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Abstract

State-of-the-art real-time control systems execute multiple concurrent control applications using op-
erating system mechanisms such as processes, mutexes, or message queues. Such mechanisms leave a
high degree of freedom to developers but are often hard to deal with: they incur runtime overhead, e. g.,
context switches between threads, and often require tedious and costly fine-tuning, e. g., of process and
thread priorities. Reuse is often made more difficult by the tight coupling of software to a given hardware
or other software.

In this paper, we present a software architecture and execution framework for cyclic control appli-
cations that simplifies the construction of real-time control systems while increasing predictability and
reducing runtime overhead and coupling. We present the concepts of this framework as well as imple-
mentation details of our RTLinux-based prototype.

1 Introduction

Control systems interact with the physical world
through sensors and actuators. Since physical pro-
cesses typically do not wait for the result of some
computation, control systems must meet given dead-
lines and are therefore real-time systems. Tradition-
ally, there was a separate controller for each con-
trol application. These controllers are typically run-
ning at control cycles of one millisecond, i.e., they
acquire new measurements, process them, and take
actions once every millisecond. With the continuous
improvement of computer technologies and the intro-

duction of digital communication standards such as
IEC 61850 [3], there have been strong trends to com-
bine several such logical controllers into one physical
device to reduce cost. Still, a certain degree of in-
dependence is required to make sure that a faulty
logical controller does not affect other controllers on
the same physical device.

Executing multiple control applications on the
same controller has significantly increased the com-
plexity of the controller’s software. In particular,
the concurrent execution of multiple applications re-
quires synchronization between different processes.
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The fine-tuning of such synchronization to satisfy all
runtime constraints on a given platform can be te-
dious and error-prone. Furthermore, it is difficult
to reuse a given set of processes on a different plat-
form. At runtime, the concurrent execution of multi-
ple processes causes context switches, which may be
expensive in comparison to the program logic.

In this paper, we present a component-based
software architecture and execution framework for a
large class of industrial control systems. These sys-
tems comprise one or several periodic real-time tasks
(as defined by Liu in Section 3.3.1 [8]). Using a small
set of abstraction mechanisms, our approach simpli-
fies system construction and makes large parts of an
engineered control system reusable across different
platforms.

This introductory section finishes with a moti-
vating example and an overview of related issues.
Our component framework and its abstraction mech-
anisms are presented in Section 2. We give im-
plementation details in Section 3 along with sev-
eral measurements of the framework’s performance
in Section 4. We conclude the paper with a sum-
mary, discussion, and outlook in Section 5.

1.1 Motivating Example

Throughout this paper we will use an example from
the domain of power systems. In this domain, a typ-
ical purpose of an embedded controller is protecting
primary equipment, e. g., a transformer. To this end,
the controller receives measurements, i. e., voltages
or currents, from a sensor and determines from these
measurements whether the equipment is in a healthy
state. If not, the controller sends a command to a
circuit breaker that disconnects the equipment from
the network to avoid damage. There are controllers
for erroneous situations regarding voltage, current,
temperature, and many more.

In our example, we want to run an overcurrent
protection and an overvoltage protection on the same
device. Both protection functions run at 1 kHz (a
typical frequency for this kind of controllers) and rely
on measurements that are sampled at 1.6 kHz (a typ-
ical sampling frequency in IEC 61850). These mea-
surements need to be resampled by the controllers
from 1.6 to 1 kHz to feed consistent data into the
protection algorithms. Because of the general setup
of the environment, all sensor data from one point
in time are sent in one Ethernet packet as defined in
IEC 61850-9-2. The structure of the software com-
prising these functionalities is shown in Figure 1.

Overvoltage

Protection

Overcurrent

Protection

Sample Manager

R R

FIGURE 1: Structure of a typical con-
troller software

A typical implementation of such a system would
follow the client-server pattern and comprise three
processes: overvoltage protection, overcurrent pro-
tection, and the sample manager. The latter would
be responsible for receiving, parsing, resampling, and
storing the data packets temporarily. Ultimately, the
protection functions would request resampled data at
1 ms intervals.

Both protection processes would contain one
thread each, which would consist of an endless loop
that waits for a trigger (either as a direct timer
interrupt handler, some IPC mechanism such as a
semaphore, or by calling a sleep function) and then
run its respective protection algorithm. For obtain-
ing data from the sample manager process, some
inter-process communication mechanism would be
required.

