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Abstract

In this paper we examine the soft realtime capabilities of the Linux kernel 2.4 and realtime enhance-
ments. We discuss and visualize in the form of PDLT (process dispatch latency time) diagrams how the
MontaVista Preemption Patch 6 for Linux 2.4.2 preempts a Linux system call executing in kernel mode.
In similar diagrams we show the effect of introducing Conditional Preemption Points, like Ingo Molnar “s
and Andrew Morton’s Low Latency Patches do. To detect possible performance changes we measure
some programs of the Rhealstone Benchmark on Linux kernels and variants.

We examine the behaviour of the Linux scheduler when scheduling a SCHED_FIFO process varying the
number of SCHED_OTHER load processes ready to run.

1 Introduction

This paper deals with concepts to make the Linux
kernel more responsive regarding soft realtime tasks.
Linux kernel code is not preemptable in general. Sec-
tion 2 presents two approaches to lower the laten-
cies induced by the non-preemptable standard Linux
kernel, it discusses pros and cons of the concepts,
and presents some measurements we made to test
whether and how the kernel patches provided work.

In section 3 we use some programs of the Rhealstone
Benchmark to test whether the kernel patches that
make the kernel more preemptive may cost perfor-
mance compared to the standard Linux kernels.

In section 4 we present measurements of the Linux
scheduler. We create a situation, where we can ana-
lyze how fast a soft realtime process, scheduled by
the standard Linux SCHED_FIFO or SCHED_RR
scheduling policy, can be scheduled, when there are
many non-realtime load processes.

2 Concepts to improve the pre-
emption of the kernel

2.1 Non-preemptable regions in the
Linux kernel

In Linux a SCHED _FIFO process, i.e. a soft realtime
process, needs only about some microseconds to pre-
empt a process of lower priority on a PC with only
one processor and current hardware, if this process
with lower priority runs in user space. This situation
is shown in line A1 of Figure 1. The Tables 1 and 2 in
section 3 confirm this, the average Preemption Time
measured in the Rhealstone Benchmark is about 1
microsecond, if processes are locked into memory.

But if the process to preempt currently executes a
system call, i.e. kernel code which is not preempt-
able, the process of higher priority has to wait until
the system function is fulfilled - see line A2 of Fig-
ure 1 - or until a preemption point in the code of
the system function is reached. Furthermore, also a
kernel thread could cause a SCHED _FIFO process to
wait for some time, because Linux kernel code nor-
mally is not preemptable. As several measurements,
f.ex. [19], [13], [8] , have shown, the longest latencies
produced by kernel code on current PC’s are on the



order of tens up to hundreds of milliseconds. Line A1l
and A2 of Fig.1 illustrate the situation in standard
Linux kernels at the moment.

Actually there are two different concepts that try to
lower those latencies, see also Fig. 1

e introducing Preemption Points into the kernel,
see line B of Figure 1. Premption Points mean,
that if there is a realtime request the execution
of a system call can be interrupted at special
points.

e making the kernel code preemptable in general,
see line C of Fig.1, but with some exceptions.
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FIGURE 1: Concepts to make the Linux
kernel more responsive. Al and A2: situa-
tion in the current standard Linuz kernels 2.4.
B: Preemption Points in the kernel, C: a pre-
emptable kernel

2.2 Introducing Preemption Points
and rewriting parts of the kernel

Ingo Molnar [6] identified six sources of long latencies
on the order of tens up to hundreds of milliseconds
on current hardware in the Linux kernel:

e Calls to the disk buffer cache

e Memory page management

e Calls to the /proc file system

e VGA and console management

e The forking and exits of large processes
e The keyboard driver

He then rewrote parts of that code, f.ex. the key-
board driver. To reduce long latencies he introduced
Conditional Preemption Points into the kernel code:

- >
Time

if (current->need_resched)

{
current->state = TASK_RUNNING;
schedule();

These Preemption Points only take effect, when
the variable current—need_resched has been set,
f.ex. an interrupt service routine often awakens a
SCHED_FIFO process and sets this variable to ’1’ in
order to force a rescheduling as soon as possible. Ingo
Molnar provides all his changes as one kernel patch
to the Linux kernel, called “Low Latency Patch” [6].
This patch has proven to lower several long latencies
of the Linux kernel sucessfully [19, 13] to the order
of 5 to 10 milliseconds on current hardware. Andrew
Morton [7] wrote another patch to lower latencies in
the Linux kernel 2.4 also using Preemption Points
[9].

