


Figure 10(a) shows the distribution of the frequency
with which files are opened by multiple clients. We find
that most files are only opened by a single client. In
fact, 76.1% and 97.1% of files are only opened by one
client in corporate and engineering, respectively. Also,
92.7% and 99.7% of files are ever opened by two or
fewer clients. This suggests that the shared environment
offered by network file systems is not often taken advan-
tage of. Other methods of sharing files, such as email or
web and wiki pages, may reduce the need for clients to
share files via the file system. However, both distribu-
tions are long-tailed, and a few files are opened by many
clients. In the corporate workload, four files are opened
by over 2,000 clients and in the engineering workload,
one file is opened by over 1,500 clients. This shows that,
while not common, sharing files through the file system
can be heavily used on occasion. Observation 9 Files
are infrequently accessed by more than one client.

In Figure 10(b) we examine inter-arrival times be-
tween different clients opening a file. We find that con-
current (simultaneous) file sharing is rare. Only 11.4%
and 0.2% of shared opens from different clients were
concurrent in corporate and engineering, respectively.
When combined with the observation that most files are
only opened by a single client, this suggests that syn-
chronization for shared file access is not often required,
indicating that file systems may benefit from looser lock-
ing semantics. However, when examining the duration
between shared opens we find that sharing does have a
temporal relationship in the corporate workload; 55.2%
of shared opens occur within one minute of each other.
However, this is not true for engineering, where only
4.9% of shared opens occur within one minute.

We now look at the manner (read-only, write-only, or
read-write) with which shared files are accessed. Fig-
ure 11 shows the usage patterns for files opened by multi-
ple clients. Gaps are present where no files were opened
by that number of clients. We see that shared files are
accessed read-only the majority of the time. These may
be instances of reference documents or web pages that
are rarely re-written. The number of read-only accesses
slightly decreases as more clients access a file and a read-
write pattern begins to emerge. This suggests that files
accessed by many clients are more mutable. These may
be business documents, source code, or web pages. Since
synchronization is often only required for multiple con-
current writers, these results further argue for loose file
system synchronization mechanisms. Observation 10
File sharing is rarely concurrent and mostly read-only.

Finally, we analyze which clients account for the most
opens to shared files. Equality measures how open
requests are distributed amongst clients sharing a file.
Equal file sharing implies all sharing clients open the
shared file an equal number of times. To analyze equal-
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Figure 11: File sharing access patterns. The fraction of read-
only, write-only, and read-write accesses are shown for differ-
ing numbers of sharing clients. Gaps are seen where no files
were shared with that number of clients.
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Figure 12: User file sharing equality. The equality of sharing
is shown for differing numbers of sharing clients. The Gini
coefficient, which measures the level of equality, is near 0 when
sharing clients have about the same number of opens to a file.
It is near 1 when clients unevenly share opens to a file.

ity, we use the Gini coefficient [9], which measures sta-
tistical dispersion, such as the inequality of income in
economic analysis. We apply the equality concept to how
frequently a shared file is opened by a client. Lower co-
efficients mean sharing clients open the file more equally
(the same number of times), and higher coefficients mean
a few clients account for the majority of opens. Figure 12
shows Gini coefficients for various numbers of shared
clients. We see that, as more clients open a file, the level
of equality decreases, meaning few clients begin to dom-
inate the number of open requests. Gini coefficients are
lower, less than 0.4, for files opened by fewer than 20
clients, meaning that when a few clients access a file,
they each open the file an almost equal number of times.
As more clients access the file, a small number of clients
begin to account for most of the opens. This may indicate
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that as more clients share a file, it becomes less reason-
able for all sharing clients to access the file evenly, and a
few dominate clients begin to emerge.

