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Abstract—Real-time systems have relied on multiprocessor
architectures since some time ago. However, the proliferation
of multi-core architectures, which have multiple processing units
on a single chip, has increased the interest on such systems. As a
consequence, scheduling techniques for multiprocessor architectures have received considerable attention in recent years. In the
last decade, a lot of scheduling algorithms have been proposed. In
many cases, the least upper bound for these algorithms is about
50% of the whole system utilization, which is very pessimistic.
One alternative to verify the schedulability of a real-time task
set with a larger system utilization on a multiprocessor system,
is through the use of exhaustive simulation. In this paper, we
introduce RealtssMP, a tool to perform scheduling analysis and
simulation of multiprocessor real-time scheduling algorithms.
The proposed tool has shown to be helpful in the evaluation
of the performance of existing and new scheduling algorithms.
Moreover, it can be be used as an educational tool.

The approaches for multiprocessor scheduling can be categorized in partitioned and global. In the partitioned scheme,
each task is allocated to a single processor, dividing the
multiprocessor scheduling problem into a task allocation
problem and a uniprocessor scheduling problem. In contrast,
the global scheme allows the tasks to migrate from one
processor to another at run-time. The scheduling algorithms for
both approaches can be further categorized into three classes
according to the way the priorities can change: fixed taskpriority, fixed job-priority and dynamic priority [17].
For uniprocessor scheduling, the Earliest Deadline First
algorithm is optimal for fixed-job priority. In the case of multiprocessor scheduling, a number of global dynamic scheduling
algorithms are known to be optimal (Pfair scheduling and its
variants). However, since they introduce excessive overhead
caused by frequent preemption and migration, their implementation can be impractical. For multiprocessor scheduling
algorithms based on fixed task-priority and fixed job-priority,
the maximum possible utilization bound is of about 50%,
which is very pessimistic.
To investigate the schedulability of a real-time task set on
a multiprocessor system, a schedulabilty test may be used.
However, for task sets with a large system utilization, one
alternative is given by the use of exhaustive simulation. In this
paper, we introduce RealtssMP, a tool to perform scheduling
analysis and simulation of multiprocessor real-time scheduling
algorithms. The proposed tool has shown to be helpful in the
evaluation of the performance of existing and new scheduling
algorithms. Moreover, it can be be used as an educational tool.
The document is organized as follows. In section II we
briefly introduce real-time multiprocessor scheduling notation
and theory. In section III we discuss the related work. Section
IV introduces RealtssMP, our simulation and analysis tool.
Finally, the conclusions and future work are described in
Section V.

Index Terms—real-time scheduling, real-time multiprocessor
scheduling, real-time scheduling simulation

I. I NTRODUCTION
A real-time system is defined by Burns and Wellings as
an information processing system which has to respond to
externally generated input stimuli within a finite and specified
period: the correctness depends not only on the logical result
but also on the time it was delivered; the failure to respond
is as bad as the wrong response [11]. Examples of real-time
systems include digital control, command and control, signal
processing, and telecommunication systems [26]. A real-time
system is comprised of several tasks. Most of the real-time
requirements can be expressed onto the tasks deadlines, arrival
times and execution times. The use of efficient scheduling
algorithms, supported by accurate schedulability analysis techniques, is required to guarantee the accomplishment of the
temporal constraints of the tasks in the system.
While the scheduling problem for uniprocessor systems has
been widely investigated for decades, there are still many open
problems regarding the schedulability analysis of multiprocessor systems. As pointed out by Liu in his seminal paper [25],
few of the results obtained for a single processor generalize
directly to the multiple processor case: bringing in additional
processors adds a new dimension to the scheduling problem.
978-1-61284-1325-5/12/$26.00 ©2012 IEEE

