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Abstract

Automotive software systems are characterized by
increasing complexity and tight requirements on safety
and timing. Recent industrial experience has indicated
that model-based and component-based approaches,
using architecture description languages can help im-
prove the overall system quality, foster reuse and evo-
lution, and increase the potential for automatic
validation and verification. In this paper, we discuss
some crucial specification capabilities that need to be
satisfied by modeling languages to enable scheduling
analysis. We evaluate the extent to which three major
industry-based modeling languages, MARTE, EAST-
ADL/TADL and AADL, satisfy those needs.

1. Introduction

The capability to develop highly dependable soft-
ware solutions in a timely to market way has become
one of the decisive competitive factors in the automo-
tive industry. Automotive embedded systems often
exhibit hard real-time constraints that need reliable
guarantees for full system correctness [12].

For instance, power train and chassis applications
include complex (multivariable) control laws, with
different sampling periods, and conveying real-time
information to distributed devices. Thus, a hard real-
time constraint that has to be controlled in power train
applications is the ignition timing according to the po-
sition of the engine, which is defined by a sporadic
event characterizing the zero-position of the flywheel.

* S. Ansi’s work on this paper has been done in the context
of a doctoral internship at CEA LIST

End-to-end response delays must also be bounded. An
excessive end-to-end response delay of a control loop
may induce not only performance degradation but also
cause the instability of the vehicle. These constraints
have to be assured whatever the situation. Hence, the
“worst case” scenario must be taken into consideration,
because of the dependable nature of automotive appli-
cations.

One mathematical approach to predict “worst-case”
timing properties is scheduling analysis. Scheduling
analysis can be used at different development stages.
Early analysis of a design model aids developers to
detect potentially unfeasible real-time architectures and
prevents costly design mistakes. A later analysis of an
implemented system allows designers to discover tim-
ing faults, or to evaluate the impact of possible plat-
form migrations or modifications of scheduling
parameters.

In order to master the system complexity and assess
system-level trade-offs seeking higher quality and de-
pendability, model-based engineering (MBE) is gain-
ing momentum in the automotive domain. One of the
advantages expected from this approach is the ability
to exploit correct-by-construction, incremental design
processes, which rely extensively on automated trans-
formations and synthesis, and formalized computer-
based correctness analysis.

A challenging problem in MBE is to integrate archi-
tecture models that are commonly used e.g. for soft-
ware code generation with the information that is
relevant to perform different kinds of mathematical
analyses. These analyses (e.g., timing and safety
analyses) help validate the system against several qual-
ity criteria and predict the system correctness under
various conditions. In order to perform these analyses,
the system architecture representation must be first



transformed into some form that admits mathematical
evaluation. This form is denoted here as “analysis
model”. Analysis tools accept as input these analysis
models and evaluate them mathematically to produce
results used for successive refinement of architecture
models. An important goal in MBE is to ensure that the
analysis model may be derived directly from a suitably
annotated architecture model using automated or semi-
automated support [9].

The design of modeling languages is at the core of
this issue. While growing in number, they vary widely
in terms of the abstractions they support and analysis
capabilities they provide. In this paper, we particularly
focus on three industry-based modeling languages that
cover constructs and parameters required for schedul-
ing analysis. First, OMG’s MARTE (Modeling and
Analysis Real-Time and Embedded systems) [2] deals
with time-related aspects and includes a detailed set of
non-functional attributes to enable state-of-the-art
scheduling analyses. Second, we consider EAST-ADL
[4] and TADL (Timed-Augmented Description Lan-
guage) [5], two AUTOSAR-related description lan-
guages [1] that cover, as a whole, most of required
features to perform timing analysis. Last but not least,
SAE’s AADL (Architecture Analysis and Design Lan-
guage) [6] supports scheduling analysis, particularly
for automotive and avionic software applications.

This paper characterizes the required modeling fea-
tures in terms of (a) system-oriented aspects, i.e. in-
formation completeness and, (b) design-oriented
aspects, i.e. features improving the designer’s ability
for making decisions. Next, we highlight the capabili-
ties and limitations of the covered modeling languages
in those aspects. The question is how far these model-
ing solutions do map to the current challenges in
automotive timing analysis. One main goal is to allow
people involved in the design of these languages to
identify capability areas that would have, to date, been
passed over for useful scheduling analysis modeling.

