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ABSTRACT

DOE has put forth a considerable effort into light-weight
kernels for high performance computing, yet there has been
a lack of acceptance and use, perhaps due to the limited sup-
port for hardware and software. The arguments for light-
weight kernels have been based on the problem of interfer-
ence, i.e. changes in application performance that occur
when the operating system pre-empts the application. Nev-
ertheless, using existing, well supported operating systems
for HPC systems has been quite successful. The problems
with the standard operating systems remain, however, al-
though their impact on applications is still not quantified.
At LANL, we have undertaken a research program to deter-
mine whether Linux and/or Plan 9 can be used to realize
the benefits of light-weight kernels while maintaining the
benefits of a full-featured operating system. Specifically, we
are evaluating measures that quantify what is ”good” in a
Light-Weight Kernel. We are using this knowledge to mod-
ify Linux and Plan 9 to make them competitive with custom
light weight operating systems, in essence, a Right-Weight
Kernel. This paper represents both a summary of early re-
sults as well as a description of work in progress.

1. INTRODUCTION

The problem, in short, is simple: given a parallel system
with a large number of nodes, an application would like to
completely own the nodes while it is computing, in order
to ensure that aggregate activities, i.e. activities involving
all the programs on all the nodes owned by the application,
proceed at full speed. Anything less than complete owner-
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ship of all the nodes during these activities will cause the
application to run poorly.

This problem has been observed in the real world. It was
first documented by Ron Mraz at IBM[4], was later observed
on the Red Storm and CPlant machines, and more recently
on machines such as ASCI Q[5]. Different researchers have
developed a number of different approaches to solving the
interference problem. On ASCI Q, the problem was largely
resolved by removing unnecessary daemons. On the IBM
SP/2s the problem was resolved by making simple local
scheduling decisions.

On ASCI Red, the resolution was drastic[9]. A full-featured
operating system from Intel, OSF/1-MK ADh, was replaced
by a very simple operating system with few features at all,
called Pumal[10]. This kernel was called a Light-Weight Ker-
nel, or LWK.

To paraphrase an old saying, where we are is a function of
where we were. In order to understand why we build HPC
systems as we do, we should know what the intellectual un-
derpinnings of our current systems are. In the next section,
we provide a short background of kernel development.

1.1 A short history of kernels, or how we got

where we are today

The time-sharing systems we take for granted today were
developed as a response to the high cost of computing hard-
ware; their use is a purely economic decision. Computers
cost a lot, and time-sharing allows organizations to amor-
tize that cost over many users. In a very real sense, time-
sharing is a sacrifice that users make in order to access a
shared common resource they could not individually afford.
In a perfect world, all users would have all the computers
they wanted at no cost. Time-sharing is a result of our im-
perfect circumstances.

Time-sharing also exacts a cost. In an ideal world, each ap-
plication would get the machine exactly when it was ready,
and would have dedicated use of the machine until it could
sleep for a time while waiting for something else to complete,
such as I/O. Unfortunately we do not live in an ideal world:
applications do not run as fast in a time-sharing environment
as they would on the raw hardware, simply because they do
not always get the machine when they are ready to use it.
The actual run time exceeds the ideal run time. This growth
in run time is characterized by a measure called the expan-



sion factor, which in typical large-machine installations can
be as high as an order of magnitude: an application, given
dedicated access to the machine, would run 10 times faster
than it does in the shared environment.

With the advent of Symmetric Multi Processors (SMPs) and
parallel programs, time sharing got complicated. A program
that ran on, say, 8 CPUs, might not run well unless it ran
on all 8 CPUs. Each of the 8 parts of the application had to
be simultaneously scheduled onto 8 CPUs, or not scheduled
at all. If, by some chance, one of the 8 CPUs got handed
to some other process, then the other 7 CPUs would sit idle
while waiting for the other process to get a CPU again. This
problem is one of the earliest examples of interference, and
led to the development of so-called gang scheduling, i.e. the
scheduling of multiple CPUs as a single unit.