4.8 File Type and User Session Patterns

There have been a number of attempts to make layout,
caching, and prefetching decisions based on how specific
file types are accessed and the access patterns of certain
users [6, 17]. In this subsection, we take a closer at how
certain file types are accessed and the access patterns that
occur between when a user begins a CIFS “user session”
by logging on and when they log-off. Our emphasis is
on whether file types or users have common access pat-
terns that can be exploited by the file system. We begin
our analysis by breaking down file type frequencies for
both workloads. Figures 13(a) and 13(b) show the most
frequently opened and most frequently read and written
file types. For frequently read and written file types, we
show the fraction of bytes read for that type. Files with
no discernible file extension are labeled “unknown.”

We find that the corporate workload has no file type,
other than unknown types, that dominates open requests.
However, 37.4% of all opens in the engineering work-
load are for C header files. Both workloads have a single
file type that consumes close to 20% of all read and write
I/O. Not surprisingly, these types correspond to generally
large files, e. g., mdb (Microsoft Access Database) files
and vimdk (VMWare Virtual Disk) files. However, we
find that most file types do not consume a significantly
large fraction of open or I/O requests. This shows that
file systems likely can be optimized for the small sub-
set of frequently accessed file types. Interestingly, there
appears to be little correlation between how frequently
a file is opened and how frequently it is read or written.
Only three corporate and two engineering file types ap-
pear as both frequently opened and frequently read or
written; the mdb and vmdk types only constitute 0.5%
and 0.08% of opens. Also, it appears file types that are
frequently read or written are mostly read.

We now analyze the hypothesis that file systems can
make use of file type and user access patterns to improve
layout and prefetching [5, 6, 17]. We do so examining ac-
cess signatures, a vector containing the number of bytes
read, bytes written, and sequentiality metric of a file ac-
cess. We start by defining an access signature for each
open/close pair for each file type above, we then apply
K-means clustering [15] to the access signatures of each
file type. K-means groups access signatures with similar
patterns into unique clusters with varying densities. Our
results are shown in Figure 14. For clarity we have cat-
egorized access signatures by the access type: read-only,
write-only, or read-write. We further group signatures
by their sequentiality metric ranges: 1-0.81 is consid-
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Figure 13: File type popularity. The histograms on the right
show which file types are opened most frequently. Those on the
left show the file types most frequently read or written and the
percentage of accessed bytes read for those types.

ered highly sequential, 0.8-0.2 is considered mixed se-
quentiality, and 0.19-0 is considered highly random. Fi-
nally, access signatures are categorized by the number of
bytes transferred; access signatures are considered small
if they transfer no more than 100 KB and large otherwise.
Darker regions indicate the file type has a higher fraction
of access signatures with those properties shown on the
y-axis, and lighter regions indicate fewer signatures with
those characteristics.

Figure 14 shows that most file types have several dis-
tinct kinds of access patterns, rather than one as previ-
ously presumed. We also see that each type has multiple
patterns that are more frequent than others, suggesting
that file systems may not be able to properly predict file
type access patterns using only a single pattern. Inter-
estingly, small sequential read patterns occur frequently
across most of the file types, implying that file systems
should be optimized for this pattern, as is often already
done. Observation 11 Most file types do not have a sin-
gle pattern of access.

Surprisingly, file types such as vmdk that consume a
large fraction of total I/Os are frequently accessed with
small sequential reads. In fact, 91% of all vimdk ac-
cesses are of this pattern, contradicting the intuition de-
rived from Figure 13(b) that vindk files have large ac-
cesses. However, a much smaller fraction of vindk ac-
cesses transfer huge numbers of bytes in highly random
read-write patterns. Several patterns read and write over
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Figure 14: File type access patterns The frequency of access patterns are plotted for various file types. Access patterns are
categorized into 18 groups. Increasingly dark regions indicate higher fractions of accesses with that pattern.

10GB of data with a sequentiality metric less than 0.5,
showing that frequent patterns may not be representative
of the significant patterns in terms of bytes transferred or
sequentiality. This argues that file systems should antic-
ipate several patterns of access for any file type if layout
or prefetching benefits are to be gained. Also, it is crit-
ical that they identify transitions between patterns. For
example, a file system may, by default, prefetch data for
vmdk files in small chunks: 100KB or less. However,
when over 100 KB of a vindk file is accessed this signals
the likely start of a very large transfer. In this case, the
file system must properly adjust its prefetching.

