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Abstract
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It is well known that the distribution of files
transmission duration in the Web is heavy-tailed
[9]. This paper attempts to understand the reasons for this phenomenon by isolating the three
major factors influencing the transmission duration: file size, network conditions and server
load.
We present evidence that the transmissionduration distribution of the same file from the
same server to the same client in the Web is
Pareto and therefore heavy tailed. Furthermore,
transmission delay for a specific client/server
pair is not significantly affected by file size: all
files transmitted from the same server to the
same client have a very similar transmission duration distribution, regardless of their size.
We use simulations to estimate the impact
of network conditions and server load on the
transmission-duration distribution. When the
server and the client are on the same network,
the transmission duration distribution of each
file is usually Pareto as well (for server files and
client requests that are distributed in a realistic
way).
By examining a wide-area network situation,
we conclude that the network conditions do not
have a major influence on the heavy-tailed behavior of transmission-duration distribution. In
contrast, the server load is shown to have a significant impact on the high variability of the distribution.

Understanding Web traffic’s behavior is necessary in order to improve the quality of service
experienced by Web users. In particular, it
is important to study statistical characteristics
of Web servers, as was done, for example, in
[3, 4, 8, 9, 12, 19].
Describing a Web server as a stochastic queuing system requires knowledge about the distribution of service times. There are two major
types of service in a Web server: Static service involves file transfer, while dynamic service includes additional work of answering client
queries. In this paper, we restrict our attention to file transfer service experienced by the
client (that is, the Round Trip Time), where
the service time distribution is characterized by
the files’ transmission-duration distribution (in
short, TDD).
Crovella et al. [9] present evidence that the
distribution of files-transmission duration distribution is heavy-tailed. Roughly speaking, most
of the samples in a heavy-tailed distribution are
small but the probability for the appearance of
a very large sample is non-negligible. A prominent example for heavy-tailed distribution is the
Pareto distribution with shape parameter α and
location parameter k, which has the following cumulative distribution function [11].
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Introduction

F (x) = P [X ≤ x] = 1−(k/x)−α , α, k > 0, x ≥ k,
Heavy-tailed distributions are characterized
by extremely high variability. Heavy-tailed distributions behave very different from exponential distributions, often used to analyze server
systems, and their high variability has dramatic
negative effects on the performance (see [5, 9,
19]).

This paper studies the reasons for the heavytailed distribution of files transmission duration.
Understanding the causes for the high variability of the TDD may help to design systems that
reduce it. In addition, such understanding provides better tools for modeling the service time
when analyzing server systems.
Three major factors determine the duration of
file transfer: the file size, the server load, and the
network conditions (server-client distance, and
the load on the routes between them).
We start with a more refined analysis of a
known Web trace, collected at Boston University [9], that reveals the TDD of the same file
from the same server to the same client in the
Web is Pareto and therefore heavy-tailed. We
emphasize that this is not the same as analyzing
as the collective distribution of the duration of
transmitting all files. For example, if we transmit two files, 10 times each, then all 20 samples
should be considered in order to estimate the
TDD for all files, while only 10 relevant samples should be considered in order to estimate
the TDD of a single file.
Since the TDD of the same file from the same
server to the same client in the Web is heavytailed, every file request in the Web has a nonnegligible probability for a very long completion
time; this holds even for very small files. In addition, this empirical result means that every Web
server, including servers that serve a single static
page, suffers from bursty service time.
We also compare the TDD of all individual
files transmitted from the same server to the
same client in the BU trace. Interestingly, almost all the transmission durations of each of
these files were distributed in a very similar way
(that is, Pareto with similar shape parameter
and similar location parameter). These distributions stayed similar for files with different order
of sizes (from several bytes to more than 100KB),
covering most text files.
This demonstrates that the distribution of file
sizes, although heavy-tailed by itself, is not the
major cause for the heavy-tailed behavior of the
TDD. To confirm these findings and to isolate
network conditions from server load, we per-

