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1 Summary
Deliverable 3.1 summarizes the state-of-the-art in the scheduling and schedulability analysis for
real-time multi-core systems, in order to drive the selection of the most appropriate mapping and
scheduling algorithms for executing parallel applications on the many-core embedded platforms
considered in the project. Also, the main requirements are identified to characterise the desired
performance of allocation strategies, including application-specific performance metrics,
processor utilization and resource augmentation bounds. The description of the scheduling
algorithms is accompanied by considerations on the implementation and run-time overhead of the
proposed techniques with particular relation to cache-related penalties, pre-emption and
migration overhead, synchronisation delays, scheduling complexity, etc.
The document is the result of Task 3.1. The main existing scheduling strategies are presented,
distinguishing between global, partitioned, semi-partitioned and clustered scheduling approaches.
The associated schedulability analyses are also outlined, characterizing the relative performance
of each proposed algorithm. Finally, the information required from other Work Packages is
specified, namely:
•
•
•
•

Report

WP1 -- Application Requirements and Evaluation;
WP2 -- Programming Models and Compiler Techniques;
WP4 – Timing and Schedulability Analysis
WP6 -- COTS Many-core platform.
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2 Purpose and Scope
2.1 Purpose
The purpose of this document is to drive the selection of the most suitable scheduling and
mapping algorithms to reach the final objective of the P-SOCRATES project, determining the input
needed from other work packages.

2.2 Scope
The document is public. For the topics covered, the document may be used as a reference for the
state-of-the-art in the multi-core scheduling and schedulability analysis for real-time systems.

2.3 Abbreviations and Acronyms
Note that the term processor and core will be interchangeably used along the document. Also, the
term “task” will refer to the concept of real-time task adopted in the real-time community, i.e., a
recurring process that has to be completed within a specified deadline.
Abbreviation
Acronym

Description

RTOS

Real-Time Operating System

EDF

Earliest Deadline First

FP

Fixed Priority

RM

Rate Monotonic

DM

Deadline Monotonic
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2.4 Structure of this document
The document consists of 5 chapters. The chapter “Summary” provided a brief summary about the
content of the deliverable. The chapter “Purpose and Scope” explains the purpose, scope, and
structure of this document. The chapter “Real-time scheduling problem” provides a survey of the
scheduling techniques and task models proposed in the real-time literature. The chapter
“Schedulability problem” details the state-of-the-art in the schedulability analysis of the principal
multiprocessor scheduling algorithms. The chapter “Requirements from other WPs” contains a list
of requirements from the other Work Packages of the project. Chapter “Bibliography” close the
document by providing a list of references.
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3 Real-time scheduling problem
3.1 Introduction
A real-time system has been correctly defined by Alan Burns and Andy Wellings [BW01] 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”. These systems are
nowadays present in a wide variety of fields, such as control systems, environmental monitoring,
avionic and automotive applications.
A real-time scheduling algorithm is basically a function defined in the time domain, that
determines which task or job has to be executed on each processor. The particular instance
produced applying a given scheduling algorithm to a known set of jobs is called schedule. The
target of a real-time scheduler is to find a schedule in which every job can successfully complete
its execution before its deadline. Classical scheduling algorithms used for general purpose
systems, like FIFO (processes executed in a first-in-first-out manner) or Round Robin (processes
sequentially executed for fixed time-intervals) are not suitable for real-time applications. Even if
they can assure good average performances, these algorithms can give very limited guarantees to
a system having hard timing constraints. This aspect of the problem has been deeply analysed, and
several different scheduling algorithms have been proposed. Below we summarize the most
popular ones, classifying them according to their main properties and mechanisms.
Real-time systems designers are typically interested in the following problems:
• The run-time scheduling problem: given a set of tasks with real-time requirements, find a
schedule that meets all timing constraints.
• The schedulability problem: given a set of tasks and a scheduling algorithm, determine before
run-time whether all tasks will always meet their deadlines.
Both problems are equally important, since a good scheduling algorithm is almost useless without
an associated schedulability test that could tell if some deadline will be missed. Predictability is
one of the key properties a good real-time system designer must ensure. The correctness of
results strictly depends on the time they are delivered: it is essential to be able to guarantee that
results are produced within a certain and known time instant. In other words, the system designer
must be able to predict, at least partially, the evolution of the system. Due to the many
uncertainties that can modify the behaviour of a computing system, it is often necessary to
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sacrifice some precision, deriving worst-case estimations instead of more time-consuming exact
parameters.

3.2 Model and Terminology
We will consider platforms composed of one or more computing units. The term processor and
core are interchangeably used along the document. Depending on the kind of processors used,
Multiprocessor Platforms (MP) are divided into identical, uniform and heterogeneous MPs:
• An identical multiprocessor platform is composed of m processors, each one having
identical processing capabilities and speed; more specifically, each processor is identical in
terms of architecture, memory topology and access times, cache size, I/O interface,
resource access and every other mechanism that can influence the overall processor
speed. Due to the simplicity of this model, the majority of works in literature address
identical multiprocessors.
• A uniform multiprocessor platform can be composed of processors of different speeds. The
only requirement is that all tasks are executed at the same speed when scheduled on the
same CPU.
• A heterogeneous (or unrelated) multiprocessor platform represents a set of cores with
different capabilities and different speeds. In this model, a processor can execute distinct
tasks at different speeds, or even being unable to execute some tasks.
Since the many-core accelerator considered in the project consist of multiple identical cores, this
deliverable will mainly focus on the identical multicore platform model.

