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Abstract

When investigating 1/0O behavior, the tracing environment, simulation systems, and simulation
model determine what can be measured and simulated. Workloads generate a variety of disk 1/0
requests to access file information, execute programs, and perform computation. The system
presented here includes information about /O requests, allowing workload components to be
characterized individually.

The component characterization shows that 1/0 requests for data have vastly different reuse
rates and access patterns. Disk files can be classified as accesses to inodes, directories, datafiles
or executables. Inodes and directories are small, highly reused files. Datafiles and executables
have more diverse characteristics. The smaller ones exhibit moderate reuse and have little se-
guential access, while the larger files tend to be accessed sequentially and not reused. Properly
used, file type and file size information can improve cache performance.

An attribute cache scheme illustrates the importance of 1/0O characterization to cache design.
The scheme uses file information to cache 1/0 data selectively tailoring the cache scheme to the
expected behavior of each file type. For a set of 11 measured workloads, a variable attribute
cache scheme reduced the miss ratio 25 to 60 percent depending on cache size, and required
only about 1/8 as much memory as atypical 1/0 cache implementation achieving the same miss
ratio.

Copyright [1 1995 Digital Equipment Corporation



1 Introduction

Workloads generate a variety of disk 1/0 reguests to access file information, execute programs, and perform
computation. The characteristics of the set of applications comprising each workload determine the 1/0
load and final system performance. A characterization showsthat I/O requests for data have vastly different
reuse rates and access patterns. File information can help split the workload into components with unique
properties.

Knowledge of the statistical distribution of I/O requests can help design systems that achieve the best
price/performance ratio. Some techniques for improving performance rely heavily on the statistical nature
of requests. Caches work because, statistically, programs and work environments exhibit locality. A better
understanding of the statistical properties of the workloads allows cache designers to exploit the most
prominent statistical properties of the workloads. characterizing the workload shows what type of requests
are the most important to performance, and focuses attention on the most important part of the problem to
be solved.

This paper includes a description of the tracing system and workloads which are characterized by type,
static, and dynamic resource requirements. An evaluation of the cache behavior of each component shows
that each requires a very different cache configuration to best capture its locality. Lastly, an attribute
cache scheme, using file information to significantly improve cache performance, shows the usefulness of
workload characterization.

2 1/0O Workload Traces

Direct comparisons between various 1/O configurations requires delivering an identical 1/0 stream to
each configuration. Using an 1/O trace guarantees repeatable use of identical 1/O streams. The tracing
environment, simulation systems and simulation model determine the kind of I/O behavior that can be
measured and simulated. Since the tracing environment monitors and records only part of the existing
system behavior, the trace constrains the measurements that can be made and thus constrains the resulting

conclusions.

21 Tracing

An /0 workload trace should contain block access patterns aswell as file and application information. File
access patterns suffice to model broad 1/0O cache performance, but cannot providethelink between workload
activitiesand cache behavior. Additional information isrequired to understand the nature of application 1/0
requests, and improve 1/O cache performance in non-ad-hoc ways.

Relating cache performance to application behavior requires file system information a ong with appli-
cation |/O requests. Understanding the nature of application I/O requests can drive /O cache performance
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improvementsor application 1/0O optimizations. Thisrequires tracing application /O requests and including
information about each request.

A new version of the WRL tracing facilities collected the traces on DECstation 5000’s running UL-
TRIX [3, 4]. Its kernel-based approach traces al processes. Figure 1 shows the system configuration.
The original system was designed primarily to study processor memory issues in a multi-programming
environment. The modified system logs system call information, rather than instruction and data addresses,
in the trace buffer. On an 1/O system call, the call type, process ID, and call parameters are entered in the
buffer. On return from the system call, the return value, error status and call information are entered in the
buffer. When the buffer becomes sufficiently full, the kernel schedules a specia process called the analysis
programto read and process the buffer contents. To generate an I/O system call trace, the analysis program
matches call and return values, produces a file system event trace, compresses the trace and writes it to a
file

The set of 1/O system calls traced includes all file related activity — read, write, open, close, create,
reposition, delete, move, and executable execution. The 1/0O system call traces cannot be directly used for
I/0O cache simulationssince individual 1/0 requests refer to stateinformation stored in the operating system.
A post pass simulates the operating system file management and produces a stateless trace. To generate a
statel esstrace of file block read and write requests requires keeping track of the current working directories,
and simulating the operating system file table information and file descriptors[1, 6].