formed controlled simulations on a local network
and over wide-area connections. These simulations also provide a new, more up-to-date data
set.
Our first simulation neutralized the effects of
an outside network, by locating the server and
the clients on the same local network. The size
of the server files and their popularity are distributed in a realistic way (following [3]), varying
from several bytes to more than 140MB, covering
text and multi-media files.
The empirical result is that for almost all these
files the transmission durations is Pareto. The
shape parameters of their TDDs were very similar (that is, not correlated with the file sizes)
and highly correlated with the server load. In
contrast, the location parameters are highly correlated with the file sizes and not correlated with
the server load.
We also run a simulation on a wide-area network, including a TCP server responding to requests made by clients at several remote locations. The file sizes vary from 1KB to 150KB,
covering most text files. The simulation implies
the following conclusions:
- When the influence of the file sizes is isolated, by comparing different files transmitted from the same server to the same client,
we found that the TDDs of all files are
Pareto, with similar shape parameters and
location parameters that increase with file
size.
- When the influence of the route is isolated,
by comparing the same file transmitted over
routes with different quality parameters, we
found that the TDD of all files is Pareto,
with similar shape parameters, but different
location parameters.
- When the influence of the server load is
isolated, by comparing the same file transmitted by the sever server, under different
loads, to the same client, we found that both
the shape parameters and the location parameters of the TDD are different.
Since the shape parameter is responsible for

the heavy-tail of the Pareto distribution, we conclude that the server load is a major cause for
the high variability of the TDD in our simulation. This important fact explains why even local service (that is, service provided by servers on
the local network) suffers from negative effects
of heavy-tailed distributions on the performance
[14, 15].
Since the file sizes are highly correlated with
the location parameter only, we conclude that
the high variability of file sizes in Web servers is
not a major cause for the heavy-tailed behavior
of the TDD. Indeed, no correlation was found between file sizes and transmission-durations distribution, as specifically mentioned in [9] (Section
3.2 and Figure 9), Nevertheless, it is a common
mistake to assume that the heavy-tailed file-sizes
distribution is the major cause for the heavytailed TDD (for example, [10, 18, 16]).

2
2.1

Further Analysis of the BU
Trace
Data Collection

We measure the TDD of files from the client
point of view. Namely, the time interval from
the moment the Proxy starts sending the client’s
request to the server until the moment the Proxy
completes receiving the response from the server.
We start by further examination of the trace
collected in Boston University, in April-May
1998 (see [2, 6, 7]). The trace data was collected
in the Computer Science Department’s undergraduate workstation lab [6], consisting of a cluster of 37 Sun SPARC station 2’s running Solaris.
The trace contains more than 72K requests, collected using lightweight non-caching HTTP/1.1
proxy servers running on each workstation.
This is the most recent public trace (known to
us) that combines two essential properties for our
experiments. First, the anonymity was achieved
by hashing each column of the data set and not
each line. This preserves the ability to compare
members of a column for equality without leaking information regarding those members identities. For example, we can know that the same

server sends file x and file y, without revealing
the server’s identity or the files. The second essential property is that the trace allows to calculate the duration of each request. Usually, traces
supply for each request its start time but not its
termination time.
Another important fact regarding the data is
that we can not use all transactions in the data
set. Since we need statistically reliable samples,
we used only information on files which were
transmitted at least 30 times. Although such
files are not very common, their number and the
way which their information was gathered supply
us a statistically reliable sample.

2.2

The TDD of a file in the Web

In this section we analyze the TDD of a file transmitted from the same server to the same client.
Our first empirical result presents evidence that
the TDD of the same file from the same server
to the same client is Pareto and therefore heavy
tailed.
In order to find out the TDD of each file, we
analyzed the BU trace data. We considered only
files that have been transmitted more than 30
times. The TDD of each file turned out to be a
Pareto distribution with shape parameter α that
varies between 0.6 to 1.8.
Figure 1 shows an example of a very popular small file, requested more than 700 times.
The figure plots the samples against the estimated distribution; The graph’s X axis indicates
the transmission duration, and the Y axis indicates the estimated F̄ (x) = 1 − F (x). Note
that F̄ (x) = (k/x)−α for the Pareto distribution.
(Additional examples can be found in [17].)