2. Automotive systems and timing analysis

In a typical development process for automotive
embedded applications, the system is developed by
composing pieces that, all or in part, have already been
pre-designed or designed independently by different
teams (OEM'’s, software suppliers). Therefore, there is
a need for supporting design/implementation artifacts
by common and standard specification formalisms that
will allow plug-and-play of subsystems. For instance,
externally supplied software is integrated by car manu-
facturers into ECUs (Electronic Control Units). The
functionality is then distributed over many ECUs into a

network that can even be built with multiple protocols
such as CAN, LIN, or FlexRay. To enable modularity,
scalability, transferability and reusability of automotive
applications among projects, variants, and suppliers,
the AUTOSAR [1] partnership has defined a compo-
nent-based software infrastructure with standardized
APIls. The AUTOSAR’s goal is to exchange parts of
the embedded systems without the time-consuming and
costly need to re-configure, port, and re-build the code.

In AUTOSAR, application models are organized in
units called software components. Such components
hide the implementation of the functionality and be-
havior they provide and simply expose well defined
connection points called ports. In particular, atomic
software components are entities that support an im-
plementation and hold behavioral entities called run-
nables. A runnable is an entity that can be executed
and scheduled independently from other runnable enti-
ties. A runnable may be cyclically triggered by a tim-
ing event or triggered by other events that could be
posted asynchronously. Runnables can be then at-
tached to one or more OS tasks. Identifying how run-
nables are allocated to OS tasks is considered as a core
problem in ECU configuration. Runnables can be a
target for code generation, but they are also the finest-
grained application entity to model for scheduling
analysis purposes.

AUTOSAR focuses on modeling the structure of
software components. Although these models are im-
portant for the initial AUTOSAR scope, behavior mod-
els are arguably the most important for timing analysis.

Worst-case timing analysis can be employed at dif-
ferent levels of the software behavior description. At a
single runnable/task level, well-chosen pieces of code
are analyzed on specific hardware platforms. This
leads to the calculation of worst-case execution times
(WCET). At an ECU/system level, a set of run-
nables/tasks subject to various synchronization inter-
ferences, likely executing on distributed hardware
platforms, and orchestrated by scheduling strategies,
are evaluated for timing correctness. This leads to cal-
culation of e.g., worst-case (end-to-end) response de-
lays, jitters, and resource utilizations. This technique,
so-called scheduling analysis, is our focus in the paper.

Scheduling analysis for automotive applications has
received special attention in recent real-time systems
literature. A comprehensive summary of analysis tech-
niques for automotive applications is provided in [13].
Among relevant advances in this field, the holistic ap-
proach [15] extends the classical single-processor
scheduling theory and applies this toward specific
combinations of input event models, resource sharing
and communication policies. The global view on the
system allows taking global dependencies into account



(offsets between the activation instants of tasks), thus
providing tightly calculated analysis bounds. A differ-
ent approach for distributed architectures is the com-
positional scheduling analysis [7] which is rooted in
similar approaches [14] based on Network Calculus.
The basic idea of this approach is to break down the
analysis calculation into separate local component
analyses (e.g. mono-processor analysis with RMA) and
to integrate them for system-level analysis by evaluat-
ing the propagation of event stream models.

3. Modeling Needs for Scheduling Analysis

In this section, we catalog some essential modeling
features to support state-of-the-art scheduling analysis
in automotive architectures. These features suffice for
the purpose of the paper, which is to provide an infor-
mal, comparative review of the expressive power pro-
vided by the covered modeling languages. A more
comprehensive study of analysis frameworks or de-
sign-analysis model transformations is beyond the
scope of this paper. We organize the features consid-
ered into system-oriented and design-oriented model-
ing features.

3.1. System-oriented features

These modeling features are related to the attributes
and constraints of the targeted system itself (i.e., in-
formation completeness). Figure 1 shows a simplified
canonical model of the modeling features required for
scheduling analysis, which is discussed in this section.

3.1.1. Timing constraints. Basic timing constraints
include deadlines and maximum jitters. Both can be
specified by relative/absolute durations (maximum
time intervals) or instants (occurrence of a timeout
event). These constraints can apply to the completion
of control/data flows in functional chains or to arbi-
trary events within computation and communication
chains. In particular, the time elapsed since a data was
read by a sensor and an output processed with this data
is passed to an actuator (known as “data age”) is of
interest for the stability of control models.