3.2.1 Task model
The computing workload imposed by a set of processes with real-time requirements can be
modelled in many different ways. One of the most used solutions is to model the workload as a set
of recurring real-time tasks. In this model, each task executes a sequence of jobs that must
complete within a specified deadline. Depending on the frequency at which a task activates its
jobs, tasks are distinguished between periodic and sporadic tasks. Every job of a periodic task is
activated a fixed amount of time after the previous job. This fixed interarrival time is called period
of the task. For a sporadic task, instead, only a minimum interarrival time is specified, meaning
that only a lower bound on the temporal separation between two consecutive jobs must be
satisfied.
Each task τk is characterized by a three-tuple (Ck,Dk,Tk) composed of:
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•

•

•

A worst-case computation time (WCET) Ck. Since the time a task needs to complete its
execution depends on branches, cycles, conditional structures, memory states and other
factors, we need to consider worst-case values when checking the temporal constraints of
an application. As a consequence, Ck represents the maximum number of time-units for
which a job of τk needs to be scheduled to complete its execution, when the task is
executed in isolation (see Deliverable D4.1 for further details on the timing analysis to
compute the WCET).
A relative deadline Dk. Since each job has an absolute deadline, which represents the latest
time instant at which we can accept the job to complete execution, the relative deadline of
task τk is simply the maximum acceptable distance between each job activation and the
end of its execution.
A period or minimum inter-arrival time Tk. Depending on the periodic or sporadic task
model used, Tk will denote the exact or minimum time interval between two successive
activations of a job of task τk.

Depending on the relation between period and deadline parameters of a task system τ , we can
distinguish between:
• implicit deadline systems, if every task has a deadline equal to its period;
• constrained deadline systems, if every task has a deadline less than or equal to its period;
• unconstrained (or arbitrary) deadline systems, if no constraint is imposed on the values of
periods and deadline, that is deadlines can be less than, equal to or greater than periods.
The utilization of a task is defined as the ratio between the task worst-case execution time and
period, representing the maximum processor share required by the task. The total utilization of a
task set is obtained by summing the utilization of all tasks in the set.
The response time of a task is the longest time that any job of the task may take from its release to
its completion. The response time differs from the WCET as it factors in the inteference from the
other tasks and from the system. Note that when a task set is schedulable, each task has a
response time lower than or equal to its deadline.
Further generalizing the task structure, other models have been proposed to characterize the
different sections of a task. In particular:
• Multi-frame model [MC96], where each task is composed of different “frames” (with
worst-case execution times C1,…,CN), separated by the same minimum period T.
• Generalized multi-frame (GMF) model [BCGM99], where the task frames may be
separated by different periods (T1,…,TN) and deadlines (D1,…,DN).
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•

•

Recurring Real-Time task (RRT) model [Bar03], where each task is modeled as a directed
acyclic graph (DAG). Each node represents a subtask with a given worst-case execution
time and deadline, while edges represent a potential flow of execution with an associated
minimum inter-release time. After traversing the DAG, each task starts again from its initial
vertex after a given task period.
Digraph Real-Time task (DRT) model [SEGY11], where arbitrary (and not only cyclic)
directed graphs are possible.

3.2.2 Parallel task models
When tasks can include parallel structures, e.g., when using parallel programming model like
OpenMP, Cilk, etc. (see Deliverable D2.1 for a more detailed discussion on the parallel
programming models that will be adopted in this project), or are composed of multiple subjobs
with precedence constraints, more general task models have been proposed in the literature to
characterize intra-task parallelism.
An initial classification of parallel task models can be made by distinguishing between:
• Rigid tasks, when the number of cores assigned to each task is a priori determined and
cannot change over time;
• Moldable tasks, when the number of cores assigned to each task can be decided on-line by
the scheduler, but cannot change once the task start executing. This scheduling model has
been also called gang scheduling;
• Malleable tasks, when the number of cores assigned to each task can be dynamically
determined by the scheduler at runtime, and may change over time.
In this project, we will consider the malleable task model, as it is the most general and flexible one.
To characterize more in detail the parallel task structure, the following task models have been
proposed:
• Fork/join task model [LKR10], where each task is divided into sequential and parallel
segments. Parallel segments must be preceded and followed by a sequential segment. All
parallel segments must have the same number of threads, and the number of threads
cannot be greater than the number of processors in the platform.
• Synchronous parallel task model [SALG11], which generalises the fork/join model by
considering tasks composed of different segments that may have an arbitrary number of
parallel threads (even greater than the number of cores).
• Parallel DAG model [BBMSW12], further generalizing the model by identifying each task
with a directed acyclic graph (DAG), where each node represents a sequential job with a
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given worst-case execution time, and each directed edge represents a precedence
constraint between two jobs. Note that, despite the common use of DAGs, this model
differs from the recurring real-time (RRT) model, in that nodes do not have an associated
deadline, edges do not have an associated inter-release constraint, and, most notably, they
do not represent potential flows of execution but precedence constraints.
In this project we will mostly focus on the synchronous parallel task model. In summary, the realtime tasks considered in this project will be characterized by a sequence of segments composed of
a given number of parallel threads, without restrictions on the number of cores where each
segment is to be scheduled. If possible, parallel DAG extensions will be explored if the associated
complexity of the scheduling algorithm and schedulability tests will be reasonable to justify such a
more detailed task characterization.

3.3 Scheduling real-time task sets on multicore platforms
Even if the concept of multiprocessing has always been present in the real-time community, only
recently it is receiving a significant attention. The new architectures that the market is offering
give an unprecedented opportunity to test existing multicore scheduling techniques upon real
platforms. While the scheduling problem for uniprocessor systems has been widely investigated
for decades, producing a considerable variety of publications and applications, there are still many
open problems regarding the scheduling and schedulability analysis of multiprocessor systems.
The increasing demand for smart methods to schedule the computing workload on parallel
platforms pushed researchers to further investigate this rather unexplored area. Analysing
multicore systems is not an easy task. Checking timely constraints on these kind of systems is even
harder. As pointed out by Liu in his seminal paper [Liu69]: “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. The simple fact that a task can use only one processor
even when several processors are free at the same time adds a surprising amount of difficulty to
the scheduling of multiple processors”.
To extend the limits of current scheduling theory, it is necessary to improve the performances of
classical scheduling algorithms, devising new strategies to overcome the main drawbacks that such
algorithms show in a multiprocessor environment. Unfortunately, predicting the behaviour of a
multiprocessor system requires in many cases a considerable computing effort. To simplify the
analysis, it is often necessary to introduce pessimistic assumptions, particularly when modelling
globally scheduled multiprocessor systems, in which the cost of migrating a task from a core to
another can significantly vary over time. The presence of shared local memories and the frequency
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of memory accesses have a significant influence on the worst-case timing parameters that
characterize the system.