From the theoretical point of view three objections
have been made to that concept:

1. Preemption Points must be placed at secure
points in the kernel, badly positioned Preemp-
tion Points could cause system crashes of the
whole Linux kernel because of data inconsis-
tencies [11].

2. Ingo Molnar’s 'Low Latency Patch’ does not
seem to affect the stability of the Linux ker-
nel, although nobody can guarantee its total
correctness, because nobody can test all exe-
cution paths in the kernel. This is a general
problem of kernel patches.

3. Taking in mind the first two objections, it
might be difficult to maintain these patches,
also because they apply changes to many dif-
ferent regions of the kernel.

2.3 Trying to make the kernel pre-
emptable in general

Another idea has been presented and carried out by
MontaVista [12]. MontaVista’s preemption concept
uses even on PC’s with only one processor the ker-
nel lock concept that has been developed for SMP,
for symmetric multiprocessing systems. That way,
all kernel functions and kernel threads are made
preemptable, but there are exceptions: Preemption
can’t take place:

e while handling interrupts

e while doing Soft-IRQ and 'Bottom Half’ pro-
cessing



e while holding a spinlock, writelock or readlock.
These locks have been put into the kernel to
protect code executing on one processor from
others in Symmetric Multiprocessing (SMP)
Systems. While these locks are held the ker-
nel is not preemptable for reentrancy or data
protection reasons (just as in the SMP case)

e while the kernel is executing the scheduler

e while initializing a new process in the fork()
system call

At all other times the MontaVista algorithm al-
lows preemption. When the system enters one of
the states shown above, a global Preemption-Lock-
Counter is incremented, indicating that preemption
is now forbidden. When leaving the state, f.ex.
the lock is released, the Preemption-Lock-Counter is
decremented and a test is made to see, whether pre-
emption has been called for meanwhile. This means,
after every such region, there is a Preemption Point
included. If preemption has been called for, the
current task is preempted. MontaVista points out
that this “polling for preemption” at the end of a
preemption-locked region can happen tens of thou-
sands of times per second on an average system. Our
measurements - see Tables 1 and 2 in section 3 - in
fact show longer execution times of benchmark pro-
grams on Linux kernels patched with MontaVista s
Preemption patches.

We measured the Preemption Patch 1.5, Preemption
Patch 6, and Preemption Patch 6 combined with An-
drew Morton "s Low Latency Patch [12].

The following objections can be made to this concept
of preemption:

e It is a good concept to be able to preempt ker-

nel code in general. In this method no preemp-
tion points have to be introduced explicitly in
the code to preempt, f.ex. into system calls as
shown in line B of Fig.1. But unfortunately
there are still long regions in the kernel spin-
locked, which can’t be preempted.
A Preemption Point that invokes the sched-
uler can easily cope up with a spinlocked re-
gion, if well positioned, so that it does not af-
fect the stability. Before it calls the function
schedule() it unlocks the spinlock, when re-
turning from schedule() it locks the spinlock
again:

if (current->need_resched)

{
spin_unlock(&special_lock) ;
current->state = TASK_RUNNING;
schedule();
spin_lock(&special_lock);

}

To cope with the long term spinlocked regions
in the kernel - long in comparison to two con-
text switches - MontaVista recently provided
a new kernel patch where they combined their
Preemption Patch 6 for Linux 2.4.2 with An-
drew Morton s 'Low Latency Patch’, that uses
Conditional Preemption Points to reduce long
latencies.

e Another idea by MontaVista to tackle the
problem of long term non-preemptable locked
regions in the kernel is to change “long” held
spinlocks -’long” means much greater than
the time taken by two context switches -
into mutex locks, currently implemented using
semaphores. MontaVista started this project,
all these changes are released in a further
‘mutex-* kernel patch, that can be combined
with their Preemption Patch. MontaVista
plans to implement a fast, priority inheriting,
binary semaphore implementation of these mu-
tex locks.

The following objections can be made to this
extended concept:

— Recently Victor Yodaiken, the creator of
RT-Linux, pointed out, that in special
situations “priority inheritance” concepts
can cause unpredictable long latencies be-
cause they can’t avoid “priority inver-
sion” in all cases [4].