Most of the scheduling analyses existing today use
the notion of physical time as measured by a unique
time base. However, distributed applications often ex-
perience problems for agreement on consistent time
reading due to clock synchronization. This means that
scheduling them depends on different time bases, and
therefore constraints must refer to specific clocks. An-
other kind of timing constraint, as mentioned in Sec-
tion 1, is related to timing assertions measured

according to other variables such as for example the
motor cycles. This leads to timing constraints meas-
ured in different physical units or via conditional asser-
tions. Modeling languages should account for this
diversity to enable useful timing analysis.

3.1.2. End-to-end flows. Scheduling analysis methods
are typically scenario-based. This leads to a behavior
model supported on the notion of end-to-end flows?.
An end-to-end flow refers to a unique causal set of
execution/communication functions triggered by an
activation event (or logical combination of events). All
possible end-to-end flows in a given system can be
generated by starting from the activation events, and
then forming event sequences by recursively consider-
ing the output event set for the functions producing the
events.

The granularity of the functions involved in an end-
to-end flow is often related to the choice of black or
gray-box component modeling. For the first case, port
to port delays should be considered, while for the sec-
ond scenario runnables may be considered. Whatever
the choice, the ordering of functions follows a prede-
cessor-successor pattern, with the possibility of multi-
ple concurrent successors and predecessors, stemming
from concurrent functions joins and forks respectively.
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Figure 1. Simplified canonical model for scheduling analysis

2 Similar terms are end-to-end/timing path/chain, transaction



3.1.3. Activation events. Both event-triggered and
time-triggered paradigms are often involved in auto-
motive applications. Event-triggered means that tasks
are executed or messages are transmitted by the occur-
rence of significant events (e.g., a door has been
opened). Time-triggered consists of task executed or
messages transmitted at predetermined points in time
(they communicate by means of asynchronous buff-
ers).

The event-triggered paradigm provides a more effi-
cient use of resources but for analysis purposes it
needs a richer set of activation models. This may imply
activation events modeled by known patterns and their
parameters (e.g., periodic, sporadic, burst activations),
activation tables, or by workload generator models
(e.g., StateFlow models).

3.1.4. SW and HW resources. What is needed for
scheduling analyses is to take into account the impact
of the OS and hardware resources on applications (e.g.,
overheads due to the OS and the stack of communica-
tion layers, throughputs, and bandwidths). Among
these aspects, protocols for access to mutual exclusive
resources are of paramount importance in scheduling
analysis of modern multiprocessor architectures [17]. It
must be noted that these access protocols are not ex-
plicit in AUTOSAR models.

The system model shown in Figure 1 thereby cap-
tures information about the applications and the avail-
able resource platform of the system, and it also
defines the mapping of application functions to OS
resources, ECUs and buses.

3.2. Design-oriented features

These features are related to the modeling con-
structs and styles that serve to organize models and to
improve the designer’s ability for making decisions.

3.2.1. Application vs. platform. In a typical automo-
tive development flow, application and platform
evolve separately. Application artifacts center on func-
tionality and control logic, while platform artifacts
focus on ECU/bus selection, middleware layers, and
OS services. When creating a modeling approach for
specifying this kind of systems, the well-known Y-
Chart scheme [8] provides a strong foundation. This
approach specifies how the different models of the
application and the HW/SW resource platform are put
together to build the global system model. This scheme
can be regarded as an abstraction of a layering archi-
tectural pattern, which may include distributed applica-
tions, middleware layers, OS services, and hardware.

3.2.2. Allocation and refinement. In order to integrate
global models, e.g., for performing system-level analy-
sis, we must recombine application and platform mod-
els. This is achieved by means of a third model, often
called the allocation model. This model allows explor-
ing different architecture options with respect to a set
of functionalities and thereby reusing an architecture
platform with different functions. This model also may
include the associated timing attributes resulting from
the allocation. For example, when allocating a run-
nable to a given OS task and ECU, one needs to spec-
ify its execution time (after e.g. calculation or
measurement).

