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Abstract

Multiprocessing is already prevalent in servers,
where multiple clients present an obvious source of
thread level parallelism. The case for multiprocessing is
less clear for desktop applications, however processor
architects are already designing processors that count
on the availability of concurrently runnable threads. In
this paper we examine a wide variety of existing desktop
workloads (over 50) across three different operating
systems (Windows NT, BeOS and Linux) and quantify
the amount and nature of thread level parallelism (TLP)
in the system. Our results show that OS and application
structure have a significant effect on TLP. While most of
the workloads exhibit only moderate amounts of paral-
lelism (under 1.5), there is evidence that show that many
of these workloads are not inherently single threaded.

1. Introduction

Processor architects are increasingly looking at sup-
port for multithreaded workloads. A new generation of
processors such as the IBM Power4 [3], Compaq EV8
[4] and Sun MAJC [5] are using simultaneous multi-
threading [1] or single chip multiprocessing [2] to
achieve high performance. While multiprocessing is
already prevalent in servers, where multiple clients
present an obvious source of parallelism, the case for
multiprocessing is not as clear for desktop applications.
Moreover, desktop applications are difficult to simulate
on architectural simulators due to user interactions and
the graphical user interface. For these reasons, research-
ers have often resorted to concurrently running multiple
independent workloads to simulate these workloads.
While this methodology is sufficient for certain studies,
it has little correlation to real usage models.

Our goal in this paper is to gain insight into the
amount and nature of thread level parallelism in a wide
variety of existing desktop applications and to speculate
on what can be expected in the near future. We are not
only interested in the number of threads that are
spawned during the run of a benchmark, but also
whether these threads actually run concurrently. To this

end, we have developed a methodology (described in
Section 2.1) for measuring thread level parallelism
(TLP) that is portable across operating systems and have
measured a large number of desktop applications (over
50) under Windows NT, Linux and BeOS running on a
multiprocessor machine. Our data collection methodol-
ogy hooks into the kernel at a very low level, which
allows us to see the activities of all threads in the system
and takes all the synchronization and scheduling over-
head into account. The collected data can also be used to
estimate the TLP of machine configurations with fewer
processors than the one on which data has been col-
lected (Section 2.2). Some of the questions that we seek
to answer are the following:

• To what degree are existing applications threaded?
• How much does the OS contribute to TLP?
• How do modern run-time environments affect TLP?

The chosen operating systems allow us to look at a
large number and variety of applications. Windows NT
(Section 4.1) gave us a platform that runs many of the
existing Windows applications on multiprocessing hard-
ware (Windows 98, currently a more prevalent desktop
OS does not support multiprocessing) as well as a plat-
form for looking at Java applications. We are interested
in how the language-level concurrency support of Java
applications and their modern run-time environments
influence TLP. BeOS (Section 4.2) is a heavily threaded
modern operating system, intended for desktop users.
Since the operating system has supported SMP hard-
ware from its early days and subsequently its applica-
tions have been written with multiprocessing in mind,
we looked at it as an indicator of what can be reasonably
expected in desktop applications in the near future.
Unlike in the previous operating systems, the use of
threads is not as pervasive in Linux (Section 4.3). While
the operating system supports the use of kernel threads
(which are just regular processes) through the pthreads
[6] interface, most applications are not multithreaded.
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2. Methodology

2.1 Trace collection

Our goals for the measurement process were to
come up with a portable technique that is minimally
intrusive, works with any unmodified workload, and
whose results can be processed off-line to generate
interesting metrics and simulate different machine con-
figurations. Instead of using a small number of auto-
mated workloads (where the run of the benchmark has
been made to be reproducible), we wanted to examine a
large cross-section of applications under realistic usage
conditions.

The core of our methodology relies on invoking a
measurement hook every time a thread starts executing
on any of the processors on a multiprocessor system.
Our benchmark machine is a four-way multiprocessor,
with 500Mhz Pentium III processors and 512MB of
main memory. When the hook is invoked, our function
records a timestamp, the CPU number on which the
switch occurred and the thread ID of the thread that was
swapped in. This information is added to a trace and is
saved to disk at the end of the observation period. The
trace can then be processed off-line to derive TLP infor-
mation accurately, since the timestamp counters on all
processors are synchronized when the machine is
booted. To make our traces more complete, we have
added information about thread and process creation
and deletion, process names and thread-process relation-
ships (i.e., which threads belong to which processes).

The Windows NT implementation uses callbacks to
a device driver to record all aforementioned informa-
tion, while a user-level process controls the trace acqui-
sition. Our benchmarks were run under Windows NT 4
Server (SP5) operating system, since Windows NT
Workstation only supports a machine with up to 2 pro-
cessors. One of the differences between the two operat-
ing systems is the time quantum that is given to
foreground and background applications. We collected
data with different time quantum settings, however it
does not have a significant bearing on the TLP numbers.