On the other side, the sample manager would
provide two threads for answering to the protection
functions and one thread for dealing with incoming
network packets. These three threads would have to
be synchronized using standard mechanisms such as
mutexes to protect access to the sample buffer1.

1.2 Issues

This example exhibits several drawbacks of this kind
of implementation.

Predictability Algorithms for analyzing general
thread-based systems, e. g., detecting dead-
locks, are hard to implement (see, e. g., [10]).
By using specific characteristics of the class of
systems under consideration here, predictions
could be automated.

Implementation effort For every such applica-
tion, the application engineer has to think
thoroughly about the implementation details

1Even though there might be a solution without explicit synchronization mechanisms it is not obvious and possibly not easy.
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such as priorities, proper synchronization, pos-
sible deadlock scenarios etc. Often, applica-
tion engineers in the power and automation
domain lack formal education in computer sci-
ence, making the task even harder for them.

Reusability While all processes seem to be fairly
independent from each other, they do depend
on the protocol between sample manager and
protection functions. This protocol needs to be
implemented by both sides. Further, develop-
ers must also decide if the threads are supposed
to be run in a light-weight (same process) or in
a heavy-weight way (different processes) and
must adapt the usage of inter-application com-
munication mechanisms accordingly.

OS overhead If there are fewer CPU cores than
threads context switches between threads have
to occur several times in each cycle, whenever
the flow of execution requires one thread to
wait for another thread’s output. Because of
the short cycle times in many embedded sys-
tems, context switches may have a significant
impact on the system behavior (see Section 4).

Communication overhead The communication
must rely on means of inter-process commu-
nication, which is considered to be slow (e. g.,
message passing) or to potentially compromise
data integrity (e. g., shared memory).

1.3 Related Work

Component-based systems have been proposed to
overcome some but not all of these issues. Kopetz [4]
describes a component system for real-time systems
that addresses predictability and implementation ef-
fort. While we use a different, i. e., more fine-grained
and restrictive, component model, we follow the pro-
posed concept by using static schedules as advocated
also by Locke [9].

Kuz et al. [5] present a component framework on
top of the L4 microkernel. It strives for defining op-
erating system functionality (e. g., file system) in a
component-based way. In contrast, our framework
builds on top of existing real-time operating systems
such as RTLinux and focuses on the control applica-
tions.

Rastofer and Bellosa [12] aim at separating com-
ponent functionality from platform mechanisms such
as concurrency and synchronization to increase pre-
dictability of system properties. Earlier, Büchi and
Weck [2] pointed out that black-box components are
not sufficient for analyzing important properties of

systems and that white-box components contain too
much detail for this task. The decomposition of com-
ponents into blocks (see Section 2.1) in our approach
follows up on their plea for gray-box components.

Reusability has been addressed in a component-
based real-time system by Wang et al. [15]. They
propose a component-based resource overlay that iso-
lates the underlying resource management from ap-
plications to separate the concerns of application de-
signers and component providers. Complementing
the work presented in this paper, they focus on the
proper allocation of resources to real-time compo-
nents.

2 Component Framework

To address the issues in Section 1.2, we designed a
component framework with a runtime concept com-
prising four structural elements: component, func-
tion block, port, and channel. In Section 2.1 and
Section 2.2, we describe these concepts in greater de-
tail. Our component framework further encompasses
a concept for executing fully deterministic static but
replaceable schedules. Application schedules are ex-
plained in Section 2.3, their execution is presented
in Section 2.4. In Section 2.5, we discuss how the
concepts introduced in this section address the afore-
mentioned issues.

2.1 Components and Function Blocks

In our component framework, the example above
would consist of three components representing over-
voltage protection, overcurrent protection, and sam-
ple manager. Conceptually, components separate
pieces of software from each other. Their purpose
is to provide for the independence required in Sec-
tion 1.1, hence to ensure that software defects that
could affect system stability (e. g., memory safety vi-
olations) do not propagate across component bound-
aries.

Components as such do not directly provide for
any executable code; they are in effect comparable
to address spaces in typical operating systems. In
contrast to a process, which contains threads, a com-
ponent contains a number of function blocks. A func-
tion block (or simply block) is defined as a sequence
of instructions with the following properties:

Sequential It needs to consist of exactly one stream
of instructions that can be executed on one pro-
cessor core, i. e., it cannot distribute its work
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on several cores or threads. The stream of in-
structions can contain branches and loops as
long as the other properties below are satisfied.