Refinement refers to different level of abstraction of
the same real system. Timing modeling aspects and
non-functional properties in general, must be allowed
to be traced consistently among different level of ab-
straction. An essential modeling feature to this purpose
is the ability of expressing constraint and properties by
deriving other properties, likely from other refinement
levels. This also enables to compose values and asser-
tions from existing properties and constraints.

3.2.3. Semantics preservation. Automotive applica-
tions as described by component-based approaches do
not match the models used in typical scheduling analy-
ses. Beyond structural mismatches (which can be
solved by model transformation techniques), semantics
shall be preserved for full reliability of analysis results
with other development activities such as code genera-
tion or simulation. In particular, the semantics of port
communication and internal behavior of software com-
ponents need to be aligned with the causal model sup-
ported by scheduling analysis techniques.

For instance, a common pattern in end-to-end flows
that is particularly important in control systems is
over/under sampling. Automotive applications often
consist of periodic tasks possible dependent through
data interchange via ports. In order to perform reliable
timing analysis, the semantics of different synchroniza-
tion patterns must be specified and aligned to predic-
tions obtained by analysis (e.g., data age).

3.2.4. Composition. As mentioned in Section 2, inte-
gration of IP (Intellectual Property) components from
different suppliers is frequent in automotive industry.
Therefore, there is a need for specification means and
composition rules, to which suppliers should comply
with, that enable deduction of global timing properties
from component properties in order to allow plug-and-
play of subsystems in a correct-by-construction man-
ner. To this purpose, component suppliers would need
to provide only a set of parameters that characterize the



time behavior of their components without revealing
internal designs.

3.2.5. Analysis scope. Due to the specific tools tar-
geted by scheduling analysis, it is important to bound
system model elements to a particular analysis or
evaluation scope. As automotive applications become
more complex, there is often a need to represent a sys-
tem by multiple analysis models, corresponding to
different application-platform allocations, abstraction
levels, operational modes, or different quantitative
values of non-functional parameters.

4. Modeling Languages Capabilities

We consider three industry-based modeling lan-
guages with strong timing analysis basis: EAST-
ADL/TADL, MARTE and AADL®. In this paper, we
do not provide details on the studied languages. Fur-
ther information on publications, tutorials, tools, and
links can be found via their respective websites:
[4)/[5], [2], [6].

Table 1 contains a summary of the extent to which
the surveyed modeling languages cover the features
considered. Full explanations are given in the sequel.

Timing constraints. Modeling of time and timing con-
straints differ significantly in these languages.

AADL supports a physical notion of time based on
its properties language. The predeclared set of timing
properties defines different kind of deadlines, jitters,
and communication latencies that can be attached to
model elements such as end-to-end flows or subpro-
grams.

TADL, which is the language for time modeling
associated to EAST-ADL, allows expressing timing
constraints such as maximum delays, repetitions rates,
synchronizations, and data ages, by adding timing in-
formation to events and events chains. To sets these
bounds, the parent concept is timing constraint. A tim-
ing constraint can specify an upper bound, a lower
bound, a nominal value, and a jitter. These parameters
are measured in time units and other physical units
used in automotive systems such as for example angu-
lar degrees and cylinder segments.

MARTE extends the basic time model of UML with
synchronous/asynchronous, physical/logical time mod-
els as wells as provisions on relativistic effects that can
occur in distributed systems. We can distinguish at
least three layers of time constructs:

% As we focus on the design phases of system development,
the combination AUTOSAR/TADL (related to implementa-
tion phases) is let out of the scope of this paper.

o In a first layer, time is presented as a set of funda-
mental notions such as time instant, duration, time
bases, or clocks.

e Inasecond layer, MARTE provides mechanisms to
annotate timing requirements and constraints in
models. One key modeling feature is the concept of
observation. Observations provide marking points
in models to specify assertions. Some typical asser-
tions have been embedded in ready-to-use patterns,
such as jitters or conditional time expressions.

o In the third layer, time concepts are defined as part
of the behavior, not mere annotations. This set of
constructs cover both physical and logical time.