Unique identification numbers are assigned to each file. The stateless trace includes the filename of
each /O request in the form of auniqueD. It dso includesthefile type, whichisimplied by the system call
and the explicit range of data bytes requested from thefile. For executables the number of bytes accessed
equalsthefile size. The stateless trace drives all 1/0O cache simulations.



2.2 FileTypes

In a UNIX system, I/O reguests resulting directly from program execution can be grouped into four
categories: datafiles, executables, inodes, and directories. Datafiles are explicitly read or written by
active processes. Executables are run by processes, and initiated via one of the exec systems calls. Inodes
and directories contain meta-data. Inodes contain information used by the operating system to locate the
actual data on the disk. Directories facilitate the user organization of data and point to inodes. References
to inodes and directories occur when opening files or evaluating access permissions.

2.3 Workloads

Figure 2 describes the eleven workloads evaluated in this paper. Most of the traces monitor severa days of
user activity. Such long traces are necessary to capture significant 1/0 activity and to show the interaction
of the many large and small files that comprise aworkload.

The traces cover a wide range of user applications and types of work. All traces were collected in a
research laboratory with a broad range of activities. Although not necessarily typical of heavy commercial
use, such as large database systems, the traces should represent many engineering development and office
environments. More detailed descriptions of the workloads are included in [9].

3 Experimental Characterization of 1/O Behavior

3.1 Staticand Dynamic I/O Requirementsby Type

Static measures of 1/0 behavior count unique objects and ignore the frequency with which the objects are
used. The static I/0 requirements of a workload measure the unique 1/0 data and meta-data that is either
read or written. Assuming no data buffering between workloads, this is the minimum amount of 1/O that
the stream must perform for the workload.

Dynamic measures count the total references made by a workload. The dynamic 1/O requirements
represent the total 1/0 performed to support the workload applications. Assuming no data buffering other
than that explicitly performed within the applications, thisis the amount of I/O performed by the workload.

Static objects are the number of unique files touched by the workload. Figure 3a breaks down, by
type, the unique files referenced by each workload. A file is categorized as a datafile, an executable, an
inode or a directory. Most of the unique files are either inodes or directories (greater than 75%). Inodes
make up more than half the unique files accessed in all workloads, ranging from 51.3% to 86.7%. Thefile
system associates an inode with each directory, datafile, and executabl e file, and the inode must be accessed
to access the other files. Thus, at least half the static files must be inodes. Datafiles make up most of the
remaining files, ranging from 6.9% to 41.7% for the workloads. The combination of inodes and datafiles
accounts for at least 85% of the unique files in each workload.



a Static Objects b. Dynamic References

Figure 3: References broken down by type, averaged over all workloads.



a Static Size b. Dynamic Bytes Transferred

Figure 4: Static and dynamic size broken down by type, averaged over all workloads.

Dynamic references are the number of requests madefor files, either whole or partial. Figure 3b breaks
down thereferences according to type. The breakdown of reference types showsthe relative frequency with
which a workload requests each type. For datafiles, references are the application’s actual 1/0 calls. They
incorporate the data needs of the application and the buffering properties of any 1/0 libraries used.

In the dynamic stream, executable references make an insignificant contribution to the total requests
(less that half a percent). Each reference brings in an entire executable. If executables were referenced
in pieces, their contribution to the whole would be greater. Directory references contribute 10% to 20%
of the total requests, a much higher percentage than their static file count. Inodes are the most frequently
referenced type in al but one workload, contributing between 41% and 73% of the total references. On
average, datafiles make up 20% of the total references, about the same as their static file contribution. For
individual workloads, the datafile reference contribution does not correspond to its static contribution. The
relationship varies considerably with workload.