3.4 Partitioned vs. global scheduling
When deciding which kind of scheduler to adopt in a multicore system, there are two options (see
Figure 1):
• Partitioned scheduling: statically assign tasks to processors, and using well-known
uniprocessor scheduling algorithms;
• Global scheduling: tasks are dynamically assigned to cores, and they may migrate from one
core to another.
The first method is particularly efficient when there are no load variations and the tasks can be
properly characterized. Every processor has its own queue of ready tasks, from which tasks are
extracted for execution, according to a local policy. While the implementation of the local
scheduler is pretty easy, partitioning tasks to processors is rather complex: the problem of
distributing the load to the computing units is analogous to the bin-packing problem, which is
known to be NP-hard in the strong sense [GJ79, LW82]. Finding an optimal solution is therefore
highly likely to have an exponential complexity. Even if there are heuristics that are able to find
acceptable solutions in polynomial or pseudo-polynomial time [DL78, BLOS95, LMM03, LDG04],
partitioning algorithms are not sufficiently flexible to deal with variable loads.

Figura 1. Differences in the implementation between partitioned and global schedulers.
For highly varying computational requirements, a better option is probably to use a global
scheduler. With this method, there is a single system-wide queue from which tasks are extracted
and scheduled on the available cores. When a processor is idle, a dispatcher extracts from the top
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of this queue the highest priority job, and schedules it on the available core until it completes
execution, or is preempted by another task. Whenever a task with priority higher than one of the
executing tasks is released, the task having lowest priority among the executing ones is preempted
and re-inserted in the ready queue. Now, if a processor becomes idle, the preempted task can
restart the execution even if the idle processor is different than the original processor upon which
the task was originally scheduled. In this case, we say that the task ”migrated” from a processor to
another. This mechanism guarantees that the m highest priority ready tasks (where m is the
number of cores in the system) are always the ones executing on the multi-processor platform.
In this way, the load is intrinsically balanced, since no processor is idled as long as there is a ready
task in the global queue. The scheduler is said to be work-conserving, in that it doesn’t possibly
produce a situation in which (i) at least one processor is in idle state, and (ii) a ready task is waiting
for execution. Partitioned algorithms are not work-conserving, since it is possible to have a system
configuration in which a ready task is assigned to the same processor where a higher priority task
is running, while a different processor has an empty ready queue. Instead, a global scheduler
would have assigned the waiting task to the available core, allowing a more balanced use of the
resources.
A similar argument can be found in queuing theory, where single-queue approaches are known to
be superior to multiple queue techniques, with respect to average response time [Kle75]. Even if
real-time systems are less interested in average values than in worst-case timely parameters,
taking centralized scheduling decision can have interesting advantages for the following reasons:
• There is no need to invoke heavy routines to balance dynamic workloads.
• In overload situations, there are more chances to prevent a task from missing its deadline if
we allow the waiting tasks to be scheduled on any processor, instead of statically assigning
each task to a fixed processor.
• When a task executes less than its worst-case execution time, the spare bandwidth can be
used by any other task that is ready to execute, increasing the responsiveness of the
system.
• The more balanced distribution of the workload allows a fairer exploitation of the
computing resources, preventing an asymmetric wear of the device and increasing fault
tolerance.
• As observed by Andersson et al. in [AJ00a], globally scheduled multiprocessor systems
typically have a lower number of preemptions and context changes than partitioned
approaches. When a high priority task becomes ready, a global scheduler will preempt
some lower priority running task only if there are no idle processors. If instead a
partitioned scheduler is used, a high priority task would be scheduled on the assigned
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processor even if it is necessary to preempt a task executing with lower priority, and there
are other cores in idle state.
However, using a global scheduler there are also complications related to the cost of
interprocessor migration. Even if there are mechanisms that can reduce this cost, a significant
schedulability loss may be due to tasks having a large memory footprint. Transferring a job context
from a processor to another takes some time and may cause a significant number of cache misses
and an increased bus load that could have been avoided using a partitioned approach. Therefore,
the effectiveness of a global scheduler is rather conditioned by the application characteristics and
by the architecture in use.
When analysing the schedulability performances of global and partitioned approaches, no class
dominates the other: there are task sets that can be scheduled using a global scheduler but not
with a partitioned one, and viceversa [LW82, CFH+03, Bar07]. This complicates the decision on
which technique to adopt. There are many factors that can influence this decision. The presence
or not of a good (tight) associated schedulability test is very important. Having a good scheduler
without being able to prove the correctness of the produced schedule is almost useless in the realtime field. Since designers are interested in finding efficient scheduling algorithms at least as much
as they are interested in proving that no deadline will be missed, the tightness of existing
schedulability tests is key to select which class of schedulers to adopt.
While there are many schedulability tests for partitioned multiprocessor task systems (combining
well-known uniprocessor scheduling techniques with solutions for the bin-packing problem) [DL78,
BLOS95, LGDG00, LGDG03, LMM03, LDG04], there is still a lot of work to do in the scheduling
analysis framework of global approaches. Existing schedulability tests for globally scheduled
systems [GFB01, BC07, BCL08, BB11] detect a lower number of schedulable task sets than the
existing tests for partitioned systems.
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Figure 2. Dhall’s effect: a heavy task misses its deadline due to the interference of higher priority
light tasks.
A further complication for non-partitioned approaches is given by the poor performances of classic
uniprocessor scheduling algorithms. This is due to a particular situation, called Dhall’s effect
[DL78], that takes place when a bunch of light tasks are scheduled together with a heavy task. As
shown in Figure 2, a deadline can be missed even at very low processor utilizations, using either
EDF or RM. Therefore, the uniprocessor optimality of EDF and RM does not extend to
multiprocessor systems.