On all platforms the driver has very low overhead,
since it uses no locks and does very little computation.
Trace events belonging to each CPU are saved in sepa-
rate buffers so that the driver can be invoked from each
CPU concurrently without using locks. The Linux (ker-
nel 2.2.3) implementation differs from the one for Win-
dows NT in that instead of writing a device driver, we
inserted the required calls into the kernel directly and
added two system calls to control the measurement pro-
cess.

While we use the same post-processor on the BeOS
as on the other operating systems, trace collection is
done using an existing facility for recording scheduler
events. While this approach has certain limitations, we
could not find any way of directly hooking the desired
thread events. The downside of using the scheduler
event log is threefold: not every piece of information is
preserved in the trace, it only works with at most a dual
processor machine and the size of the collected trace is
limited. To figure out process names, and thread-process
relationships, we implemented a user-level program that
periodically wakes up and records this information. To
avoid disturbing the results, we do not collect thread
creation and destruction times and only look at the state
of threads in processes that are significant for the work-
load. This monitor process inflates our TLP numbers by
at most 0.02. Using two processors instead of four is not
a great limitation, since most desktop applications
exhibit a TLP of less than 2. The size of the collected
trace is limited to 240K, due to a built-in buffer size.

2.2 Metrics

The data collected for each workload is summa-
rized by specifying the total execution time, machine
utilization (MU), thread level parallelism (TLP) num-
bers and information about the threads and processes
that were active during the run of the benchmark.

The TLP data is summarized in four fields. The first
field shows what percentage of total execution time (ci)
that exactlyi = 0, ..., n (the number of CPUs in the
machine) threads are executed concurrently. Corre-
spondingly,c0 specifies the amount of idle time experi-
enced by the benchmark. The second field shows the
measured amount of thread-level parallelism of the
benchmark using four processors and the expected
amount of TLP on a dual-processor machine. The third
and fourth fields describe what percentage of the con-
currency comes from within a single process or multiple
processes. When possible, processes are classified into
two categories: application or system processes,
depending on whether they are spawned by the running
application or the operating system.

Whenever possible, we show data about the number
of active threads and processes in the machine as well as
their lifetimes. A thread or process is active if it was
scheduled to run at least once during the run of the
benchmark. The thread and process lifetime is given as a
percentage of the runtime of the benchmark. Thread
affinity is the measure of how often a thread is sched-
uled to run on the same processor as the last time.
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The data in the first parallelism field is used to
derive machine utilization and TLP. Machine utilization
is a measure of how well the processing resources are
taken advantage of during the execution of the bench-
mark. Equation 1 shows how machine utilization is
derived from the collected data. Machine utilization is 1
if all processors in the machine were fully utilized.

(EQ 1)

The problem with this metric is that if the bench-
mark incurs a significant amount of idle time (due to I/O
activity, the user interface or periodic activity), its value
can be misleading. For this reason, we have definedTLP
(Equation 2) as the number of concurrent threads that
are executing on the machine if at least one non-idle
thread is executing.

(EQ 2)

TLP is between 1 andn (the number of processors
in the machine). It is important to recognize that the par-

allelism metric does not necessarily mean that givenn
processors, the workload will get doneTLP times faster,
it only states that the non-idle (processor bound) por-
tions of the program will benefit from the specified
speedup. We would have liked to separate idle time due
to I/O, however we have been unable to find a portable
and reliable way of doing this.

Knowing how the concurrency of an application
would scale up to more processors requires information
about thread synchronization, however our intuition was
that scaling down is a simpler problem. If four threads
could execute concurrently on a quad processor
machine, then the same threads would also fully utilize a
machine with fewer number of processors, but would
execute for a longer time. We make the conservative
assumption that there is a join point between parallel
episodes of different cardinality. This means that when
scaling down the workload, parallel episodes with
higher TLPs cannot be overlaid with less parallel ones;
they must complete before moving on to the next epi-
sode. Figure 1 illustrates a hypothetical example where
data from a quad-processor is scaled to a dual-processor
machine. Note that episodes 4 and 5 have an increased
run-time on the simulated machine due to the above
stated assumptions.

Equation 3 is an elaboration of Equation 2 and can
be used to estimate the expected TLP of the measured
benchmark on computers with fewer processors than on
the measurement machine. In the equationk specifies
the reduced number of processors andn is the number of
processors for which the data has been collected (n > 1
and 1<= k <= n).

