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Abstract

This paper evaluates the performance of three popu-
lar versions of the UNIX operating system on the x86
architecture: Linux, FreeBSD, and Solarise Avalu-
ate the systems using freely available micro- and
application benchmarks to characterize the behavior
of their operating system servicese\Wvaluate the
currently available major releases of the systems “as-
is,” without any performance tuning.

Our results show that the x86 operating systems and
system libraries we tested fail to deliver the Pentsum’
full memory write performance to applications. On
small-ile workloads, Linux is an order of magnitude
faster than the other systems. On networking soft-
ware, FreeBSD provides two to three times higher
bandwidth than Linux. In general, Solaris perfor-
mance usually lies between that of the other two sys-
tems.

Although each operating system out-performs the
others in some area, we conclude that no one system
offers clearly better overall performance. Other fac-
tors, such as extra features, ease of installation, or
freely available source code, are more convincing rea-
sons for choosing a particular system.

1. Introduction

Many research, development, and product groups
that have traditionally run on a UNIX workstation-
based computing platform are how moving to a PC-
based platform. @anizations can #&frd to purchase
many more PCs than workstations on their equipment
budgets. The x86 architectusdbw cost, good perfor-
mance, and expandability give it economies of scale
that will reinforce, and be reinforced,bts popularity
for at least a few more years.

As part of this transition, these groups must decide
whether to move to a PC operating system such as
Microsoft Windows, or whether to continue running a
UNIX-compatible operating system. For many
groups, including our own, dependence on the perfor-
mance, features, and tools available in the UNIX
environment make it sensible to run an x86 imple-
mentation of UNIX.

The next step is to choose between the available
UNIX-compatible operating systems. In particylar

our group is interested in free implementations of
UNIX, because new ideas can be implemented with-
out a non-disclosure agreement and the results can be
freely distributed. W were concerned, though, by
comments describing the free implementations as toy
systems, unsupported and with poor performance and
reliability. This agument has been used against Linux
especially since its source is not derived from as
respected an ancestor as BSD UNIX 4.4 décided

to compare a few of the systems ourselves to deter-
mine the validity of these comments. This paper pre-
sents our results.

We benchmarked Linux, FreeBSD, and Solaris.
Linux and FreeBSD are the most popular free imple-
mentations of UNIX that run on our hardware. Solaris
is the least expensive commercial implementation
known to support the hardware on our system. (Sev-
eral other popular systems, such as NetBSD and
BSDI's BSD/OS, do not currently support our SCSI
controller) We evaluated only the most recent major
releases of the systems currently available, since these
are the most relevant and accessible versions for most
people.

Our benchmarks are by no means exhaustive; we
only measure the performance of tasks and workloads
that are important to us. The benchmarks test system
call latency; context switch latency for varying num-
bers of processes; memory bandwidilte §ystem
performance; network bandwidth for pipes, UDP and
TCP; and NFS performance onike fsystem work-
load.

Our results show that:

* Linux has the best performance on file metadata
operations because it updates metadata asynchro-
nously;

* FreeBSD has the best network performance;

¢ Solaris’ performance generally lies between that
of the other two systems; and

¢ All three systems’ library routines for setting and
copying memory fail to deliver the full underlying
Pentium memory bandwidth.

Given these mixed performance results, we believe
overall performance is not a $iefent agument for
choosing one of these operating systems over the oth-
ers. Performance on specifasks may make the dif-



ference for some users, but the systems are
competitive overall, and particular performance prob-
lems are likely to improve in future releases of all

three systems.

Other factors may be more important, including
extra features, licensing arrangements, ease of instal-
lation, and available support. Solaris provides more
sophisticated features, including multiprocessor sup-
port, than the current free versions of UNIX, and this
will be suficient agument in its favor for many users.
The freely available source code and free licensing of
Linux and FreeBSD motivate others to choose one of
these systems. Ease of installation and the level of
available support are also important, and we include a
section in this paper on our relative experiences
installing and confiuring the systems on our hard-
ware. A lage user community and free access to soft-
ware and other resources over the Internet combine to
provide reasonable support for the free implementa-
tions.

We hope these results will contribute helpful infor-
mation for those choosing a UNIX-compatible operat-
ing system for the PC. &Aalso hope the results, where
negative, will reveal areas for improvement in future
versions of these systems.

The remaining sections of this paper describe our
benchmarking platform and methodologyr results
in more detail, and our experiences installing and
using the three systems.

2. Benchmarking Platform

Our goal was to compare UNIX operating systems
on identical PC hardware performing some standard
tasks of interest to us. The relative performance of the
systems on identical tasks is more important to us
than the absolute best performance that could be
achieved for any individual system through system-
specifc tuning. For comparison purposes, and
because we only have source code available for two
of the three systems, our benchmarking methodology
is the “black box” approach. Wusually attempt to
explain curious results through external testing and
benchmarking rather than investigations of kernel
code or profiling.