3.5 Hybrid scheduling approaches
As an alternative to the global and partitioned scheduling models, it is possible to use hybrid
approaches that limit the cost of interprocessor migration. In [CAB07], a hybrid migration
technique is explored for multiprocessor platforms with a high number of CPUs, allowing a task to
be scheduled only on a subset of the available processors (clustered scheduling). In this way,
every task can migrate among a limited number of processors, reducing cache misses and
migration costs. This method is more flexible than a rigid partitioning algorithm without migration,
and it is particularly indicated for systems with a large number of cores (as the ones addressed in
this project), where it would be very difficult and time-consuming to move a task from a
computing unit to a distant one.
Another hybrid scheduling strategy is given by restricted-migration scheduling. According to the
classification in [CFH+03], this class of schedulers allows task migration, but only at job
boundaries, i.e., before a job starts executing or at the end of its execution. In this way, the
amount of information that must be transferred while migrating a task from a processor to
another is likely to be less than with fully-migrative schedulers [BC05, CFH+03].
A similar method consists in using a global scheduler with restricted preemptions [Bar06]: in this
way, once a job starts executing on a CPU, it is not possible to preempt it until it completes, so
that migration can only take place at job boundaries. However, note that non-preemptable
systems can incur significant schedulability losses, due to potential delays caused by long chunks
of code that can execute without being interrupted. To sidestep this problem, limited preemption schedulers have been proposed to allow preemptions only at the boundaries of properly
selected non-preemptive regions of the code [MNPBD13, DBMNPB13].
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A final class of hybrid schedulers is given by semi-partitioned approaches [AT06, AB08, BA09,
KY09, KYI09, GSYY10], which partition most of the tasks to statically assigned processors, and
schedule the (few) remaining ones in a global or clustered way.

3.6 Static vs. dynamic priorities
Another possible categorization of existing real-time scheduling algorithms is given by off-line and
on-line schedulers. The first class refers to real-time systems whose schedule is completely
computed and stored in memory before run-time. A dispatcher will then simply read from a table
in memory the entry corresponding to the current time instant, and schedule tasks to processors
accordingly. This kind of scheduling is also called table-driven scheduling [BS89]. To statically
compute the schedule, the characteristics of the workload must be completely specified before
run-time. For this reason, such class of schedulers is not so appropriate for systems that are
partially-specified or have schedules too large to be stored in memory. If this is the case, a better
solution is using dynamic (or online) scheduling algorithms. At each time instant, an online realtime scheduling algorithm selects the set of jobs that must execute on the target platform based
on prior decisions and on the status of the jobs have been released so far. No specific information
is known on future job releases.
A scheduling algorithm that can exploit information on timing parameters (such as arrivals, exact
computation times, etc.) of future releases is called clairvoyant1. We will mainly focus on online
real-time scheduling algorithms.
Real-time scheduling algorithms can be also classified according to task and job priorities.
Depending on the policy used to sort the ready queue, schedulers are divided into static-priority,
fixed job-priority and dynamic job-priority schedulers.

3.6.1 Static priority scheduling algorithms.
This class of algorithms assigns each task a static priority, so that all jobs of a task have the same
priority. These algorithms are often shortly called Fixed Priority (FP), omitting to explicitly refer to
task priorities. Priorities can be assigned in many different ways. Popular assignment are, for
example, Rate Monotonic (RM), assigning priorities inversely proportional to task periods, and
1

Note that periodic and sporadic task systems define a period or minimum inter-arrival time,
which can be seen as information on future releases. Nevertheless, the schedulers that use such
information, as well as information on the worst-case execution times, are still conventionally
classified as on-line schedulers.
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Deadline Monotonic (DM), that assigns priorities inversely proportional to the relative deadlines.
Both these priority assignments are optimal for sporadic and synchronous periodic uniprocessor
systems with, respectively, implicit and constrained deadlines, meaning that if a sporadic or
synchronous periodic task system can be scheduled with FP on a single processor, then it can also
be scheduled using RM (for implicit deadlines) [LL73] or DM (for constrained deadlines) [LW82].
For multiprocessor systems, things are much more complicated: RM and DM are no more optimal
and can fail even at very low utilizations (arbitrarily close to one) [DL78]. There are however hybrid
priority assignment, like Rate Monotonic with Utilization Separation (RM-US) and Deadline
Monotonic with Density Separation (DM-DS) [BCL05], that obtain much better scheduling
performances by assigning highest priorities to the heaviest tasks (above a given threshold) and
scheduling the remaining ones with RM or DM.
The static priority class of algorithm has some particularly desired feature: systems scheduled with
static priority algorithms are rather easy to implement and to analyse; they allow reducing the
response time of more critical tasks by increasing their priorities; they have a limited number of
preemptions (and therefore migrations), bounded by the number of jobs activations in a given
interval; they allow selectively refining the scheduling of the system by simply modifying the
priority assignment, without needing to change the core of the scheduling algorithm (a much
more critical component).