II. R EAL -T IME M ULTIPROCESSOR S CHEDULING
The purpose of the multiprocessor real-time scheduling is
to execute a set of n real-time tasks τ = {τ1 , τ2 , . . . , τn } on a
set of m processors P = {P1 , P2 , . . . , Pm }. A task is usually a
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thread or a process within an operating system. The parameters
that define a task are: its execution time Ci , its period Ti ,
and its deadline Di . The majority of the real-time scheduling
theory focuses on the periodic and sporadic task models. In
both models, each task is composed of an infinite sequence of
instances called jobs. The period Ti of a periodic task τi is a
fixed time interval between release times of consecutive jobs
in τi . In contrast, the period of a sporadic task τi represents
the minimum inter-arrival time between consecutive jobs. The
task execution time Ci is the maximum execution time of all
the jobs of τi . Any job in τi that is released at time t must
complete at most Di time units after t; that is, it must complete
within the interval (t, t+Di ]. We use H(τ ) to denote the least
common multiple of Ti , for i = 1, 2,..., n. A time interval of
length H(τ ) is called the hyperperiod of the task set τ .
The utilization factor of task τi is defined as ui = Ci/Ti . The
utilization factor of a task set P
τ is the sum of the utilization of
n
each task in τ ; that is, U = i=1 Ci/Ti . The multiprocessor
utilization Us of a task set executing on a multiprocessor
system comprised of m processors is defined as Us = U/m.
The task deadlines can be classified as implicit, constrained
and arbitrary. If the task deadlines are implicit, they are
equal to their periods (Di = Ti ). If the task deadlines
are constrained, they are less than or equal to their periods
(Di ≤ Ti ). If the task deadlines are arbitrary, they may be
less than, equal to, or greater than their periods.
There are two problems that the multiprocessor scheduling
is aimed to solve: the allocation problem and the priority
problem [17]. In the allocation problem, the scheduler must
decide on which processor a task should execute. In the
priority problem, the scheduler must determine when, and in
what order with respect to the jobs of other tasks, should each
job execute.
The scheduling of real-time tasks on multiprocessors can
be carried out under the partitioned scheme or under the
global scheme [13]. In the partitioned scheme, no migration
is permitted, whereas in the global scheme migration is
permitted. If task-level migration is used, the jobs of a task
may execute on different processor, but each job can only
execute on a single processor. If job-level migration is allowed,
a single job can migrate to and execute on different processors.
However, parallel execution is not permitted; that is, no job of
any task can be executed at the same time on more than one
processor.
When a task has a single fixed priority applied to all its
jobs, it is referred as fixed task priority. The Rate Monotonic
scheduling in an example of this. If the jobs of a task may have
different priorities, but each job has a single static priority, it
is referred as fixed job priority. The Earliest Deadline First
scheduling is an example of this priority assignment. When
a single job may have different priorities at different instant
times, it is referred as dynamic priority, as in the Least Laxity
First scheduling.
If there exist a scheduling algorithm that can schedule all
possible sequences of jobs that may be generated by the task
set on a given system without missing any deadlines, then the
task set is said to be feasible with respect to that system. A task
set is schedulable according to a given scheduling algorithm
978-1-61284-1325-5/12/$26.00 ©2012 IEEE

