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Abstract. The next release of the Ada language, Ada 2012, will proba-
bly incorporate explicit support for multiprocessor execution platforms.
However, the implementation of multiprocessor scheduling approaches
over the low-level abstractions offered by Ada forces the programmer
to reconstruct complex task templates and algorithms in each new sys-
tem. This work proposes to extend the previous Real-Time Utilities by
Wellings and Burns to support multiprocessor platforms and to complete
the framework with a code generation tool that translates the scheduling
analysis reports into the real-time applications code.
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1 Introduction

Real-Time and embedded systems are becoming more complex, and multiproces-
sor/multicore systems are becoming a common execution platform in these areas.
Although schedulability analysis techniques for real-time applications executing
over multiprocessor platforms are still not mature, some feasible scheduling ap-
proaches are emerging. However, to apply these techniques a flexible support at
kernel and user-space level is needed. The forthcoming release of Ada 2012 is
expected to offer explicit support for multiprocessor platforms through a com-
prehensive set of programming mechanisms [1].

However, the complexity of current real-time systems not only requires pow-
erful execution platforms, but also support for different levels of criticality. This
situation gives rise to heterogeneous system workloads that mix hard, soft and
non real-time tasks. These tasks need to manage different kind of situations
as deadline misses, termination of optional parts, control of CPU budgets, etc.
Although Ada 2012 will provide powerful mechanisms to implement different
multiprocessor scheduling approaches at application level [2,3], the offered ab-
stractions to cope with these new requirements are still low level ones. Under this
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situation, Wellings and Burns argued in their work [4] that there is a need for
a standardized library of real-time utilities that address common real-time prob-
lems. With the introduction of multiprocessor support and the related scheduling
mechanisms, the need for a real-time standardized library avoiding the program-
mer to reconstruct the same algorithms and task templates on each system is
exacerbated.

The main goal of this work is to make a step forward in this direction and to
extend the Real-Time Utilities proposed in [4] to support the new requirements
that arise in multiprocessor platforms. However, complex multiprocessor systems
normally require complex analysis techniques. The results of this analysis, i.e.
the real-time analysis report, will contain the scheduling attributes for each task
in the system. These scheduling attributes could be composed by multiple task
priorities, relative deadlines, release offsets and task processor migrations at
specified times. Additionally, the programmer may want to handle some special
events, e.g. deadline misses and execution time overruns. To translate this set of
attributes into the real-time application code is an error-prone process. This work
proposes to use a specific development tool that will generate the scheduling task
behavior and initialization code on top of the new Real-Time Utilities, leaving
the functional task behavior to the system programmer.

The rest of this paper is organized as follows. In section 2, the system load
the new framework will support is presented. Section 3 briefly describes some
multiprocessor scheduling approaches and their implementation feasibility at
application-level. Section 4 outlines the previous proposal of a real-time support
library and the new requirements imposed by the multiprocessor scheduling ap-
proaches. Then, section 5 presents the new components of the multiprocessor
real-time framework. Finally, the code generation framework and the work con-
clusions are drawn in sections 6 and 7.

2 System Load Model

A real-time system is composed of a set of tasks that concurrently collaborate to
achieve a common goal. Each real-time task can be viewed as an infinite sequence
of job executions. Depending on the activation mechanism used to release each
job the tasks are classified into aperiodic and sporadic tasks, if their jobs are
released by asynchronous events such as an external interrupt from a physical
device, or periodic tasks, if their jobs are released by equally spaced internal
clock events.

Typically, a job performs its work in a single step without suspending itself
during the execution, and therefore, a task is suspended only at the end of
a job execution to wait for the next activation event. However, some kind of
jobs organize the code as a sequence of well-differentiated steps that can be
temporally spaced to achieve a given system goal. An example of such tasks is
a real-time control task following the IMF model [5], that are divided into three
steps or parts: an Initial part for data sampling, a Mandatory part for algorithm
computation and a Final part to deliver actuation information. Although these
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steps usually share the job activation mechanism, different release offsets and
priorities can be used for each step to achieve input/output jitter reduction
during sampling and actuation steps.

