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Abstract

The implementation of a multi-core real-time
scheduler is a difficult task, due to the many problems
that the developer encounters in debugging and testing
parallel code inside the kernel. Also, it is often very dif-
ficult to compare the performance of alternative imple-
mentations, due to the many different parameters that
influence the behaviour of the code.

In this paper, we present PRAcTISE, a tool for
developing, debugging, testing and analyse real-time
scheduling data structures in user space. Unlike other
similar tools, PRAcTISE executes code in parallel, al-
lowing to test and analyse the performance of the code
in a realistic multiprocessor scenario.

After describing the organisation of the code, we
show how easy it is to port the developed code in
the Linux kernel. Also, we compare the performance
of two different schedulers, SCHEDDEADLINE and
SCHEDFIFO in the kernel and in the tool. Although
PRAcTISE cannot substitute performance analysis in
the kernel, we show that, under certain conditions,
PRAcTISE can also be used as tool for early perfor-
mance estimation.

1. Introduction

The wide diffusion of multi-core architectures in
personal computing, servers and embedded systems,
has revived the interest in multiprocessor scheduling,
especially in the field of real-time applications. In fact,
real-time scheduling on multi-core and multiprocessor
systems is still an open research field both from the
point of view of the theory and for the technical difficul-
ties in implementing an efficient scheduling algorithm
in the kernel.

∗The research leading to these results has received funding
from the European Community’s Seventh Framework Programme
n.248465 “S(o)OS – Service-oriented Operating Systems.”

Regarding the second problem, let us discuss a (non
exhaustive) list of problems that the prospective devel-
oper of a new scheduler must be faced with. The task
scheduler is a fundamental part of the operating system
kernel: a bugged scheduler will soon crash the system,
usually at random and unexpected points. The major
difficulty in testing and debugging a new scheduling
algorithm derives from the fact that, when the system
crashes, it is difficult to reconstruct the situation (i.e.
the sequence of events and states) that led to the crash.
The developer has to carefully analyse system logs and
traces (for example using one of the tools described in
Section 3), and reconstruct the state to understand what
went wrong. More importantly, it is often impossible to
impose a precise sequence of events: crashes can rarely
be reproduced deterministically. Hence, it is practically
impossible to run a sequence of test-cases.

This problem is exacerbated in multi-core architec-
tures where the scheduler service routines run in paral-
lel on the different processors, and make use of shared
data structures that are accessed in parallel. In these
cases, it is necessary to ensure that the data structures
remain consistent under every possible interleaving of
the service functions. A simple solution is to protect
the shared data structure with locks. However, a single
big lock reduces parallelism and performance does not
scale; fine-grain locks may cause deadlock situations,
without improving scalability; and lock-free algorithms
are difficult to implement and prove correct. As a conse-
quence, many important and interesting scheduling al-
gorithms proposed in the research literature fail to be
implemented on popular operating systems like Linux
due to the difficulty of the task.

One reasonable approach would be to develop, de-
bug, test and analyse the algorithms in user space. Once
the main algorithm is sufficiently tested using user-
space debugging and testing techniques, the same algo-
rithm can be ported in the kernel. However, if no spe-
cific methodology is followed, the code must be writ-
ten twice, increasing the possibility of introducing bugs
in one of the two versions. Also, if one is unsure of



which algorithm, data structure or locking strategy is
more appropriate, the number of versions to implement,
test, analyse by hand may become very large.

Hence, we decided to tackle the “user-space ap-
proach” by proposing a simple framework to facilitate
the development, testing and performance evaluation of
scheduling algorithms in user space, and minimise the
effort of porting the same algorithms in kernel spaces.