Static size is the total amount of space required to store al the files touched by a workload. Figure 4a
showstherelative physical space requirementsfor each of the data types. Each type has a different average
size, and therefore requires a different amount of storage space. The total static size of all files forms an
upper bound on the amount of storage space required to capture all re-references to the files. Since the
working set changes over timeand some parts of datafiles never get referenced, the actual spacerequirements
for full capture may be less.

For al the workloads, the inodes and directories occupy only asmall portion of the total space require-
ments. For half of the workloads they are less than one percent of the total; in all workloads they are less
than 5%. Executables contribute much more; their relative static size contribution varies from 1.7% to
41.6%. Datafiles require the majority of the total space requirements.

Dynamic bytestransferred isthetotal number of bytesrequested by theworkload. Figure 4b showsthe



average breakdown of bytestransferred dynamically by type. The number of bytestransferred dynamically,
also known as the dynamic size, isthe amount of data that the operating system must deliver to or from the
applications by the operating system. With no 1/O cache, this is the number of bytes transferred to/from
disk.

Althoughinodes and directories comprise only asmall portion of the static size requirements, they make
up a significant portion of the dynamic size. Together, they account for 5% to 49% of the traffic bytes.
The byte traffic component from inodes and directories is almost equal. The directory entries are about
four times the size of the inodes, but have about a fourth the number of dynamic references, resulting in
comparable dynamic byterequirements. The executable component of bytestransferred islarger than would
be expected from the other measures. The average executableis large and each request retrieves the entire
file. A small number of requests transfer a large amount of data. Only about 45% of the bytes requested
from the operating system are datafiles used as actual computation data.

Conclusions from Static and Dynamic Type Characteristics

Each 1/0 type differs in importance. Inodes and directories comprise a significant percentage of the files,
but they are small and require little space. They aso have the greatest average reuse, so they are the most
important files to keep in the cache. As Figure 4 showed, executables require considerably more space than
do directories and inodes, and datafile files require still more.

To provide the greatest benefit, a cache should capture the most references with the smallest amount of
space. 1/0 accesses have two components: an overhead to access the data, and a per-byte time to transfer
thedata. Thus, agood cache policy should minimizethe number of requests as well as the actual amount of
dataretrieved. Reducing the number of misses decreases overhead, even if the amount of datatransferred is
not decreased. Because of the large differences in the file size and reuse between the various types, a cache
scheme that relies on the statistical properties of the whole group will not match the properties of any one

group.

3.1.1 Dynamic Run Length and Request Length

A runisasequential access of afile or aportion of afile. The run length isthe number of sequentialy
accessed bytes. Figure5 showsthedistributionof runlengthsby typeand the distributionof bytestransferred
for theseruns. The x-axisisdivided into run lengths; the maximum run sizeis shown for each category. For
example, thelabel 32k includesall runsgreater than 16k and lessthan or equal 32k bytes. The distribution of
run lengths tails off quickly. Fewer than 1% of the runs exceed 16 Kbytes. The number of bytes transferred
by large runs does not tail off. In fact, half of the bytes transferred occur in sequentia runs of greater than
64 Kbytes and a quarter of al bytes transferred are in runs of more than 256 Kbytes. Thus, even though
large sequentia runs do not make up a significant fraction of the total file access in terms of actua runs,



] Inode

I Executable

[ ] Datafile

HHIMJHHHH

I Directory
Run Length Distribution (bytes)

+W+H@mm.

0

|
o o
-

salAg 1o Jusdiad

L1 |
===
NS S
MO O

Il Executable
T
N=S=:=S
- — N < ©
w

I Directory
[ Datafile

|

X

©

Tel

N

[ ] Inode

|
X~
oo
N
—

T |
X
o
—

1
4
—

70—
65—
55
50
45 —
40 —
35
30—
25
20—
15
10
5_
0

X 60

suny Jo 1uadlad

Run Length Distribution (bytes)

Figure 5: Run length distributions.

I Executable

[ ] Datafile

[Tel
N

o
N

0
-

s1sanbay Jo 1uadlad

Request Size Distribution (bytes)

Figure 6: Distribution of request sizes for datefiles and executables.



most of the bytes transferred by the workload occur in these large sequential runs. This type of behavior
has been measured previously [7, 2].