2.1 Operating Systems

For operating systems, we chose UNIX systems that
have a reasonably lge user base and development
group, run on our hardware, and cost less than $100 in
the summer of 1995. Linux, FreeBSD and Solaris met
these criteria.

Linux is a free version of UNIX distributed under
the terms of the GNU General Public License.
Roughly speaking, this means that works derived
from the Linux kernel must be distributed with source
code and a fee can only be aje for the transfer of
a copy and not ownership of a copy or licensing of a
copy. Linux was created by Linusoivalds when he
was a student at the University of Helsinki in Finland.
Since then, many other developers have contributed to
it. Its code is not derived from BSD or Systerbut
has features of both and is also generally compliant
with Posix.1.

FreeBSD is a free version of UNIX distributed
under the terms of a University of California license.
This license requires that the copyright notice be
included in both source and binary forms of any dis-
tribution and any advertising must mention that the
product contains University of California, Berkeley
code. FreeBSD is derived from the BSD 4.4-lite
release by the Computer Systems Research Group at
U.C. Berkeley Like Linux, many developers have
contributed to it. It is fully compatible with BSD-style
API programs.

Solaris is a commercial version of UNIX developed
by Sun Microsystems, Inc. As a commercial system,
it costs moneybut we purchased it on CD-ROM for
$99; this made it cheaper than other available com-
mercial versions of UNIX. Including program devel-
opment utilities, the total cost was $244. No source
code is included. Solaris is mainly a Systerbased
UNIX, but includes BSD-compatibility headetefs
and libraries. Solaris runs on both the x86 and Sparc
architectures. It has a fully preemptive multi-threaded
kernel and support for multi-processor systems.

Of these systems, we chose the most recent major
release that was commonly available at our cfit-of
date of October 31, 1995. Consequentg did not
test unreleased or beta versions. For Linux, we used
version 1.2.8 from the Slackware Distribution. For
FreeBSD, we used version 2.0.5R. For Solaris, we
used version 2.4. Of course, subsequent versions of
any of these systems may perform veryatiéntly
from the versions we tested.

2.2 Hardware

We chose the most costfedtive high performance
hardware that was available to us in M&995. Our
benchmarking platform isnt . st anf or d. edu, an
Intel Pentium P54C-100MHz system with 32 mega-
bytes of main memory and two 2-gigabyte disks. It
has a standard 10-Megabit/second Ethernet card
(3Com Etherlink 111 3¢509). The motherboard is an
Intel Plato. The disk controller is an NCR 53¢810 PCI



SCSiI card, which has no on-board cache. One disk is
a Quantum Empire 2100 SCSI disk, and the other is
an HP 3725 SCSI disk.

On the irst disk we installed the various operating
systems, each in its own partition. The partitioning of
the disk is shown indble 1. V¢ made each partition
200 megabytes more than the minimum recom-
mended for each OS. Since we installed Linux last, its
partition received the remainder of the disk and is
larger than it needs to be. (Otherwise, its partition
would be the same size as FreeBSpP’

Size
(O] Version (megabytes)
DOS/MIndows 6.2/3.1 250
Solaris 2.4 700
FreeBSD 2.0.5R 400
Linux 1.2.8 600

TaBLE 1. Disk Partitioning: This table lists the versions
of the operating systems benchmarked and shows how
tnt . st anf or d. edu’s disk is partitioned.

We used the second disk to ensure that the unequal
partitioning of theifst disk does not &ct our fle
system performance results. All benchmarks that
manipulateifes refer to ites on this second disk. &V
create a fresh 200-megabyike System on this sec-
ond disk between dérent benchmarks, but use the
same ife system for diferent iterations of the same
benchmark. In this wayach of the systems has the
benefit of a fresh file system for its use, but any prob-
lems it sufers from its management of that file system
during the benchmark will remain.

3. Benchmark Overview

We took our benchmarks from a variety of sources.
The system call, context switch, arile Create/delete
microbenchmarks are derived from those John Oust-
erhout used in [Ousterhout 90] to compare ttiecef
of RISC and CISC architectures on operating system
performance. The Moddd Andrew Benchmark,
developed from the Andrew Benchmark written by
M. Satyanarayanan at CMU [Howard 88], was also
used in Ousterhowt’experiments.d get a more com-
plete picture of context switch and memory system
performance, we rewrote Ousterhsutenchmarks in
those areas, and we madi the Modifed Andrew
Benchmark for better portability

To test file system bandwidth and seek performance,
we used Tm Bray’sbonni e benchmark [Bray 90].

Our network benchmarks are a combination of some
of the network benchmarks from Larry May's

| mbench package [McWy 95] and theé t cp TCP/
IP benchmarking program.

We tied all of these benchmarks together with T
scripts [Tl 90] and ran each benchmark program
twenty times. Most of the benchmark programs them-
selves also loop several times over their respective
routines, and we report the average result for the total
number of iterations. All benchmarks were executed
in single-user mode. When run in multi-user mode,
the benchmarks exhibited slightly higher variance.