1.1. Contributions of this work

In this paper, we propose PRAcTISE (PeRfor-
mance Analysis and TestIng of real-time multicore
SchEdulers) for the Linux kernel: it is a framework
for developing, testing and debugging scheduling al-
gorithms in user space before implementing them in
the Linux kernel, that alleviates at least part of the
problems discussed above. In addition, PRAcTISE
allows to compare different implementations by pro-
viding early estimations of their relative performance.
In this way, the most appropriate data structures and
scheduler structure can be chosen and evaluated in user-
space. Compared to other similar tools, like LinSched,
the proposed framework allows true parallelism thus
permitting a full test in a realistic scenario (a short com-
parison between is done in Section 2)

The main features of PRAcTISE are:

• Rapid prototyping of scheduling data structures in
user space;

• Effective, quick and extensive testing of the data
structures though consistency tests;

• Real multi-core parallelism using multi-threading;

• Relative performance estimation between different
algorithms and data structures in user space;

• Possibility to specify application load though
probabilistic distributions of events, and statistical
analysis;

• Ease of porting to the kernel or to other scheduling
simulators.

PRAcTISE is available as open source software,
and a development version is available for download1.

The rest of the paper is organised as follows. In
Section 2 we provide a survey of existing testing and
debugging tools for the Linux kernel; in Section 3 we
describe the architecture of the tool and the main im-
plementation choices that we followed; in Section 4 we

1At the time of submission (April 29 2012, the soft-
ware can be downloaded cloning the repository available at
https://github.com/Pippolo84/PRAcTISE

evaluate the tool by reporting the performance as mea-
sured by the tools compared to the performance of the
same algorithms in the kernel; finally, in Section 5 we
discuss conclusion and future work.

2. State of the art

Several tools exist, as open-source software, that
are geared towards, or can be used as effective means
to implement, debug and analyse real-time scheduling
algorithms for multiprocessor systems. Each one tack-
les the intrinsic toughness of this field from different
angles, generally focusing on one single aspect of the
problem.

A valuable tool during the development process of
a scheduling algorithm would be the one that allows fast
prototyping and easy debugging. Originally developed
by the Real Time Systems Group at University of North
Carolina at Chapel Hill, and currently maintained by
P. Turner from Google,LinSched [3]2 lets developers
modify the behaviour of the Linux scheduler and test
these changes in user-space. One of the major strength
points of this tool is that it introduces very few modifi-
cations in the kernel sources. The developer can thus
write kernel code and, once satisfied by tests, it has
kernel ready patches at hand. Furthermore, debugging
is facilitated by the fact that LinSched runs as a sin-
gle thread user-space program, that can hence be de-
bugged with common user-space tools like GDB3. Even
if single-threading is useful for debugging purposes, it
can be a notable drawback when focusing on the analy-
sis of behaviour assuming a high degree of concurrency.
LinSched can indeed verify locking, but it cannot pre-
cisely model multi-core contention.

LITMUS RT [1] has a completely different focus.
The LITMUSRT patch, developed by the Real Time
Systems Group at University of North Carolina at
Chapel Hill, is a (soft) real-time extension of the Linux
kernel that allows fast prototyping and evaluation of
real-time (multiprocessor) scheduling algorithms on
real hardware. TheLITMUSRT testbed provides an ex-
perimental platform that real-time system researchers
can use to simplify the development process of schedul-
ing and synchronisation algorithms (compared to modi-
fying a stock Linux kernel). Another nice feature of this
testbed is an integrated tracing infrastructure (Feather-
Trace [2]) with which performance and overhead data
can be collected for off-line processing. Being a re-
search tool rather than a production-quality system,
LITMUSRT does not target Linux mainline inclusion
nor POSIX-compliance: in other words code patches

2v3.3-rc7 release announce: http://bit.ly/IJsyV3.
3http://sources.redhat.com/gdb/

https://github.com/Pippolo84/PRAcTISE


created with it cannot be seamless applied to a “vanilla”
Linux kernel.