These job steps constitute the code units where the programmer of the real-
time system will implement the behavior of each task. However, as pointed out
in [4], complex real-time system could be composed by tasks that need to detect
deadline misses, execution time overruns, minimum inter-arrival violations, etc.
The system behavior when these situations are detected is task-specific and it
has to be implemented in different code units in the form of task control handlers.
An example of this task-specific behavior could be a real-time control task with
optional parts. These optional steps or subtasks could help to improve control
performance, but they have to be cancelled if a certain deadline is missed in
order to send the control action in time.

When and where a given code unit is executed is determined by the scheduler
of the underlying operating system. This scheduler will use a set of scheduling
attributes to determine which job is executed and, specially in multiprocessor
platforms, which CPU will use to execute it. Some of the scheduling attributes a
real-time scheduler could use are: a release offset after the job activation, the job
priority, its relative deadline, the CPU affinity information, different execution
times of the job, etc.

In a complex multiprocessor system, each job step can have a different set of
scheduling attributes that could change during its execution depending on the
scheduling approach used to ensure the correct execution of the whole system.
The next section presents some of these scheduling approaches that can be used
to schedule real-time tasks in multiprocessor platforms.

3 Multiprocessor Scheduling Approaches

In order to achieve a predictable schedule of a set of real-time tasks in a multipro-
cessor platform several approaches can be applied. Based on the capability of a
task to migrate from one processor to another, the scheduling approach can be:

Global scheduling. All tasks can be executed on any processor and after a
preemption the current job can be resumed in a different processor.

If the scheduling decisions are performed online, in a multiprocessor platform
with M CPUs, the M active jobs with the highest priorities are the ones selected
for execution. To ensure that online decisions will fulfil the real-time constraints
of the system tasks, different off-line schedulability tests can be performed [6,7].
If the scheduling decisions are computed off-line, releases times, preemption in-
stants and processors where tasks have to be executed are stored in a static
scheduling plan.

Job partitioning. Each job activation of a given task can be executed on a
different processor, but a given job cannot migrate during its execution.

The processor where each job is executed can be decided by an online global
dispatcher upon the job activation, or it can be determined off-line by a



A Real-Time Framework for Multiprocessor Platforms Using Ada 2012 49

scheduling analysis tool and stored in a processor plan for each task. The job
execution order on each processor is determined online by its own scheduler using
the scheduling attributes of each job.

Task partitioning. All job activations of a given task have to be executed in
the same processor. No job migration is allowed.

The processor where a task is executed is part of the task’s scheduling at-
tributes. As in the previous approach, the order in which each job is executed
on each processor is determined online by the scheduler of that processor.

In addition to these basic approaches, new techniques that mix task parti-
tioning with task that migrate from one processor to another at specified times
are already available in the literature. In this approach, known as task splitting,
some works suggest to perform the processor migration of the split task at a
given time after each job release [8] or when the job has performed a certain
amount of execution [9]. It is worth noting that this approach normally requires
the information about the processor migration instant to be somehow coded into
the task behavior.

In the case that a task is composed by multiple job steps, specific scheduling
analysis tools usually decompose these steps as different real-time subtasks [5,10].
These subtasks share the same release mechanism, typically a periodic one, and
separate each job execution using a given release offset. Figure 1 depicts this
decomposition of a control task. The rest of the scheduling attributes of these
new tasks are established according to a given goal, e.g., to improve the overall
control performance by means of input and output jitter reduction. Once the task
steps are separated into different tasks, the multiprocessor scheduling approaches
shown above can be combined with the control specific ones.
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Fig. 1. Decomposition of a task with multiple job steps

Although schedulability analysis techniques that ensure the timeliness exe-
cution of the task set are not mature enough for all the scheduling approaches
presented above, to offer a flexible support to easily apply the most established
ones is part of the goals of this work. The next section analyzes the required
functionalities a library of Real-Time Utilities has to provide to help in the
applicability of these approaches and proposes a redesigned Real-Time Frame-
work that helps to implement complex real-time systems over multiprocessor
platforms.
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4 New Design of Real-Time Utilities

This section analyses the current proposal of a library of Real-Time Utilities and
revise the needed requirements to support the existing multiprocessor schedul-
ing approaches presented above. This work proposes to redesign the framework
presented by Wellings and Burns [4] to cope with these new requirements.