Figure 6 shows the distribution of requests for datafiles and executables. Since executables are modeled
as asingle request for the entire executable, they generate large requests. Most of the datafile requests are
for at most 8 Kbyte blocksregardless of thefile size or run length. Large sequential runs thus generate many
requests.

Since many smaller requests produce large runs, these runs have a considerable sequentia locality that
can be exploited with an appropriate cache policy. Transferring the runsin afew larger blocks can reduce
I/0O cache misses, disk overhead and the time the disk spends servicing requests. However, applications
re-use large sequential runs infrequently, so trying to keep them around can pollute the cache with data
unlikely to be re-referenced, and can evict many smaller files that will be re-referenced. Medium to large
caches that hold much, if not all, of the working set show the greatest effects of both cache pollution and
sequential locality.

4 Performance M odeling and Simulation

41 |/O Cache Simulation M odel

A single cache simulator, applied and configured in many different ways, was used to study the workload
behavior in 1/O caches. The I/O cache simulator models fully associative 1/0O caches using an LRU
replacement policy. Fully associative caches efficiently simulate multiple caches simultaneously [11].

To reproduce the 1/0 request stream behavior, a simulator must track 1/0 requests along with cache
block behavior. An individual 1/0 request may encompass severa cache blocks, each of which may hit
or miss in the cache. Figure 7 shows how the request manager generates I/O cache block references
and then uses the LRU stack hit depth or cache miss information to determine the appropriate number of
request misses for each given cache size. The request manager also records the request misses based on
a supplied condition (COND) and its complement. The condition typically breaks down read and write
requests separately (READ and not-READ). A single simulation produces a full range of 1/0 cache block
behavior, request miss behavior, and request component behavior based on the condition.

4.2 Request Model

The request model evaluates 1/0 requests from the application viewpoint and describes how the requests
break down into cache block requests. An application requests file I/O. Each request generates one or more
cache block requests. The number of cache block requests generated by an 1/0 request depends on the
original request size, the cache block size, and the offset of the request from the beginning of thefile. The
number of blocks multiplied by the block size is always greater than or equal to the request size.
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Each file has a unique file ID. This ID, along with an offset into the file, forms the address for a data
request. Thefile offset is converted to a cache block offset that is then used to access the I/O cache. The
cache matches two tag fields: one for file ID and one for block offset. Full associativity eliminates the
problem of generating asingleuniformindex. A cache block holdsdatafrom only onefile at atime. Caches
that store actual disk blocks, rather than file blocks, could have pieces of severa files in a single block.
Simulating disk blocks requires knowledge of the disk layout; the traces did not contain actual disk block
addresses, so thiswas not model ed.

If the request size exceeds the cache size, the request is modeled as multiplerequests. Thisis necessary
because al reguests go through the I/O cache before being delivered to the application. A request size
greater than the cache size incurs multiplerequest misses. A small cache might therefore have more request
misses than actual requests.

The 1/0 cache simulates block requests. Each block can produce a cache miss. An 1/0 request that
generates multiple block requests can produce multiple cache misses. All the block missesfor areguest are
coalesced into a single request miss.

A request missesin the cacheif any of the cache blocksit accesses miss. Request missesreflect the disk
activity caused by 1/0 cache misses. The size of the request miss depends on how many blocks missin the
cache. Read request misses reflect the number and size of read disk accesses for aworkload. The number
of write accesses depends on the write policy and the cache activity. In a non-voldtile cache, disk writes
occur when previously written data becomes the least recently used entry in the cache and is then evicted.
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Figure 8: Typical workload behavior in a unified cache.

These are termed write expulsions. Each disk writeisa cache block in size. More advanced write expulsion
techniques exist [8], and their impact should be similar to other reported results.

5 Workload Component Behavior in I/O Caches

This section examines the cache behavior properties of the various I/0O workload components. The behavior
differsfor each component. Different componentsrequire different block and cache sizesto capture locdity
effectively. Understanding the sources of locality and the cache properties that best capture locality can
help to improve 1/O cache efficiency. For a more thorough study of 1/0 cache behavior see [10, 9].