Lots of other tools exist that make kernel develop-
ers lives easier during debugging, some of them can also
be used to collect performance data or even extract ex-
ecution traces from a running system. Among others,
these are probably part of every kernel developer arse-
nal:

• KVM 4 + GDB: the very first step after having
modified the kernel is usually to run it on a vi-
talised environment. The KVM virtual machine
can here be useful as it can be attached, and con-
trolled, by the GNU Project Debugger (GDB).
However, this solution can hardly be used in pres-
ence of high concurrency; moreover, it can occa-
sionally affect the repeatability of certain bugs.

• perf[9]: the performance counter subsystem in
Linux can be used to collect scheduling events and
performance data from a real execution. It can also
be used in conjunction with LinSched, as it can
record an application behaviour that can later be
played back in the simulator.

• Ftrace[11]: a tracing utility built directly into the
Linux kernel. Ftrace is a valuable debugging tool
as it brings to Linux the ability to see what is hap-
pening inside the kernel. With the ability of syn-
chronise a user-space testing application with ker-
nel execution, one can track function calls up to
the point where a bug may happen.

• LTTng [4, 5]: the Linux Trace Toolkit is an highly
efficient tracing tool for Linux that can help track-
ing down performance issues and debugging prob-
lems involving concurrent execution.

PRAcTISE adds one more powerful weapon to this
arsenal: the possibility to test and analyse parallel code
(like lock-free data structures) in user space via multi-
threading.

3. PRAcTISE Architecture

In this section, we describe the basic structure of
our tool. PRAcTISE emulates the behaviour of the
LINUX scheduler subsystem on a multi-core architec-
ture withM parallel cores. The tool can be executed on
a machine withN cores, withN that can be less, equal
to or greater thanM. The tool can be executed in one of
the following modes:

• testing;

4Kernel Based Virtual Machine: http://bit.ly/IdlzXi

• performance analysis.

Each processor in the simulated system is modelled by
a software thread that performs a cycle in which:

• scheduling events are generated at random;

• the corresponding scheduling functions are in-
voked;

• statistics are collected.

In testing mode, a special “testing” thread is exe-
cuted periodically that performs consistency checks on
the shared data structures. In theperformance analysis
mode, instead, each thread ispinnedon a processor, and
the memory is locked to avoid spurious page faults; for
this reason, to obtain realistic performances it is neces-
sary to setM ≤ N.

3.1. Ready queues

The Linux kernel scheduler uses one separate ready
queue per each processor. A ready task is always en-
queued in one (and only one) of these queues, even
when it is not executing. This organisation is tailored
for partitioned schedulers and when the frequency of
task migration is very low. For example, in the case
of non real-time best effort scheduling, a task usu-
ally stays on the same processor, and periodically a
load-balancing algorithm is called to distribute the load
across all processors.

This organisation may or may not be the best
one for global scheduling policies. For example the
SCHED FIFO andSCHED RR policies, as dictated by
the POSIX standard, requires that themhighest priority
tasks are scheduled at every instant. Therefore, a task
can migrate several times, even during the same peri-
odic instance.

The current multi-queue structure is certainly not
mandatory: a new and different scheduler could use
a totally different data structure (for example a single
global ready queue); however, the current structure is
intertwined with the rest of the kernel and we believe
that it would be difficult to change it without requiring
major changes in the rest of the scheduler. Therefore,
in the current version of PRAcTISE we maintained the
structure of distributed queues as it is in the kernel. We
plan to extend and generalise this structure in future ver-
sions of the tool.

Migration between queues is done using two basic
functions:pushandpull. The first one tries to migrate
a task from the local queue of the processor that calls
the function to a remote processor queue. In order to
do this, it may use additional global data structures to



select the most appropriate queue. For example: the
current implementation of the fixed priority scheduler
in Linux uses a priority map (implemented incpupri.c)
that records for each processor the priority of the high-
est priority tasks; the SCHEDDEADLINE [7, 8] patch
uses a max heap to store the deadlines of the tasks exe-
cuting on the processors.