(EQ 3)
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FIGURE 1. Scaling TLP results to a dual processor machine
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TABLE 1. Concurrency on a dual processor vs. a quad-processor machine

Benchmark Expected
2 processors

Actual

2 processors 4 processors

Elastic Reality - Sys98 1.07 1.07 1.07

Photoshop - Sys98 1.15 1.12 1.23

PowerPoint - Sys98 1.07 1.07 1.07

SoundForge - Wins99 1.12 1.12 1.14

Visual C++ - Wins99/MP 1.75 1.74 1.98
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To check the validity of our assumptions, we reran
the subset of our benchmarks that were completely auto-
mated on the same machine with two processors turned
off. Table 1 on page 3 shows the measured values along
with the expected values predicted by Equation 3. As
can be seen, this simple formula can be successfully
used to predict the TLP of the applications on a dual
processor machine. The values for PhotoShop show the
greatest difference between predicted and actual values.
In this benchmark there is a significant reduction of
dead-time (c0), which causes the overall proportion ofc1
to increase andc2 to decrease.

3. Benchmarks

We chose Windows NT Server 4.0 (SP5) as our pri-
mary platform for these investigations, since it runs a
large variety of applications, has robust support for
threading and can run on multiprocessor hardware. The
Sysmark 98 [10] and Winstone 99 [11] benchmark sets
provided a large number of applications for our initial
observations. The advantage of these benchmark suites
is that they consist of commercial applications that are
driven by a GUI automation tool to achieve life-like
behaviour. The reproducibility of the runs of these
benchmarks has allowed us to fine-tune our methodol-
ogy and to make comparisons between runs on different
computers. However, running only fully-automated
benchmarks would have obscured the fact that many of
the applications incur a lot of idle-time when running in
interactive mode.

Java applications were run on Windows NT using
the Java 1.3beta SDK with the HotSpot Client VM. The
BeOS applications were run on BeOS 4.5.2 and we used
the RedHat 6.0 distribution with our modified 2.2.3 ker-
nel for Linux benchmarks.

4. Results

4.1 Windows NT

Most Windows NT desktop applications exhibit
only moderate amounts of TLP (see Table 2 on page 5).
The highest numbers come from multimedia applica-
tions (both authoring and playback), program develop-
ment tools as well as from scientific and engineering
applications. The only applications that achieve signifi-
cantly more TLP than 1.3 are applications that are either
hand parallelized (Parallel MPEG player) or that have
“obvious” areas of parallelism such as Visual C++,
where projects are compiled concurrently. However,
even this application misses out on some opportunity for
concurrency, since files are not compiled in parallel,

only projects. When compiling a single project the TLP
is 1.18, compiling two projects it is 1.98. The gnu make
and gcc based compilation environment on the other
hand achieves a concurrency of 3.27 when compiling a
single project.

In their study of the characteristics of desktop appli-
cations [12], Lee et al. observed that most of the instruc-
tions are executed from a single dominant thread. The
TLP numbers in our study confirm this observation,
however it is worth noting that results can vary widely
based on the workload. For example when running
Adobe Photoshop, we observed that our TLP numbers
varied from 1.23 to 2.36 implying that a single thread
did not always dominate during execution. However,
Lee et al. reported that during their run 97.16% of
instructions came from the primary thread. While the
two metrics are not directly comparable, it is unlikely
that one could observe an average of two concurrent
threads during execution, while executing nearly all
instructions from only one of them.

The amount of concurrency can fluctuate greatly
when running the same application with different work-
loads. An example of this is Photoshop, which has a
concurrency of 1.23 when running as part of Sysmark
98, and 2.36 under the Winstone 99/MP workload.

Java applications do not seem to exhibit signifi-
cantly more TLP than their traditional counterparts. It is
true that they use more threads than other applications
on average, however these threads tend not to run con-
currently. The pervasive use of threads in Java does
translate into a large percentage of the concurrency
coming from within the application process (50% to
80% in our benchmark). This number includes both
threads from the Java application and the Java VM.

The database workloads in our measurements do
not show a significant amount of concurrency as long as
there is only a single client accessing the data. However,
using two clients on the Cloudscape database, the TLP
jumps to 1.59. This usage scenario could become realis-
tic on the desktop as loosely coupled object based envi-
ronments (such as Jini and JavaSpaces) become more
prevalent.