3.6.2 Fixed job-priority scheduling algorithms.
This class allows changing the priority of a task, but only at job boundaries, i.e., every job has a
fixed priority. In uniprocessor systems, this increased flexibility in the management of priorities
allows significant improvements of the scheduling performances: it has been proved that the
Earliest Deadline First scheduling algorithm (EDF) — that schedules at each time-instant the ready
job with the earliest absolute deadline — is an optimal scheduling algorithm for scheduling
arbitrary collections of job on a single processor [LL73, Der74]. Therefore, if it is possible to
schedule a set of jobs such that all deadlines are met, then the same collection of jobs can be
succesfully scheduled by EDF as well. Unfortunately, this optimality does not hold for
multiprocessors due to
Dhall’s effect [DL78]. There are EDF-based hybrid algorithms that overcome the schedulability
penalties associated to Dhall’s effect, scheduling some task with static priority and some other
with EDF. Algorithm EDF-US (Earliest Deadline First with Utilization Separation) [SB02] gives
highest (static) priority to the tasks having utilization higher than a given threshold, and schedules
the remaining ones with EDF; algorithm EDF-DS (Earliest Deadline First with Density Separation) is
an alternative version that uses the densities instead of the utilizations and is more indicated for
constrained deadline task systems. Algorithm fpEDF [Bar04b] assigns highest priorities to the first
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(m−1) tasks having utilization greater than a half, and schedules the remaining ones with EDF.
Algorithm EDFk [GFB01] assigns highest priority to the k heaviest tasks, scheduling again the
remaining ones with EDF; for constrained deadlines systems, a better approach seems to be
ordering tasks according to their densities instead of utilizations.
The benefits of using a fixed job-priority algorithm is in the relative simplicity of the scheduler
implementation, as well as in the bounded number of preemptions and migrations. Since a task
can change priority only at job boundaries, the number of preemptions in a fixed time-interval is
bounded by the number of job activations in the same interval. This characteristic is common to
both static priority and fixed job-priority scheduling algorithms, which are often also called
priority-driven schedulers.

3.6.3 Dynamic job-priority scheduling algorithms.
These algorithms remove the restriction on the fixed priorities of the jobs, allowing the priority of
a job to change at any time. These algorithms are not so popular for single processor applications,
since usually a simpler priority-driven scheduler is preferred. For example, the optimality of EDF
allows obtaining the best schedulability performances, with an easier implementation and a lower
number of context switches than with a dynamic job-priority scheduler. Nevertheless, changing
the priority of a job during execution turns out to be much more useful in the multiprocessor case,
overcoming Dhall’s effect and increasing substantially the number of schedulable task sets.
The Pfair class of algorithms is known to be optimal for scheduling periodic and sporadic real-time
tasks with migration when deadlines are equal to periods [BCPV96, AS00], with a schedulable
utilization equal to the number of processors. Such algorithms are based on the concept of
quantum (or slot): the time line is divided into equal-size intervals called quanta, and at each
quantum the scheduler allocates tasks to processors. A disadvantage of this approach is that all
processors need to synchronize at quantum boundaries, when the scheduling decision is taken.
Moreover, if the quantum is small, the overhead in terms of number of context switches and
migrations may be too high. Solutions to mitigate this problem have been proposed in the
literature [HA05]; however, the complexity of the implementation increases significantly.
More recently, other dynamic job-priority algorithms have been proposed to achieve optimal
schedulability performances, at a lower preemption cost: BF [ZMM03], LLREF [CRJ06], EKG [AT06],
E-TNPA [FKY08], LRE-TL [FN09], DP-fair [LFSPB10], BF^2 [FNGMN10, NSGZNG14], RUN [RLMLB11],
U-EDF [NBNGM12]. Note that optimality refers only to a very restricted task model, namely
sequential sporadic tasks with implicit deadlines. When task may have deadlines different from
periods the problem requires clairvoyance [FGB10].
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An interesting algorithm that has the same worst-case number of preemptions of EDF, but much
better (even if not optimal) scheduling performances for multiprocessor systems is EDF with zero
laxity (EDZL) [LE92]. Algorithm EDZL adds one additional rule to EDF: whenever a job reaches zero
laxity, it is scheduled for execution even if there are other jobs with an earlier deadline waiting for
execution.
One last algorithm that is worth mentioning is the Generalized Processor Sharing (GPS) server
[PG93], which has been initially developed for packet scheduling, but can be easily adapted to
multiprocessor real-time systems. It serves all active tasks simultaneously, assigning each one of
them a processor share proportional to its utilization. The GPS scheduler is an optimal algorithm
for implicit deadline multiprocessor systems, but cannot be implemented on real devices, since it
is impossible to arbitrarily divide the processing resources among all requests. Anyway, it is a good
reference model for more practical scheduling algorithms, because of its perfectly fair allocation of
the available bandwidth.

Report

Version 0.1

Page 22/38

P-SOCRATES
FP7-ICT-611016

Report_title

4 Schedulability problem
As mentioned in the previous section, the schedulability problem for multi-core real-time system
is often difficult to solve. Schedulability conditions can be distinguished among:
• Necessary test if all schedulable task sets pass the test;
• Sufficient test if passing the test implies the schedulability of the task set;
• Exact test: a tests that is both necessary and sufficient.
Exact results are available only for restricted task models and algorithms. We hereafter provide a
brief summary of the state-of-the-art, with particular relation to schedulability tests that are of
interest to the project.

4.1 Performance metrics
To characterize the performance of a scheduling algorithm or a schedulability test, different
metrics have been proposed to characterize the distance from an optimal solution. Such a distance
may be due to the non-optimal performance of the scheduling algorithm or to the schedulability
test being only sufficient.

4.1.1 Utilization-based metrics
For implicit deadline systems, the performance of a given scheduling algorithm can be
characterized by computing its schedulable utilization, i.e., the minimum utilization among the
task sets that are not schedulable according to the algorithm, so that if a task set has a utilization
below the given bound, it is deemed schedulable with the considered algorithm. For implicit
deadline systems, a necessary and sufficient feasibility condition is given by checking whether the
task set utilization is lower than or equal to the number of processors. Therefore, the schedulable
utilization of a given scheduling algorithm represents a meaningful measure of the distance from a
theoretically optimal solution. The lower the schedulable utilization with respect to the number of
processors, the worse the algorithm performance.
For constrained and arbitrary deadline tasks, for which deadlines may differ from periods, the
schedulable utilization is no longer a meaningful metric, as there are task sets that are not feasible
even with utilization close to zero. Density-based bounds are used instead, where a task density is
defined as the ratio between the task worst-case execution time and the deadline (or the
minimum between the deadline and the period, in the arbitrary deadline case). A sufficient
feasibility test can be derived checking whether the density of a task set is smaller than or equal to
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the number of processors. However, density does not allow properly characterizing the distance
from an optimal solution, as there are task sets with density tending to infinity, that can be
feasibly scheduled even on a single processor system.