In short, in a time-sharing environment, the non-dedicated
nature of the machine makes itself apparent to each applica-
tion in reduced performance: applications and OS activities
interfere with each other, reducing the peak performance of
each application turn. For the rest of this paper we will refer
to this phenomenon as interference. An example of interfer-
ence is the SMP case, where interference in just one CPU
leads to a complete cessation of progress in the other seven
CPUs until the eighth CPU is returned to the application.

Time-sharing systems are implemented with an operating
system kernel, or kernel, a sophisticated descendant of the
executives from the old days. Time-sharing Kernels are not
without their merits. Time-sharing kernels provide:

e a protection boundary for processes, ensuring that they
do not damage each other or the kernel,

e standard file system 1/O, so that processes can open,
read, and write files

e prefetching of data, and coalescing of file system writes
so that maximum efficiency is achieved for file system

1/0

e network protocols, network drivers and network se-
curity models, so that applications can safely access
network resources without fear of destroying data, or
revealing it to others

e Concurrency for process I/0O, so that processes need
not wait on data to be completely written out before
the process proceeds on a computation

Operating systems kernels successfully manage a degree of
concurrency that few programmers are capable of handling.
In general, applications writers that attempt to manage data
as efficiently as the kernel will fail. For the cost of abstrac-
tion of the kernel, there is a gain in efficiency that can not
be ignored.

1.2 Clusters and other distributed memory ma-

chines
Clusters and similar machines represent a step back from
time-sharing systems. The nodes are dedicated to an appli-
cation at a time. It might seem that this dedicated opera-
tion would eliminate the interference problem, but it does
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not. There is still significant non-application activity on the
node. The operating system is scheduling internal activity
that is triggered by clock interrupts. There are daemons on
the system that can become active in response to a network
packet.

The interference will typically happen if all the application
processes are participating in a global operation (e.g. MPI
collective) and one application is held up due to interference.
The situation is exactly like the SMP situation described
above. On a large distributed-memory machine, with 1000s
of processors working together, having one processor sud-
denly unavailable can wreak havoc with the parallel perfor-
mance of the application. In fact, going back to our 8-CPU
example above, we can see that the problem will be 128
times worse, and hence the allowable outage will be 128
times smaller. This time can become very small indeed, as
we shall see.

Consider, again, the case where 999 processes arrive at a
barrier, and one is late. The laggard can not be too late,
or the parallel throughput of the application will suffer. On
today’s machines, 'too late’ is a very small number indeed.
For example, if a 1000-node application hits this barrier once
every few milliseconds, the allowable time for ’too late’ is
measured in microseconds.

The Cluster community approach: get rid of
part of the kernel

The cluster community has taken an entirely different ap-
proach. The first step, starting with the SCRAMNet[3] sys-
tem in 1987 and continuing on to Myrinet, Quadrics, and
other systems, was to completely bypass the section of the
operating system concerned with networking. Applications
directly accessed hardware to make bits move. This mode
of operation is a lot like the very earliest days of computers,
where not a bit of I/O moved unless the application directly
tickled a bit of hardware. It involves the application in the
lowest possible level of hardware manipulation, and even
requires application libraries to replicate much of the oper-
ating systems capabilities in networking, but the gains are
seen as worth the cost.

The LWK approach: get rid of most of the ker-

nel

LWKSs take the process even further. LWKs eliminate almost
all the capability of the kernel, providing an environment
much like the executive environment mentioned above. Once
an application starts, it owns the node. The LWK provides
only the most basic functions for I/O. In essence, LWKs
are a retreat back to the earliest type of operating system,
removing capability in an attempt to provide better parallel
performance.

LWKSs eliminate most of the functions that people take for
granted with a kernel. There is no file system. There are
no sockets. In many LWKs, there is no paged memory, and
hence no virtual memory. There is no security model in
an LWK. In fact there is so little of the function that we
associate with a kernel that applications users are sometimes
unsure of whether to call it a kernel at all.