The video playback applications in our benchmark
suite all exhibit different kinds of concurrency charac-
teristics. The Parallel MPEG player has been hand par-
allelized to play back an HDTV video stream. The
existing hardware is barely enough to accomplish this
task (TLP is 3.76). The other playback applications have
not been parallelized to nearly the same degree. Quick-
Time uses multiple threads to decode and play back the
multiple streams of multimedia information in a movie:
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TABLE 2. Windows NT benchmark results

C
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Application Workload MU

Thread Level Parallelism (TLP)

Threads
TLP 4 TLP 2

Intra process Inter process

c0 c1 c2 c3 c4 App Sys App-
App

App-
Sys

Sys-
Sys

D
at

ab
as

e Cloudscape - Javaa

a. An object database system. Modes: embedded (server and client in single program) and client-server (rmijdbc) with 1, 2 and 4 clients.

embedded 18.23%29.7% 68.2% 1.7% 0.3% 0.1% 1.04 1.03 22.14%0.19% 46.59%30.37%0.71%
rmijdbc 1c 24.39%11.8% 81.0% 5.4% 1.4% 0.4% 1.11 1.09 12.41%0.34% 47.32%38.20%1.72%
rmijdbc 2c 36.96%7.1% 45.5% 41.4% 4.2% 1.7% 1.59 1.53 15.72%0.13% 48.65%33.80%1.70%
rmijdbc 4c 51.53%8.6% 39.0% 13.2% 16.1% 23.1% 2.26 1.68 19.19%0.12% 55.65%24.48%0.56%

Paradox 8.0 Sys98 21.19%19.2% 77.3% 3.1% 0.3% 0.1% 1.05 1.05 16.60%0.39% 27.98%53.58%1.45%

D
es

ig
n

Bryce 2 Sys98 24.78%1.9% 97.2% 0.9% 0% 0% 1.01 1.01 0% 0% 63.34%36.66%0%
CorelDRAW 8.0 Sys98 24.65%4.4% 92.7% 2.7% 0.1% 0% 1.03 1.03 0.01% 0% 14.22%85.75%0.02%
Elastic Reality 3.1 Sys98 24.88%7.3% 86.3% 6.0% 0.3% 0.1% 1.07 1.07 0% 0.23% 32.35%67.22%0.19%
Extreme 3D Sys98 24.32%4.6% 93.7% 1.6% 0.1% 0% 1.02 1.02 0% 0.01% 32.05%67.79%0.16%
Image/J - Java 18.13%42.2% 44.4% 12.4% 0.8% 0.2% 1.25 1.24 63.67%0.02% 6.66% 29.48%0.17%
Photoshop 4.0.1 Sys98 23.3% 24.2% 68.4% 2.0% 0.9% 4.5% 1.23 1.15 1.14% 0.01% 2.17% 96.67%0.02%

Win99b

b. This benchmark did not complete, due to a bug in the Winstone 99 benchmark driver.

21.87%52.5% 31.2% 3.6% 1.6% 11.0% 1.84 1.47 28.16%0.29% 35.64%31.16%4.76%
Win99/MP 34.59%41.5% 28.5% 4.0% 2.1% 23.9% 2.36 1.66 49.67%0.33% 28.12%21.81%0.07%

D
ev

. Visual C++ 5.0 Win99 24.69%16.0% 72.4% 9.3% 1.4% 0.9% 1.18 1.15 0.18% 0.73% 31.40%67.51%0.17%
Win99/MP 44.28%10.4% 24.9% 46.8% 13.3% 4.7% 1.98 1.75 0.16% 1.42% 49.18%49.00%0.24%

GNU make / g++c

c. make -j 8 run on the gzip sources under cygwin (sourceware.cygnus.com/cygwin).

gzip 36.10%55.8% 8.8% 2.1% 1.5% 31.7% 3.27 1.88 0.07% 0.22% 62.66%36.85%0.20%

G Quake 2 24.22%5.3% 92.8% 1.8% 0.2% 0.0% 1.02 1.02 1.92% 0.02% 15.26%82.40%0.40%

In
te

rn
et

Frontpage 98 Win99 9.32% 70.0% 25.0% 3.4% 0.9% 0.7% 1.24 1.20 0.59% 0.85% 55.87%42.63%0.05%
HotJava - Java Browsing 6.44% 78.0% 19.1% 2.3% 0.5% 0.2% 1.17 1.15 75.63%0.14% 5.41% 18.23%0.59%
Internet Explorer 5 Misc 3.27% 89.5% 8.5% 1.5% 0.3% 0.2% 1.25 1.21 23.02%1.03% 31.30%44.16%0.49%
Netscape 4.05 Sys98 24.71%17.8% 67.6% 12.8% 1.7% 0.1% 1.20 1.19 17.25%0.18% 19.15%62.78%0.65%

A
ut

ho
rin

g Premiere 4.2 Sys98 24.93%5.8% 89.2% 4.7% 0.3% 0.1% 1.06 1.06 65.39%0.01% 12.89%21.71%0.00%
Win99 25.69%13.0% 72.0% 14.2% 0.7% 0.1% 1.18 1.18 0.06% 0.03% 19.38%80.53%0%

SoundForge 4.0 Win99 20.80%26.9% 64.4% 7.5% 1.0% 0.1% 1.14 1.13 0% 6.56% 14.73%78.19%0.52%
MPEG Encoder Sys98 22.27%15.9% 79.7% 4.0% 0.3% 0.1% 1.06 1.06 13.09%0.02% 45.19%41.67%0.04%