Thepull does the reverse operation: it searches for
a task to “pull” from a remote processor queue to the
local queue of the processor that calls the function. In
the current implementation of SCHED{FIFO,RR} and
SCHED DEADLINE, no special data structure is used
to speed up this operation. We developed and tested
in PRAcTISE a min-heap for reducing the duration of
the pull operation, but we have not tried it yet in the
kernel. We are currently implementing several differ-
ent data structures with the aim of comparing them and
select the most efficient to be implemented in the next
release of the SCHEDDEADLINE patch.

Tasks are inserted into (removed from) the ready
queues using theenqueue() (dequeue()) func-
tion, respectively. In Linux, the queues are imple-
mented as red-black trees. In PRAcTISE, instead, we
have implemented them as priority heaps, using the data
structure proposed by B. Brandenburg5. However, it
is possible to implement different algorithms for queue
management as part of the framework: as a future work,
we plan to implement alternative data structures that use
lock-free algorithms.

3.2. Locking and synchronisation

PRAcTISE uses a range of locking and synchroni-
sation mechanisms that mimic the corresponding mech-
anisms in the Linux kernel. An exhaustive list is given
in Table 1. These differences are major culprits for the
slight changes needed to port code developed on the tool
in the kernel 4.1.

It has to be noted thatwmb andrmb kernel mem-
ory barriers have no corresponding operations in user-
space; therefore we have to issue a full memory bar-
rier ( sync synchronize) for every occurrence of
them.

3.3. Event generation and processing

PRAcTISE cannot execute or simulate a real appli-
cation. Instead, each threads (that emulates a proces-
sor) periodically generates random scheduling events
according to a certain distribution, and calls the sched-
uler functions. Our goals are to debug, test, compare
and evaluate real-time scheduling algorithms for multi-

5Code available here:http://bit.ly/IozLxM.

core processors. Therefore, we identified two main
events: taskactivationand blocking. When a task is
activated, it must be inserted in one of the kernel ready
queues; since such an event can cause a preemption, the
scheduler is invoked, data structures are updated, etc.
Something similar happens when a task self-suspends
(for example because it blocks on a semaphore, or it
suspends on a timer).

The pseudo-code for the task activation is function
on activation() described in Figure 1. The code
mimics the sequence of events that are performed in the
Linux code:

• First, the task is inserted in the local queue.

• Then, the scheduler performs apre-schedule, cor-
responding topull(), which looks at the global
data structurepull struct to find the task
to be pulled; if it finds it, does a sequence of
dequeue() andenqueue().

• Then, the Linux scheduler performs the real sched-
ule function; this corresponds to setting thecurr
pointer to the executing task. In PRAcTISE this
step is skipped, as there is no real context switch
to be performed.

• Finally, a post-scheduleis performed, consisting
of apush() operation, which looks at the global
data structurepush struct to see if some task
need to be migrated, and in case the response is
positive, performs adequeue() followed by an
enqueue(). A similar thing happens when a
task blocks (see functionon block()).

The pseudo code shown in Figure 1 is an overly
simplified, schematic version of the code in the tool; the
interested reader can refer to the original source code6

for additional details.
As anticipated, every processor is simulated by a

periodic thread. The thread period can be selected from
the command line and represents the average frequency
of events arriving at the processor. At every cycle,
the thread randomly select one between the following
events:activation, early finish andidle.
In the first case, a task is generated with a random value
of the deadline and functionon activation() is
called. In the second case, the task currently ex-
ecuting on the processor blocks: therefore function
on block() is called. In the last case, nothing hap-
pens. Additionally, in all cases, the deadline of the ex-
ecuting task is checked against the current time: if the
deadline has passed, then the current task is blocked,
and functionon block() is called.