Terminating Each block needs to guarantee that it
finishes its execution within its given deadline
for arbitrary inputs if the block is free to run
on the CPU.

Non-Blocking A block may not depend on any
functionality of the underlying platform that
could block its execution. This includes in par-
ticular synchronization mechanisms, standard
I/O operations, and sleep instructions. It does
not mean that blocks cannot be used at all to
access file systems but it has to be done in a
non-blocking way, i. e., by polling.

Stateless A block may not keep any state, i. e., the
output of a block depends only on its inputs in
the same execution cycle. 2

These properties ensure that data flow and con-
trol flow are not part of the block’s logic. Instead,
block execution is orchestrated by the framework ac-
cording to given data flow and control flow models.
This orchestration is described in Section 2.3.

Compared to a thread as a basic entity in op-
erating systems, a function block does not main-
tain data across cycles. An important consequence
is that the stack associated with the execution of
a block is empty after a block finished. Moreover,
blocks do not require sophisticated synchronization
like threads since they do not rely on blocking mech-
anisms. In particular, blocks cannot wait for other
blocks and thus situations involving deadlocks can-
not arise.

In Figure 2, we depict a decomposition of our ex-
ample from Section 1.1 into components and blocks.
The sample manager has a block Sample Receiver,
which receives samples from the network and one
block Sample Provider for each protection compo-
nent that provides the required samples. Each pro-
tection component has a block that determines which
samples have to be requested from the sample man-
ager and a block containing the actual protection
algorithm.

Sample Manager Overvoltage Protection

Voltage 
Sample 
Selector 

Overvoltage 
Protection 
Algorithm

Sample 
Provider

Overcurrent Protection

Current
Sample 
Selector

Overcurrent 
Protection 
Algorithm

Sample 
Provider

Sample 
Receiver

FIGURE 2: Block diagram of example

2.2 Ports and Channels

Blocks depend on input and generate output. To
this end, they expose interfaces consisting of input
ports and output ports, which have been depicted as
inbound and outbound arrows in Figure 2. Blocks
are not allowed to write to input ports or to read
from output ports.

Ports need to be connected to channels, which
are represented by circles in Figure 2, such that each
port is connected to exactly one channel and each
channel is connected to exactly one input port and
one output port.

The framework ensures that each block has valid
inputs before its execution gets triggered, i. e., all
blocks on which a block depends get executed and
finished before this block.

There might be different kinds of channels in a
system to optimize its performance. For instance,
a channel between two blocks in the same compo-
nent could be implemented as simple as some shared
memory. A channel between two components on the
same controller could be implemented by some mes-
sage queue mechanism. This observation yields the
essential argument for not encapsulating each block
into its own component.

The reader may have noticed that our example
requires a buffer for received samples but that a block
is explicitly stateless. We consider this buffer a kind
of feedback that can be represented by a component-
internal channel as depicted with a dashed line in
Figure 3. The Repeater is a block that distributes
the same data from one channel to n others, in this
case as feedback to the sample receiver and as input
to the sample providers.

2Of course, some blocks might also depend on the state of the underlying system, e. g., the file system. For the sake of
simplicity such blocks and their implications to the system shall be out of scope of this paper.
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Sample 
Receiver

Repeater

FIGURE 3: State as feedback

Because input ports are read-only and output
ports are write-only this setup could be easily opti-
mized by a compiler to avoid copying data. The ad-
vantage of this approach is its proximity to control
theory, in which system state is usually described in
terms of some mathematical function that depends
on time (see, e. g., [13]). Domain-relevant standards
such as IEC 61131 thus consequently model system
state as feedback.

2.3 Application Schedules

Application schedules describe the execution order
and periodicity of the blocks of an application. In
particular, they define the control flow between
blocks because applications do not change during ex-
ecution. Such separation of control logics (defined
in the blocks) and how individual algorithms oper-
ate together (defined in the schedule) allows for easy
reuse of blocks in different contexts.

An application schedule is a tree whose leaf nodes
are blocks and whose inner nodes (called control
nodes) specify details of the execution of their chil-
dren. Schedule trees can be of arbitrary depth,
i. e., control nodes can contain other control nodes.
Schedules can be automatically generated from the
data flow specified in block diagrams [6] and subse-
quently be optimized either automatically or manu-
ally. The control nodes of our system are:

(S)equential nodes require execution of their child
nodes in exactly the sequence specified.