M
ul

tim
ed

ia
pl

ay
ba

ck

Parallel MPEG HDTV 94.02%0.0% 4.4% 2.4% 5.8% 87.4% 3.76 1.98 97.94%0.03% 0.93% 1.07% 0.03%
QuickTime 4.0.3 MP3 3.78% 85.9% 13.1% 0.9% 0.1% 0.0% 1.07 1.07 17.41%0.32% 24.87%57.10%0.30%

QT 16.39%44.4% 46.2% 8.9% 0.5% 0.0% 1.18 1.17 77.91%0.02% 9.56% 12.46%0.05%

QT - 2d

d. Playing back two QuickTime movie streams concurrently (Sorensen compression, 640x288, millions of color).

25.03%18.5% 64.9% 14.8% 1.7% 0.2% 1.23 1.21 43.26%0.01% 29.27%27.47%0%
RealJukebox MP3 3.64% 87.9% 10.2% 1.6% 0.3% 0.1% 1.20 1.18 5.14% 0.29% 32.48%61.97%0.12%
Windows Media
Player

AVI-local 6.43% 76.9% 21.0% 1.8% 0.3% 0.1% 1.11 1.10 53.76%0.08% 26.69%19.44%0.03%
AVI-net 5.93% 79.6% 17.7% 2.0% 0.5% 0.1% 1.17 1.15 20.28%0.64% 22.46%56.36%0.25%
AVI-crypt 7.56% 73.5% 23.2% 2.9% 0.4% 0.0% 1.14 1.13 36.70%1.96% 27.76%33.42%0.16%
MP3 1.97% 92.8% 6.6% 0.5% 0.1% 0.0% 1.09 1.09 18.15%0.37% 48.85%32.14%0.49%

La
ng NatSpeaking 2.02 Sys98 24.34%5.0% 93.0% 1.7% 0.3% 0.0% 1.02 1.02 33.49%0.01% 29.91%36.57%0.02%

PowerTranslator 17.87%29.4% 69.9% 0.5% 0.1% 0.0% 1.01 1.01 0% 0% 70.54%29.46%0%

P
ro

du
ct

iv
ity

Excel 97 Sys98 25.97%5.5% 85.6% 8.5% 0.4% 0.0% 1.10 1.10 2.57% 0.03% 4.43% 92.70%0.27%
Lotus SmartSuite Win99 14.24%48.6% 46.8% 3.8% 0.7% 0.1% 1.11 1.10 2.28% 0.68% 8.37% 88.29%0.39%

Microsoft Officee

e. The data presented here is for the middle portion of the run, since the entire trace was too big for the post-processor.

Win99 23.49%22.4% 63.0% 13.1% 1.3% 0.2% 1.21 1.20 2.14% 0.28% 74.33%22.86%0.39%
PowerPoint 97 Sys98 24.85%7.2% 86.6% 5.6% 0.4% 0.0% 1.07 1.07 2.83% 0.34% 10.45%82.89%3.49%
Word 97 Sys98 26.42%4.8% 85.2% 9.7% 0.3% 0.0% 1.11 1.11 0.16% 0.48% 21.40%77.20%0.76%
OmniPage Pro 8.0 Sys98 22.29%14.9% 81.6% 3.0% 0.4% 0.1% 1.05 1.04 0.01% 0% 67.22%32.75%0.02%

S
ci

/E
ng

AVS Express 3.4 Win99 26.03%4.7% 86.7% 8.4% 0.2% 0.0% 1.09 1.09 0.02% 0.01% 27.54%72.4% 0.03%

JSV - Javaf

f. Scientific Visualization. Displaying and rotating various molecules.

25.37%7.8% 84.9% 5.9% 1.0% 0.4% 1.10 1.09 56.24%0.04% 7.54% 36.16%0.03%
MicroStation SE Win99 23.57%17.7% 70.9% 10.9% 0.4% 0.0% 1.15 1.14 9.52% 0.13% 26.41%63.86%0.08%

Win99/MP 27.17%18.4% 55.0% 26.2% 0.4% 0.1% 1.33 1.33 71.85%0.09% 2.05% 25.97%0.03%
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it spawns a thread for audio and one for video (depend-
ing on the movie, there could be more or less threads).
However, neither one of these threads is very resource
intensive and the audio decoder has about 20% of the
processing requirements of the video thread (based on
its 1.18 TLP, 78% of which is intra application concur-
rency). The machine idles 44% of the time during play-
back, since once it reaches the desired service quality
(the highest in our case), it has to ensure that frames are
presented at a uniform rate. The Windows Media Player
has similar characteristics; however, it was only able to
play our AVI movie at a low framerate. Displaying two
video streams concurrently estimates the video work-
load of a high end video conferencing software. The
measured TLP of two high-quality QuickTime movie
streams increases to 1.23 and includes a significant
reduction of idle time (18.5% of total execution time).