— This is a long term project because many
parts of the source code have to be al-
tered, as much as in the case of the "Low
Latency Patches’, we discussed in the
paragraph before, and it won 't be easier
to validate such a changed kernel.

e In the Linux Kernel Mailing List kernel devel-
opers pointed out that it might be theoreti-
cally possible that MontaVista’s Preemption
Patches would deadlock at some parts in the
current Linux 2.4 kernels. Changes necessary
to the kernel code to fix the problem would
need some time. [10]

e As the measurements indicate in Tables 1 and
2 in section 3, this concept of a preemptable
kernel seems to cost performance.

2.4 Preemption of our test driver

In this section we present measurements in order to
visualize the different concepts and to test how they
work in a special case.



2.5 The measurement method
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FIGURE 2: illustration of the measure-

ment method, called the ’Software Monitor’

To visualize these effects we used a method developed
by [16] that shows the PDLT, the process dispatch la-
tency time, of the high priority process, when it tries
to preempt a low priority process which executes f.ex.
a system function. Non preemptable regions of code
appear in these measurements as triangles added to
the normal amount of PDLT defined by the preemp-
tion time of the Rhealstone Benchmark and by the
overhead of the measurement method, see Fig.3.

2.6 Why do non-preemptable regions
show up as triangles in the dia-
grams ?

A low priority SCHED_FIFO, i.e. a soft realtime pro-
cess - called ’Consumer’ in Fig.2 -, executes a system
call, which runs in kernel mode. When an interrupt
occurs a timer on a PCI timer card [18] is started.
The interrupt service routine (ISR) following the
interrupt interrupts the low priority SCHED_FIFO
process - i.e. the ’Consumer’ -, even if it executes
kernel code, and awakens a high priority process -
the 'Producer’ in Fig.2 -, that preempts the low pri-
ority process as soon as possible. We assume here
that the system call does not disable interrupts, if
it does it disables them mostly only for short peri-
ods on the order of microseconds. After the system
call is finished or a preemption point in the code of
the system call is reached, the scheduler is invoked
and starts the high priority SCHED_FIFO process -
called 'Producer’ - as the process of highest priority
in the system ready to run.

As its first instruction the high priority process stops
the timer and calculates the value of the PDLT, as

shown in Fig.2. The PDLT is the time in between
the interrupt occurs and the high priority process ob-
tains the processor. This measurement procedure is
repeated varying the length of the ’Controlled Timer
Interval’ in Fig. 2, i.e. varying the moment the in-
terrupt occurs related to the start of the Consumer’s
system call. The interrupts are generated by our ex-
ternal PCI-Timer-Card [18]. That way the system
call is scanned by generating an interrupt every mi-
crosecond. Every measurement generates one point
in the diagram, see Figure 3. If the interrupt occurs
just after the system call has been started, the PDLT
triangle reaches its highest point, because the whole
system call has to be fulfilled before the high prior-
ity process can start running. Interrupting later on,
only shorter parts of the system call have still to be
fulfilled, so the triangle decreases until it reaches the
baseline of the triangle in the end of the system call.
In the Figures 3-8 the execution time of the system
call is marked by a thick line on the X-axis.

2.7 Preemption of a kernel driver
method

In our measurement method the low priority
SCHED_FIFO process - the 'Consumer’ - invokes
a system call. We wrote our own kernel device
driver in a kernel modul to serve our own device
“/dev/measure”’. The ’Consumer’ process invokes
the read () function, a system call which is handled
by the Virtual File System (VFS) to the read () func-
tion of our kernel driver, executing the code in kernel
mode, which is not preemptable in standard Linux.
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FIGURE 3: PDLT of test driver func-

tion read(), for-1200-loop without Preemp-
tion Points, Linux 2.4.2. Shown are Mini-
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Dispatch Latency Time, and the IRT, the In-
terrupt Response Time. The thick line on the
X-axis indicates the time during the test driver
function read() has been executed.