2.3

The TDD of files transmitted by
the same server

In this section we analyze the TDD of files transmitted by the same server to the same client.
Again, we analyze the TDD of each file separately and compare the results for all these files.
As mentioned in Section 2.2, the TDD of each
file is Pareto.
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Figure 1: The distribution of file transmission duration in the BU trace: fitting Pareto distribution
(with shape parameter 1.05 and location parameter
0.05) to empirical data (the file size is 68 bytes, the
number of samples is 706).
Here we are testing two issues (i) the relation between the TDD location parameters of
files transmitted by the same server to the same
client, and (ii) the relation between the TDD
shape parameters of these files. Since the location parameter represents the smallest sample,
our intuition was that the location parameters
would probably differ according to the files’ size
in contrast to the shape parameters that will
probably be similar.
Surprisingly, this intuition is not fully correct.
The BU trace contains evidence that for files
transmitted from the same server to the same
client, both the shape parameters and the location parameters are very similar. These distributions stayed similar even for files with different
order of sizes (from several bytes to more than
100KB), that cover most text files.
In order to find the relation between the corresponding shape parameters and location parameters we processed the results of Section 2.2
further. The files were divided into groups according to the transmitting server. The most reliable sample consists of a group of 20 files, each
file transferred more than 30 times. Although
this set is not big, its size and the way which
the information was gathered supply us a statistically reliable sample. Recall that to show that
a specific property exists in a small statistically
reliable sample set is a stronger result than to
show that this property exists in a large set.
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Figure 2: The transmission duration distribution of
files transmitted by the a single server in the BU
trace, plotted against Pareto distribution (with shape
parameter 1.3 and location parameter 0.05).
Figure 2 shows for each file, its samples plotted
against the specified distribution. The graph’s X
axis indicates the transmission duration, and the
Y axis indicates the estimated F̄ (x) = 1 − F (x).
Figures 3 and 4 summarize the results. The
graphs are plotted with a logarithmic X axis,
due to the high variance in the file sizes. As can
be seen from Figure 3, 15 files have the same
shape parameter α = 1.3. Another interesting
result which can be deduced from Figure 4 is
that even the location parameter is not highly
related to the file size. The location parameter
of the files is in the range [0.035, 0.7] and most of
them (18) have location parameter in the range
[0.035, 0.1].
This
experiment
implies that for a client/server pair and ordinary
text files (with size between several bytes up to
around 100 KB), the TDD is not significantly affected by the file size. The consequence is that
the TDD is highly correlated with the network
condition and the server load.

3

Our Simulation Results

Our analysis of the BU trace, described in the
previous section, indicates that the high variability of the distribution of file transmission duration is not caused by the high variability of file
sizes. It remains to isolate the influence of net-
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Figure 4: The location parameters of transmission
duration distributions of all files transmitted by a single server in the BU trace.
work condition and server load on the TDD. At
a university site, it is impossible to collect upto-date, statistically reliable traces that contains
sufficient information about server load and network conditions. Instead, we conducted several
extensive simulations, which are described in this
section.

3.1

Average location parameter

location parameter: k

Figure 3: The shape parameters of transmission du- Figure 5: The shape parameters of transmission duration distributions of all files transmitted by a single ration distributions of files transmitted by the simuserver in the BU trace.
lation server on a local network (the smallest 84 files).

The TDD in a Local Network

The first simulation was meant to corroborate
the results of our analysis of the BU trace.
The experiment, performed at the Technion’s
distributed systems laboratory, consists of one
Apache server and three clients running the simulation code. The data was collected from the
clients’ log files.
The server has 100 different files, their sizes
and popularity distributed according to [3]. The
files sizes varies from several bytes to more than
140 MB. Each file was transmitted more than
30 times. The number of the transmissions and
their generation method provides a statistically
reliable sample.
The simulation statistics shows that for the
smallest 84 files (with sizes in the range from
75 bytes to 22 MB), the TDD was Pareto and
therefore heavy-tailed. The TDDs of the largest
16 files (with sizes of 26 − 140 MB) although
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Figure 6: The location parameters of transmission
duration distributions of files transmitted by the simulation server on a local network (the smallest 84
files).
still clearly with heavy-tailed distribution, fit a
littlest to the Pareto distribution.
Figures 5 and 6 summarize the results. The
graphs are plotted with a logarithmic X axis,
due to the high variance in the file sizes.
As can be seen in Figure 6, there was a high
correlation between the location parameter and
the file size. The location parameter varies in
the range [1.4, 90].
Considering all the simulation executions
data, the shape parameter varies in the range
[0.4, 1.2]. For most of the files (82) the shape parameter is in the range [0.6, 0.7] (see Figure 5).
There is no correlation between the shape parameter and the file size.

3.2

TDD in a Wide-Area Network

The local network simulation neutralizes the effects of network conditions. Its results indicate
that file size is not the major factor influencing the heavy-tailed behavior of the TDD, as
demonstrated by the shape parameter, leaving
the server load as the main cause for the heavytail of the TDD.
This motivated a more elaborate study in a
wide-area setting. Our simulation consists of a
single TCP server, located at the Technion, and
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Figure 7: Impact of file size on the TDD of files






























































































Figure 8: Impact of route selection on the TDD.

transmitted between a specific server / client pair.