If all 1/O requests are cached without regard to file type, few options exist for reducing the cache misses
and improving cache performance. Figure 8 shows the cache miss behavior of the Application workload
in a unified cache that uses no information about request types. The missratio is the percent of requests
not serviced by the cache. Due to the overwhelming number of small requests from inodes and directories,
smaller block size choices aways win. This behavior is typical of all the workloads. Other work has
focused on ad-hoc techniques for separating the temporal and sequential components with cleaver cache
configurations [8, 5]. Directly improving the 1/O cache performance requires more information about the
statistical properties of the workload and the type of locality that can be captured.

Individually measuring the cache behavior of each of the four different file types—inode, directory,
executable, and datafile—helps evaluate the usefulness of type information for an 1/0O cache. Differences
can potentially be exploited to improve the cache behavior of the entire workload. The cache behavior of
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Figure 9: Inode and Directory references in afully associative I/O cache.

each type, along with the system utilization of each type, determine system 1/O performance.

The hit ratio is a simple means to compare and understand the way individual file types use the cache.
The hit ratio for a given cache is defined as the number of references that hit in the cache divided by
the total number of references. The hit ratio can adequately compare schemes when the total number of
references remains constant for each scheme. The hit ratio increases dramatically when the cache captures
the workload's set of highly reused files. Thisisreferred to working set capture. High hit ratios, low miss
ratios, and smaller working sets al mean better cache performance. All the caches presented use a fully
associative LRU replacement policy, and use a copy-back write policy.

5.1 Inodesand Directories

Inodes and directories have similar cache behavior. Including both in the same subcache produces uniform
behavior across al workloads. Figure 9 shows the read hit ratio and the total hit ratio for inodes and
directories together in a cache with 128-byte blocks. The cache size is measured in 128 byteinode entries.
Inthiscache, asingle512-bytedirectory entry occupiesfour blocks. Ideally, theinodeand directory working
setswould not conflict in the cache, and the combination would yield the same hit ratio with less space than
if each had a separate cache. For cache sizes greater than the directory working set size of sixteen directory
entries, or sixty-four 128-byte blocks, the combined subcache gets a higher hit ratio than two individual
subcaches. Because of therel ati onship between inodes and directories, workloads often require many inodes
and directories at the same time. For caches smaller than the minimal working set capture size of about 32

11



inode entries or sixteen directory entries, the two conflict, competing for cache space. The resulting read
hit ratio is lower for the combined subcache than it would be for two separate half-sized subcaches. 256
entries suffice to capture the inode and directory working set completely and eliminate competition. This
requires only 32 Kbytes of cache.

5.2 Datafileand Executable Cache Behavior
Block Size Effect on Datafile and Executable L ocality Capture

Theblock size determines the amount of sequential locality acache can capture. Large cache blocks capture
more sequential locality, eliminating extra disk requests for long runs of adjacent data, and reducing the
transfer overhead per byte. Thisimprovesthe cache performanceif theworkload contains a high proportion
of large sequentially-accessed files. If the workload accesses many small files, or short runs, large blocks
reduce the cache performance by inefficiently using cache space. If blocks are much larger than the file
size, much of the block remains empty or holds excess data that never gets used. This effectively reduces
the amount of data the cache can hold. Transferring larger blocks does not reduce the overhead per byte if
the workload never uses the extra data. In fact, transferring unnecessary data increases the transfer time.

Executable and datafiles have a broad distribution of file sizes, reuse rates and access patterns. The
average reguest patterns of a workload determine the best block size choice. The request pattern varies
considerably among workloads. Figure 10 shows the block size effect on cache behavior for datafiles and
executablefiles. Thefour workloadsshown represent the different kinds of behavior foundin theworkloads.
Since block size does not affect the executable cache behavior, the variation comes only from references to
datafiles. Caching executables with datafil es eliminates consistency problems, since many executables start
out as datefiles generated by compilers, loaders or editors. Executables and datafiles also have similar size
distributions.

