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Abstract

Comfortable software engineering tools are being de-
veloped that allow a more functionality-oriented de-
velopment of embedded systems. This paper demon-
strates how WCET analysis is integrated into such
a high-level application design and simulation tool –
Matlab/Simulink – thus providing a higher-level in-
terface to WCET analysis. The Matlab/Simulink ex-
tensions compute and display worst-case timing data
for all blocks of a Matlab/Simulink simulation, which
gives the developer of an application valuable feedback
about the correct timing of the application being devel-
oped. The solution facilitates a fully-automated WCET
analysis, i.e., in contrast to existing approaches the
programmer does not have to provide path information.

1 Introduction

As a consequence of technological advances, more
and more mechanical systems are getting replaced by
electromechanical ones (see, e.g., the growing number
of embedded-system components in today’s automo-
biles, aircraft and trains). To cope with the demands
of the future design and development of embedded real-
time software, functional modeling of applications and
automatic code-generation will be used instead of tra-
ditional hand coding.

Matlab/Simulink is a widely used software tool
for designing and simulating models of control appli-
cations. Various research and development work has
come up with solutions for representing entire real-time
systems with Matlab/Simulink models. The advan-
tage of using Matlab/Simulink is that it generates
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so-called executable specifications for the analysis of
applications at a high level of abstraction and provides
automatic code generation to reduce development costs
and coding errors.

In order to evaluate the timing of Matlab/Simulink
models and to make sure that models meet their tim-
ing requirements, we have developed an approach for
the WCET analysis of Matlab/Simulink models. This
approach has been implemented in a prototype WCET
tool. The contribution of this method is that it works
fully automated, i.e., there is no need for annotations
with path information. Instead, the required control
flow information is derived automatically by the code
generator from the Matlab/Simulink model. It is the
purpose of this paper to describe this solution to the
WCET analysis of Matlab/Simulink models.

Although the actual WCET analysis of programs
is typically performed on the assembly or object-code
representation of these programs, high-level program-
ming languages are the more adequate and preferred in-
terface to the user of WCET analysis [6]. For example,
it is more practicable to specify the control flow infor-
mation that the WCET analysis needs by annotating
a high-level program than having to insert the annota-
tions into the corresponding assembler code. Actually,
there exist WCET interfaces for high-level program-
ming languages like Modula2, ADA [1], C [3], etc. An
example for WCET analysis of programs at a more ab-
stract level than “standard” programming languages
can be found in [2] for the Statemate statechart sys-
tem. This paper presents our WCET analysis approach
that has been integrated into the Matlab/Simulink
environment.

The paper is structured as follows: Section 2 gives an
overview of the main components of the WCET anal-
ysis tool chain. The possible paradigms used to model
tasks are given in Section 3. Section 4 describes the
code generation from a simulation model. The concept
of the WCET analysis tool is given in Section 5. Sec-
tion 6 describes how the results from WCET analysis
are integrated into Matlab/Simulink. Finally, Sec-
tion 7 presents conclusions and plans for future work.



2 WCET Analysis Framework

As described in [4], the main components of the
WCET analysis framework shown in Figure 1 are:

Model Management and Simulation: It contains
the modeling of tasks, providing a user interface
for WCET information and code generation. The
simulation environment used is Matlab/Simulink
with several extensions.

WCET Analysis: This is mainly a compiler that
reads programs written in wcetC as input and
performs the program compilation and invocation
of a WCET analysis tool on the resulting object
files. The results are annotated back to the model
management.

Figure 1. Main Modules of Framework

The following sections explain the concepts of these
components in more detail.

3 Modeling Systems in Matlab/Simulink

One of the major issues in creating a functional
model of a time-triggered real-time system is to repre-
sent OS primitives like tasks and inter-process commu-
nication in the functional model. For the simulation
of the components of a time-triggered OS, its func-
tional model requires information about the worst-case
execution time of each task. With this information,
e.g., statements about the occurrence of preemption of
time-triggered tasks can be made at simulation time.
Figure 2 shows the principle components for modeling
tasks. For modeling of time-triggered tasks there are
in general two different possible approaches.

3.1 The Triggered­Subsystems Approach

In this approach Simulink subsystems with a trig-
ger input are used to model tasks. An OS-Block that

is placed outside the task blocks is used to generate
signals that trigger the task activations. During code
generation, each of the triggered subsystems becomes a
task function in the source code. The task table of the
OS is derived from the OS-Blocks configuration data.

Figure 2. Modeling Tasks in M atlab/Simulink

3.2 The Sample­Time/Offset Approach

This approach is based on Simulink’s simulation
paradigm where each block has a sample-time and an
offset where both are multiples of the base sample rate
of the entire model. At code generation, all blocks in
the model that are on the same sample-time and off-
set are placed into a task function in the source code.
The task table of the OS is derived from the so-formed
tasks.

4 Generating Code

It is in general not possible to derive WCET bounds
for task models in Simulink without knowledge of the
subordinate stages, e.g., model code generation and
compiler stages. We must also take optimization tech-
niques in all these stages into consideration. It is there-
fore necessary that source code in a high-level program-
ming language is generated from the Simulink model.
This code generation depends on the task-modeling
paradigm used, as described above. The generated
source code must comply with the syntax and semantic
of the WCET-analysis compliant source code, that is
wcetC in our implementation.