4. System Call

We measure system call performance since the sys-
tem call is one of the basic mechanisms by which the
operating system provides functionality to applica-
tions. Our results show that Linux has the fastest basic
system call, followed by FreeBSD and then Solaris.

We estimate system call time by calliggt pi d()
in a loop. V& then divide the total time by the number
of calls. This is an optimistic estimate of the time to
make a system call, because the loop allows succes-
siveget pi d() calls to beneaf from data and
instructions cached thérgt time through the loop.
Furthermoreget pi d() does so little work in the
kernel that all of the application data and code can
remain in the processor cache. Given the few instruc-
tions executed in the loop and the small amount of
data accessed, the entire loop could execute in an
eight-kilobyte instruction and eight-kilobyte data pro-
cessor cache. This estimate, although optimistic, is
fine for our purposes, because we want to measure the
relative performance of the systems on the same hard-
ware.

Time
oS (useconds) | Std Dev Norm.
Linux 2.31 0.10% 1.00
FreeBSD 2.62 0.08% 0.88
Solaris 3.52 2.95% 0.66

TABLE 2. System Call: This table lists the time to make
theget pi d() system call, averaged over twenty runs of
100,000 iterations each. Lower times are bettiee Norm.
column lists the speed of the benchmark, normalized to the
best time among the systems. This gives a proportional
ranking for the systems in which higher numbers are
better

Table 2 shows the results. Examination of the source
code for performing a system call reveals that Linux
has slightly more optimized assembly instructions
than FreeBSD. Solaris’ extra features and multi-
threaded fully-preemptive kernel contribute to its
longer system call time [May 95].



5. Context Switching

Context switch time is important foitd and data-
base servers and is increasingly important for Internet
servers that must sometimes service hundreds of
simultaneous connections.edetermined that Linux
has the best context switch time of the three systems
with fewer than 20 processes, while FreeBSD is faster
with more processes. Solaris context switches more
slowly in all cases.

We used our own context switching benchmark,
ct x, based on ideas from the original Ousterhout
context switching benchmarkswi t ch, and Larry
McVoy's | mbench suite.Ct x estimates the context
switch time by measuring the timewi te() a
byte to another process and themad() the one-
byte reply For more than one process, the byte is
passed around in a round-robin fashion through a ring
of processes. The overhead of the pipe operations is
included in our results.

As with theget pi d benchmark, most, if not all of
the code and data in the loop could be cached in the
first-level CPU cache, since the Pentium architecture
has a physically addressddst- and second-level
cache [Anderson 93] that does not need tdusthéd
during context switch. In addition, the context switch
benchmark is written as one program that forks into
the required number of processes. Code-sharing

900

FreeBSD 4"* }*X%x»x*xxle%**xx
800 r Solaris - ] -
Solaris-LIFO —x- i X*x
. 700 ¢ Linux-1.2 ~o e :
3] | P )
% 600 | i%w" ; |
G 500 t ; ]
£ ;
£ 400 r 4
) ; E 4
g 300 | xxxxwxx*xx%%
- x————«k”/xr>*/%7X7;:****“**x***“ 5 oY
200 ¢ ***** DEII]
100 ¢ o
0 . 1
! 10 100

Processes (log scale)

FIGURE 1. Context Switch: This figure shows the time in
microseconds to make a context switch as a function of th
number of active processes in the system. The results inclus
the overhead of the pipe operations used in the benchmai
Solaris-LIFO passes a byte back and forth through a chain
processes. The other benchmarks pass the byte around a r
of processes. Data points are the average values over twel
runs with 50,000 context switches each. At two processes, tt
standard deviations were 3% for Linux, 4% for FreeBSD, ani
9% for Solaris.

between the processes increases the probability that
the entire loopifs into the cache. As with the system
call benchmark, this lowdrsound estimate isrfe for

our purposes, since we want to compare the systems.

Figure 1 shows that FreeBSD context switches at
almost the same speed no matter how many active
processes there are. In contrast, Linux context switch-
ing time increases linearly with the number of active
processes, suggesting that the Linux scheduler must
search an O(number of processes) data structure dur-
ing a context switch. Aside from the linear time
required to traverse this data structure, Linux has very
little overhead, so it context switches faster than
FreeBSD for fewer than 20 active processes.

Solaris context switches more slowly in all cases.
This is in part due to slower pipe performance (as
described in Section 9.1).8\measured the overhead
of sending a byte from a process, through a pipe, and
back to the same process. This took 80 microseconds.
The time for Solaris to context switch between two
active processes is 220 microseconds. Therefore,
without the pipe overhead, the estimated time to con-
text switch would be about 140 microseconds. For the
same number of processes, FreeBSD and Linux con-
text switch in 80 and 55 microseconds, respectively
The additional overhead is tgly due to the extra
work that Solaris’ multi-threaded fully preemptive
kernel scheduler must perform [May/95].