if none of its jobs miss any deadline.
A schedulability test is a mathematical condition that is used
to verify if a task set is schedulable when scheduled with a
given scheduling algorithm. A schedulability test is said to
be sufficient, with respect to a scheduling algorithm and a
system, if all the task sets that are considered as schedulable
according to the schedulability test are in fact schedulable. A
schedulability test is said to be necessary if all the task sets that
are considered unschedulable according to the schedulability
test are in fact unschedulable. A schedulability test is exact if
it is both sufficient and necessary.
In the last decade, scheduling techniques for multiprocessor
architectures have received considerable attention. As a consequence, a lot of scheduling algorithms and schedulability tests
have been proposed [16] [7] [9]. However, in many cases,
the maximum utilization bound for the scheduling algorithm
is too pessimistic. For instance, for periodic task sets with
implicit deadlines, even though the maximum possible utilization bound for global dynamic priority scheduling is m [6],
for all other classes of multiprocessor scheduling algorithms,
the maximum utilization bound is (m+1)/2 [1].
Besides its use as schedulability test, worst-case utilization
bounds have been widely used as a performance metric. The
worst-case utilization bound UA for a scheduling algorithm A
is defined as the minimum utilization of any task set that is
just schedulable according to the algorithm. If the utilization
of the task set is increased, it may be unschedulable according
to that algorithm. In contrast, there are no task sets with total
utilization less than or equal to UA that are unschedulable
according to the algorithm A. In this case, the worst-case
utilization bound can be used as a sufficient schedulability
test.
Another alternative to study the performance of a scheduling
algorithm, or to verify the schedulability of a task set, is
through the use of simulation. For instance, simulation can
be helpful to determine the number of context switches and
migrations when comparing different scheduling algorithms.
Similarly, it can be used to verify if a task set misses any deadline, showing if it is unschedulable. Even though simulation in
general cannot be used to prove the schedulability of a task set,
it can be used as a sufficient condition for unschedulability.
The task set hyperperiod (0, H(τ )) is a feasibility interval
for implicit and constrained deadline synchronous periodic
task sets, when scheduled by a deterministic and memoryless
algorithm, such as global EDF [15]. For these algorithms, the
schedulability of the task set can be verified by checking if
the schedule generated misses any deadline in (0, H(τ )). In
these cases, the use of a simulation and analysis tool can be
very helpful.
III. R ELATED W ORK
Although the real-time scheduling community has provided
a vast amount of results over the past 30 years, only a few
simulation and analysis tools have been proposed, and it seems
that some of them are not maintained anymore.
In [5], Audsley et al. proposed a collection of CASE tools
for analyzing and simulating the behavior of hard real-time
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safety-critical applications. The proposed simulator, called
STRESS, included a simulation language to specify both the
system environment and the task parameters. It included a
graphical front-end for control and display, some feasibility
tests and support for multiprocessing and networking. Since
the simulator was built upon a simulation language, it imposed
a limit in the scope of scheduling algorithms that could be
simulated.
De Vroey et al. proposed in [18] a language for defining
scheduling algorithms for hard real-time systems and a tool
to simulate the behavior of such systems on a predefined task
set. Their proposal was similar to STRESS but presented an
extended language in order allow the simulation of newly
devised scheduling policies.
Kramp et al. proposed FORTISSIMO in [23]. It was also
based on STRESS. Their proposal was not a ready-to-run
application but an open framework to facilitate the development of tailor-made real-time scheduling simulators for
multiprocessor systems. FORTISSIMO was not a simulation
application but provided a basic infrastructure to build a realtime scheduling simulator.
In [29] Manacero et al. introduced RTSIM, a set of realtime scheduling simulator tools aimed primarily to be used
as a teaching tool. It is a collection of programming libraries
written in C++ for simulating real-time control systems. RTSIM is still an active project and its code has been recently
released as open source.
Jakovljevic et al. presented in [22] a research focused
on the application of object-oriented language (Java) in the
development of real-time system simulation. They described
advantages and disadvantages of Java, and gives a critical
overview of necessary modifications to make Java an acceptable choice for real-time systems.
Gonzalez-Harbour et al. introduced MAST in [21], which
is a model for representing the temporal and logical elements
of real-time applications. It provides some schedulability tests
and algorithms for fixed priority scheduling. MAST also
provides sensitivity analysis, to determine how far or close
is the system from meeting its timing requirements.
The CICLIC tool was introduced in [33] by Yepez et al.,
which help system designers to create a cyclic scheduler
automatically. The design mechanism of CICLIC is based
on algorithms of exhaustive search that use heuristic rules in
optimizing searching paths.
Singhoff et al. introduced in [30] the Cheddar project, which
is a set of open-source tools aimed to help system designers to
automatically apply real-time schedulability theory. It includes
tools to evaluate the performance of scheduling algorithms and
to apply schedulability tests. The Cheddar project has been
focused on AADL, an architecture language to model system
and software real-time architectures.
The LITMUS project is Linux-based testbed, which was
developed for empirically evaluating multiprocessor real-time
scheduling algorithms [12]. LITMUS is a soft real-time extension of the Linux kernel with focus on multiprocessor realtime scheduling and synchronization. The Linux kernel was
modified to support the sporadic task model and modular
scheduler plug-ins. Both partitioned and global scheduling is
978-1-61284-1325-5/12/$26.00 ©2012 IEEE

Figure 1.

Architecture of RealtssMP

supported.
Among the commercial tools, TimeWiz from TimeSys Corporation [14] is an integrated design tool for modeling, analyzing, and simulating the predicted and simulated performance
and timing behavior of real-time embedded systems. Rapid
RMA from Tri-Pacific Software, Inc. [32] is a set of Rate
Monotonic Analysis (RMA) tools to allow designers to test
software models against various design scenarios and evaluate
how different implementations might optimize the performance of their systems. However, these commercial tools are
targeted to only some specific executive environments.
IV. R EALTSS MP
The proliferation of multi-core architectures, which have
multiple processing units on a single chip, has increased the
interest on multiprocessor real-time systems. The intensive
research in this field has generated many interesting results in
recent years. However, there are still many important research
challenges. In this context, the availability of an analysis tool
can be very helpful in the study of multiprocessor scheduling
algorithms.
RealtssMP is an open-source analysis and simulation tool,
aimed to support the study of uniprocessor and multiprocessor
real-time scheduling algorithms. It can be used to analyze
and simulate the predicted performance of real-time systems.
Similarly, it can be used to study the schedulability of a task
set. RealtssMP is a re-written from scratch version of the
uniprocessor simulation tool introduced in [19]. It is intended
to be flexible. Its modular design allows the integration of
additional scheduling algorithms seamlessly. New scheduling
algorithms can be added as modules written in TCL, C or
C++ and is not limited by a particular simulation language. It
can be executed in many operating systems, such as Linux or
Windows.
Fig. 1 shows the architecture of the RealtssMP tool. It is
important to note that all data sent to the tool or produced by it
is XML formatted. We have defined a set of XML schemes for
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Figure 4.