The locality in the individual workloads varies, ranging from the primarily temporal locality found in
the CPU Server workload, to the primarily spatial locality found in MECCA Server, to both spatial and
temporal in Application and CAD. In aworkload having primarily temporal locality, increasing the block
size provideslittlereduction in the number of request missesand it increases the size of thecache required to
capture the working set. However, in aworkload having primarily spatial locality, increasing the block size
significantly reduces the number of request misses, and does not increase the cache required to capture the
working set. In aworkload exhibiting both spatial and temporal locality, increasing the block size reduces
the request misses, but increases the cache size required to capture the working set. The best block size
choice depends on the 1/0O cache size, the workload working set size, and the type of workload locality.

For caches smaller than the working set, larger blocks capture the workload's sequential locdlity. In a
cache considerably larger than the working set, large blocks capture sequential as well astemporal locdlity.
The temporal locality capture is dominated by the number of independent small files that fit in the cache.

12
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Increasing the number of blocks beyond that needed to store all theindependent filesin the working set does
little to improve the temporal locality capture, and nothing to improve sequential locality capture. Beyond
this point, increasing the block size increases the sequentia locality capture. For the measured workloads,
an 8-Mbyte cache using 4-Kbyte blocks always captured the working set.

Separating Sequential and Temporal Locality

The statistical breakdown of 1/O accesses provides information about workload locality. Most of the
I/0O bytes transfer sequentialy to or from large files of more than half a megabyte. Most of the I/O
requests, however, access the many small files in a workload. Thus, most of the spatia locaity comes
from sequentially accessing large files. The small files exhibit temporal locality. Assigning different block
sizes to the appropriate file sizes could capture both temporal and sequentia locality, and improve cache
performance.

A Sequential Cache triesto capture theworkload’'s sequential locality by using large blocks and allocating
only large files. Reguests to sequentially accessed large files constitute a significant fraction of the
sequential cache requests. Capturing the reuse of these large files would require considerable cache
space, but the cache needs only a small amount of space to capture the sequential access behavior.

A Temporal Cache triesto capture theworkload'stemporal locality by using small cache blocksfor small-
and medium-sized, or moderate files. Because of the high reuse rate typical of moderate filesit is
crucial to capture their working set.

Sequential Cache Properties

Figure 11 showsthe sequential cache request missratio of the large filesin each of four workloads. The
Figure shows 512KB cut-off caches, holding only files of at least 512 Kbytes. The request missratio isthe
fraction of datafile and executable request misses contributed by the large files, not the fraction of largefile
requests that miss.

The Application workload and the CAD Chip Build workloads exhibit aimost ideal sequential locality
capture. The workloads sequentially access the large files and do not reuse individual blocks, so increasing
the cache size does not capture more locality. The cache cannot capture file reuse until the entire set of files
fit in the cache. Doubling the block size from 4 Kbytes to 8 Kbytes produces a much smaller reduction
in the number of misses than subsequent doublings because many requests access 8 Kbytes regardless of
whether the cache has 4-Kbyte or 8-Kbyte blocks.

A single large block suffices to capture the sequential locality of one active file. The number of blocks
needed to capture sequential locality of more than one file equal s the maximum number of active files that
the cache must maintain. The block size determines the amount of data stored for each file, and thus how
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long thefile block remains activein the cache. Larger blocks stay activefor alonger period of time because
theworkload takes longer to consumethe data. If the cache cannot hold al the active files, contention forces
out actively-used blocks. Contention for cache space becomes more pronounced for larger cache blocks.
Thus, two half-size blocks perform better than a single large block.

Thelargefilesinthe MECCA Server and the CPU Server workloads exhibit almost no sequential locality
capture even among very large files. This arises when the workload accesses files with very large requests.
Most of the large files are executables, which get accessed all at once, rather than datafiles, which tend to
be accessed in 8-Kbyte pieces.

Temporal Cache Properties

Figures 12 showsthe temporal cache request missratio for moderate sizefilesin the four representative
workloads. The figure shows the tempora cache behavior for files smaller than 512 Kbytes. As with the
sequential cache results, the temporal request missratio is the fraction of request misses contributed by the
moderate sizefiles, not the fraction of moderate file request misses.

The temporal cache attempts to capture the greatest temporal locality in the least space. The amount of
temporal locality captured depends on the reuse rates and on the amount of datathat fitsin the cache.