The source code of the read-function of our test ker-
nel driver, executes only a loop, it does not read any
data:

static ssize_t read(struct file *file,
char *user_buf, size_t count,
loff_t *offset)

{
int i;
for(i=1; i<1200; i++)
{
if ((i%1200)==0) // modulo n function
{
if (current->need_resched)
schedule(); // Preemption Point
}
}
return(0) ;
}

This is the loop, the 'Consumer’ process in Figure
2 executes in the kernel driver. We can control the
amount of Preemption Points by altering the argu-
ment of the "modulo” function in the ”if” clause.
An 7i%1200” means no Preemption Point whereas
71%600” stands for one Preemption Point in the mid-
dle of the ”for” loop. The "modulo” function has to
be checked in every loop what means the execution of
the three instructions divide, subtract and compare.
Now using our software monitor shown in Fig.2 we
made different experiments with different lines of
code in the read () function of our kernel driver:

1. At first we implemented the for-loop without
any Preemption Points. As a driver is part of
the kernel and read () is a system call, it can’t
be preempted by the high priority process -
the 'Producer’. Thus Fig.3 shows a triangle
of about 65 microseconds (usecs) with a min-
imum PDLT baseline of about 22 usecs. This
baseline is defined by the preemption time in-
cluding scheduling and the measurement over-
head.

2. Our test driver function read() is executed in
kernel mode and it does not contain any spin-
lock. So the Linux kernel 2.4.2 with Mon-
taVista’s Preemption Patch 6 applied to it,
should be able to preempt it. Fig.4 shows that
MontaVista’s patch fulfills the expectations,
the system call indeed is preempted, there is
no triangle shown any more. In the whole dia-
gram Fig.4 the PDLT is in between 30 and 40
usecs.

3. Now we introduced Preemption Points into the
for-loop. The method shown in 3 (a) to (c) is

the way Ingo Molnar’s "Low Latency Patch’
reduces the longest latencies caused by Linux
system calls and kernel daemons from the or-
der of hundreds of milliseconds to the order of
five or ten microseconds.

(a) First we introduced only 1 Preemption
Point at half-time of the for-loop. The
results are shown in Fig.5. There we can
see, that the one and only triangle of Fig.3
is split into two smaller triangles, i.e. into
two non preemptable regions, in Fig.5.

(b) Next we introduced 2 and 3 Preemption
Points into the read () function of our test
kernel driver. N preemption points divide
the code of the system function into N +1
parts so that Fig.6 and 7 show N +1, here
3 and 4, PDLT-triangles. But as we can
see in the Figures 3 to 8 the more preemp-
tion points are introduced into the code,
the smaller the PDLT triangels become.

(¢c) At last we introduced 23 Preemption
Points into our for-loop. Figure 8 shows
the result: The triangles nearly disappear.
An Preemption Point only is executed,
if the variable current—need _resched is
set to 1 by the ISR. The code of our
read () function in the kernel driver is di-
vided into 24 parts by our 23 Preemption
Points. When the interrupt occurs, the
code is executed up to the next Preemp-
tion Point, where the scheduler is invoked.
The scheduler then preempts the ’Con-
sumer’ process and gives the processor to
the "Producer’. All other ‘conditional Pre-
emption Points’ do not affect the code, ex-
cept for testing current—need resched
at every Preemption Point.

When we compare Fig.8 - the driver function with
23 preemption points - and Fig.4 - the for-loop of
the driver without preemption points but on a Linux
2.4.2 kernel with the Preemption Patch 6 by Mon-
taVista -, we see that both methods result in re-
ducing the PDLT triangle of Fig. 3, that shows a
maximum PDLT of 65 microseconds (usecs) in this
example. MontaVista’s Patch manages to reduce it
to 40 usecs without changing the code of our test
driver. Also on higher latencies caused by our test
driver MontaVista’s Patch was able to reduce the
PDLT to about 30 up to 40 usecs. By introducing
23 preemption points in our test driver function we
reach a PDLT of about 22 up to 25 usecs during the
system call, but we had to change the code of our
driver to reach that goal.
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FIGURE 7: PDLT of test driver func-
tion read(), for-1200-loop with 8 Preemption
Points, Linuz 2.4.2
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Comparing the thick lines on the X-Axis of Fig. 3
-Fig. 4, we see that neither the introduced Condi-
tional Preemption Points change the execution time
of the system call significantly, nor MontaVista’s
Preemption Patch 6 does. But in Fig. 4 we can
see, that the time before the system call starts is a
little bit longer using MontaVista’s patch than on
standard Linux kernels.