1.3 Do LWKSs go too far?

The question is, do LWKs go to far? Some anecdotal ev-
idence indicates they do. We have been told that many
potential users of the ASCI Red machine opted for the Unix
clusters instead, simply because the LWK did not support
enough operations to allow their applications to run.

Users often say they would like to get the OS out of the way.

But as we have seen, they want the OS out of the way until
they need it for such things as:

e Shared libraries.

Application fault management and debug support.
e A reliable file system.

Sockets.

e Security.

The items mentioned above are just a few of the OS capa-
bilities that the programmers know about. As we have men-
tioned, there is a lot of magic under the hood of a conven-
tional kernel that supports concurrency, non-blocking 1/0,
secure communications, high performance network file sys-
tems, and the host of other things that programmers don’t
always know they’re taking for granted.

1.4 What is the quantitative case for LWK?

We should also ask whether there is a quantitative case for
LWK. As it happens not much has been done to quantify
the arguments for LWK. It is true that very good scalability
has been shown on the ASCI Red machine, as well as on
the IBM BG/L machine. The problem is that these systems
are all-or-nothing propositions; there is no option at present
of running a comparable Linux system on them and even if
there were, there is not a rigorous, quantitative, reproducible
measures with which to compare the two types of operating
systems.

The types of issues that come up include:

e What role do clock interrupts play? How do we mea-
sure the impact and what units do we use to quantify
the impact? How do we measure an operating sys-
tem against this yardstick — what is the measure of an
operating system’s worth?

e What role do architectural features such as Paging
hardware, Translation Lookaside Buffers, and so on
play? For example, for Linux, if we run the processor
in a mode such that only 4 Mbyte pages are used, how
would this impact the kernel’s performance in HPC
environments?

e What is the tradeoff, for applications, of having a file
system present to support concurrency and caching vs.
the overhead of having that file system there? We
know that the performance of Sage, an important ap-
plication component, can improve as kernel compo-
nents are removed[5]. But Sage is only 1/3 of the ap-
plication of which it is a part: how much harm is done
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to the other 2/3 of the application by removing the file
system?

e [s the interference problem the same over time, or does
it change the longer a system runs, and if so, why?

These and many other questions wait to be answered. There
is much anecdotal evidence, but what we need are rigor-
ous measures and definitions that will allow us to compare
systems realistically. It has proven impractical to compare
LWKSs and regular kernels on the same hardware, at least
to date; therefore, generating quantitative measures, well
grounded in sampling theory, is a next best step.

2. RIGHT-WEIGHT KERNELS

The research we are undertaking at LANL is grounded in
several fundamental assumptions:

e we are not taking for granted that LWKSs are necessary

e we believe that a properly configured off-the-shelf OS,
such as Linux or Plan 9, can be used in HPC

e we can use simulation tools to recreate HPC environ-
ments, and perturb the systems in a way that will allow
us to recreate OS interference phenomenon

For our use of off-the-shelf operating systems, we are taking
a two-pronged approach.

e The first track is to take Linux, a well supported, exist-
ing operating system in wide use in DOE HPC systems
and see if, with specific modifications, it can be made
light-weight enough to compete with true light-weight
kernels.

e The second track is to take Plan 9, an existing com-
mercial, open-source operating system which is much
lighter-weight than Linux and designed from the ground
up to be a distributed system, and see if that operat-
ing system can compete with true light-weight kernels.
Plan 9 is used in hard-real-time environments, such as
routers, and the interference problems resolved in these
systems are very similar to those we must resolve for
HPC.

Before we can begin to answer the question of “compete
with,” we will need metrics. In what way should a kernel
compete with a light-weight kernel, and what defines suc-
cess? In other words, in the HPC context, what is good, and
can we move the terms of good from the qualitative to the
quantitative domain?