6https://github.com/Pippolo84/PRAcTISE

http://bit.ly/IozLxM
https://github.com/Pippolo84/PRAcTISE


Linux PRAcTISE Action

raw spin lock pthreadspin lock lock a structure

raw spin unlock pthreadspin unlock unlock a structure

atomic inc sync fetch and add add a value in memory atomically

atomicdec sync fetch and sub subtract a value in memory atomically

atomic read simple read read a value from memory

wmb sync synchronize issue a memory barrier

rmb sync synchronize issue a read memory barrier

mb sync synchronize issue a full memory barrier

Table 1: Locking and synchronisation mechanisms (Linux vs.PRAcTISE).

pull() {
bool found = find(pull_struct, &queue);
if (found) {
dequeue(&task, queue);
enqueue(task, local_queue);

}
}

push() {
bool found = find(push_struct, &queue);
if (found) {
dequeue(&task, local_queue);
enqueue(task, queue);

}
}

on_activation(task) {
enqueue(task, local_queue);
pull(); /* pre-schedule */
push(); /* post-schedule */

}

on_block(task) {
dequeue(&task, local_queue);
pull(); /* pre-schedule */
push(); /* post-schedule */

}

Figure 1: Main scheduling functions in PRAcTISE

Currently, it is possible to specify the period of the
thread cycle; the probability of an activation event; and
the probability of an early finish.

3.4. Data structures in PRAcTISE

PRAcTISE has a modular structure, tailored to pro-
vide flexibility in developing new algorithms. The inter-
face exposed to the user consists of hooks to functions
that each global structure must provide. The most im-
portant hooks:

• data init: initialises the structure, e.g., spin-
lock init, dynamic memory allocation, etc.

• data cleanup: performs clean up tasks at the
end of a simulation.

• data preempt: called each time an
enqueue() causes a preemption (the arriv-
ing tasks has higher priority that the currently
executing one); modifies the global structure to
reflect the new local queue status.

• data finish: data preemptdual (triggered by
adequeue()).

• data find: used by a scheduling policy to find
the best CPU to (from) which push (pull) a task.

• data check: implements thecheckermecha-
nism (described below).

PRAcTISE has already been used to slightly mod-
ify and validate the global structure we have pre-
viously implemented in SCHEDDEADLINE [8] to
speed-uppush() operations (calledcpudl from here
on). We also implemented a corresponding structure for
pull() operations (and used the tool to gather perfor-
mance data from both). Furthermore, we back-ported



in PRAcTISE the mechanism used by SCHEDFIFO
to improve push() operations performance (called
cpupri from here on).

We plan to exploit PRAcTISE to investigate the use
of different data structures to improve the efficiency of
the aforementioned operations even further. However,
we leave this task as future work, since this paper is
focused on describing the tool itself.

One of the major features provided by PRAcTISE
is the checkinginfrastructure. Since each data struc-
ture has to obey different rules to preserve consistency
among successive updates, the user has to equip the
implemented algorithm with a proper checking func-
tion. When the tool is used in testing mode, the
data check function is called at regular intervals.
Therefore, an on-line validation is performed in pres-
ence of real concurrency, thus increasing the probability
of discovering bugs at an early stage of the development
process. User-space debugging techniques can then be
used to fix design or developing flaws.

To give the reader an example, thecheckingfunc-
tion for SCHEDDEADLINE cpudl structure ensures
the max-heap property: ifB is a child node ofA, then
deadline(A) ≥ deadline(B); it also check consistency
between the heap and the array used to perform up-
dates on intermediate nodes (see [8] for further details).
We also implemented a checking function forcpupri:
periodically, all ready queues are locked, and the con-
tent of the data structure is compared against the cor-
responding highest priority task in each queue, and the
consistency of the flagoverloaded in thestruct
root domain is checked. We found that the data
structure is always perfectly consistent to an external
observer.