Another interesting result for Solaris is thedar
increase in context switch time at about 32 processes.
We hypothesized that a system resource toxesfat
that point. In order to test this, we changeddhe
benchmark so that its processes pass the token in
LIFO order back and forth through a chain of pro-
cesses. Wexpected that this would take advantage of
a system table with a limited number of elements and
show a gradual increase in context switch time per
process for more than 32 processes, instead of a steep
one. As shown in Figure 1, this is only true for more
than 64 processes.a/gtill see a sharp increase at 32
processes. This behavior does not occur for Solaris
running on other architectures [Bonwick 95], so it is
not caused by the machine-independent portion of the
Solaris scheduler

6. Memory Bandwidth

As CPUs become faster without a matching speedup
in memory the time to access memory may dominate
the execution time of non-1/0O-bound programs,
including the operating system.e/therefore wanted
to know which of these systems best exposes the
underlying Pentium memory performance.do this,
we compared the performance of the systdmdic
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FIGURE 2. Custom Read: This figure shows memory read
bandwidth as a function of the size of thefeufread. The
humps at 8 kilobytes and 256 kilobytes reveal cacfetst
The results are averaged over twenty runs.

mencpy() andnmenset () routines. Essentially the
same routines are also used by the operating systems
themselves. Walso wrote our own easily-maodible
custom routines for reading/writing/copying data to
help us better understand the behavior of the system
library routines.

For all the benchmarks, one or two feu$ of vary-
ing sizes are used to read, write, or copy data. The
same buers are used over and over again until eight
megabytes of data have been transferred, since this
gives us direct information about thdesfts of the
hardware caches.

Our results show that none of the systems ade-
guately delivers the Pentiummemaory write perfor-
mance. For example, the Pentium can copy data at
over 160 megabytes/second using a prefetching copy
routine, yet none of the systems we tested have imple-
mented such a routine. As described beloine
prefetching routines address the fact that the Pentium
does not have a write-allocate cachatidut this
optimization, the same routines copy data at about 40
megabytes/second.

6.1 Memory Read

As shown in Figure 2, the Pentium can read at a
peak bandwidth of slightly over 300 megabytes/sec-
ond from its first-level cache, i.e., it is reading approx-
imately one word every 13ns or four words every
50ns. Since our Pentium runs at 100Mhz, 50ns corre-
sponds toi¥e clock ticks. Given the Pentium archi-
tectures dual issue pipeline, this is a reasonable
result.

For bufer sizes lager than 8 kilobytes, the Pen-
tium’s performance drops fo$ignificantly because
that is the size of its first-level data cache.

The next plateau is from approximately 10 kilobytes
to 256 kilobytes, where the bandwidth is0lmega-
bytes/second. This is due to the second-level cache.
Finally, read performance levels out at approximately
75 megabytes/second.

6.2 Memory Write

Given the good read performance of the systems, we
were initially surprised by the poaenset () write
bandwidth, which did not reach even 50 megabytes/
second (Figure 3).

This poor write performance is due to the lack of a
write-allocate cache on the Pentium [Intel 94]. In a
write-allocate cache, when a write is done to a line
that is not in the cache, that line is brought into the
cache while the write is being done, so that later
writes to the same line will hit in the cachee 8pecu-
lated that prefetching the cache lines in software
could improve performance on a chip without a write-
allocate cache.

In order to test this hypothesis, we coded two ver-
sions of a custom memory writing routine, one to do a
normal copy and the other to prefetch cache lines as
the write is taking place. The results of our non-
prefetching custom write benchmark are shown in
Figure 4 and are very similar to the systemm
set () results. In comparison, the prefetching ver-
sion improved the Pentium’performance
dramatically as shown in Figure 5. The peak write
bandwidth improved to 310 megabytes/second.

6.3 Memory Copy

As with therenset () function, themencpy()
routine on the x86 systems has not been optimized to
prefetch, so the results faencpy() in Figure 6
resemble those for a custom copy routine without
prefetching (Figure 7).

As with the custom write routine, we re-coded the
custom copy routine to do prefetching and achieved a
peak of over 160 megabytes/second in copy band-
width, as shown in Figure 8. This is equivalent to 320
megabytes/second in total bandwidth, which
approaches the peak set by the custom read routine.

6.4 Memory Anomalies

The spikes at the low end of the figures for all of the
custom memory benchmarks are a consequence of the
way the memory benchmarks are written. The mem-
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FIGURE 3. Memset: This figure shows memory write

bandwidth usingrenset () as a function of béér size. the

results are averaged over twenty runs.
ory benchmarls inner loop actually consists of two
loops. One loop performs the appropriate operation on
16 bytes of data per iteration and iterates

Ltotal BytesJ
16

times. The other loop performs the same operation
to the remaining 0-15 bytes at one iteration per byte.
When the buer size is such that 15 bytes have to be
processed in the second loop, the memory bandwidth
dips, since the second loop is so much morefimef
cient than the first.
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FIGURE 4. Naive Custom Write: This figure shows memory
write bandwidth using a custom memory writing routine as
function of bufer size. The results are averaged over twent
runs.
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FIGURE 5. Prefetching Custom Write: This figure shows
memory write bandwidth with prefetching as a function of
buffer size. The results are averaged over twenty runs.