(P)arallel nodes allow for an arbitrary execution
order of their child nodes.

(A)lternating nodes alternate through their n
child nodes. In each cycle, the next child gets
executed. It has to be specified after how many
cycles c ≥ n execution starts again with the
first child. This allows for an efficient imple-
mentation of multi-rate systems as each child
gets executed with a c times larger period than
its parent.

(W)atchdog nodes terminate the execution of their
children after a predefined time.

The application schedule for the example of Fig-
ure 2 is shown in Figure 4. The root node, which
is executed first in each cycle, is a watchdog node
that terminates subsequent blocks if they run longer
than 850µs. The next block is a sequential node,
which first executes the Sample Receiver (SR) block
and then a parallel control node. This parallel node
specifies that its branches (two sequences of blocks)
can be executed in any order.

W

S

SR P

SS

VSSCSS

SPSP

OVPOCP

850 µs

FIGURE 4: Schedule for example applica-
tion

Sometimes the worst-case execution time of a
system cannot be statically verified. In this case, the
root node of the schedule should be a watchdog con-
trol node with a timeout that is less than the cycle
time to ensure the timely termination of the whole
schedule. As an example, a system running at 1 kHz
should be guarded by a watchdog control node that
ends a cycle after 850µs. This leaves a slack time of
150 µs in which asynchronous tasks such as an FTP
server can be scheduled by the operating system.

Application schedules as presented in this sub-
section offer several benefits:

� The information about dependencies between
blocks is not in the blocks themselves but in the
schedule. Thus, blocks can be independently
developed, tested, and verified.

� Interaction between blocks is simplified, which
makes it easier to reason about the system.

� Blocks can be guaranteed to get their share of
CPU time by using time slot guarantees pro-
vided by the scheduling mechanisms of mod-
ern real-time operating systems. Conversely,
blocks can be checked at runtime whether they
stick to their time limits using a watchdog
timer as described above.
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2.4 Execution

Since multiple applications can be executed on the
same controller, a system schedule needs to be com-
puted from the individual application schedules.
Blocks are executed sequentially in our framework.
Therefore, the system schedule defines a total or-
der on the blocks of all applications. This total or-
der must be consistent with the partial orders of the
blocks in the individual application schedules.

As an example, assume that the application from
Figure 2 is the only application to be scheduled.
Since the application schedule of this application (cf.
Figure 4) involves parallel control nodes, there are
several possible system schedules that satisfy the par-
tial block order. One such system schedule would be
the sequence {SR, CSS, SP, OCP, VSS, SP, OVP}.

Although system schedules are static, an active
schedule can be replaced with another schedule at
runtime. In [14] we describe how this is achieved
and explain how control software can be updated at
runtime using this mechanism.

System schedules are executed by a dispatcher,
which executes a sequence of blocks in a cyclic fash-
ion at a given base frequency. To this end, timer
interrupts are generated at regular intervals, each of
which triggers one execution of the dispatcher. In
Figure 5, timer interrupts are displayed as vertical
arrows. The dispatcher then calls some or all blocks
according to its schedule, which is represented by the
gray bars in Figure 5. After the last block has been
executed, the dispatcher waits until the next timer
interrupt. During this period of time, which we call
slack time, other software may run asynchronously,
e. g., an FTP server. This software will be preempted
by the operating system as soon as the timer inter-
rupt triggers the dispatcher for the execution of the
next cycle.

slack

time

slack

time
t

Schedule Schedule

FIGURE 5: Timeline of schedule execu-
tion

The interval between two timer interrupts is
called base cycle time of the system; its inverse is
called base frequency. Alternating nodes allow for
the implementation of multi-rate systems as long as
the cycle times of all blocks are integer multiples of
the base cycle time. In other words, the base cy-
cle time should be chosen such that it represents the
least common denominator of the individual cycle

times of all applications in the system. As an exam-
ple, if three applications shall be executed that need
to be run at 100 Hz, 500 Hz, and 1000 Hz, the base
cycle time should be set to 1 ms. The applications
can then be executed in every 10th (100 Hz), in every
5th (500 Hz), and in every single cycle (1000 Hz).