Our observation that many file types exhibit several
access patterns of varying frequency and significance
draws an interesting comparison to the results in Table 4.
Table 4 shows significant read-write I/O and byte trans-
fer activity. However, file types in Figure 14 rarely have
read-write patterns. This implies, read-write file accesses
are, in general, uncommon, however when they do occur,
a large number of bytes are accessed.

Next, we apply the same K-means clustering approach
to access signatures of access patterns that occur within
a CIFS user session. Recall that CIFS users begin a con-
nection to the file server by creating an authenticated user
session and end by eventually logging off. We define
signatures for all accesses performed while the user is
logged on. However, we only consider sessions in which
bytes are transferred. The CIFS client opens short, tem-
porary sessions for various auxiliary functions, which we
exclude from this study as they do not represent a normal
user log-in. Like file types, user sessions have several
common patterns and no single pattern can summarize all
of a user’s accesses. The majority of user sessions have
read-write patterns with less than 30 MB read and 10 MB
written with a sequentiality metric close to 0.5, while a
few patterns have much more significant data transfers
that read and write gigabytes of data.

5 Design Implications

In this section we explore some of the possible impli-
cations of our trace analysis on network file system de-
signs. We found that read-write access patterns have
significantly increased relative to previous studies (see
Section 4.3.1). Though we observed higher sequential-
ity in read-write patterns than past studies, they are still
highly random compared to read-only or write-only ac-
cess patterns (see Section 4.3.1). In contrast, a num-
ber of past studies found that most I/Os and bytes are
transferred in read-only sequential access patterns [3, 21,
29], which has impacted the designs of several file sys-
tems [16, 19]. Our observed shift towards read-write ac-
cess patterns suggests file systems should look towards
improving random access performance, perhaps through
alternative media, such as flash. In addition, we observed
that the ratio of data read to data written is decreasing
compared to past studies [3, 5, 24] (see Section 4.2). This
decrease is likely due to increasing effectiveness of client
caches and fewer read-heavy system files on network
storage. When coupled with increasing read-write access
patterns, write-optimized file systems, such as LFS [25]
and WAFL [11], or NVRAM write caching appear to be
good designs for network file systems.

We also observed that files are infrequently re-opened
(see Section 4.5) and are usually accessed by only one
client (see Section 4.7). This suggests that caching strate-
gies which exploit this, such as exclusive caching [31],
may have practical benefits. Also, the limited reuse
of files indicates that increasing the size of server data
caches may add only marginal benefit; rather, file servers
may find larger metadata caches more valuable because
metadata requests made up roughly 50% of all operations
in both workloads, as Section 4.2 details.

Our finding that most created files are not deleted (see
Section 4.3.3) and few files are accessed more than once
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(see Section 4.5) suggests that many files may be good
candidates for migration to lower-tier storage or archives.
This is further motivated by our observation that only
1.6 TB were transferred from 22 TB of in use storage
over three months. While access to file metadata should
be fast, this indicates much file data can be compressed,
de-duplicated, or placed on low power storage, improv-
ing utilization and power consumption, without signifi-
cantly impacting performance. In addition, our observa-
tion that file re-accesses are temporally correlated (see
Section 4.5) means there are opportunities for intelligent
migration scheduling decisions.

6 Conclusions

In this paper we presented an analysis of two large-
scale CIFS network file system workloads gathered from
enterprise-class file servers deployed in a corporate and
in an engineering environment. We compared our work-
loads to previous file system studies to understand how
file access patterns have changed and conducted a num-
ber of other experiments. We found that read-write file
access patterns and random file access are far more com-
mon than previously thought, and that most file storage
remains unused, even over a three month period. Our
observations on sequentiality, file lifetime, file reuse and
sharing, and request type distribution also differ from
those in earlier studies. Based on these observations, we
made several recommendations for improving network
file server design to handle the workload of modern cor-
porate and engineering environments.
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