6.5 Summary

Applications programmers rely on the system to
shield them from the unnecessary details of the
machine while delivering its performance. In this
duty, the x86 operating system libraries that we tested
fall short in exposing the full memory write band-
width of the Pentium.

Adding prefetch to memory routines in software
used across all the processors in the x86 family is not
necessarily appropriate, since some members of the
x86 family have a write-allocate cache. Therefore,
statically-linking applications with prefetching mem-
ory routines might cause these applications to perform
worse on some CPUs. Howeyadding prefetching
memory routines to dynamically-linked libraries
would allow maximum performance on each
machine, because the decision about which library to
link with is made at run time. Similaryadding
prefetching memory routines to the kernel allows
maximum performance, since the kernel can be com-
piled separately for individual machines.

7. File System Performance

We benchmarked the ability of the operating sys-
tems to satisfy the needs of two types of I/O-intensive
workloads. One workload, which includes applica-
tions such as video playback and editing anddar
databases, accessegailes and therefore needs
high raw bandwidth and fast seeking. The other work-
load includes program compilation and accessing,
creating and deleting many smadlkesg. It therefore
stresses thelé systems ability to manipulate thelé
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FIGURE 6. Memcpy: This figure shows memory copy
bandwidth usingrentpy() as a function of biér size. The
results are averaged over twenty runs.

In order to isolate the dérences between operating
systems, we used two disks to do tHe fystem
benchmarking. The Quantum 2100S contains the
operating systems themselves and the code for the
benchmarks. W used the HP 3725 as the actual
benchmarking disk. ¥ used the same partition for
each system and benchmark. After each benchmark
(bonni e, crtdel , MAB), we re-made thalé sys-
tem on that partition to ensure that the previous
benchmark could not tect the allocation of blocks
during the current benchmark.

All of the systems have a dynamically sizedfeuf
cache that trades physical pages forfeutache
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FIGURE 7. Naive Custom Copy:This figure shows memory
copy bandwidth using a custom copy routine as a function ¢
buffer size. The results are averaged over twenty runs.
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FIGURE 8. Prefetching Custom Copy: This figure shows
memory copy bandwidth with prefetching as a function of
buffer size. The results are averaged over twenty runs.

pages during intensive disk accesses; as a result, they
generally do well when the data set accessed is small
enough toif in main memoryOur results show that
FreeBSD and Solaris perform well fordariles. For
small file workloads, characterized by a high percent-
age of metadata operations, Linux is an order of mag-
nitude faster than the other systems, because it
performs file metadata updates asynchronously

7.1 Large-file Benchmarks

We wanted to test three aspects ofjéafle perfor-
mance: 1) sequential read bandwidth, 2) sequential
write bandwidth, and 3) time to seek to a random
block in a fle and perform an 1/O operation on iD T
do this, we used theonni e benchmark, written by
Tim Bray. Bonni e creates and writes to #efof the
userspecifed size, reads from it sequentialand
then seeks randomly within it. &\fanbonni e with
file sizes from two to 100 megabytes to test perfor-
mance for iles that do and do noitfin the bufer
cache. Unlike some of the other benchmarks we used,
bonni e performs each of its operations only once
per invocation. W invoke it 20 times per file size.

As shown in Figure 9, all three systems cache the
file for sizes up to 20 megabytes out of 32 megabytes
total on the machine. This is because all three systems
allow a trade-dfbetween memory pages and tie f
cache, so thelé cache can grow to accommodate
large files.

For files in the bufer cache, FreeBSD reads
between 5% and 15% faster than both Linux and
Solaris. Forifes outside of the bdr cache, Solaris
has the best read bandwidth. garsequential
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FIGURE 10. Bonnie Write: This figure shows file system
sequential write bandwidth as a function of file size. The
results are averaged over twenty runs.

accesses negate the benetits of an LRU file cache, and
Solaris compensates for this better than the other sys-
tems. Linux has the worst read bandwidth ftesf
larger than the bdér cache.

The efects of FreeBSI¥ eficient fle cache and
Linux’s poor lage fle performance are also apparent
in Figure 10. FreeBSD writedds of size less than
eight megabytes 50% faster than Solaris or Linux.
Linux maintains less than half the write bandwidth of
FreeBSD or Solaris for almost all file sizes.

In contrast, Linux and Solaris can perform approxi-
mately 50% more random seeks and 1/O operations
per second than FreeBSD falek inside theife
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FIGURE 11. Bonnie Seek:This figure shows the number of
random seeks per second as a function of file size. The resu
are averaged over twenty runs.

cache, as shown in Figurd.1Thebonni e seek
benchmark seeks to a random block in a file, reads the
8-kilobyte block and then writes it out. All three sys-
tems convege to 14ms for random seeks to blocks on
disk.