2.1 What is good?

There has not been any quantification of what makes an op-
erating system sufficiently light-weight. What is light-weight
is also defined by a particular application or class of appli-
cations. Clearly, the printer daemons should not be running
on cluster compute nodes, but a file system daemon may
be reasonable for applications that output large amounts of



start = sample(real-time-clock);
/* perform small work quantum
*/

end = sample(real-time-clock);

delta = end - start;
/* store the delta to a file */

Figure 1: A defective microbenchmark

data throughout an entire program run. The question is
what is considered reasonable with respect to the impact
and perturbance that context switches and other daemons
cause. In general, the operating system needs to perform its
job, but just how little can it do? For example, on ASCI
Red, the PUMA light-weight operating system simply sets
the node up for the application and never interrupts it again.
PUMA provides no real file system environment; some users
found this quite acceptable, others did not.

As we will show below, simply removing components, per-
forming global scheduling, and trying to minimize clock in-
terrupts is not sufficient. In some cases, there is interference
on our systems that has not been quantified in research per-
formed to date, and in some cases has been erroneously at-
tributed to the operating system. In other cases, removal of
OS capabilities may improve one segment of an application
but lower performance in another segment — as in the case of
removing file systems. The quantitative measure of interfer-
ence is not simple, and an optimal node configuration may
actually change during different phases of the application.

Sandia has done some preliminary work in this area. In par-
ticular, it has been identified that applications suffer greatly
when interrupts on the individual nodes are not globally syn-
chronized. Specifically, applications seem to run best when
the operating system schedules an application concurrently
on all the nodes. As clusters grow in size, applications will
need to tolerate even more asynchrony. Can something be
done about this at the library and runtime system level?

In order to answer these questions, we are performing a
study of relevant applications to determine why they are
so sensitive to unsynchronized scheduling. We are looking
at support libraries and runtime systems to determine what
can be done to minimize the effects of asynchrony on an
application. Why are these applications so sensitive to un-
synchronized scheduling?

2.1.1 Difficulties with simple measurements

Measuring OS interference is more difficult than it first seems.

We have found that simple measurements are prone to se-
rious failures[8]. In this section we provide a flavor for the
type of issues that come up and how they can mislead per-
formance analysts.

Shown in Figure 1 is a simple-minded microbenchmark for
evaluating OS interference.

The problem with this benchmark is that it violates several
rules of sampling. The time base is relative, not absolute.
The start of the sample interval is not fixed. The well-known
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base =
start =

sample(real-time-clock) ;
sample (real-time-clock) ;

/* for good sampling,
* make sure we start at
* an aligned time
*/
while (not_time_interval_aligned(start))
start = sample(real-time-clock);

end = base + Delta;
while(sample(real-time-clock) < end)
/* perform a small work quantum,
* not too small;
* it should be longer in time than
* cache-line-flush,
* for example

*/
/* increment a counter */

end = sample(real-time-clock);

/*Store start, end and amount

* of work done to a file */
/* for the next iteration,

* increment end by Delta */

Figure 2: A correct microbenchmark

consequence of these two mistakes is that signals can be
aliased and in some cases missed. We have measured both
of these problems in practice. In one case, on a machine
with two intel Pentium 4 processors, we ran two compute
intensive codes to model complete OS interference. We then
ran this benchmark shown if Figure 1. The benchmark got
very little time on the machine, but also presented ideal
results — as though there were no interference at all! Clearly,
this error-prone benchmark is not appropriate for general
use.

We built a new benchmark based on more solid ground. This
new benchmark is shown in pseudo-code in Figure 2.

This benchmark has proven to provide very accurate data.
We can use standard signal processing tools with the data
produced by this benchmark. In fact, we can not only show
interference exists, we can provide extremely accurate spec-
tral data, i.e. we can determine both the frequency and am-
plitude of the interference phenomenon. We can compare
the relative interference of, e.g., a standard Linux worksta-
tion and a simple, stripped-down compute node.