When running interactive workloads under realistic
conditions, the system is idle a majority of the time.
This fact is obscured by the automated benchmarks; a
case in point is the comparison of Netscape from the
Sysmark 98 benchmark suite to Internet Explorer and
HotJava, both of which were run by hand. While the
Netscape benchmark spends only 17.8% of its execution
time idling, the other two web browsers wait for some-
thing to do about 80% of the time.

VMware allows one to run operating systems inside
a virtual machine. To accomplish this task, it has to
emulate the behaviour of the entire machine, including
all the necessary devices. In our measurements, the VM
was a significant source of TLP when device emulation
was used heavily, however under most conditions its
contribution to TLP was not significant. Moreover since
it only emulates a uniprocessor, applications running

within the VM are also limited to uniprocessor perfor-
mance, even if they are multithreaded.

A negligible fraction of concurrency comes from
running operating system threads (from one or more
processes) in parallel. However, application and system
threads running at the same time make up a large portion
of overall TLP. The greatest single contribution comes
from running an application thread in parallel with a
thread from the System process, which contains the
device driver and kernel threads. Table 3 shows the
operating system processes that contribute the most to
interprocess TLP between application and system
threads. As can be seen from the table, the operating
system threads of Windows NT contribute significantly
to the concurrency of the platform.

4.2 BeOS

Given the BeOS’ reputation as an operating system
designed with multiprocessing and multithreading in
mind, we expected it to yield higher TLP numbers than
Windows NT. Overall this expectation turned out to be
justified but the range and sophistication of the applica-
tions we measured under the BeOS is not nearly as great
as under Windows NT. The results are shown in Table 4
on page 7.

Two of the measured applications have exact coun-
terparts under Windows: Abuse 2.0 and Quake2. Quake
was a straight port to the BeOS, and any increase in con-
currency is due to the OS: the TLP improves from 1.02
to 1.08, not a significant change.

The difference is greater in Abuse. Abuse under
Windows runs as a DOS application (unfortunately it
crashes under Windows NT), which is effectively sin-

TABLE 3. System processes contributing to inter application TLPa

a. The System process contains kernel and device driver threads, UI stands for Explorer.exe, which is responsible for the
Windows NT user interface, Win32 is responsible for handling the Win32 API calls, Services is the service controller
(starts, stops and controls service daemons) and Spooler (spoolss.exe) is the spooler service daemon.

Benchmark TLP 4
App-Sys

TLP

Thread from operating system process

1. 2. 3.

Internet Explorer 5 1.25 44.16% System (85.55%) UI (6.78%) Win32 (5.39%)

JSV - Java 1.10 36.16% System (83.74%) Win32 (13.92%) UI (1.06%)

Microstation SE 1.15 63.86% System (71.86%) Win32 (26.43%) Services (1.33%)

Netscape 4.05 1.20 62.78% System (84.30%) Win32 (10.74%) UI (3.99%)

PhotoShop 4.0.1 1.23 96.67% System (98.5%) Win32 (1.37%) UI (0.10%)

PowerPoint 97 1.07 82.89% System (75.64%) Spooler (11.47%) Win32 (6.37%)

RealJukebox - MP3 1.20 61.97% System (77.19%) Win32 (11.97%) Services (8.67%)

Visual C++ 5.0 1.18 67.51% System (84.48%) Win32 (14.90%) Services (0.24%)
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gle-threaded. However, under BeOS in “normal” mode,
the TLP is 1.23. This increase in concurrency is due to
the improvements made during the porting process and
shows that this workload is not inherently single
threaded. Abuse also provides a “fast” mode in which
the game attempts to use as much of the available
resources as possible without limiting the speed of the
action to playable levels. The fast mode measurement
shows even greater concurrency of 1.49. These TLP
numbers might be achievable on a similar game by mak-
ing the graphics and game logic more sophisticated.

The MediaPlayer benchmarks look very similar to
their Windows NT counterparts: the concurrency is low
and there is a lot of time when nothing is executing on
the machine. This is due to the fact that playback of
these streams is tied to a given service quality (frame
rate and sound quality) and if they are met, there is sim-
ply nothing more to be done. Somewhat of a surprise
was the 3dmov benchmark, which includes a 3D ren-
dered moving pulse, onto which a QuickTime movie is
projected. While there was a significant decrease in
dead time compared to movie playback by itself, the
application does not show much increase in concur-
rency.