4.1 Previous Proposal of the Real-Time Utilities

The Real-Time Utilities proposed by Wellings and Burns offer a set of high-
level abstractions that allow the Ada 2005 programmer to build real-time task
with different release mechanisms (periodic, aperiodic and sporadic) and with
different ways to manage deadline miss and execution time overrun events.

This framework organizes the support for building complex real-time systems
around four kind of components:

Task State. This component encapsulates the main code units of a real-time
task: initialization, the code to be executed on each release of a task job and
specific handlers for deadline miss and execution time overrun events. Ex-
tending this component the programmer can easily build the tasks that com-
pound the system. The task state also maintains the scheduling attributes
for that task.

Release Mechanisms. This set of components provides different mechanisms
to control the activation of each system task: periodic, sporadic and ape-
riodic tasks. However, release mechanism components also implement the
support for deadline miss and execution time overrun detection and noti-
fication. As the detection and notification of these events are optional and
orthogonal also with respect to the kind of release mechanism used, this
gives rise to four different classes per release mechanism (2 number of events ×
number of release mechanisms). As the implementation of multiprocessor
scheduling approaches explained in section 3 could require an increased num-
ber of events to be managed by the task code, this solution seems to be
inadequate.

Real-Time Task. This kind of components implements the main structure of a
real-time task, integrating the task state and its corresponding release mech-
anism. Different task templates provide support to immediately terminate a
task on the occurrence of a given event. Once again, as the number of task
templates depends on the number of termination events (2 number of events),
this approach does not scale properly in relation to the number of such
events1.

Execution Servers. This component allows to manage group of tasks ensuring
that a certain proportion of CPU time is not exceeded. As new Ada 2012
will tie group budgets to a single processor [11], this work is not going to
consider this kind of components.

1 Although not present in the original framework, a notifycation mechanism intro-
duced in a later version allows to mitigate this drawback.
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Although these components provide a useful set of high-level abstractions to
implement real-time systems, they can be inadequate to implement multiproces-
sor scheduling techniques. As introduced above, scalability problems will arise
if the number of events that could be managed by a given task is increased,
as the number of types required to implement each release mechanism has an
exponential relation with the number of events. Currently only deadline miss
and execution time overrun events are managed, but the introduction of a new
event will require to double the number of supporting types.

It is also important to remark that the current class hierarchy of the Real-
Time Utilities is not compatible with the code generator framework proposed
in this work. For example, Listing 1 shows how the periodic release mechanism
M and the real-time task T have to be declared after the programmer defines
and declares the final task state P. With this code structure, a code generation
tool only can set up the scheduling attributes of a task in its Initialize proce-
dure, and therefore, it has to provide a task-specific Periodic Task State with this
procedure already implemented. When the programmer extends this new task
state type to implement the task behavior its initialization code will collide with
the one provided by the code generation tool. Although a possible solution to
this problem could be to provide an additional Setup procedure to allocate the
initialization generated code, this work proposes bellow a complete separation
of scheduling and behavior task code.

Listing 1. A simple example of a periodic task using the Real-Time Utilities

−− with and use clauses omitted
package Periodic Test is

type My State is new Periodic Task State with
record

I : Integer ;
end record;

procedure Initialize(S: in out My State);
procedure Code (S: in out My State);

P : aliased My State;
M : aliased Periodic Release(P’Access);
T : Simple Real Time Task(P’Access, M’Access, 3);

end Periodic Test;

4.2 Real-Time Multiprocessor Requirements

Real-Time multiprocessor scheduling techniques presented in section 3, such
global scheduling, have some implementation requirements that have to be pro-
vided by the underlying Real-Time Operating System or be implemented at
user level be means of some kind of Application Defined Scheduler [12], that
also requires some support from the RTOS. However, the rest of the scheduling
approaches, i.e. task partitioning, job partitioning and task splitting can be im-
plemented using the low-level constructions that will be probably available in
Ada 2012. This new support at language level has already been used in several
works to show these multiprocessor scheduling techniques can be feasibly im-
plemented [3,2,13]. This section presents the requirements the new framework
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has to fulfill to allow the implementation of the techniques with a new set of
high-level abstractions.