Figure 2.

Definition of a task set

this purpose, that are managed by the RealtssMP Configuration
module. For instance, a user can define the categorization
of the scheduling algorithms and schedulability tests in the
Configuration Files, using the appropriate schema. When the
tool executes, the Graphical User Interface module will show
the available algorithms and tests using that categorization.
The list of available scheduling algorithms and schedulability
tests, along with their parameters, are also defined in special
Configuration Files. The RealtssMP GUI was written in the
TCL language.

Figure 3.

RealtssMP Graphical User Interface

A task set must be defined to study and evaluate the performance of a scheduling algorithm, or to apply a schedulability
test. The task set parameters may be declared in an external
file, using the appropriate XML schema, or can be generated
using the RealtssMP tool and further saved into a file. In Fig.
2 we can observe the definition of a task set using our XML
schema. Similarly, Fig. 3 shows the parameters of the same
task set using the Graphical User Interface. Once the task
set is defined, the user selects the scheduling algorithm, the
number of processor and the simulation time. If the simulation
978-1-61284-1325-5/12/$26.00 ©2012 IEEE

Execution chronogram of two processors

time is set to zero, the tool calculates the hyperperiod for the
task set and uses it as the simulation time.
RealtssMP is a multi-threaded application. For every processor defined in the simulation setup, a new thread is created.
This is helpful to reduce the simulation time, specially if a
multi-core or mult-processor computer is used to conduct the
simulation experiment.
After the simulation time has elapsed, some scheduling
information is shown in the Graphical User Interface. The information includes the system utilization, task response times,
the number of preemptions, number of migrations, number of
missed deadlines, etc. If a schedulability tests is executed, the
results are shown in the GUI. A trace file is also generated,
which is used by the Kiwi program. RealtssMP is fully
integrated with Kiwi [20], a graphic application which displays
tasks execution trace logs. The results of the simulations are
generated in a kiwi-compatible format in order to be displayed
properly with the use of this tool. After the simulation has been
executed, the user can analyze the behavior of the tasks set
once it has been scheduled with the chosen scheduling policy.
Fig. 4 shows the execution chronogram of the task set shown
in Fig. 2, when scheduled using the partitioned algorithm EDF
Best-Fit using two processors.
The use of the simulator involves three steps most of the
times: definition of parameters, simulation and results analysis.
In the first stage the user defines the parameters of the tasks
set. The parameters that can be defined are period, worst-case
execution time, phase and deadline.
We have already integrated some scheduling algorithms
into RealtssMP, besides the uniprocessor algorithms already
implemented in the previous version. The list of scheduling
algorithms include partitioned RM and EDF scheduling using
First-Fit, Next-Fit, Best-Fit and Worst-Fit heuristics, along
with Decreasing-Utilization variants [28] [27], the R-BoundMP algorithm [24], the RM-ST and RM-GT algorithms [10],
and the R-Bound-MP-NFR algorithm [4].
Some global scheduling algorithms are also implemented,
as the global RM and global EDF algorithms, the EDF-US[ζ]
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algorithm [31], the TkC algorithm [2], the fpEDF algorithm
[8], the adaptiveTkC algorithm [3], the RM-US[m/(3m-2)]
algorithm [1], just to mention a few.
Similarly, many schedulability tests for uniprocessor and
multiprocessor scheduling have been implemented in RealtssMP.
V. C ONCLUSIONS AND F UTURE W ORK
Real-time multiprocessor scheduling have received considerable attention in recent years. However, there are still
many important open research challenges. In this paper, we
introduced RealtssMP, an open-source analysis and simulation
tool, aimed as a tool to study, evaluate and simulate the performance of real-time multiprocessor systems. The proposed
tool is flexible enough, allowing the seamlessly integration
of additional scheduling algorithms and schedulability tests.
RealtssMP is fully integrated with Kiwi, a visualization tool
used to evaluate the execution chronograms of the task sets.
RealtssMP has shown to be helpful in the evaluation of the
performance of existing and new scheduling algorithms, and
as an effective educational tool.
As future work, we will integrate scheduling algorithms for
shared resources, and sensitivity analysis techniques.
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