The web browsing benchmarks on the other hand
exhibit a significant amount of TLP, even when display-

ing simple web pages. The displayed web pages do not
contain Java applets but simply graphics and text. Com-
pared to similar benchmarks under Windows NT, the
BeOS comes out about 0.1 TLP ahead even in the worst
case. This is a significant increase and is due to a differ-
ent rendering approach on the BeOS; every object on
the web page is rendered in parallel, as data from the
network becomes available. This contrasts with the
approach with the other web browsers under Windows
NT that do not spawn new threads for objects within a
page.

It is not as easy to classify the concurrency of BeOS
applications by application and system threads as on
Windows NT. The reason is that almost all applications
register threads in other processes for handling events
and the user interface. As a result, concurrency that
would show up as intra process concurrency in NT
shows up as inter process concurrency on the BeOS.

4.3 Linux

Linux is not a threaded operating system in the
same sense as the Windows NT and BeOS. In Linux, the
basic unit of execution is a process, however lightweight
processes can be created using the clone system call
with small overhead, and those can be used as threads.

TABLE 4. BeOS benchmark results

Application Workload

To
ta

lt
im

e
(s

)

U
til

iz
at

io
n

M
U Thread Level Parallelism (TLP) Threads

Threads

TLP 2

Process

A
ct

iv
e

C
re

at
ed

A
ffi

ni
ty

c0 c1 c2 In
tr

a

In
te

r

Media-
Player

AVI 11.94 26.99% 50.5% 45.0% 4.5% 1.09 19.6% 80.4% 44 0 81.22%

Quick-
Time

11.26 9.70% 82.7% 15.1% 2.1% 1.12 13.4% 86.6% 55 0 87.82%

3dmov Pulse -QT 15.06 40.84% 28.7% 60.9% 10.4% 1.15 5.1% 94.9% 44 0 78.27%

Abuse 2.0 Normal 3.71 16.54% 73.2% 20.6% 6.2% 1.23 25.7% 74.3% 53 0 84.76%

Fast 4.74 73.38% 1.4% 50.4% 48.2% 1.49 35.4% 64.6% 57 0 71.36%

Axia 1.01 Normal 2.89 37.78% 30.5% 63.5% 6.0% 1.09 47.1% 52.9% 32 0 87.41%

Fast 3.2 62.63% 1.8% 71.1% 27.1% 1.28 50.9% 49% 41 0 90.38%

Quake2 Demo 29.79 53.99% 0.2% 91.5% 8.2% 1.08 3.7% 96.3% 52 0 96.34%

Life 2 threads 14.48 81.51% 15.9% 5.2% 78.9% 1.94 55.2% 44.8% 44 6 56.4%

8 threads 8.8 70.56% 25.8% 7.4% 66.9% 1.90 70.9% 29.1% 49 12 47.48%

Flight 10.6 55.04% 0.0% 89.9% 10.1% 1.10 8.7% 91.3% 42 0 70.04%

Charts -
space

LoFi 12.04 6.61% 90.4% 5.9% 3.6% 1.38 36.1% 63.9% 42 0 93.4%

HiFi 15.08 96.89% 0.0% 6.2% 93.8% 1.94 46.2% 53.8% 43 0 78.87%

NetPositive Apple 3.05 24.92% 65.2% 19.7% 15.1% 1.43 27.6% 72.4% 100 51 76.13%

Be 3.82 21.85% 67.9% 20.5% 11.6% 1.36 24.1% 75.9% 140 86 72.02%

Wired 2.21 23.57% 65.1% 22.7% 12.2% 1.35 21.6% 78.4% 73 31 84.13%
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However, the use of kernel threads is not yet pervasive
in the operating system and its utilities. Even applica-
tions that are threaded do not always use Linux’ kernel
threads; usually because of unresolved issues regarding
the thread safety of standard libraries. For example
Netscape Communicator relies on its own user level
thread library, which prevents it from taking advantage
of multiple processors.

The only workload in our suite that exhibits a sig-
nificant amount of TLP is the compiler benchmark,
which uses parallel make to compile files concurrently.
The benchmarks execute three or four threads less fre-
quently than the other two OSs, because there is not as
much opportunity to overlay execution of system and
application threads.

Unlike Adobe Photoshop on Windows NT, the
Gimp image manipulation utility does not exploit the
thread level parallelism inherent in its algorithms but
derives some concurrency from loading and running
plug-ins and the user interface.

5. Conclusions

Our survey shows that most desktop applications
only exhibit moderate amounts of thread level parallel-
ism. The amount of parallelism can vary greatly
between similar kinds of applications and is dependent
on the operating system. Applications on the BeOS tend
to exhibit higher amounts of TLP than similar applica-
tions on Windows NT. Java applications on the other
hand, do not exhibit significantly higher degrees of con-
currency than their Windows NT counterparts. Most
desktop applications incur a large amount of idle time,
which can be as much as 90% of the total execution
time.