Previous sections have presented a task model and a set of scheduling scenarios
where a task could require:

– To establish its scheduling attributes, including the CPU where each job will
be executed. These scheduling attributes can be set at the task initialization
to support task partitioning, they can be dynamically changed at the begin-
ning of each job to provide job partitioning support or after a given amount
of system or CPU time has elapsed to provide support for some of the task
splitting techniques.

– To program and to be notified about the occurrence of a wide set of runtime
events. These events could include: deadline misses, execution time overruns,
mode changes, timed events using system or CPU clocks to inform about a
programed task migration, etc. Some of these events could also terminate
the current task job.

– To specify task release delays or offsets in order to support the decomposition
of tasks with multiple steps into several subtasks.

To support these requirements a new set of components are proposed in the
following section.

5 New Framework Components

Taking into account the behavioral and scalability requirements that will be de-
sirable in a library of Real-Time Utilities to support multiprocessor platforms
and automatic code generation, the original components presented in section 4.1
have been split in: Real-Time Task State, Real-Time Task Sched, Control Mech-
anisms, Release Mechanisms and Real-Time Tasks. Figure 2 shows dependencies
among new packages. The details are discussed in the next sections.

Fig. 2. Structure of new Real-Time Utilities packages
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5.1 Real-Time Task Scheduling and Task State

The original Task State tagged type provides the structure that allows the pro-
grammer to implement the code the real-time task will execute. Along with this
code, the scheduling attributes of the task and the state variables associated
with the real-time task are also allocated in this type or in the extended type
the programmer defines to implement the task behavior.

As the scheduling attributes of a real-time task have been shown as some-
thing that different scheduling approaches can change dynamically during the
task lifespan, it could be interesting to present this concept as an independent
type. This will allow one to fully define the task attributes before the final task
state is defined, to associate scheduling attributes to a task event, or to define
arrays of attributes to implement static scheduling plans or job partitioning
schemes.

Fig. 3. Task related types

On the other hand, some multiprocessor scheduling approaches will require
to implement part of the scheduler behavior in the task code, giving rise to task
templates that depend on the results of the real-time analysis tool. Examples of
these task templates in Ada for task splitting techniques can be found in [3] and
a brief outline of a task using job partitioning in [13]. Since this work proposes
to automatically generate this scheduling task behavior using a properly format-
ted real-time analysis report, it is suggested to encapsulate this code in a new
Task Sched tagged type. Although this conceptual separation of the scheduling
behavior is not strictly necessary, it will prevent the programmer from acciden-
tally overriding the scheduling code. Figure 3 shows the relations among these
new types and Listing 2 sketches their basic operations.

The new tagged type Task Sched will implement the operations to manage
common scheduling situations. Example procedures shown in Listing 2 are in-
tended to support different scheduling behaviors:
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Listing 2. Task tagged types

package Real Time Task Sched is
...
type Task Sched Attributes is new Sched Attributes with private;
−− Get/Set operations omitted
...
type Task Sched is abstract new Sched Interface with private;

procedure Initialize (S : in out Task Sched) is abstract;
procedure Set Attributes (S : in out Task Sched) is null;
procedure Adjust Attributes (S : in out Task Sched) is null;
procedure Mode Change(S: in out Task Sched) is null;
−− Get/Set operations omitted

private
type Task Sched Attributes is new Sched Attributes with

record
Offset : Time Span := Time Span Zero;
Relative Deadline : Time Span := Time Span Last;
Execution Time : Time Span := Time Span Last;
Prio : Priority := Default Priority ;
CPU Affinity : CPU Range := Not A Specific CPU;

end record;
...

end Real Time Task Sched;

– Initialize – this code will be used by the code generation tool to initialize
the task attributes and the task scheduling mechanisms.

– Set Attributes – this code will be used to establish the task attributes to
its original values on each job release after a task split or to establish new
values in the case of job partitioning scheme.

– Adjust Attributes – this code will adjust task attributes during its execu-
tion, e.g., to perform a task split or a dual priority scheme [14].

– Mode Change – this is the code that specifies how the task scheduling at-
tributes are adapted to the new execution mode.