Smaller cache blocksincrease the usabl e cache space by reducing the amount of unused space per block,
and by increasing the number of independent files that can reside in the cache at one time. Excluding large
files eliminates the low-reuse sequential data from the cache, which increases the density of actively used
data and allows the cache area to capture highly reused data more effectively.

As evidenced by their cache behavior, most of the workloads contain primarily temporal locality once
the large files have been excluded. The Application Data Analysis, CAD Chip Build, and CPU Server
workloads of Figure 12 show only temporal locality behavior. Eliminating all large files from the cache
effectively eliminatesall the sequential behavior from the temporal caches for most workloads. Then larger
blocksdo little to reduce the missratio for any cache size.

A few workloads, such asthe MECCA Server, exhibit both temporal and sequential locality among the
moderate sized executables and datafiles. The two may not be easily separable. MECCA accesses a large
set of medium-sized files sequentially. It reuses these files frequently, producing alarge working set.

Trading Off Spatial and Temporal L ocality

File size provides a simple mechanism for separating the temporal and spatial locality of executables and
datafiles. This makes it feasible to tailor the cache management to the expected locality of each request,
rather than to the average locality of the entire workload. Sequential data can be cached in large blocks,
while small highly reused files can be cached in small blocks.

Managing temporal and sequential locality separately provides severa potential advantages. Split

16



50

[o2}
o
T

a1
o
T

a0+

Request Miss Ratio (percent)
Request Miss Ratio (percent)

40~
30
30
20
20
10
10
8 A A
Ollllllllll | Ollllllllll p
4k 16k 64k 256k 1M 4M 16M 64M 256M 4k 16k 64k 256k 1M 4M 16M 64M 256M
1/0 Cache Size (bytes) 1/0 Cache Size (bytes)
Application Data Analysis MECCA Server Workload

~
o
T
=
o
T

2}
o
T
o
o
T

50

[¢5)
o
T

Request Miss Ratio (percent)
5
T
~
o
T

Request Miss Ratio (pﬂercent)
(2] © =
o o

T T

30

20
30

10

1

| |

[ I I A I ¥ P~
072Kk 16k 64k 256k IM 4M 16 256M 072Kk 16k 64k 256k IM 4M 16 56M
1/0 Cache Size (bytes) 1/0 Cache Size (bytes)
CAD Workload CPU Server Workload
A——7A\ 4K block Temporal [—-—F] 16K block Temporal
G—=© 8K block Temporal &—<> 32K block Temporal

Figure 12: Missrequest ratiosfor atemporal cache holding files smaller than 512 Kbytes.

17



management can directly increase locality capture and reduce cache pollution. The temporal cache uses
small blocksto reduce wasted space and captureitsworking setinaminimal area. Thesequential cache uses
afew large blocks to capture the magjority of the sequential behavior in asmall area. Limiting the amount
of space sequential data can occupy in the cache reduces cache pollution. A separate sequential subcache
holding only large files can a so prevent large files with little sequential locality, such as executables, from
polluting the other subcache.

5.3 Choosing a Cache Size

There are three major cache size regions. The small 1/0O cache region, the working set capture region, and
thelarge 1/0 cacheregion. Cachesin the small region cannot capture the expected working set of the entire
workload. Caches in the large cache region are big enough to capture the working set of most workloads.
The working set capture region covers the intermediate sizes.

Each of the three cache size regions needs to capture a different sort of locality: (1) small caches have
very limited space and should be designed to capture locality that requires little space. A small cache can
potentially capture inode and directory requests, some small amount of datafile and executable temporal
locality and some sequential behavior. (2) Caches in the working set capture region are large enough that
they should easily capture the inode and directory working sets. The cache should be tailored to hold
the datafile and executable temporal working set, and then providing adequate support for capturing some
sequential locality. (3) Large caches have sufficient space to capture the temporal locality of inodes and
directories and of the datafiles and executables. The cache needsto capture the remaining sequential locality
and reuse of large sequential files, which have areasonably long time period between reuse.

6 Variable Attribute Cache Scheme

The variable attribute cache scheme uses attributes to substantially reduce read request misses. No single
cache configuration produces low miss ratios over a broad range of caches, hence the scheme varies with
cache size. The design exploits common workload behavior and systematically varies the attribute cache
configuration with cache size to capture the appropriate behavior. The resulting design is not optimal, but
it showsthe type of benefitsthat could be expected from areal attribute cache scheme.

