
Characteristics of I/O
traffic in personal
computer and server
workloads

by W. W. Hsu
A. J. Smith

Understanding the characteristics of I/O traffic
is increasingly important as the performance
gap between the processor and disk-based
storage continues to widen. Moreover, recent
advances in technology, coupled with market
demands, have led to new and exciting
developments in storage systems, particularly
network storage, storage utilities, and
intelligent self-optimizing storage. In this
paper, we empirically examine the physical
I/O traffic of a wide range of server and
personal computer (PC) workloads, focusing
on how these workloads will be affected by
the recent developments in storage systems.
As part of our analysis, we compare our results
with historical data and re-examine some rules
of thumb (e.g., one bit of I/O per second for
each instruction per second of processing
power) that have been widely used for
designing computer systems. We find that the
I/O traffic is bursty and appears to exhibit self-
similar characteristics. Our analysis also
indicates that there is little cross-correlation
between traffic volumes of server workloads,
which suggests that aggregating these
workloads will likely help to smooth out the
traffic and enable more efficient utilization of
resources. We discover that there is significant
potential for harnessing “free” system resources
to perform background tasks such as
optimization of disk block layout. In general, we
observe that the characteristics of the I/O traffic
are relatively insensitive to the extent of
upstream caching, and thus our results still
apply, on a qualitative level, when the upstream
cache is increased in size.

Processor performance has been increasing at the
rate of 60 percent per year1 while disk access time,
being limited by mechanical delays, has been improv-
ing by less than 10 percent per year.2 Compounding
this widening performance gap between processor
and disk storage, disk capacity has been growing by
more than 60 percent per year,2 so that each disk
is responsible for storing and retrieving increasing
amounts of data. The overall result of these tech-
nology trends, which show no signs of easing, is com-
puter systems increasingly bottlenecked at disk-based
storage. The key to overcoming this bottleneck is to
understand how storage is actually used, so that new
optimization techniques and algorithms can be de-
signed.

A focused examination of the I/O characteristics of
real workloads is also needed to determine how re-
cent developments in the storage industry will im-
pact I/O performance. First, storage is increasingly
attached to some network, so that it can be shared
and accessed directly by multiple servers (e.g., net-
work-attached storage [NAS] for file storage and stor-
age area networks [SANs] for block storage). To
achieve good performance for such network storage,
the I/O traffic patterns must be known, and the net-
work must be optimized for such patterns. Second,
it is anticipated that the storage now managed by
various entities within an enterprise will become con-
solidated through the use of storage utilities or stor-
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age service providers (SSPs). Whether such pooling
of resources leads to a more efficient use of resources
depends on the I/O characteristics of the workloads
and, in particular, on whether the workloads are in-
dependent. In practice, we will need rules of thumb
for the storage and performance requirements of
each group of users, as well as realistic traffic mod-
els. Third, the rapid growth of processing power
available in the storage system3 makes it possible to
build intelligent storage systems that can dynamically
optimize themselves for the actual workload.4 The
design of these systems requires a good understand-
ing of how real workloads behave.

In this research, therefore, we empirically examine
how storage is used in various personal computers
(PCs) and servers from the perspective of evaluating
these new storage opportunities. A total of 18 traces
gathered from a wide range of environments are ex-
amined. We focus in this paper on analyzing the phys-
ical I/O traffic and, specifically, we analyze (1) the I/O
intensity of the workloads and the overall significance
of I/O in the workloads, (2) how the I/O load varies
over time and how it will behave when aggregated,
and (3) the interaction of reads and writes and how
it affects performance. We compare our results with
historical data in order to identify trends and to re-
validate rules of thumb that are useful for systems
design and sizing. To make our results more broadly
applicable, we also study the effect of increased up-
stream caching on our analysis. In a companion pa-
per, we examine how these real workloads are af-
fected by disk improvements and I/O optimizations
such as caching and prefetching.5 The insights gained
from this research are instrumental to the block re-
organization technique outlined in Reference 4.

The rest of this paper is organized as follows. In the
next section we present a brief overview of previous
work in characterizing I/O behavior. In the follow-
ing section, we discuss our methodology and describe
the traces that we use. In the next three sections, we
analyze the I/O traffic of our workloads in detail. Spe-
cifically, we discuss (1) intensity of I/O, (2) variabil-
ity of I/O traffic over time, and (3) the interaction of
reads and writes. In the last section we include our
concluding remarks. Because of the huge amount
of data that is involved in this study, we can only high-
light here some of the results of our research. More
detailed graphs and data are presented in Reference
6, as are some of the more involved mathematical
analyses.

Related work

I/O behavior at the file system level has been pre-
viously characterized in some detail (see for exam-
ple References 7, 8, and 9). There have also been
several studies of the logical I/O characteristics of
large database and scientific systems; see References
10 and 11 for a brief bibliography. Compared to the
analysis of I/O behavior at the logical level, physical
I/O characterization has received much less attention.
Part of the reason is that storage-level characteris-
tics are sensitive to the file system and buffer pool
design and implementation, so that the results of any
analysis are less broadly applicable. But this is pre-
cisely the reason to analyze the physical I/O charac-
teristics of many different systems.

Traces of the physical I/Os in large IBM mainframe
installations12 and production VAX/VMS systems13,14

have been used to study design issues in disk caches.
There has also been some analysis of the physical
I/O characteristics of UNIX** systems15 and Novell
NetWare** file servers16 in academic/research en-
vironments. Even though PCs running various ver-
sions of Microsoft Windows** are now an integral
part of many office activities, to the best of our knowl-
edge there has been no published systematic anal-
ysis of how physical storage is used in such systems.

Methodology

Trace data can generally be gathered at different lev-
els in the system, depending on the reason for col-
lecting the data. For instance, to evaluate cache pol-
icies for the file system buffer, I/O references have
to be recorded at the logical level, before they are
filtered by the file system buffer. In general, collect-
ing trace data at the logical level reduces dependen-
cies on the system being traced and allows the trace
to be used in a wider variety of studies, including sim-
ulations of systems somewhat different from the orig-
inal system. To study physical storage systems, for
example, we could filter a logical trace through mod-
els of the file system layer in order to obtain a trace
of physical I/Os. A commonly used method for ob-
taining such a logical trace is to insert a filter driver
that intercepts all requests to an existing file system
device and that records information about the re-
quests before passing these requests on to the real
file system device.

However, this approach does not account for I/Os that
bypass the file system interface (e.g., raw I/O, virtual
memory paging, and memory-mapped I/O). Recent
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