5.2 Real-Time Task Control Mechanisms

Multiprocessor scheduling techniques will require a higher number of events to be
managed by the task code. This work proposes to detach the event management
from the previous version of the release mechanisms, moving this support to
the new package Control Mechanisms. This new package contains two main com-
ponent, Control Objects and Control Events, that will collaborate to implement
the Command design pattern [15]. Control Objects will perform the Invoker
role, that will ask to execute the Command implemented by the Control Event
upon some scheduling event occurs. The Receiver role is played by Task State

or Task Sched types, while the Client role is performed by the initialization
code that creates the event command and sets its receiver. Specialized ver-
sions of Control Objects will enable to trigger scheduling events under different
situations:
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Listing 3. Execution Time Overrun Control Event

...
−− Cost Overrun Event
type Cost Overrun Event (State: Any Task State;

Attrib: Any Task Sched Attributes;
Termination: Boolean) is new

Control Event Using CPU Clock(Termination) with null record;
procedure Dispatch(E: in out Cost Overrun Event);
function Get Event Time(E: in Cost Overrun Event) return CPU Time;

...
−− Cost Overrun Event
procedure Dispatch(E: in out Cost Overrun Event) is
begin

E.State.Overrun;
end Dispatch;

function Get Event Time(E: in Cost Overrun Event) return CPU Time is
begin

return Clock + E.Attrib.Get Execution Time;
end Get Event Time;

– On job release: it will allow the job partitioning scheme to be implemented
by creating a new control event that will execute Set Attributes procedure of
the Task Sched object before a new job is released.

– After a given amount of system time: The use of an Ada Timing Event will
allow a task splitting based on system time to be implemented. Command

Fig. 4. Control Mechanisms
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executed by the control event will invoke the Adjust Attributes procedure of
the Task Sched object.

– After a given amount of CPU time: task splitting based on CPU time
will use Ada Execution Time.Timers to trigger the appropriated event. In
this case, the command executed by the control event will also invokes the
Adjust Attributes procedure after the specified CPU time.

– On job completion: It will allow a task to execute a given procedure to
respond to scheduling events that have deferred their actions until the cur-
rent job completes its execution. This task procedure could change the task
attributes before the next job activation occurs, e.g., the Mode Change pro-
cedure could be used to change the priority and period of a task before
reprogramming its next release event.

Listing 4. Periodic Release Mechanism

1 ...
2 protected type Periodic Release (S: Any Periodic Task Sched) is
3 new Release Mechanism with
4 entry Wait For Next Release;
5 pragma Priority(System.Interrupt Priority’Last);
6 private
7 procedure Release(TE : in out Timing Event);
8 TE : Timing Event;
9 ...

10 end Periodic Release;
11 ...
12 protected body Periodic Release is
13 entry Wait For Next Release when New Release or not Completed is
14 begin
15 if First then −− Release mechanism initialization
16 First := False;
17 Epoch Support.Epoch.Get Start Time (Next);
18 Next := Next + S.Get Period;
19 S.Set Release Time (Next + S.Get Offset);
20 TE.Set CPU (S.Attrib.Get CPU);
21 TE.Set Handler (S.Get Release Time, Release’Access);
22 New Release := False;
23 requeue Periodic Release.Wait For Next Release;
24 elsif New Release then −− Job begin
25 New Release := False;
26 Completed := False;
27 −− Invocation of On Release procedures of Control Objects
28 else −− Job end
29 Completed := True;
30 −− Invocation of On Complete procedures of Control Objects
31 −− TE.Set CPU (S.Attrib.Get CPU); −−> Version with Control Objects
32 Next := Next + S.Get Period;
33 S.Set Release Time (Next + S.Get Offset);
34 TE.Set Handler (S.Get Release Time, Release’Access);
35 requeue Periodic Release.Wait For Next Release;
36 end if;
37 end Wait For Next Release;
38

39 procedure Release (TE : in out Timing Event) is
40 begin
41 New Release := True;
42 −− Set CPU(S.Attrib.Get CPU, T Id); −−> Version with Control Objects
43 end Release;
44 end Periodic Release;
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On the other hand, Control Events only have to implement the Dispatch op-
eration that will execute the corresponding task behavior. Most of the control
events are triggered by a time event and, in this case, they also have to provide
the Get Event Time function to program that time event adequately. Listing 3
shows the implementation of Execution Time Overrun event.

Figure 4 depicts Control Objects and Control Events hierarchy, showing how
Deadline Miss and Execution Time Overrun events along with events to support
task splitting can be mapped into this new mechanism.