Figure 13 shows the attribute cache configurations and the general policy governing subcache space
alocation for each of three cache size regions. In the small cache region, the scheme uses a two-category
attribute cache, alocating half the cache to inodes and directories, and partitioning the other haf into a
general subcache having four equal blocks. The general subcache is designed to capture both temporal
and sequential locality. In the medium cache size region, the scheme allocates the bulk of the area to the
temporal subcache, which uses 4-Kbyte blocks to capture the temporal working set. It allocates from 64 to
128 Kbytesto each of the Inode and Directory (1D) and sequential subcaches to capture inode and directory
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Figure 13: Variable attribute cache configurations for each size region.

requests and sequential requests. In the large cache region, the scheme increases the sequentia subcache so
that it occupiesalarge part of the cache, starting at about one-third and increasing to one-half at the high end
of the cache region. The ID subcache remains fixed at 128 Kbytes until the cache becomes large enough to
support a multi-megabyte | D subcache, at which point it expands to 25% of the cache area.

6.1 Read Request Behavior

Figure 14 compares the variable attribute cache scheme with the Unix baseline scheme for the four
representative workloads. The variable scheme lowers the read request missratio (RRMR) across the full
cacherange. Theresulting missratio usually correspondswith that of caches eight timesthe size. For many
medium and large caches, however, the variable scheme produces RRMR's below that of the maximum
Unix baseline cache.

The MECCA Server workload exhibits anomalous variable-scheme cache behavior. As previously
noted, the workload locality is only captured by large cache blocks. In the small cache region, the variable
scheme uses larger blocks which are ideal for this workload. In the medium cache region, the variable
scheme changesto 4K blocksin thetemporal cache and partitions space for asequential cache. The4-Kbyte
blocks produce miss ratios comparable to the baseline, but the MECCA Server workload benefits little
from the sequential subcache. This subcache sits unused, increasing the total space required to capture the
working set.

Figure 15 compares changes in the read reguests for the four sample workloads, relative to the Unix
baselinecache. 1t alsoincludesagraph showing resultsfor all elevenworkloads. Theworkloadsseedramatic
reductionsin their read request misses for both small and very large caches, and moderate reductions over
a broad range of middle cache sizes. These reductions result in fewer disk read accesses and fewer times
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when applications must wait for 1/O requests to compl ete.

Read request misses generate disk accesses, determining the number of times applications wait for 1/0
to complete, and the minimum number of context switches required to overlap computation with the /0.
The variabl e attribute cache scheme reduces the number of read disk accesses for amost all workloads over
afull range of 1/O cache sizes. Averaging over the workloads, it reduces the read accesses by at |east 18%
and as much as 66% depending on the cache size. The overall reduction averaged 48% in the small cache
region, 28% in the middle cache region, and 58% in the large cache region.

7 Conclusions

Distinct components make up the I/O workload. By including file system information with 1/0 requests,
these components can be separated. For a set of 11 workloads, file type and size information sufficed
to distinguish different cache behaviors. Inodes and directories turn out to be small, highly reused files.
Datafiles and executable files have more diverse characteristics. The smaller ones exhibit moderate reuse
and have little sequentia access, while the larger files tend to be accessed sequentially and not reused.

I/0O caches should make use of file typesto improve their efficiency. Attribute caches capitalize on the
distinct access patterns of different file typesand sizes. Each subcache uses adifferent block sizeto capture
thelocality of itsattribute class. Allocating small filesto small blocksincreases the number of independent
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files stored in the cache. Allocating medium files to mid-sized blocks captures tempora locality with a
smaller cache. And alocating large files to large blocks captures sequential locality. Matching the block
size to the file size reduces unused cache space, increases cache utilization, and reduces the number of
request misses.

Partitioning the cache prevents large files from filling up the entire cache and forcing out small files.
Thisalowsthe cache to capture theworking set of individual componentseven if the workload working set
exceeds the cache size. Capturing the working set of individual components significantly reduces the total
request misses.
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