3.5. Statistics

To collect the measurements we use the TSC (Time
Stamp Counter) of IA-32 and IA-64 Instruction Set Ar-
chitectures. The TSC is a special 64-bit per-CPU reg-
ister that is incremented every clock cycle. This regis-
ter can be read with two different instructions: RDTSC
and RDTSCP. The latter reads the TSC and other in-
formation about the CPUs that issues the instruction it-
self. However, there are a number of possible issues
that needs to be addressed in order to have a reliable
measure:

• CPU frequency scaling and power management.
Modern CPUs can dynamically vary frequency to
reduce energy consumption. Recently, CPUs man-
ufacturer have introduced a special version of TSC
inside their CPUS:constant TSC. This kind of reg-
ister is always incremented at CPU maximum fre-

quency, regardless of CPU actual frequency. Every
CPU that supports that feature has the flagcon-
stant tsc in /proc/cpuinfo proc file of Linux.
Unfortunately, even if the update rate of TSC is
constant in these conditions, the CPU frequency
scaling can heavily alter measurements by slow-
ing down the code unpredictably; hence, we have
conducted every experiment with all CPUs at fixed
maximum frequency and no power-saving features
enabled.

• TSC synchronisation between different cores.
Since every core has its own TSC, it is possible
that a misalignment between different TSCs may
occur. Even if the kernel runs a synchronisation
routine at start up (as we can see in the kernel
log message), the synchronisation accuracy is typ-
ically in the range of several hundred clock cycles.
To avoid this problem, we have set CPU affinity of
every thread with a specific CPU index. In other
words we have a 1:1 association between threads
and CPUs, fixed for the entire simulation time. In
this way we also prevent thread migration during
an operation, which may introduce unexpected de-
lays.

• CPU instruction reordering. To avoid instruction
reordering, we use two instructions that guaran-
tees serialisation: RDTSCP and CPUID. The lat-
ter guarantees that no instructions can be moved
over or beyond it, but has a non-negligible and
variable calling overhead. The former, in contrast,
only guarantees that no previous instructions will
be moved over. In conclusion, as suggested in
[10], we used the following sequence to measure
a given code snippet:

CPUID
RDTSC
code
RDTSCP
CPUID

• Compiler instruction reordering. Even the com-
piler can reorder instructions; so we marked the
inline asm code that reads and saves the TSC cur-
rent value with the keywordvolatile .

• Page faults. To avoid page fault time accounting
we locked every page of the process in memory
with a call tomlockall.

PRAcTISE collects every measurement sample in a
global multidimensional array, where we keep samples
coming from different CPUs separated. After all simu-
lation cycles are terminated, we print all of the samples
to an output file.



By default, PRAcTISE measures the following
statistics:

• duration and number ofpull andpushoperations;

• duration and number ofenqueueanddequeueop-
erations;

• duration and number of data preempt,
data finish anddata find.

Of course, it is possible to add different measures in
the code of a specific algorithm by using PRAcTISE’s
functions. In the next section we report some experi-
ment with the data structures currently implemented in
PRAcTISE.

4. Evaluation

In this section, we present our experience in im-
plementing new data structures and algorithms for the
Linux scheduler using PRAcTISE. First, we show how
difficult is to port a scheduler developed with the help of
PRAcTISE into the Linux kernel; then, we report per-
formance analysis figures and discuss the different re-
sults obtained in user space with PRAcTISE and inside
the kernel.

4.1. Porting to Linux

The effort in porting an algorithm developed with
PRAcTISE in Linux can be estimated by counting the
number of different lines of code in the two imple-
mentations. We have two global data structures im-
plemented both in PRAcTISE and in the Linux kernel:
cpudlandcpupri.

We used thediff utility to compare differences
between user-space and kernel code of each data struc-
ture. Results are summarised in Table 2. Less than
10% of changes were required to portcpudl to Linux,
these differences mainly due to the framework interface
(pointers conversions). Slightly higher changes ratio
for cpupri, due to the quite heavy use of atomic oper-
ations (see Section 3.2). An example of such changes
is given in Figure 2 (lines with a- correspond to user-
space code, while those with a+ to kernel code).