Shown in Figure 3 is a raw data plot from the benchmark,
running on a machine with a full Plan 9 desktop environ-
ment. We are showing, with time on the X axis, the amount
of work done per unit of time, over a period of time. Nor-
mally, a lot of work gets done, so that the points plotted
are uniformly high. Occasionaly, some other task interferes
with our program, and a correspondingly low point can be
seen as a downward spike. Interference can therefore easily
be seen as the downward pointing spikes; their period can
be inferred by referring to the time (X) axis; and some intu-
itive idea of the degree of interference can be inferred from
the thickness of the line. There is a lot of information in



1000

900

800

7001

600

5001

400

300

200

100

0 L L L L L L L L L
Q 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Figure 3: Plan 9 scheduler adaptation to process
startup

this graph.

This trivial plot has a surprise built in. The process starts
up and there is a great deal of interference. As the process
continues to run, the interference is reduced. We do not
completely understand why this is happening. We have not
seen this behavior on Linux, MacOS X, or Windows XP.

As we mentioned, because our sample time basis is so sta-
ble, much more sophisticated processing is possible. Shown
in Figure 4 are two series of graphs. The raw data graph
is shown in the left column. The right column shows the
result of processing to make view spectral information eas-
ier. The raw data was run through a Hamming filter, and
then a cepstrum graph created. The cepstrum is the forward
Fourier transform of the spectrum, and can be very useful
for revealing data not always available in a simple spectral
graph, i.e. data that might be hidden by harmonics.

We show the machine at boot time, console login time, and
running gnome desktop. The graphs are normalized to the
same scale. Not surprisingly, the boot-time interference is
very uniform and small; the gnome environment is quite
noisy, as revealed by the increasing number and amplitude
of the frequency components on both graphs. It is also in-
teresting to note that the full Plan 9 desktop environment
is at most as noisy as the Linux console environment. This
lends support to our earlier conjecture that Plan 9 may be
a suitable system for computer nodes.

3. SIMULATOR RESEARCH

As discussed earlier, the key problem with OS interference
with applications is the idleness induced on processors ex-
periencing less interference than those they are interacting
with, either via collective or point to point operations. In
addition to quantifying the interference present on a sys-
tem via microbenchmarks such as the one shown above, it
is useful to analyze real application runs to explore their
sensitivity to noise. We have been constructing the Chama
simulation engine for this purpose[7].

The Chama tool is both a simulator and analyzer. Given a
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interference spectrum and

parallel application based on the MPI programming library,
we perform runs using real-world input files, thus causing
the application to behave as it is expected to with respect
to workloads and message passing patterns. Each message
passing operation is logged to a tracefile for input into the
Chama tool after the application completes execution. The
overhead for such tracing is undeniable, and perturbs the
application to some degree. Fortunately, it is consistent
across nodes, and has been written to be low impact so as
to avoid traces being too perturbed to represent real, non-
traced runs.

Given a trace, we then reconstruct the message passing pat-
tern in a manner similar to what users see within trace vi-
sualization tools such as the Intel Trace Toolkit and Par-
aver. Instead of visual examination of the messaging, we use
this message passing pattern to define a directed graph that
represents message flow within the parallel program, with
event timings on each processor annotating the graph nodes.
We then propagate perturbations along this graph to rep-
resent operating system interference, latency fluctuations,
and other performance factors of interest. As these pertur-
bations are propagated through, they are used to change
the annotations based on the trace time stamps. The block-
ing semantics of each event are used to determine how far,
and to what magnitude, simulated perturbations are passed
through the graph.

To date, this tool has been used to gather statistics about
the parallel programs and identify which MPI operation
class (reduces vs gathers vs etc...) were the most prone
to skew and noise, allowing the programmer to get a better
sense of where tuning is required. Most recently, the tool
has supported a 1.6 million event trace of a 32 proc ASCI
FLASH run. This tool will be released as open source in
April, 2006.

4. OPERATING SYSTEMS
4.1 Linux

Linux is arguably the most popular operating system for
high performance computing today. Consequently, support
for compilers, debuggers, and messaging libraries is perva-
sive. Standard desktop installation of Linux such as Red
Hat include countless numbers of tools running countless



numbers of daemons. Most of these daemons are wholely
unnecessary for cluster compute nodes.