3 Examining performance
changes
3.1 The Rhealstone Real-Time
Benchmark

The Rhealstone Benchmark is a well known bench-
mark for Real-Time operating systems. It has been
developed in 1989 [1, 2]. It belongs to the class of
“fine grained ” benchmarks that measure the average
duration of often used basic operations of an operat-
ing system with respect to responsiveness, interrupt
capability and data throughput. Using some pro-
grams of the Rhealstone Benchmark we try to exam-
ine, whether the different kernel patches affect the
performance of the standard Linux kernel.

To set up the Rhealstone Benchmark we looked at
[1, 2] to implement the programs in Linux. Later
on we compared our programs and results to [3].
All benchmark programs use the scheduling pol-
icy SCHED_FIFO and the processes are locked into
memory. In some newer Linux kernels like the ker-
nel 2.4.5, the system call sched_yield() does not
work sufficiently for SCHED_FIFO, i.e. for soft re-
altime processes. We replaced the intended call
of sched_yield() in some benchmark programs by
calling sched_setscheduler () with a different pri-
ority, but always with the policy SCHED_FIFO. Be-
cause sched_yield() did not work, we couldnt mea-
sure the "Task or Context Switch Time” according
to the propositions of the reference implementation
[2]. We did not measure the “Deadlock Breaking
Time” either, because standard Linux does not pos-
sess an implementation of semaphores with “priority
inheritance” [4], which is inevitable for this bench-
mark program to make sense. So we must admit
that our benchmark programs are only similar to
the benchmark programs of the original Rhealstone
Benchmark [2], not identical. We didn’t apply the
formula of the Rhealstone Benchmark to unify all
the results up to one single value, because we mea-
sured only a part of the benchmark. Every mea-
surement, except the IRT measurement, has been
repeated for 7 million times, thereafter the average
values of the measured times have been calculated.
Since the underlying hardware influences the mea-
surement results, all measurements in the Tables 1
and 2 have been performed on the same system, on
an AMD K6 with a processor frequency of 400 MHz,
at the runlevel “init 1°.

o Preemption Time
This is the average time a high priority process
needs to preempt a process of lower priority, if
the second one executes code in user space and
does not hold any locks. In the benchmark pro-

gram the lower priority process just executes a
loop. Herein included is the time the sched-
uler needs to find out which process to execute
next.

Intertask Message Passing Time (System V)
This is the average time, that passes in be-
tween one process sends a message of nonzero
length to another process and the other process
gets the message. We measured this time using
the System V Message Queues implemented in
Linux.

Semaphore Shuffle Time (System V)

This means the average time in between a pro-
cess requests a semaphore, that is currently
held by another process of lower priority, until
it obtains the semaphore. The time the pro-
cess of lower priority runs until it releases the
semaphore is not included in the measurement.
So here the implementation of the semaphores
is measured. @We measured the System V
semaphores for processes, that Linux offers.
Since the Rhealstone benchmark does not mea-
sure interthread-communication, we did not
measure the POSIX semaphores implemented
in the libpthread library to be used with
threads only.

Interrupt Response Time (IRT)

This is the average time in between an extern
peripheral device generates an interrupt and
the first command of the interrupt service rou-
tine (ISR) as first reaction to the interrupt.
This time is especially affected by the hard-
ware used.

The original benchmark measures the ILT - the
interrupt latency time -, the time in between
the CPU gets an interrupt and the execution
of the first line of the interrupt handler.

Our measurement uses the parallel port to gen-
erate an interrupt. The measurement program
writes a '1’ to the highest bit of the output
port of the parallel port. A wire leads the elec-
trical signal out of that bit into the interrupt
entrance of the parallel port. Generating an in-
terrupt this way, the interrupt is synchronized
to the kernel-thread performing the outb() call
to trigger the interrupt. But we can trust the
IRT-results shown in Table 2, because the IRT
in the Figures 3 and 4 shows similar behaviour
and the same order of magnitude.



Intertask
Version Preemption | Message
Time Passing
Time
[usec] [usec]
A | Linux 2.2.13 1.5 3.1
B | Linux 2.4-test6 1.1 3.4
C | Linux 2.4.2 1.0 3.6
D | Linux 2.4.5 1.0 3.6
E | B + I.Molnar [6] 1.2 3.4
LowLatency E2
F | C + A.Morton 1.0 3.9
LowLatency [7]
G | B + Preemption 1.5 5.1
Patch 1.5 [12]
H | C + Preemption 3.5 5.4
Patch 6 [12]
I | H+ A.Morton 5.4 5.5
LowLatency [12]

TABLE 1: Results of some of the RHEAL-
STONE Benchmark programs, measured on
an AMD K6, 400 MHz processor, measured
in the runlevel “init 1°. Every measurement
has been repeated for 7 million times.