Structure Modifications Ratio

cpudl 12+ 14- 8.2%

cpupri 17+ 21- 14%

Table 2: Differences between user-space and kernel
code.

[...]
-void cpupri_set(void *s, int cpu, int newpri)
+void cpupri_set(struct cpupri *cp, int cpu,
+ int newpri)
{
- struct cpupri *cp = (struct cpupri*) s;

int *currpri = &cp->cpu_to_pri[cpu];
int oldpri = *currpri;
int do_mb = 0;

@@ -63,57 +61,55 @@
if (newpri == oldpri)

return;

- if (newpri != CPUPRI_INVALID) {
+ if (likely(newpri != CPUPRI_INVALID)) {

struct cpupri_vec *vec =
&cp->pri_to_cpu[newpri];

cpumask_set_cpu(cpu, vec->mask);
- __sync_fetch_and_add(&vec->count, 1);
+ smp_mb__before_atomic_inc();
+ atomic_inc(&(vec)->count);

do_mb = 1;
}

[...]

Figure 2: Comparison usingdiff.

The difference on the synchronisation code can
be reduced by using appropriate macros. For ex-
ample, we could introduce a macro that translates
to sync fetch and add when compiled inside
PRAcTISE, and to the corresponding Linux code oth-
erwise. However, we decided for the moment to main-
tain the different code to highlight the differences be-
tween the two frameworks. In fact, debugging, testing
and analyse the synchronisation code is the main diffi-
culty, and the main goal of PRAcTISE; therefore, we
thought that it is worth to show such differences rather
than hide them.

However, the amount of work shouldered on the
developer to transfer the implemented algorithm to the
kernel, after testing, is quite low reducing the probabil-
ity of introducing bugs during the porting. Moreover,
this residual amount of handwork could be eliminated
using simple translation scripts (e.g., sed). Additional
macros will be introduced in future version of PRAc-
TISE to minimise such effort even further.

4.2. Experimental setup

The aim of the experimental evaluation is to com-
pare performance measures obtained with PRAcTISE
with what can be extracted from the execution on a real
machine.

Of course, we cannot expect the measures obtained
with PRAcTISE to compare directly with the measure



obtained within the kernel; there are too many differ-
ences between the two execution environments to make
the comparison possible: for example, the completely
different synchronisation mechanisms. However, com-
paring the performance of two alternative algorithms
within PRAcTISE can give us an idea of their relative
performance within the kernel.

4.3. Results

In Linux, we rerun experiments from our previous
work [8] on a Dell PowerEdge R815 server equipped
with 64GB of RAM, and 4 AMDR OpteronTM 6168
12-core processors (running at 1.9 GHz), for a total of
48 cores. This was necessary since thecpupri kernel
data structure has been modified in the meanwhile7

and the PRAcTISE implementation is aligned with this
lastcpupri version. We generated 20 random task sets
(using therandfixedsum [6] algorithm) with peri-
ods log-uniform distributed in [10ms, 100ms], per CPU
utilisation of 0.6, 0.7 and 0.8 and considering 2, 4, 8,
16, 24, 32, 40 and 48 processors. Then, we ran each
task set for 10 seconds using a synthetic benchmark8

that lets each task execute for its WCET every period.
We varied the number of active CPUs using the Linux
CPU hot plug feature and we collected scheduler statis-
tics throughsched debug. The results for the Linux
kernel are reported in Figures 3a and 3b, for modifying
and querying the data structures, respectively. The fig-
ures show the number of cycles (y axis) measured for
different number of processors ranging from 2 to 48 (x
axis). The measures are shown in boxplot format: a
box indicates all data comprised between the 25% and
the 75% percentiles, whereas an horizontal lines indi-
cates the median value; also, the vertical lines extend
from the minimum to the maximum value.

In PRAcTISE we run the same experiments. As de-
picted in Section 3.3, random scheduling events gener-
ation is instead part of PRAcTISE . We varied the num-
ber of active processors from 2 to 48 as in the former
case.