LANL has performed some initial measurements on Pink,
a 1024-node BProc cluster. BProc is a set of Linux kernel
modifications that provides a single-system process space
across an entire cluster [2]. One of the added benefits of
running BProc is that the user space software running on
the compute (slave) nodes is extremely light weight. There
is only a single daemon running — the BProc slave daemon.
While an application is running, this daemon is almost com-
pletely idle. The only interruption from another process is a
tunable heartbeat built into the BProc protocol. This hap-
pens once a minute, an eternity in computer time, and can
often be made much less.

The significant interruptions that remain are generated by
the kernel. For example, Linux on x86 architectures has a
timer that interrupts the kernel at 100hz. There are also
other kernel threads which perform internal book keeping
activities, flush blocks to disk and so on. Some of these may
not be necessary on a cluster node. In other cases, it may
be possible to reduce the impact on parallel applications.

4.2 Plan9

Plan 9 [6] is an operating system developed at Bell Labs in
the early 1990’s. We are using Plan 9 as a testbed HPC
operating system because its architecture represents an in-
teresting hybrid of LWK and commodity OS ideas. The
kernel itself is small, simple, and does not contain the usual
components found in operating systems like Unix, such as
file systems. In Plan 9, the only components hardwired into
the kernel are those which are absolutely necessary for ba-
sic operations (devices); other components, which can be
on the same or other computer, are run outside the ker-
nel (servers). Devices include hardware controllers, process
management, and network protocol stacks. Servers include
traditional functions such as file systems.

While Plan 9 has all the capabilities of a traditional kernel
architecture, it is also, in many ways, simpler than LWKs.
There are over 80 system calls in the LWK for the BG/L
CNK. Plan 9 has only 40. Plan 9 thus represents a point in
the design space somewhere between Unix-like systems and
the LWKs such as Puma and the BG/L Computational Node
Kernel, or CNK. The one thing that Plan 9 has that LWKs
do not is a clock interrupt, which places Plan 9 permanently
outside the circle of LWKs, it being a cardinal principle of
LWKs that a process should never be interrupted.

As part of continuing work with Plan 9, Bell Labs has re-
cently added new capabilities to better perform hard-real-
time tasks needed for wireless routers. The problems of OS
interference on a router have an interesting similarity to the
problems we see in HPC. When processing packets in these
routers, it is very important that the packet processing pro-
ceed without interference from the operating system. We
are finding that the causes, and remedies, are often simi-
lar: recent work to improve Plan 9s performance as a wire-
less router seems to have applicability to its use as an HPC
platform.

Plan 9 allows individual users to make policy decisions about
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where components should be placed. For example, users
can, if they wish, run a file system on the same node as
the application. Or they may create a socket, and bind the
socket to a portion of their name space, and run the file
server elsewhere. A user might decide, for example, that
having a local file system on the node would optimize some
phase of an application; another user might decide that the
file system would be best run outside the node. There is
thus a high degree of customization possible in the user’s
runtime environment, and it is all controllable by the user.

S. CONCLUSION

LANL and Bell Labs have undertaken a program to answer
an important question: can off-the-shelf operating systems
continue to be used for HPC systems which, in future, are
expected to have up to one million CPUs? Will the general-
purpose aspects of these systems, which make them useful
for desktops and web servers, fatally impair their use in
HPC?

To aid in our comprehension of the question, we are develop-
ing measurement tools that allow us to provide reproducible,
quantitative meaures of these operating sytems; and a sim-
ulator which allows us to do full application simulation, in-
cluding interference simulation.

We can then apply the lessons we learn from these tools to
our two candidate operating systems, Linux and Plan 9. We
have already learned some important lessons from our mea-
surement of these systems. Linux systems have very differ-
ent interference patterns 24 hours after being booted. The
Plan 9 driver for the Intel EEpro 1000 chips has a periodic
queue flush operation that causes very visible interference
when measured with our tools.

In the end, we hope to learn how to configure a kernel that
is the right weight for HPC — i.e., a Right-Weight Kernel.
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