Moore’s law predicts a doubling of uniprocessor
performance every 18 months. In practice this implies
that if there is a workload that runs with TLP of 2 on a
dual processor machine today, then in a year and a half
there will be a uniprocessor capable of the same feat (to
a first order approximation). However, even the more
parallel of the existing desktop applications exhibit a
concurrency of only around 1.5, which brings the lead
time of a dual processor over an equivalent performing
uniprocessor to about three quarters of a year.

The amount of concurrency in most of the mea-
sured applications is less than two. This suggests that
without substantial software changes to expose TLP to
hardware, desktop multiprocessors with more than two
processors are unwarranted in most situations. The only
applications that exhibit a higher amount of concurrency
have either an obvious source of concurrency (such as
compiling using make -j) or ones that rely on a parallel
algorithm at their core (e.g. Parallel MPEG player).
While most of the results were collected on a quad pro-
cessor machine, the expected TLP2 number shows that
in most cases a dual processor machine would exhibit
similar amounts of concurrency.

The availability of idle time presents an opportunity
to provide a richer software layer for applications.
Dynamic profile-feedback based optimizations could be
performed during the available time to improve the effi-
ciency of the software.

It is clear from the survey of existing applications
that most of the programs use threads as a convenient
abstraction for the programmer, not as way to maximize
performance. This is partly due to the current prevalence
of uniprocessor systems — optimizing for the uncom-
mon multiprocessor machine is not beneficial — and
also because programmer time is expensive. Unless

TABLE 5. Linux benchmark results

Application Workload

To
ta

lt
im

e
(s

)

MU

Thread Level Parallelism (TLP)

Threads
TLP 4 TLP2

c0 c1 c2 c3 c4

Gimp Cubism 24.06 25.27% 0% 99% 1% 0% 0% 1.01 1.01

Predator 4.54 21.64% 23.5% 68.2% 6.7% 1.4% 0.2% 1.13 1.12

Weave 15.7 27.04% 2.9% 87.9% 7.6% 1.4% 0.3% 1.11 1.10

Battalion 44.83 25.26% 0% 99% 1% 0% 0% 1.01 1.01

Xanim AVI 22.6 0.33% 98.7% 1.3% 0% 0% 0% 1.00 1.00

Mozilla M10 29.09 13.19% 49.9% 47.5% 2.6% 0% 0% 1.05 1.05

Make / gcc kernel src 69.11 82.18% 4.5% 13.2% 3.3% 7.1% 71.9% 3.44 1.92

Netscape 4.5 Apple 20.01 2.4% 91.5% 7.5% 1.1% 0% 0% 1.13 1.13

Intel 20.01 1.9% 92.9% 6.5% 0.5% 0% 0% 1.08 1.08

Wired 20.01 4.19% 84.5% 14.4% 1.2% 0% 0% 1.08 1.08

Quake2 Demo 20.01 25.06% 0.1% 99.7% 0.3% 0% 0% 1.00 1.00
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writing an application that takes advantage of the paral-
lel hardware is on the same order of difficulty as writing
the program in the straight-forward way, it is unlikely
that we will see a great increase in parallelism. If
increased concurrency does not come from the applica-
tions, it could come from the platform and the user inter-
face.

The use of soft devices (mostly software implemen-
tation of hardware devices, such as modems) could be
significant source of concurrency on multiprocessors.
The nature of these applications is to put a constant load
on the machine to provide the required signal process-
ing. These types of devices currently include soft
modems, soft DSL and DVD players. Unfortunately the
current implementations that we know of do not run
under Windows NT (most run under Windows 98,
which is not a multiprocessor capable OS), so we could
not directly measure their contribution. Also, the current
implementations usually rely on DPCs (delayed proce-
dure calls) to perform work, which does not show up as
thread level concurrency. However, based on data from
Rockwell [9], a soft modem requires about 50MIPS of
processing, while a soft DSL would require about
500MIPS. This means that on the measurement hard-
ware, the presence of a soft modem would add approxi-
mately 0.1 and the soft DSL about 1 to the concurrency
numbers. A theoretical client for video-on-demand ser-
vices (soft DSL with video playback) could operate with
an average concurrency of about 2.

The voice recognition and understanding bench-
mark are both single-threaded CPU intensive work-
loads. Even if the applications themselves are not
parallelized, they would significantly contribute to the
concurrency of the platform if used as part of the user
interface. It would mean at least one additional CPU
bound thread in addition to anything the user is doing on
the machine.

In this paper we have focused on the overall thread
level parallelism of our workloads. However, our early
results indicate that multiprocessing can have a signifi-
cant impact on the user perceived response time of inter-
active applications, which is the focus of our ongoing
research.
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