2.5 Benefits

The concepts of the component framework presented
in this section reduces the drawbacks listed in Sec-
tion 1.2. The static scheduling approach of our
framework improves the predictability of the real-
time system compared to dynamic scheduling ap-
proaches with priority-based scheduling (cf. Liu,
Section 4.4 [8]). Its simplified programming model
lets developers focus on the algorithms in the blocks
instead of priorities and synchronization mecha-
nisms. It has been shown empirically that the im-
plementation effort can be reduced significantly by
providing an appropriate programming model [11].

Through the explicit representation of control
flow and data flow, blocks become more reusable be-
cause they can be developed independently of the
context in which they are used. Furthermore, pro-
grammers can rely on the robust communication pro-
tocol between blocks and do not have to implement
a protocol themselves.

We have shown that blocks are executed sequen-
tially. As we will show in Section 3, context switches
can be avoided when sacrificing component separa-
tion. In this case, OS overhead will be reduced. See
Section 5 for a discussion on how this overhead could
be reduced while still maintaining component sepa-
ration.

Furthermore, system engineers have the freedom
to adjust the communication overhead depending on
their respective priority for performance and safety.
This will be discussed in the subsequent section.

3 Implementation

Besides the conceptual separation of concerns by us-
ing components on the code level, our framework al-
lows for the physical enforcement of such separation
at runtime. By assigning components to distinct ad-
dress spaces, a defect in one component cannot af-
fect arbitrary other components by corrupting their
memory. As an example, on POSIX-based systems,
components can run as individual processes and the
channels between components can be implemented
using message passing.
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However, this increased level of safety comes at
a price: while blocks in the same address space can
be executed without overhead, blocks in different ad-
dress spaces require additional context and address
space switches. Whereas components in the same ad-
dress space can communicate via light-weight mech-
anisms such as shared memory, components in differ-
ent address spaces must employ indirect mechanisms
such as message passing or sockets for communicat-
ing with each other.3

To allow system engineers to make a trade-off
between performance and safety, our framework can
be configured at compile time to enable or disable
physical separation while still having the same con-
ceptual separation. Therefore, systems with a high
level of safety can be built by implementing physi-
cal separation of all components. For such systems,
more powerful and thus more expensive CPUs have
to be used. If in contrast the price of a system should
be kept as low as possible, engineers can waive in-
creased safety and build a system using a low-cost
CPU without physical separation of components.

Consequently, we implemented two versions of
our framework based on POSIX. In the high-
performance (or fast) implementation, the frame-
work and all components are executed in the same
address space and shared memory is used for inter-
component communication. In the high-safety (or
safe) implementation, the framework and each com-
ponent run as processes in separate address spaces
and message queues are used for communication.
In Section 4, we compare the performance between
these two implementations.

In order to foster reusability of the framework
and the components, maximal platform indepen-
dence has been a major design decision. In fact,
both versions of our framework, high-performance
and high-safety, share an extensive common code
base except for a very thin platform layer. It re-
quires C++ wrapper classes and class templates for
only a few platform-specific mechanisms:

� Timers allow the framework to perform its ex-
ecution cycles and watchdog control nodes to
terminate blocks.

� Data Transmission (e. g., shared memory or
message queue) is required for implementing
channels.

� Synchronization (e. g., mutex, semaphore, or
message queue) is used for initiating the exe-
cution of blocks and notify the framework of
their completion.

4 Performance Measurement

In the following, we compare the performance
of the high-safety implementation and the high-
performance implementation.

The hardware used for the measurements is a
PC with an Intel Core2 Duo CPU E6550 running
at 2.33 GHz. The Linux kernel (2.6.31-9-rt) was in-
structed to only use one CPU core. The hardware
used for the measurements is certainly more pow-
erful than current embedded hardware. However,
the measurements will provide valuable information
on the factor by which performance decreases in the
high-safety implementation.

Figure 6 shows the setup for measuring. In this
setup, two blocks b1 and b2, which belong to differ-
ent components, communicate with each other. In
each cycle, b1 gets the current time from the system
and sends the timestamp to b2. In Figure 6, two
numbered dotted arrows indicate the following two
measurements:

1. Channel transmission time: The time it
takes for data to be sent across a channel. In
the high-performance implementation, a chan-
nel is simply a location in memory. In the high-
safety implementation, a channel is a message
queue provided by the OS.

2. Block control: The time it takes for
the framework to start the execution of a
block and regain control after its execution.
The high-performance implementation directly
calls functions whereas the high-safety imple-
mentation relies on message queues.

