant improvement in terms of
the download time for the P-FTP clients. However, it is
important to note that these results were collected from the
perspective of a single client. The natural question that
follows is whether one would expect similar performance
improvements if a large number of clients were down-
loading files using P-FTP. Another issue that needs to be
addressed before P-FTP can be widely deployed on the
Internet is the effect of P-FTP on other clients not using this
approach. It is of paramount importance that the large user
base of P-FTP clients does not affect the performance of
other clients who are downloading files using the tradi-
tional single server downloading approach. Our main goal
in this paper is to answer these questions and to highlight
the fact that P-FTP can indeed be suitably deployed on a
large scale in the Internet. To this end, we have carried out a
rigorous set of simulations and analyzed the results.

6.1 Simulation Study
Ideally, we would have liked to perform Internet experi-
ments similar to the ones conducted in [10] using PlanetLab.

We are interested, however, in considering scenarios with
large number of clients and we also wish to provide more
control and repeatability than would be possible using
Internet experiments. We have, therefore, conducted a set of
simulations as described below.

Topology. The network topology considered for these
simulations is similar to the one used by the authors of [21].
A topology consisting of 100 routers and 10 mirror file
servers, was generated with the Boston University Repre-
sentative Internet Topology Generator (BRITE) [46]. The file
servers, the clients and the P-FTP server were connected to
a randomly chosen router. The clients connect to the file
servers using the Full-TCP model of NS-2. Background load
was introduced into the network using on/off UDP flows at
random paths of the network. The simulations were
conducted with three different numbers of clients depicting
three level of load in the network; 1) 100 clients as low load,
2) 200 clients as medium load, and 3) 300 clients as high
load. All the results were collected at steady state and
average values were calculated.

Methodology. In our experiments, we compare the
download delays perceived by clients using two download
techniques: Single Download Technique (SDT) and P-FTP.
SDT clients download files using TCP/IP protocol suit from
a single file-server. Two approaches were used to select the
file-server for SDT file transfers, the random selection (SDT-
R) and the selection of the geographically closest server
(SDT-L) from the client. P-FTP clients send a request to the
P-FTP server before starting the file download process. On
receiving the request, the P-FTP server calculates the file
portion values for the selected file-servers on the basis of
the information maintained in the database. During simula-
tions, the database only consisted of information about end
to end delay between the clients and the file servers. New
monitoring agents were designed for NS-2 to measure the
end-to-end delay between the file servers and the clients at
predefined intervals. The file download time for the P-FTP
clients was measured from the instant the request was sent
to the P-FTP server to the instant the complete file was
received at the client. This is to incorporate the delay due to
the message passing among P-FTP server and the clients in
file download.

The interarrival time between the file transfer requests
was chosen randomly for every request of each client. For
accurate comparison of the download techniques, it is
important that the behavior of the clients is independent of
the approach being used for file transfer. As a result, the
request interarrival time is kept independent of the down-
load technique and the download delay.
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6.2 Effect of Load Increase
A set of experiments was conducted to measure the file
download time for the P-FTP and SDT clients for low,
medium, and high load. During simulations, P-FTP and
SDT clients randomly chose a file size between 1-10 MBytes
to download. We calculated the file download time for
different files for the P-FTP and SDT approaches under
different load conditions. Under all types of load, the
download time for the P-FTP clients was much lower than
the download time for both types of the SDT clients. The
load increase influences the performance of both the
approaches. To study this effect in greater detail, we
calculated the percentage increase in download time for
P-FTP and SDT-L approaches when the number of users
was increased from 100 to 200 and 300, respectively. The
results are shown in Fig. 4. The base value for the
calculations was the download time of the respective
approach with 100 users. Fig. 4 shows that the impact of
the load on both approaches was almost similar. Fig. 5
shows the mean percentage increase in the download time
for the P-FTP, SDT-L, and SDT-R approaches. The mean
increase in download delay for SDT-L and P-FTP for
medium and high loads (200 and 300) was almost the same.
This indicates that an increase in load degrades the
performance of both the approaches in a similar manner.
The mean increase in delay of the SDT-R approach was
higher for 300 users. This was possibly due to the fact that
the randomly selected server in this approach could be
geographically distant from the client and, under high load,
this could increase the download time considerably.

It is important to point out that the performance
degradation of the P-FTP approach with increase in load,
is similar to what one would expect with any other
application in a similar scenario. The effect of load increase
on the P-FTP approach is not a disadvantage of its large
scale deployment, but is the inherent behavior of any
application. It is especially important to highlight the fact
that the increase in download time with P-FTP is not an
exponential function of the load, but is rather some form of
linear function for the tested scenarios. This implies that the
saturation effect is not very severe and, hence, indicates that
P-FTP is actually quite scalable. This set of experiments also
convincingly shows that the performance of the P-FTP
clients is significantly better than the traditional file transfer
clients, even when a large number of users adopt the
respective approach. Thus, P-FTP is highly scalable and

suitable for large scale Internet deployment. These results
are significant for other parallel downloading approaches
like DPAT as well.

6.3 Effect on File Servers and Non-P-FTP Users
P-FTP is based on the initiation of multiple file transfer
sessions by the clients to accelerate the download process.
In other words, the P-FTP clients initiate a shorter file
transfer sessions as compared to a single long file transfer
session by the traditional clients. Hence, there are more
connection initiation requests handled by the file servers
when users use P-FTP. The processing time of the file
transfer initiation request at the FTP server was calculated
on a Pentium 3 machine with 256-MBytes RAM. The effect
of already established FTP connections on the overall
response time of the request was also studied by sending
different numbers of simultaneous requests to the server.
For every connected client, the processing cost increased by
approximately 2-3 msec. The difference in processing time
of a P-FTP request from that of a SDT request, is due to
different number of already established connections at the
file servers in each case. In case of all P-FTP clients the
number of connections in the network and at the file server
is more than the case of all SDT clients. We monitored the
number of simultaneous connections in the network during
the simulations discussed in Section 6.2. The maximum
number of simultaneous connections for P-FTP was 85 for
high load and that for SDT was 55. On average, each of the
10 file servers had three more connections in the case of P-
FTP, which added a delay of 6-9 msec to the processing time
of the P-FTP request as compared to the SDT request.
However, one can readily observe that this small difference
in processing time does not produce any noticeable impact
on the download time of both approaches as the difference
was in multiple seconds.

Due to the initialization of more file transfer sessions at
the file servers, the P-FTP approach can produce an extra
load when a large number of clients are using this
approach. If there is a large number of P-FTP clients
requesting for new connections to the file servers, the
excessive load can degrade the performance of the file
servers and all the users using those file-servers may get
affected. We have considered this factor and, hence,
restricted P-FTP for transfer of large files only as: first, the
large files constitute a small ratio of total downloads on the
Internet and, second, the download time of large files is
reduced significantly when downloaded with P-FTP. We
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Fig. 4. Percentage increase in download time. Fig. 5. Mean percentage increase.
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