4.1.2 Load-based metrics
For constrained and arbitrary deadline systems, load-based metrics appear more suitable to
characterize the performance of a scheduling algorithm, at least on a single processor setting. The
load of a real-time task set is defined as the maximum cumulative execution requirement of the
task set in any interval, normalized by the interval length. In other words, the load measures the
ratio between the maximum execution demand of jobs that have arrival times and deadlines
within an interval, over the execution time available in the considered interval, taking the
maximum over all possible intervals. For a single processor system, a necessary and sufficient
feasibility condition can be derived by checking whether the load of a task set is smaller than or
equal to one. The corresponding test for multiprocessor systems, i.e., checking if the load does not
exceed the number of processors, is however only a necessary condition. In fact, it is possible to
find task sets with a load arbitrarily close to one that cannot be feasibly scheduled on a
multiprocessor platform.

4.1.3 Processor speed-up factor
Another metric that can be used to characterize the performance of a schedulability test is the
processor speedup factor (also known as resource augmentation bound). This is a lower bound on
the speedup factor s that guarantees that each feasible task set on a platform composed of
identical processors will pass the considered schedulability test on a platform in which each
processor is s times as fast. In other words, this means that if the schedulability tests fails, the task
set cannot be scheduled with any algorithm on a platform which is at most 1/s times as fast.
Note that the resource augmentation bound “measures” the distance in terms of processor speed
from an ideal scheduler. However, such an ideal scheduler may be impossible to implement in
practice. This is for instance the case with constrained deadline sporadic task systems scheduled
upon an identical multi-core platform: an optimal scheduler for these systems would need to be
clairvoyant [FGB10], something that cannot be implemented in practice.

4.1.4 Capacity augmentation bounds
A somewhat similar way to characterize scheduling performance is using capacity augmentation
bounds. A scheduler is said to provide a capacity augmentation bound c if it can schedule any task
set having a total utilization m/c, and the worst-case critical-path length of each task (execution
time of the task on an infinite number of processors) is at most 1/c of its deadline.
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The capacity augmentation bound provides more information than a resource augmentation
bound (so that a capacity augmentation bound implies an identical processor speed-up bound),
and allows deriving a simple schedulability test.

4.1.5 Experimental characterization
A widely adopted method to characterize the performance of a schedulability test is to run
experiments using randomly generated sets of tasks. The various tests are then compared in terms
of number of generated task sets that are deemed schedulable by each algorithm. In order for the
experimental characterization to be meaningful, the task generation method should not be biased
in favour of one test or the other, selecting different task distributions to properly highlight the
behaviour of the algorithms in each possible scenario.
Typical parameters that are varied among different simulation runs are
• Number of tasks
• Distribution of task utilizations
• Task periods and deadlines
• Number of task segments
• Degree of parallelism of task segments
Unfortunately, it is often impossible to compare the performance of a given schedulability test
with that of an exact test, since the few existing exact tests for global scheduling algorithms have a
significant complexity that limits their applicability to very limited sets, with small values for the
task parameters. An alternative is to compare sufficient tests with simple necessary conditions,
evaluating the difference between the number of task sets deemed schedulable by the sufficient
test and those not deemed unschedulable by the necessary condition. The larger the gap, the less
precise the analysis.

4.2 Partitioned algorithms
The schedulability analysis for partitioned approaches is much simpler than it is for global
schedulers, since, after the static partitioning step, it reduces to a single-processor schedulability
problem. We hereafter mention the main results in the single-processor case for independent
tasks with no precedence constraints:
• EDF is optimal for scheduling generic sets of jobs (including on-line arrivals, periodic tasks,
sporadic tasks, etc.) [Der74].
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•
•
•

•

EDF is able to schedule all implicit deadline periodic or sporadic task sets with utilization
not exceeding 1 [LL73]. Exact schedulability analyses for EDF with constrained and arbitrary
deadline tasks are available with pseudo-polynomial time [BMR90].
RM is an optimal fixed priority assignment for synchronous periodic or sporadic tasks with
implicit deadlines [LL73].
DM is an optimal fixed priority assignment for synchronous periodic or sporadic tasks with
constrained deadlines [LW82].
DM and RM are not optimal for arbitrary deadline systems, or when periodic tasks are
released with a given offset. Instead, Audsley’s priority assignment is optimal in these cases
[Aud01].
Exact schedulability analysis for FP systems are available with pseudo-polynomial
complexity, based on the response-time analysis [ABR+93].

Unfortunately, the problem of partitioning a set of tasks to a set of processors is NP-hard in the
strong sense [GJ79], so that sub-optimal heuristics are typically used, like First Fit, Best Fit, Worst
Fit, etc.
A known lower bound on the achievable utilization with a partitioned scheduler is given by
(m+1)/2 , and is easily derived considering a situation in which there are m+1 identical tasks, each
one having a worst-case execution time slightly larger than half its period. In this case, there is no
possible partitioning of the tasks on the m available processors (as the maximum schedulable
utilization of a single processor is 1). There are partitioning algorithms that are able to achieve the
above bound for fixed priority systems [AB03].
For EDF-based partitioned systems, the best possible utilization bound that can be achieved is
given by (x/m+1)/(x+1), where x is the floor of 1/Umax , being Umax the maximum utilization among
all tasks. Allocation policies that are able to achieve such a bound are Best Fit and First Fit [LDG04].