1

2

FIGURE 6: Performance measurement
setup

Table 1 lists the results of our performance mea-
surements. Each measurement is the average result
of hundreds of measurements. The tolerance of best
case and worst case is about 10% to 15%.

3On the other hand, research indicates that message passing can be faster than shared memory on multi-core machines [1].
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“fast” “safe”
(1) Channel transmission 0.02 µs 1.97 µs
(2) Block control 0.46 µs 6.79 µs

Sum 0.48 µs 8.76 µs

TABLE 1: Performance measurement re-
sults

In total, it takes the framework about 0.48µs
to schedule a block and a channel in the high-
performance implementation and 8.76 µs in the high-
safety implementation. In measurements performed
by Li et al. [7] on a comparable system, the aver-
age context switch was around 3.8 µs. This indicates
that most of the overhead of a safe implementation
is caused by context switches and not by the feature
that is actually required for safety, address space sep-
aration.

5 Conclusions

We have presented a component-based software
framework that enforces structurization of cyclic
real-time control software systems vertically and hor-
izontally. By decoupling different aspects, such as
application logic, control flow, or communication,
our approach can be expected to simplify the con-
struction of complex control systems and to reduce
the implementation effort.

In addition, static scheduling and non-
preemptible execution of function blocks increase
the system’s determinism and thus its predictability
compared to interleaved execution of threads and
dynamic scheduling. Moreover, our approach allows
system engineers to adjust the system to their needs
if safety is of lesser concern than cost because the
number of context switches and thus system over-
head can be reduced.

We have shown how the abstractions offered by
the framework can be implemented on RTLinux and
provided performance measurements for two differ-
ent implementations.

5.1 Discussion

In domains such as power and automation systems,
components are required to be separated from each
other at runtime to prevent the propagation of faults
across component boundaries. We have shown that
it is feasible to construct systems that are either safe
or fast.

The prevailing concept of processes and threads,
however, makes the construction of systems that are
safe and fast difficult. We argue that a small and
easy-to-implement modification of this concept will
overcome this limitation: Instead of running a thread
in the same process, i. e., address space, we propose
to allow threads to change the address space during
runtime.

With this modification, we could statically
schedule the execution of blocks in one thread per
CPU core. During execution of this schedule, the
thread would enter and leave address spaces in cor-
respondence to the blocks’ components. An obvious
advantage is the lack of context switches because
blocks always run to completion and because they
leave the stack empty after execution.

Moreover, inter-process communication could be
implemented efficiently by using shared memory
without synchronization mechanisms. Imagine two
blocks A and B in different components that are
connected by a channel such that A sends data to
B. Since B only gets started after A finished its ex-
ecution, B will always read consistent data from the
channel/shared memory. This is still true if the same
thread is executing A and B, or if A and B are exe-
cuted on different cores.

Note that it is also possible to implement an
operating system based on our component/block
paradigm instead of the process/thread paradigm.
We currently consider this idea less feasible. The
main reason is that in cyclic control systems there are
also sporadic tasks without real-time requirements,
e. g., an FTP server. Such low-priority tasks run in
the slack time of the real-time cycle, and typically
their execution requires the slack time of more than
one cycle. They therefore need to be preemptible
and the operating system would have to provide some
preemption mechanism similar to the one in the pro-
cess/thread paradigm.

5.2 Future Work

We see considerable potential for automatic tools
that can assist in system design. For instance, com-
ponent boundaries do not have to be drawn arbi-
trarily. Instead, an automatic tool can formally de-
rive component boundaries according to logical con-
straints. In our example, the three components have
to exist because the two protection functions have to
be separated: If one of them fails the other one is not
affected. In addition, the sample manager needs to
be separate because it must not be affected by faults
from either protection function in order to still be
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able to serve the other one. However, if there is only
one protection function it can be merged with the
sample manager because a fault in any block renders
the whole system dysfunctional.

In Section 2.4, we showed how the system sched-
ule maps all blocks to be executed onto the same
CPU core. This approach can be extended to mul-
tiple cores by providing one mapping for each core
such that every block is statically assigned to one
core. This allows for executing our framework in
multi-core, multi-CPU, or even distributed scenar-
ios. Synchronization between the different cores is
simplified to well-defined synchronization points be-
cause the dependencies between the blocks are ex-
plicitly specified in the application schedules.

The dispatcher in our framework can be ex-
tended such that blocks are not only executed in
sequence, but at precise points in time. This is an
effective means for reducing the system’s jitter.
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