We set the following parameters: 10 milliseconds
of thread cycle; 20% probability of new arrival; 10%
probability of finish earlier than deadline (cpudl) or run-
time (cpupri); 70% probability of doing nothing. These
probability values lead to rates of about 20 task activa-
tions / (core * s), and about 20 task blocking / (core *
s).

The results are shown in Figures 6a and 5a for mod-
ifying thecpupriandcpudldata structures, respectively;
and in Figures 6b and 5b for querying thecpupri and

7More info here:http://bit.ly/KjoePl
8rt-app:https://github.com/gbagnoli/rt-app.

cpudldata structures, respectively.
Insightful observations can be made comparing

performance figures for the same operation obtained
from the kernel and from simulations. Looking at Fig-
ure 3a we see that modifying thecpupri data structure
is generally faster than modifyingcpudl: every measure
corresponding to the former structure falls below 1000
cycles while the same operation oncpudl takes about
2000 cycles. Same trend can be noticed in Figure 6a
and 5a. Points dispersion is generally a bit higher than
in the previous cases; however median values forcpupri
are strictly below 2000 cycles whilecpudl never goes
under that threshold. We can see that PRAcTISE over-
estimates this measures: in Figure 6a we see that the es-
timation for thefindoperation oncpupriare about twice
the ones measured in the kernel; however, the same hap-
pens forcpudl(in Figure 5a); therefore, the relative per-
formance of both does not change.

Regarding query operations the ability of PRAc-
TISE to provide an estimation of actual trends is even
more evident. Figure 3b shows that afind on cpudl
is generally more efficient than the same operation on
cpupri; this was expected, because the former simple
reads the top element of the heap. Comparing Figure 6b
with Figure 5b we can state that latter operations are the
most efficient also in the simulated environment.

Moreover, we used PRAcTISE to compare the time
needed to modify and query the two global data struc-
ture for push and pull operations for cpudl. As we can
see in Figure 5a and Figure 5b compared against Fig-
ure 6a and Figure 6b, the results are the same, as the
data structures used are the same. We haven’t compared
cpudl pull operation against cpupri pull operation since
the latter doesn’t have a global data structure that hold
the status of all run queues where we can issue find and
set operations.

5. Conclusions and future work

In this paper we introduced PRAcTISE, a frame-
work for PeRformance Analysis and TestIng of real-
time multicore SchEdulers for the Linux kernel. PRAc-
TISE enables fast prototyping of real-time multicore
scheduling mechanisms, allowing easy debugging and
testing of such mechanisms in user-space. Furthermore,
we performed an experimental evaluation of the simu-
lation environment, and we showed that PRAcTISE can
also be used to perform early performance estimation.

In future work, we plan to refine the framework
adherence to the Linux kernel. In doing so, we have
to enhance task affinity management, local run queues
capabilities and provide the possibility to generate ran-
dom scheduling events following probability distribu-

http://bit.ly/KjoePl
https://github.com/gbagnoli/rt-app
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Figure 3: Number of cycles (mean) to a) modify and b) query theglobal data structure (cpudl vs. cpupri), kernel
implementation.
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Figure 4: Number of cycles (mean) to a) modify and b) query theglobal data structure (cpupri), on PRAcTISE.

tions gathered from real task sets execution traces.
Furthermore, we will exploit PRAcTISE to per-

form a comparative study of different data structures
to improvepull operation performance. In particular
we will try to implement some lock-free data structures
and subsequently compare their performances against
the heap already presented.

As a concluding use-case, it is worth mentioning
that PRAcTISE has already been used as a testing en-
vironment for the last SCHEDDEADLINE release on
the LKML 9. Thecpudlglobal data structure underwent
major changes that needed to be verified. The tested
code has been finally merged within the patch set.

9LKML (Linux Kernel Mailing List) thread available at:
https://lkml.org/lkml/2012/4/6/39
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