1RORDG

clients in several remote locations around the
world, with very different route conditions.
To study the influence of the file sizes, we compare the TDD of different files transmitted from
the same server to the same client. In the simulation, we generate a file request every two seconds and collect the transmission duration statistics. Such low frequency of requests’ generation
hardly influences the route and the server load.
The file sizes vary from 1KB to 150KB, covering most text files. To increase the reliability, we
performed the simulation several times for several clients around the world.
Our simulation results appear in Figure 7.
The TDDs of all files are Pareto, with similar
shape parameters and location parameters that
increase with the file size.
To study the influence of the route on the
files TDD, we compare the TDD of the same
file, transmitted from the same server to different clients. The server is located in Israel, while
the clients are located in East and West USA,
Portugal, Brazil, Australia and Taiwan. These
routes are known from previous research to have
different quality parameters [1].
The results appear in Figure 8. The TDD of
all files is Pareto with similar shape parameters
and different location parameters.
To study the influence of the server load on
the files TDD, we compare the TDD of the same
file, transmitted from the same server, working
under different loads, to the same client. We
examine five different load levels, from ’no-load’
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Figure 9: Impact of server load on the TDD.
to ’high-load’. The server load is increased by
adding more local clients. The simulation results
appear in Figure 9. Both the shape parameters
and the location parameters are different.
These results validate our expectation that
while file sizes and network conditions affect the
absolute values of the transmission duration, the
server load is, by far, the major cause for the
high variance of its distribution. The next section attempts to explain these findings.

4

Interpreting
Results

the

Empirical

Our results show extremely high variability in
the time that a specific server needs to send the
same file to a specific client.
One set of explanations for this phenomenon
can be derived from the network design and
in particular, from caching mechanisms. Either file caching hits or server-name resolving

(DNS) caching hits yield much faster transmissions. Intermediate caching over the network
creates shortcuts and speeds up the file transmission. The difference in the transmission duration of file from an intermediate cache versus the transmission duration from the server
might amount to several orders of magnitude. In
addition, bottlenecks around the request route,
due to overloaded routers or link failures, might
cause severe delays.
The other possible explanation for this phenomenon can be derived from the server load.
The server load might change dramatically in different hours and different days [13]. This might
cause high variation (manifested as a heavytailed behavior) in the transmission duration of
the same file transmitted in different times. Indeed, Barford and Crovella [4] show that high
server load generates a significant gap between
the transmission of connection setup packets and
the first data packet flowing from the server.
The document request arrival process in Web
servers shows self-similar behavior [13]: it is
bursty over a wide range of time-scales. Using
Process Sharing discipline, the server responds
to all arrival requests, and rarely rejects requests.
As a result, with the increased load, the server
response (observed by the client) become slower.
Thus, the result of a bursty server load is high
variation in the response time, which might cause
heavy-tailed behavior. The same phenomenon
occurs when the server uses a First Come First
Serve discipline and has a long queue: with the
increased load, many requests arrive and enter
the long queue, each client’s request waits a long
time in the queue and the client experiences a
long response time.
Long request service times (that is, long transmission durations) might also cause a heavy
server load. For example, assume that the server
uses a First Come First Serve discipline and the
server is busy for a long time with a long transmission. All other client’s request waits a long
time in the queue (even in a short queue) and
the client experiences a long response time. The
consequence is that long request service times of
some requests might yield long response times at

other requests. There is a non-negligible probability for the appearance of a requests with very
large service times, which yield a heavy load
server.
The server load might also explain why the
transmission durations of almost all the files is
Pareto distributed, even when network effects
are neutralized. This happens in our local network simulation, where the transmission duration distribution of different files have similar
shape parameters, which are highly correlated
with the server load.
When considering files transmitted from the
same server to the same client in the BU data,
the small effect that file sizes do have on the TDD
seems to vanish. For files with size between several bytes up to around 100 KB (that is, several
IP-packets up to several hundred IP-packets), almost all the transmission durations have similar
shape parameter and similar location parameter
(for their Pareto distributions).
Findings of Cohen and Kaplan [8] reveal that
DNS query times, TCP connection establishment times, and start-of-session delays at HTTP
servers times, are the major causes of long waits,
more than the actual transmission time. Note
that, for every request made by the same client
to the same server, the time spent on these operations is identically distributed regardless of the
requested file size.
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