Version Semaphore | Interrupt
Shuffle Response
Time Time
[usec] [usec]
A | Linux 2.2.13 5.6 3.5
B | Linux 2.4-test6 5.4 3.7
C | Linux 2.4.2 5.4 3.7
D | Linux 2.4.5 5.4 3.7
E | B + LMolnar [6] 5.6 3.7
LowLatency E2
F | C + A.Morton 5.3 3.8
LowLatency [7]
G | B + Preemption 9.0 4.7
Patch 1.5 [12]
H | C 4 Preemption 11.6 5.2
Patch 6 [12]
I | H+ A.Morton 12.5 5.1
LowLatency [12]

TABLE 2: Results of some of the RHEAL-
STONE Benchmark programs, the measure-
ment conditions were the same as specified in
the caption of Table 1

3.2 RHEALSTONE Benchmark
Measurements, interpretation of
the results

We obtained the results shown in Tables 1 and 2 from
the measurements of our Rhealstone Benchmark pro-
grams measured at the runlevel ’init 1’ (all times in
microseconds).

e The fine grained benchmark programs don’t
show significant different results on the dif-
ferent versions of the Linux 2.4 kernel. The
Preemption Time shows smaller values for all
Linux 2.4 kernels compared to the 2.2 ker-
nels. This may be due to the fact, that the
Linux scheduler efficiency for SCHED_FIFO
processes has been improved in Linux 2.4, see
section 4. Also the "Low Latency Patches” by
Ingo Molnar and Andrew Morton - introduc-
ing mostly Preemption Points - don "t show an
impact on the performance of the benchmark
programs. Of course benchmark programs only
measure a few execution paths in the kernel.

e A Linux kernel with one of MontaVista’s Pre-
emption Patches needs in all benchmark pro-
grams longer execution times than the stan-
dard kernel. This indicates that this method
of making the Linux kernel preemptable is not
free of performance costs. When looking into
the changes made to the source code by Mon-
taVista one realizes that in order to improve
the respondiveness of the kernel MontaVista
increased f.ex. the number of lines of code
to perform at every task state transition, as
a transition from a process or thread to an in-
terrupt handler and vice versa.

3.3 Our personal view

At the moment we favorite two solutions to lower
the latencies of the Linux kernel to make soft real-
time applications work more efficient on Linux. Of
course all soft realtime applications should be in gen-
eral scheduled using the SCHED_FIFO policy and be
locked into memory, if possible.

1. Ingo Molnar’s "Low Latency Patch” [6] has
already proven its value and stability on differ-
ent platforms. A disadvantage might be that
it is necessary to patch a Conditional Preemp-
tion Point into every part of the kernel that
could introduce a latency longer than f.ex. 10
ms. So a "Low Latency Patch” developer had
to know and investigate f.ex. our badly writ-
ten test driver, see section 2.7, - if it were part
of the standard Linux kernel - and he had to



introduce Preemption Points in our code. A
further problem might be that in autumn 2001
Ingo Molnar’s newest "Low Latency Patch” we
found was for kernel 2.4.0-test7, although the
2.4.10 kernel was out there at that time. An-
drew Morton “s Patch [7] follows the same con-
cept, but this patch is rather new and still
maintained, the last version is for Linux 2.4.10
at the moment.

2. MontaVista’s Preemption Patch 6 + Andrew
Morton’s “Low Latency Patch” [12] seems to
be an interesting option, at the moment only
for x86 systems. This patch hasn“t been tested
for a long time yet, and it changes more code
of the Linux kernel than Ingo Molnar’s patch
does. It’s still under rapid development, at
the present stage it also seems to cost perfor-
mance, but it contains an interesting concept.
A preemptable kernel can preempt f.ex. also
our badly written test driver, as we have shown
in Figure 4, although MontaVista’s developers
never saw the source code of our test driver.