7.2 Small-file and Metadata Benchmarks

To benchmark the ability of these operating systems
to deal with many smalllés, we useart del from
the Ousterhout microbenchmark3.t del opens a
file, writes some data to it, closes it, opens it again,
reads data from it, and deletes it. It mimics the use of
a temporary file by a compildt stresses the updating
of file system metadata such as the inode, directory
block and directory inode. ¥\an it using various file
sizes to get a view of metadata overhead veits f
data overhead (Figure 12).

Given that we measured the average non-cached
seek time of these systems to be 14ms (Figlije 1
Linux clearly is not accessing the disk during this
benchmark. This is because the Linile system,
ext2fs, uses an asynchronous metadata update ,policy
unlike the FreeBSD and Solaritefsystems. While
this gives Linux a performance advantage, it could
result in losing more data after a system crash. Some
of the synchronous updates in the BSD-derivkd f
systems are intended to help preserve file system con-
sistency in the event of such failures.

FreeBSD does worse on this benchmark than can be
explained by its use of synchronous metadata writes.
Since both the FreeBSD and Solaris 2el $ystems
are derived from the BSD FFS [McKusick 84], they
both use synchronous metadata writes. However
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FIGURE 12. File Create/Delete: This figure shows the
number of milliseconds to create and delete files as a functic
of file size. The results are averaged over twenty runs.

Solaris executesr t del in only 34ms (Figure 12),
compared to FreeBSPalmost 66ms. The magnitude

of FreeBSD$ overhead compared to Solaris suggests
that it accesses the disk more than is necessary or
seeks furtherFurthermore, as the amount of data
written increases from one kilobyte to one megabyte,
the diference between the Soladst del time and

the FreeBS[xrt del time remains almost constant

at about 32ms.

We also tested the FreeBSiefsystem using its
optional asynchronous update politjowever this
option appears not to be implemented yet in version
2.5R, since our results for the synchronous and asyn-
chronous modes were identical within the range of
experimental error

8. Modified Andrew Benchmark (MAB)

So far we have reported the results of microbench-
marks. Microbenchmarks measure particular aspects
of a system, but they may not lesft overall system
performance under any realistic workload.

As a step towards comparing the operating systems
under a typical software engineering workload, we
used the Modied Andrew Benchmark (MAB). It
consists ofifre parts: directory creationld copying,
directory stats,ife reading, and compilation.oT
achieve portability and to eliminate thefdiences in
the compilation speed of é#rent compilers, the orig-
inal MAB includes the source for an early version of
gcc. This early version gfcc is used to compile for
the SPUR architecture during the compilation phase.
The code generated during the benchmark is never

executed, so the choice of architecture does not mat-
ter.

We found we had to make further mactitions to
MAB, so our results are no longer directly compara-
ble to previously-reported MAB results. The problem
with the original MAB is that its version ofanl i b
relies on the systemar , and binary file formats have
changed enough that this scheme no longer works.
Furthermore, the version gtcc in the original MAB
is not portable to Linux or System V OSs (such as
Solaris). D maintain the spirit of the original MAB,
we modified MAB to use a recent versiongafc and
included a compatible version of GNdBi nuti | s,
which includes portable versions af , | d and
ranl i b. We confguredgcc and thebi nutil s to
generate code for the x86 architecture under Linux
since the SPUR architecture is no longer supported as
a compilation teget.

In this section we report MAB results for a local file
system. & report MAB results for accessing remote
file systems over NFS in Section 10.

8.1 Local File System

The results of running MAB on a local disk are
summarized in dble 3. Linuxs first place finish is not
surprising, given its performance on tlile ind disk
micro-benchmarks. Linug’asynchronouslé meta-
data updates and its good read performance for the
small files (<1 megabyte) used in MAB indicate that it
should do well on MAB.

Time Std
(O] (seconds) Dev Norm.
Linux 43.12 4.10% 1.00
FreeBSD 47.45 1.02% 0.91
Solaris 2.4 54.31 1.93% 0.80

TABLE 3. MAB Local: This table shows the total time to
execute MAB on the local file system as averaged over
twenty runs.

What is more surprising is FreeBSjood perfor-
mance on MAB, given its poor performance in
manipulating file meta-data and in reading small files.
FreeBSD is competitive with Solaris in each of the
benchmark phases, excegpt at ing directories,
where it exceeds even Lingperformance. FreeBSD
keeps a separate attribute cache for the directory
information, which isifled in the frst phase (direc-
tory creation) and is thus accessed in the third phase
(directory stats). Linux does not have such a separate
attribute cache, so its attribute information is knocked



out of the file data cache during the second (file copy-
ing) phase.

9. Network Benchmarks

Faster network technology such as 100 Megabit/
second Ethernet is becoming moréoedable, while
CPUs are becoming memory speed bound. As a
result, the limiting factor for network performance is
the eficiency of the network protocol implementa-
tion. We discovered that none of the x86 systems can
fully utilize a 100 Megabit/second Ethernet link, with
Linux being two to three times slower than FreeBSD
and Solaris.