4.1 Reproduction of WCET at Block Level

For model optimization it may can be necessary to
know the WCET of the source code that each partic-
ular block and subsystem in the Simulink model pro-
duces. If this information is needed, the source code



generation produces block start and stop markers that
mark the source code that is produced by each block.
In order for the WCET analysis to work properly, op-
timization features of the code generator that produce
overlapping blocks or block ranges must not be used.

4.2 Source Code Annotation

To facilitate a high-quality WCET analysis, the code
generator annotates the generated code with path in-
formation, e.g., loop bounds, (i.e., upper bounds on the
number of iterations for each loop). Note that this path
information is automatically derived from the model
blocks and inserted into the generated code. The soft-
ware developer is thus completely freed from the bur-
den of analyzing the behavior of the code and coding
path annotations. For example, if a block receives an
input signal of a 10-dimensional integer vector, the gen-
erated source code will contain a corresponding loop
with 10 iterations. In this case the pre-runtime knowl-
edge about the vector dimension is used to create the
loop bound in the generated source code.

4.3 Block Library Analysis

To be able to integrate blocks that generate library
calls, which have already been analyzed, into the source
code, the tool reuses the information it has already cal-
culated; the tool avoids any attempts to re-calculate
the WCET for such a call. Therefore the source code
of each block is annotated with a “preliminary WCET
value”. A value of ’−1’ forces the WCET analysis tool
to calculate the WCET for the block. A non-negative
integer value causes the block not to be evaluated. In-
stead the given value is returned as the WCET for the
block. This technique is useful for using already (by
calculation or measurement) analyzed libraries.

5 WCET Analysis Tool

The actual WCET analysis is performed on source
code written in wcetC. In the following, the main
steps of this WCET calculation are described.

5.1 Annotated Source Language

The interface from Matlab/Simulink to the WCET
analysis tool is defined by the programming language
wcetC, which has been derived from ANSI C. As a
central feature wcetC has extensions to specify con-
trol flow information inside the source code. A com-
prehensive description of wcetC is given in [3].

5.2 Transformation of Program Code

A program written in wcetC is parsed by the mod-
ified compiler. This compiler not only transforms the
code, but also translates the control flow information
that is required to perform precise WCET analysis at
assembly/object level [5] during its operation. The
compiler is based on the GNU C-compiler GCC.

5.3 Analyzing the Assembly Code

Besides the object modules for rapid prototyping
the compiler generates annotated assembly code that
is ready for WCET analysis. The WCET analysis tool
is directly called by the compiler. The output format
of the WCET analysis tool supports back-annotation
to assembly or wcetC code. It also provides a special
format for Matlab/Simulink as described in Section 6.

The hardware supported by the tool includes the
C167CR processor from Siemens and the Motorola
MC68000 processor.

6 Back-Annotation

The WCET analysis tool processes the Matlab-
generated source code and produces several files with
WCET back annotations. The most important files
for this design process are the block wcet files and the
task wcet files. The block wcet files contain a list of en-
tries, where each entry consists of the block name and
the corresponding WCET value. The task wcet files
contain overall WCET values for their task functions.

6.1 Concept of the Back Annotation Process

In order to visualize the computed WCET in-
formation, the WCET information located in the
block wcet files and task wcet files is mapped back to
the Matlab/Simulink model. The resulting WCET
values are then displayed both for each block and each
subsystem (see Figure 3).

6.2 Back­Annotation of Tasks

The approach of adding up WCETs of all subor-
dinate blocks is not applicable for tasks. The code
generator generates a different wcetC-function in the
source code for each task. Besides the WCET of blocks,
local variable declarations and initializations also have
to be considered for a WCET bound of the whole task
function.



Figure 3. Back­Annotation of Subsystem

6.2.1 Back-Annotation for the Sample-Time/
Offset Approach

Using this approach, the WCET values for each task
function in the Simulink model is represented using
a custom Simulink block in the main system model.
This block, called “Task WCET Info Block”, stores all
the necessary WCET information. The block interface
displays a list of all tasks with their related WCET
information. This information consists of the sum of
the subordinate blocks WCET on the one hand, and
the total task WCETs on the other hand.

6.2.2 Back-Annotation for the Triggered- Sub-
systems Approach

Additionally to Section 6.2.1, the information needed
to represent the WCET value for each task function
inside the task subsystem of the Simulink model is pro-
vided. A custom Simulink block inside each task sub-
system is used to display task-related WCETs (called
“WCET Info” blocks in Figure 3).

7 Summary and Conclusion

This work describes a concept for the integra-
tion of WCET analysis into Matlab/Simulink.
This work is relevant since the usage of
Matlab/Simulink in the embedded computing
domain is gaining increasing importance.

A description about how to model tasks in
Matlab/Simulink has been given. For this model-
ing, two different approaches were presented – the
“triggered-subsystems” and the “sample-time/offset”
approach. The automatic code generation process has
been adopted to support WCET analysis. The nov-
elty of this approach is that it facilitates full automatic
WCET analysis without the burden for the program-

mer to write control flow information manually to the
code. The required control flow information is directly
generated from the structure of the Matlab/Simulink
model.

The WCET analysis is done by transforming the
program and its control flow information (which is gen-
erated automatically from within Matlab/Simulink)
to several representation levels down to the assem-
bly/object code, where the WCET calculation itself is
done.

In the future it is planned to build applications to
show, how concrete WCET analysis results and how
back-annotation looks like.
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