4.3 Global algorithms
The schedulability analysis for global algorithms is much more complicated. The problem is that no
worst-case task release pattern is known in this case, since the synchronous arrival of all tasks with
jobs released as soon as possible is proven not to be a critical instant when more than one
processor is used (even though it is a critical instant on a single processor platform).
Different necessary conditions are known in the global case, such as:
• Total utilization less than or equal to the number of processor;
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Maximum total task load (maximum execution request in a given time-interval over the
time interval itself) less than or equal to the number of processor [FB07,FB08];
Total force-forward load (a refinement of the above defined load) less than or equal to the
number of processor [BC06a].

Various sufficient schedulability tests are also available for fixed-priority and EDF-based global
schedulers. Due to the complexity and variety of these tests, a detailed description is here
omitted. A survey on existing EDF schedulability tests is available in [BB11]. The corresponding
extensions for FP are often straightforward. Notably, the schedulability analysis for FP systems is
much tighter than that for EDF-based systems, owing to the possibility of limiting the interfering
contributions to the higher priority tasks only (instead of all tasks, which is the case for EDF).
The best performing schedulability tests are based on response-time analysis techniques [BC07b],
upper bounding the interfering contributions by considering the densest possible packing of jobs
in a window of interest. However, there is still a large gap between such sufficient schedulability
tests and an exact test. The few existing exact tests available in the literature can only be applied
to very limited task sets, with small values for the task parameters.
Among hybrid priority schedulers, algorithm fpEDF is able to guarantee a schedulable utilization of
(m+1)/2 assigning highest priority to tasks having a utilization higher than ½ and scheduling the
remaining ones with EDF [SB02]. Among fixed priority schedulers, algorithm RM-US[1/3]
guarantees a schedulable utilization of (m+1)/3 assigning highest priority to tasks having a
utilization higher than 1/3 and scheduling the remaining ones with RM.
The analysis for clustered schedulers reduces to the global analysis, plus a partitioning stage. In
general, to perform a sound, quantitative comparison, in terms of generated overhead on a real
systems, the actual overhead generated by each solution should be measured. An empirical
comparison of global, partitioned, and clustered multiprocessor real-time schedulers is provided in
[BBA10], where it is shown that global EDF is the most effective solution with up to 8 processors,
whereas partitioning becomes more effective with a higher number of processors.
Finally, only few works address the schedulability analysis of globally scheduled parallel task
models, like the fork/join model, synchronous parallel task model, and DAG-based model. The
tighter empirical results seem to be again given by response-time analysis based techniques
[CLPES13]. Other works are concerned with theoretical speed-up augmentation bounds and
capacity augmentation bounds, which, however, provide weaker results in terms of schedulable
task sets detected among randomly generated workloads [LKR10, SALG11, BBMSW12, NBGM12,
AN12, LALG13, BMSW13].
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4.4 Tardiness bounds
Another scheduling problem on which the real-time community has focused is instead related to
soft real-time (SRT) tasks, i.e., tasks whose deadlines may be missed without compromising the
correctness of the applications they represent, provided that some quality-of-service requirement
is still met. One such requirement is that job tardiness be not higher than some applicationspecific threshold, where tardiness is defined as the maximum between 0 and the difference
between job deadlines and completion times. For example, this guarantee may allow typical SRT
applications, such as video players, to perfectly conceal deadline misses through buffering.
This problem is in fact the following SRT problem: “is it possible to guarantee a bounded tardiness
on a multiprocessor platform?”. This problem can be generalized as: “is it possible to guarantee
bounded job-completion (response) times?”. This thread of research basically starts with [DA05],
where global EDF is proved to guarantee bounded tardiness with implicit deadline task sets, under
the only constraint that the utilization of each task and the total utilization of the task set do not
exceed, respectively, one and the capacity of the platform.
Another technique for computing tighter worst-case tardiness bounds for implicit-deadline tasks
has been proposed in [EDB10], based on compliant-vector analysis (CVA). Such bounds have then
been generalized for task sets with arbitrary deadlines in [EGB10]. Other tardiness bounds have
been provided for different EDF-like scheduling algorithms [LA07,EA12].
The tardiness and lateness bounds mentioned so far are all computed assuming worst-case job
execution times. This is unfortunately a serious issue, because, as the number of processors
increases, worst-case execution times can become orders of magnitude higher than average ones.
This problem becomes particularly relevant on many-core platforms. In this respect, timing
analysis tool are unfortunately not yet able to provide reasonably tight upper bounds on execution
times on multiprocessors.

4.5 Memory-aware scheduling
The task models analysed in the previous sections made the implicit assumption that all the
overhead due to the concurrent access to the shared memory be already included in the worstcase execution times of the tasks. However, such an assumption may be too pessimistic, leaving
wide room for improving the system performance.
More precisely, the memory access latency can be divided into two main categories:
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physical access delay: representing the required time to physically retrieve the data from
memory, considering the actual task running in isolation;
memory contention: modelling the time during which a task is suspended as the memory is
used by another task or device.