In most of our network benchmarks we used the
loopback interface rather than an actual Ethernet
interface. Although this ignores thefedt of colli-
sions and other real worldfeéts, we wanted to mea-
sure the best possible performance in order to predict
these operating systems’ performance on a future net-
work.

To isolate possible contributors and detriments to
network performance, we tested network performance
using three protocols: pipes, UDdhd TCP

9.1 Pipes

Although pipes are not a network protocol, they
require much of the same functionality as a network
protocol, such as system calls, context switches and
data copying. W measured pipe bandwidth as an
upper bound on what network protocols could achieve
if there were no other overhead. The pipe benchmark,
bw_pi pe, comes from Larry Mcdy’s| nbench
benchmark package. It forksfat child and transfers
50 megabytes in 64-kilobyte chunks between itself
and the child.

Bandwidth
(megabits/ Std
(O] second) Dev Norm.
Linux 119.36 1.60% 1.00
FreeBSD 98.03 2.79% 0.82
Solaris 2.4 65.38 1.56% 0.55

TABLE 4. Pipe Bandwidth: This table shows the
bandwidth of a pipe as averaged over twenty runs.

From Table 4, we see that Linux and FreeBSD could
theoretically keep up with a 100-Megabit/second
Ethernet, if the TCP/IP protocols added no additional
overhead. Solaris, howeviecould not keep up.
Solaris’ slower system calls and context switches do
not explain this poor performance. The extra overhead
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FIGURE 13. UDP: This figure shows UDP bandwidth as a
function of packet size when averaged over twenty
benchmark runs.

for Solaris pipes is lgely due to their implementa-
tion on top of System V streams [Kottapurath 95].

9.2 UDP

The UDP protocol is a slightly highdésvel protocol
than pipes, in that UDP forms packets but does not
use time-outs, sequence numbers, and retransmission
as in TCPIn order to test UDP bandwidth, we ran
t t cp using a variety of packet sizes, transferring 4
megabytes every iteration. When run as the sender
t t cp reads data frorat di n, breaks it up into pack-
ets, and sends the packets to the receiVaen run as
the receivert t cp reads packets and writes the data
to st dout . We redirected the output todev/
nul | .

From Figure 13, we see that FreeBSD achieves a
bandwidth of almost 50 megabits/second, meaning
that its UDP runs at only 50% of the bandwidth of
pipes. Solaris is worse. It achieves a peak bandwidth
of 32 megabits/second; just as with FreeBSD, this is
50% of the pipe bandwidth. Linux has the most sur-
prising result. Although it has the best pipe band-
width, it has the worst UDP performance. Its UDP
performance of 16 Megabits/second is only 14% of its
pipe bandwidth. Its UDP implementation has a high
amount of overhead due to unnecessary copies and
inefficient bufer allocation.

9.3 TCP

TCP is one of the most widely used protocols tpday
forming the basis for many reliable protocols, such as
ftp. In order to benchmark TC®e usebw t cp,
which comes from Larry Mady’s| mbench bench-



mark packageBw _t cp transfers 3 megabytes from

Bandwidth
(megabitsy/ Std
oS second) Dev Norm.
FreeBSD 65.95 2.36% 1.00
Solaris 2.4 60.11 16.34% 0.91
Linux 25.03 5.45% 0.38

TABLE 5. TCP Bandwidth: This table shows the
bandwidth of a TCP connection.

one process to another during each iteration using a
48K bufer.

As shown in @ble 5, Solaris TCP performance is
not hindered by its poor UDP performance. On the
other hand, Linux TCP implementation is just as
slow as its UDP implementation. Our investigations
indicate that version 1.2.8 of Linux has a TCP win-
dow of only one packet. This severely limits its TCP
bandwidth, as our results show

10. MAB acrossNFS

To measure network file system performance for the
three systems, we ran MAB over NFS, using the three
systems as clients. &\fan these tests using a Linux
1.2.8 file server and a SunOS 4.1.4 file sennerdid
not test FreeBSD or Solaris as servers, since we do
not have the extra equipment available.

Time Std
oS (seconds) Dev Norm.
FreeBSD 53.24 0.87% 1.00
Linux 57.73 2.20% 0.92
Solaris 2.4 58.38 1.36% 0.91

TABLE 6. MAB NFS with Linux Server: This table
shows the total time to execute MAB across NFS to a
Linux server

Using a Linux serverthe FreeBSD client was the
top performer due to its good networking perfor-
mance. Linux comes in second place with Solaris
coming in third.

Overall, the benchmark ran more slowly when
accessing the SunOS server rather than the Linux
server The SunOSile server uses a synchronous
update policyas required by the NFS spécdftions.
The Linux fle server continues using its asynchro-
nous update policyand we hypothesize that this
explains the dference in performance.

With the SunOS file servewe see somewhat tbf-
ent relative results between the three clients.

FreeBSD$ good networking performance again
serves it well when connected to a SunOS NFS server
Solaris performs relatively poorly when using the
SunOS server instead of the Linux serdgnux’s
networking code is apparently tuned to work with
other Linux hosts and performs miserably when con-
nected to other types of servers.