Figure 2 shows an automotive example of logical

clocked time constraints with MARTE. It consists in

an ignition control and the knock correction for the
case of a 4-stroke engine. Here, the position of the
crankshaft is a “natural” reference frame for events and
behaviors. An angle logical clock is created to deal
with angular positions (crkCIk) with degree crank units

(°CRK). For instance, the occurrence of the timed

event EC is constrained by { torpc + [5..20]}, being

@torpc an observation of OTDC. The constraint means

that totoc + 5 < tgc < totpe + 20, on crkClk and with

the values given in °CRK. This can be extended for

dealing with multiple clocks specifying ignitions in 4-

cylinder engines [18].
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Figure 2. Timing diagram of a 4-strike engine (source [18])

BDC: Bottom Dead Center
FBOC: First BDC
3BDC: Second BDC

ctkClk crankshaft Clock
*CRI degree crank

TDC: Top Dead Center
ITDC: Ignition TDC
OTDC: Overlap TDC

End-to-end flows. This aspect is supported by the
three languages with more or less formality.

TADL calls this concept event chain. An event
chain relates a set of stimuli to a set of response events.
Such events are related to different kind of events han-
dled by both AUTOSAR and EAST-ADL. Time
chains can be composed of non-concurrent time chain
segments. Figure 3 shows an example of TADL event
chain with join and fork precedence relations. In this
chain, end-to-end constraints such as reaction con-
straints and data age constraints can be applied. The
semantics of these constraints is discussed later in this
section.
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Figure 3. Example of a TADL event chain

In AADL and MARTE, the term used is actually
end-to-end flow. In both cases, end-to-end flows de-
scribe logical units of processing work in the system,
which contend for the use of processing resources
(processors, buses, etc.). In both languages, data and
control can be part of the processing. Like TADL, dif-
ferent kind of timing constraints can be attached to
end-to-end flows (deadlines, output jitters, etc.).

One important feature in MARTE is that end-to-
end flows can be represented in behavioral views com-
plementing component models. This approach allows
modelers to specify multiple end-to-end flow configu-
rations that could be likely related to (a) specific op-
erational modes, (b) alternative execution chains, or (c)
different quantitative scenarios of activation parame-
ters or other non-functional annotations. Thus, one
behavior model that has been extended in MARTE
with data communications is the sequence diagram.
Sequence diagrams capture structural entities (includ-
ing ports) in the horizontal axis, and interchanging of
control and data messages in the vertical axis.

Activation events. Specification of activation events
differ in the covered modeling languages.

The activation events are modeled via triggers in
EAST-ADL and via events with repetition rate con-
straints in TADL. A TADL repetitive event describes
whether the stimulus is periodic, sporadic, or pattern.
The EAST-ADL trigger provides period and offset
parameters.

AADL specifies activation by means of dispatch
protocols attached to threads. A dispatch protocol can
be periodic, sporadic, aperiodic, timed, hybrid, or
background.

In MARTE, activation events are modeled by
means of workload events. From a specification view-
point, workload events can be modeled by known pat-
terns (e.g., periodic, aperiodic, sporadic, burst),
irregular time intervals, by trace files, or by workload
generator models (e.g., state machine models). The
workload event element contains additional parameters
for periodic and aperiodic patterns such as jitters, burst
parameters, and distribution probabilities.

SW and HW resources. The taxonomy of platform
resources diverges between the studied languages.

AADL accounts for processors, virtual processors,
memories, buses, devices. There are some missing
parameters useful for scheduling analysis, which are
not explicitly modeled. These include overheads (over-
heads by context switch times, or message transmis-
sion), and common parameters that are commonly
calculated by analysis tools such as processor or bus
utilizations.

The MARTE analysis model distinguishes two
kinds of processing resources: execution hosts, which
include for example processors and coprocessors, and
communication hosts, which include networks and
buses. Processing resources can be characterized by
throughput properties as for example processing rate,
efficiency properties such as utilization, and overhead
properties such as blocking times and clock overheads.

EAST-ADL/TADL includes constructs for hard-
ware and middleware modeling. For scheduling analy-
sis in particular, ECU’s relative speed and bus’ data
transmission rates are useful to obtain absolute execu-
tion times and communication delays. On the other
hand, EAST-ADL does not explicitly model OS tasks.
Thus, the kind of timing analysis supported by EAST-
ADL/TADL is more a feasibility analysis that evalu-
ates response times assuming ideal scheduling based
on function execution times and triggering definitions.