Note that hard-coded bus arbitration policies do not consider task priorities for the memory
accesses, meaning that if a low priority task commands the DMA to copy a wide memory area
from a location to another, higher priority tasks which need to query the memory will have to wait
for a long time.
Memory-aware scheduling techniques have been proposed to optimize memory accesses in order
to reduce the related latency which may affect the real-time feasibility of the system. Yun et al.
[YYP+13] introduced MemGuard, a framework which aims at guaranteeing memory performance
isolation similarly to what happens for CPUs. More precisely, performance isolation means that
the average memory access latency of a task is no longer than when the task runs on a dedicated
memory system. Such a property is achieved by assigning a fraction of bandwidth to each core.
Any time a core communicates with the memory, its budget is decreased accordingly and, when
the budget is exhausted, memory requests are delayed until next period, when the budget is
refilled.
Pellizzoni et al. [PBCS08] studied the impact of the peripherals on the task execution times and
provided a solution for preserving real-time feasibility. More precisely, they empirically tested that
peripherals with heavy I/O load increase the overall memory access latency, making jobs last even
44% longer. First, a hardware referee is introduced to regulate the device access to the bus. Then,
a WCET analysis is introduced to split the code into a sequence of atomic computational chunks.
At runtime, when the running chunk terminates, if the difference between its worst-case length
and the actual duration is not shorter than the maximum delay introduced from the device, then
the slack time is granted to the latter. In other words, all the devices are seen as an additional
best-effort task which runs when there are no pending real-time jobs.
Bak et al. [BYPC12] investigated through exhaustive simulations which memory-aware scheduling
policy works better when PREM compliant tasks are involved. The PREM (PRedictable Execution
Model) model considers tasks whose execution is explicitly divided into a retrieving phase which
copy data from the main memory into the cache and an execution phase which runs computation
using previously-cached data. Two opposite classes of algorithms are considered: TDMA-based
and Prioritized memory schedulers. The first approach allows cores to access the main memory
only during predefined periodic slots, according to a TDMA fashion, in order to provide core
isolation. Moreover, tasks in memory phase are promoted rather than those in computation
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phase. The other approach lets the running tasks compete for the use of memory at any time and,
if the access is denied, they are suspended and queued. Whenever the actual memory access
terminates, a global arbiter grants the memory to one of the pending jobs according to a
predefined policy (FIFO, EDF, shortest-memory phase first and an approximated least-laxity first).
The algorithm which guarantees the highest schedulability rate is M-LAX which exploits EDF for
scheduling the tasks on each core, while promoting memory phases rather than CPU computation,
and the bus arbiter grants the memory access according to the least laxity heuristic (the shorter
the task slack time, the higher its priority).
In [PSCCT10] the worst-case interference due to simultaneous accesses to the main memory on
multicore systems is studied. The workload is executed periodically and each program is divided
into a set of superblocks (containing condition and loop statements internally) which are executed
sequentially. Tasks running on the same core are scheduled according to fixed time slots and the
cache is invalidated when a slot starts. Given a task partition, the algorithm starts computing, for
each processing unit, the upper bound of the amount of memory traffic generated by the assigned
workload. Then, for each task the longest delay is computed while considering the interference
due to the tasks on the other cores and the peripherals.
Kim et al. [KNAKMR14] presented an analysis for tightly bounding the memory interference delay
in multicore systems. The model takes into account a DDR3 SDRAM main memory with
shared/private banks, while the memory controller implements the First-Ready First-Come FirstServe (FR-FCFS) policy. The analysis starts considering the required time to retrieve data in
memory when the core shares or not the memory bank with other cores. Then, the interference
due to concurrent memory accesses related to other tasks running on other cores is considered.
Finally, such overheads are combined to provide an overall latency upper bound which is included
in the classical response time analysis.
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5 Requirements from other WPs
The requirements of WP3 from the other workpackages are hereafter detailed.

5.1 Application timing requirements (WP1)
For all three application scenarios, the timing requirements have to be properly characterized. This
includes workload-based performance metrics, such as the average and worst-case amount of
computing workload that needs to be processed in a given amount of time, as well as real-time
requirements, such as application deadlines and desired response-times.

5.2 Programming model (WP2)
In order to comply with the task model adopted in the scheduling and schedulability analysis
(malleable synchronous parallel task model), the programming model should allow easily deriving
the real-time task structure 2. Precedence constraints among different task segments should be
properly modelled. The parallel structure of each segment has to be well characterized in terms of
number of parallel regions and degree of allowed parallelism. The recurring behaviour of each task
has to be modelled through a period or minimum inter-arrival time. Also, the timing requirements
of each task have to be characterized by specifying a relative deadline.

5.3 Timing analysis and platform characterization (WP4 and WP6)
The timing analysis should be able to provide an efficient characterization of the worst-case
execution time of each task segment when executed in isolation. Also, an accurate analysis should
be made of all sources of overhead in the considered platform, i.e., memory access time (at all
memory levels), inter- and intra-cluster communication, bus contention, hard-coded arbitration of
buses and NoC connections, cache misses, pre-emption and migration overhead.
A proper characterization of the system will allow selecting the most suitable scheduling algorithm
to improve the predictability, lending the system to an efficient and tight schedulability analysis.

2

Note that the term task here refers to the real-time notion of tasks (a recurring process with a
given deadline), and not to the notion adopted in the HPC community (e.g., OpenMP task).
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5.4 Operating System (WP5)
The impact of preemptions and migrations on the system overhead has to be properly
characterized and measured. In order to design the most suitable scheduling algorithms for the
adopted platform, it is necessary to know how scheduling decisions affect the overall system
overhead. The decision on where to store the context of the pre-empted threads will be taken in
close collaboration with WP5, in order to limit as much as possible the context-switch overhead.
Also, hybrid techniques like limited preemptive approaches may be considered to limit both the
schedulability and the pre-emption overhead. In order to select the most suitable technique, it is
necessary to know which possible implementations are allowed by the OS to enable/restrict
preemptions. Also, the decision on the migration model to implement will be taken in close
collaboration with WP5.
Another input needed from WP5 is related to the policies to adopt for arbitrating the access to
mutually exclusive shared resources. Depending on the adopted policy, particular synchronization
mechanisms, thread queues and blocking primitives may be needed. Moreover, the project will
also evaluate novel techniques to schedule not only threads to cores, but also memory accesses to
bring instructions and data to the local memory of each core. A co-scheduling approach of core
computations and DMA accesses will be implemented on the considered platform. In order to do
this, a detailed study will be conducted along with WP5 to evaluate the most suitable option to
coordinate and enforce the scheduling decisions among the various cores and DMAs.
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