Control Object procedures On Release and On Completion, that will be invoked
by the corresponding release mechanism, will allow the task to program the
Timing Event or the Execution Time Timer on job release and to cancel them
on job completion.

5.3 Real-Time Task Release Mechanisms

Once the control mechanisms have been introduced, the release mechanisms
become simpler. Only two kind of protected types are needed per release mech-
anism. The first one, Release Mechanism, remains similar to the previous version
of the Real-Time Utilities with some minor changes to support CPU affinities
and release offsets. Listing 4 shows the definition of Periodic Release.

The second release mechanism, Release Mechanism With Control Objects, is al-
most identical to the former one but invoking On Release and On Completion pro-
cedures of all registered control objects each time a job is released or completed
(marked as commentaries in Listing 4). It also offers the notification operations
Notify Event and Trigger Event to add task termination support. As suggested
in [13], the new Set CPU procedures of Timing Event and Dispatching Domains

are used to avoid unnecessary context switches when a job finishes its execution
in a different CPU than the next job release is going to use, e.g, due to the
application of a job partitioning or task splitting scheme (see lines 31 and 42).

Listing 5. Real-Time Task with Event Termination

task type Real Time Task With Event Termination (
S : Any Task State; C : Any Task Sched;
R : Any Release Mechanism With Control Objects) is

end Real Time Task With Event Termination;
...

task body Real Time Task With Event Termination is
E : Any Control Event;

begin
C. Initialize ; S. Initialize ;
loop

select
R.Notify Event(E);
E.Dispatch;

then abort
R.Wait For Next Release;
S.Code;

end select;
end loop;

end Real Time Task With Event Termination;
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5.4 Real-Time Tasks

Finally, although the Simple Real-Time Task remains almost identical, the tem-
plate of a Real-Time Task With Event Termination becomes simpler due to
the new event dispatching mechanism. As it can be observed in Listing 5, the
task initializes the Task Sched object, containing the automatically generated
initialization code, and Task State object, containing the programmer initial-
ization code, before starting the main loop. It is also worth noting that the
Wait For Next Release procedure can also be aborted to support event notifica-
tion while a task job is inactive.

6 Code Generator Tool

The proposed real-time multiprocessor framework have been redesigned to bet-
ter adapt its components to multiprocessor platform requirements. However,
the number of small components required to implement a complex task has in-
creased and also the relations among them. This fact gives rise to a more elabo-
rated initialization code to set up a task scheduling infrastructure. As translating
scheduling attributes to application code and interconnect the resulting compo-
nents can be an error-prone process, this work suggest the use of a very simple
development that generates the scheduling task behavior and initialization from
the real-time analysis report.

Fig. 5. Real-Time Multiprocessor Framework

The current prototype of the code generation tool has been implemented
using the PHP script language2, and the YAML language [16] to format the
file with the real-time analysis report. PHP languages is used due to its agile
programming style and code generaton facilites that eases the prototyping pro-
cess, while YAML language selection is based on its human readability. Specific
XML2YAML conversion tools can be provided to support systems specified in
standard XML formats.

2 Using the PHP Command-Line Interface.
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A scheme of the proposed real-time multiprocessor framework is shown on the
left side of the Figure 5. On the right side, it is depicted the structure of the
generated code: one package per Scheduling Domain and each Task of a given
domain represented by a child package. The system programmer only has to
extend the specialized Task State type provided for each task in the system and
implement the task behavior in the corresponding procedures.

7 Conclusions

The complexity of modern real-time system will require the use of multiprocessor
platforms. Future Ada 2012 will provide basic mechanism to support part of the
scheduling approaches proposed for that platforms. However, the Ada language
support provides low-level mechanisms and the programmer have to reconstruct
complex task templates and algorithms on each system.

This work has extended the previous Real-Time Utilities presented in [4] to
support multiprocessor platforms and to better adapt its structure to an auto-
matic code generation framework.The multiprocessor scheduling approaches have
been analyzed, and the new requirements have been taken into account in the new
framework components. The resulting framework allows the programmer to center
the implementation efforts only in the task behavior, letting the scheduling mecha-
nisms to be automatically generated from the real-time analysis report. Currently,
the support for multi-stepped jobs is being finished and a web site to share the
real-time framework code and the development tools is being set up.
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