Time Std
(OF] (seconds) Dev Norm.
FreeBSD 67.60 1.41% 1.00
Solaris 2.4 87.94 3.17% 0.77
Linux 115.06 1.54% 0.59

TABLE 7. MAB NFS w/SunOS Server: This table
shows the total time to execute MAB across NFS to a
SunOS Server

11. Other Comments

In testing the performance of these systems, we
encountered other dirences that may be of interest
to those choosing which system to run. Although
some of these diérences may disappear in later
releases, some are a consequence of the policies of the
system developers or vendors and therefore may not
change in future releases. Thesdaténces include
installation dificulties, porting diferences, and sys-
tem bugs found while running the benchmarks. All of
these areas help indicate the level of support one can
expect when using the systems.

In general, the availability of free system source
code combined with a Ige user community seems to
have a positive &ct on these problems. If the user
community contributes drivers and other system soft-
ware, then that system will work sooner on a wider
range of hardware than is possible for a system with
only a few developers. Even if no one has contributed
a desired feature yet, we can implement and even dis-
tribute it ourselves at a minimum of cost. Almost by
defnition, systems research requires new hardware
and software that has not yet made it to the commer-
cial sector Additionally, a lage user community with
access to source code will provide support for a sys-
tem outside of a vend@ or a developés support,
increasing the probability that bugs will be found and
fixed quickly and questions answered.

Our installation experiences with the three systems
were very diferent, with Linux being the easiest and
Solaris being the most fiifult.



Some of the good installation features:

¢ Installation across the Internet (Linux, FreeBSD)
¢ WWW installation documentation (Linux,
FreeBSD)

Among the problems we encountered:

¢ Didn’'t support the (very common) Panasonic/Cre-
ative Labs CD-ROM drive (FreeBSD, Solaris)

* Crashed during installation due to a driver incom-
patibility (FreeBSD, Solaris)

¢ Obliterated existing boot loader and disk partitions
(Solaris)

* Inaccessible or missing system administration
documentation (Solaris)

Our experiences porting the benchmarks to the three
systems were somewhat more pleasant, with Linux
again being the easiest system and Solaris the most
difficult. In general, Solaris was the mostfititilt
because there is no Internet repository of Solaris bina-
ries, and there ishyet a lage enough Solaris x86
user community to provide the level of support found
for the other systems.

Some of the good porting features:

* BSD and System V compatibility (Linux)

¢ Automatic installation of commonly used free
software likegcc, emacs, andtcsh (Linux,
FreeBSD)

* Internet repository of pre-compiled binaries
(Linux, FreeBSD)

Some of the porting ditulties:

* No installed compiler (Solaris)
¢ Only an old and buggy pre-compilgdc avail-
able on the Internet (Solaris)

All of the systems had problems running the bench-
marks, with the most irritating problem being that the
Linux 1.2.8 NFS server requires that clients connect
on a privileged port. FreeBSD 2.0.5 clients do not do
this by default.

12. Conclusions

No one system dominates our benchmarks. Linux
does well on system calls, context switching, and pipe
bandwidth. Its performance on smadlkefworkloads
with intensive metadata manipulation is an order of
magnitude faster than the other systems. Linux also
does well when communicating with a Linux NFS
server However Linux has poor overall networking
performance and poor NFS performance when con-
nected to a SunOS NFS server

FreeBSD has better networking and NFS perfor-
mance than the other systems. It performs well on
large fles but not on smalilés. It does well on the
Modified Andrew Benchmark both remotely and
locally.

Solaris has poor system call, context switch and
pipe performance. It reads tgr fles eficiently but
does poorly when the Modified Andrew Benchmark is
run locally

An inherent disadvantage of our “black box” bench-
marking approach is that it cannot conclusively
explain all of the performance dgfrences in these
systems. In many cases, it merely exposes tlfierdif
ences. In addition, using microbenchmarks isolates
the areas of both good and bad performance, but
microbenchmarks cannot predict overall application
performance. Despite the dérences on the
microbenchmarks, the systems’ overall performance
on the MAB workload is much closer

13. FutureWork

Benchmarking operating systems that are under
active development is always a work in progress. As
we write this papemew versions of all of these sys-
tems are about to be released with several changes in
their performance. The latest development version of
the Linux kernel (1.3.40) is a good example. It has
very fast context switching (10 microseconds for two
active processes with very little slowdown as the
number of active processes increases). Its NFS perfor-
mance has also improved. The next release version of
FreeBSD (2.1) will der ordered asynchronous meta-
data updates to improve smaléfperformance while
helping maintainife system consistency during a
crash. The next version of Solaris (2.5) will have
faster context switching and better performance in
general.

Architectural support for counting operating system
events such as TLB misses [Chen 95] can reveal more
about the workings of an operating system than using
timers alone. W plan to apply some of those tech-
nigues to the systems that interest us.

14. Benchmark Source Code Availability

Our benchmarking package is available at http://
plastique.stanford.edu/bench.html.
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