4 Latencies of the Linux Sched-
uler

The scheduler - as an important part of every oper-
ating system - is invoked very often. We constructed
the following measurement situation: On our sin-
gle processor PC, an AMD K6 with 400 MHz, we
ran only one soft realtime process, using the schedul-
ing policy SCHED_FIFO, and many load processes,
scheduled using the policy SCHED_OTHER, which
is the standard Linux time slice scheduler, normally
used for nearly all processes running on a Linux sys-
tem.

The source code of the SCHED_FIFO process looks
like the following;:

int main(int argc, char ** argv)

{
int i, j, ret; double k = 0.0;
struct sched_param parameter;

parameter.sched_priority = 53;
ret = sched_setscheduler(0, SCHED_FIFO,
&parameter) ;
if (ret == -1){
perror("sched_setscheduler"); exit(1);

}

for(i=0;i<200;i++)

{
// just to run a while
for(j=0;j<50;j++) { k = sqrt(2.0);}

sleep(1); // sleep for one second

}
return O;

}

This SCHED_FIFO process is the only soft real-
time process in the system, all other processes are
scheduled using the standard Linux scheduling pol-
icy SCHED_OTHER. In every iteration from 0 to 199
the SCHED _FIFO process sleeps for 1 second. The
call of sleep(1) invokes the scheduler that chooses
one of the SCHED_OTHER load processes to run.
The source code of SCHED_OTHER load processes
looks like the following:

int main(int argc, char ** argv)

{
int result;
while(1) { result = sqrt(400); }
exit(0);

}

Every load process runs in an infinite loop perform-
ing a mathematical operation. This way all load pro-
cesses are always able to run, i.e. their state is al-
ways TASK_RUNNING and they are always part of
the runqueue, so that they can be choosen by the
scheduler to be run next on the processor.

After sleeping for 1 second the SCHED_FIFO pro-
cess awakens and is queued back into the runqueue.
The next time the scheduler is invoked, in the first
lines of the kernel function schedule() in the file
kernel/sched.c a time-stamp is taken from the 64
bit Time Stamp Counter (TSC) Register of the AMD
K6 400 MHz processor, which counts a clock cycle
every 2.5 nanoseconds since the system was booted.
In the Linux kernel there are several macros imple-
mented for x86 processors to take a time stamp from
the TSC-Register, f.ex. rdtsc(low, high), where
low and high are of the type unsigned long. i.e.
32 bit long. Another macro is rdtscl(low) to ob-
tain only the lowest 32 bit of the TSC-register.

The function schedule() then runs to find out
the process of highest priority, which is here the
SCHED_FIFO process. Just before the schedule ()
function ends and gives the processor to the
SCHED_FIFO process, a second time-stamp is taken
from the TSC. The difference of the 2 time-stamps,
which represents the duration of the kernel func-
tion schedule(), is calculated and printed with a
printk() into the kernel ringbuffer and from there
later on into the file /var/log/messages.

This measurement is repeated 200 times with a
definite number of load processes runnable, as the
SCHED_FIFO process sleeps for 1 second for 200
times. Out of this measurement we got one point
in Figures 9 and 10. Varying the number of



SCHED_OTHER load processes we could draw the
lines shown in both figures.

MontaVista [12] pointed out that the scheduling time
increases as a linear function of the number of pro-
cesses that are ready to run on the processor, even
for a soft realtime SCHED_FIFO process.

Our measurements [5] affirmed, that the average
scheduling time is a linear function of the number
of processes ready to run, see Figure 9 and Table 3.
From the theoretical point of view we can suspect
that this linear dependance of the scheduling time
on the number of processes ready to run is due to a
loop through the runqueue, that the scheduler per-
forms in order to find out the process with the highest
priority to run next.

list_for_each(tmp, &runqueue_head) {
p = list_entry(tmp, struct task_struct,
run_list);
if (can_schedule(p, this_cpu)) {
int weight = goodness(p, this_cpu,
prev->active_mm) ;
if (weight > ¢)
c = weight, next = p;

}

list_for_each is a macro, defined
clude/linux/list.h, that expands to a loop:

in /in-

#define list_for_each(pos, head) \
for (pos = (head)->next; pos != (head);
pos = pos-—>next)

In the goodness() function the priority of the pro-
cess p is calculated, SCHED_FIFO and SCHED_RR
processes get a weight of 1000 added to their
realtime priority in order to be preferred to all
SCHED_OTHER processes.

Comparison of Average Scheduling Time for a SCHED FIFO Process
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FIGURE 9: Comparison  of  aver-

age scheduling times measured for a

SCHED_FIFO process wvarying the num-

ber of load processes ready to Tun.

Measurements show that the Linux 2.4 scheduler
works more rapidly than the scheduler of Linux
2.2 (see Figure 9), especially for more than 20
SCHED_OTHER load processes ready to run, which
represents already a considerable load.

Comparing the source code of both kernel versions,
we noted that in the kernel 2.4 the queuing mecha-
nism has been reimplemented for all queues, also for
those in the scheduler. The calculation of the dy-
namic priorities of SCHED_FIFO processes has been
altered, in Linux 2.4 the scheduler task queue does
not exist any more, the bottom halves have been en-
dorsed by the concept of Soft IRQ s in Linux 2.4.

Longest Scheduling Times measured for a SCHED FIFO Process
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FIGURE 10: Comparison of longest
scheduling times measured  for a
SCHED_FIFO process wvarying the num-

ber of load processes ready to Tun.

We measured only the MontaVista Scheduler Patch
for Linux 2.2, because until summer 2001 Mon-
taVista did not provide a version of its scheduler
patch newer than for the Linux 2.4-test6 kernel on
their ftp-Server, and on our hardware we did not get
the patched 2.4-test6 kernel stable. Looking at the
source code the scheduler patch was adapted to the
2.4 code and optimizations for SCHED_OTHER, pro-
cesses had been made.

Measuring the MontaVista Scheduler Patch for
Linux 2.2, Figure 9 shows that the patch improves
the measurements for the average case of Linux 2.2,
but we measured some rare “worst case” scheduling
times during our measurements, when the scheduling
time was longer than in standard Linux, see Figure
10.



number stan-
of dard
load mean | min | max | devi- %
processes ation
— usec | usec | usec | usec %
0 1.0 1.0 1.1 | 0.001 0.1
10 2.3 2.0 3.0 | 0.011 0.5
20 34 2.8 | 4.8 | 0.035 1.0
30 5.8 4.2 | 83 | 0.059 1.0
40 8.5 6.2 | 10.2 | 0.053 0.6
50 11.1 9.3 | 13.7 | 0.071 0.7
100 25.7 | 23.3 | 28.7 | 0.084 0.3
150 38.8 | 36.3 | 42.9 | 0.073 0.2
200 52.1 | 41.7 | 56.6 | 0.108 0.2
TABLE  3: scheduling time for a

SCHED_FIFO process on a Linux 2.4.0-
test6 kernel, wvarying the number of load
processes

5 Summary

Kernel code of the standard Linux kernel is not
preemptable in general. This may produce long la-
tencies on the order of hundreds of milliseconds on
current hardware. In this paper we tried to line out
the pros and cons of 2 general approaches to lower
the latencies of the non-preemptable Linux kernel
code.

On the first hand it is possible to make the kernel
more responsive by introducing Preemption Points
into the kernel. Ingo Molnar’s and Andrew Morton’s
"Low Latency Patches’ follow this concept reducing
the longest known Linux kernel latencies by about a
factor 10 from the order of hundreds of milliseconds
to the order of tens of milliseconds on current hard-
ware.

On the other hand using the SMP spinlocks on single
processor machines MontaVista presented a kernel
Preemption Patch which makes Linux kernel code
preemptable, if no spinlock is held. This is an in-
teresting approach, but because there are long held
spinlocks in the kernel - long in comparison to 2 con-
text switches - latencies are reduced more efficiently
if this patch is combined with f.ex. Andrew Morton’s
"Low Latency Patch’, as done by MontaVista.

A guarantee about the value of the longest latency in
the Linux kernel - with or without the kernel patches
- can’t be given at the present stage of development
in our opinion, because nobody can test all paths of

the Linux kernel code and their mutual interferences.

Using some programs of the Rhealstone Benchmark
we tested whether the kernel patches introduce over-
head or performance loss into the kernel compared
to standard Linux kernels.

The scheduling time even for soft realtime processes
has been found to depend on the number of time
slice processes ready to run, but Linux 2.4 could
lower this effect compared to Linux 2.2 kernels, so
that the effect should be important only for com-
puters charged with many load processes, like server
systems.
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