None of these languages provide sufficient details
to describe all the analyzable aspects in some special-
ized buses used in the automotive domain (e.g.,
FlexRay). There are, however, some approximation
approaches that allow modeling time-triggered com-
munication by means of static schedules (time tables),
but they have not been fully formalized with concrete
parameters in the surveyed languages.

EAST-ADL abstracts away many of these resource
modeling aspects and relies on AUTOSAR. Thus,
AUTOSAR includes a detailed task model with actual
task/frame configuration and all the required parame-
ters for FlexRay or CAN bus configuration.

Application vs. platform. All the covered modeling
languages support separation of application from plat-
form models. They differ in the way these models are
created. For example, AADL and MARTE do not pre-
define any model view, while EAST-ADL does.

In AADL, layering of system architectures is sup-
ported by different ways: hierarchical containment of
components, layered use of threads for processing and
services, and layered virtual machine abstraction of the
execution platform. This is supported by the abstract
component entity as well as the software components,
the hardware components, and the system component.
Execution platform modeling elements such as proces-
sor, virtual processor, memory, bus, and device can



also represent virtual machine abstractions. Timing
analysis properties can be attached at multiple levels.

For its part, MARTE supports this separation of
views at different abstraction levels. In particular, at
scheduling analysis abstraction level the modeling con-
cepts are organized into a “workload behavior” model
dealing with application-specific annotations, and a
“resources platform” model dealing with computing
and communication annotations.

In contrast, EAST-ADL predefines a set of model
views dealing with specific modeling concerns. For
instance, three model views characterize the design
level: functional design, middleware abstraction, and
hardware design. EAST-ADL does not include OS
task models. Instead, this level of detail is delegated to
the AUTOSAR templates.

Allocation and refinement. The three modeling lan-
guages define the concept of allocation but with differ-
ent terminology. EAST-ADL allocation constraint is a
concept that can be used with arbitrary elements in a
model. AADL “binding” and “allowed binding” model
the actual binding and the binding constraints of e.g.,
application components to execution platform compo-
nents. In MARTE, the allocation concepts allows for
different kinds of spatial and temporal mappings.

An important difference that matters for scheduling
analysis is the capability to represent allocation-
specific information. While MARTE and AADL sup-
port this capability, EAST-ADL does not formalize
how allocation-specific information is modeled.
MARTE allows for specifying arbitrary non-functional
properties attached to allocations. With a different ap-
proach, AADL allows to refer to a given binding rela-
tionship from property annotations.

Another timing analysis modeling capability is re-
lated to the abstraction of OS layers by means of allo-
cation relationships. For instance, automotive
applications are typically centered on functional design
during early development phases. Functional models
commonly does not account for scheduling parameters
(priorities, scheduling policies, etc.), required for tim-
ing analysis. In order to perform scheduling analysis in
early phases, an approach consists in making assump-
tions in the mapping of functional entities (e.g., run-
nables) into OS tasks, and in allowing for annotating
estimate values directly into such entities. Figure 4
illustrates two allocation options, which can be used at
different abstraction levels of the same architecture. In
the more abstract level, alternative (b) assumes that
Runnablel and Runnable2 will be allocated to one OS
task each, and that they will subsume scheduling-

specific parameters. This mechanism is available in
AADL and MARTE.

Runnable1 - — »n\ S—
S Ecu
(a) i
Runnable2. — -
Application Sw Platform Hw Platform
Runnablel = =~ — _ _ A
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(b) ~
I
Runnable2 _ = = — —
Application Hw Platform

Figure 4. Allocation at different abstraction levels (a) and (b)

Semantics preservation. Due to its importance in
automotive system design, the calculation of end-to-
end delays, jitters and data age in the presence of
multi-rate data communication has been recently con-
sidered in literature.

In [19], Feiler and Hansson propose an analysis
framework based on AADL to calculate the end-to-end
latency and age of signal stream data, as well as their
jitter. For the data-driven processing case in particular,
this work specifies tasks (so-called threads), likely of
multi-rate activation (non-harmonic sampling), con-
nected through immediate or delayed communications.
The end-to-end worst-case and best-case delays are
calculated for a set of semantic cases accounting for
harmonic and non-harmonic up and down sampling.

In a further work, André et al [11] extend AADL
calculations for arbitrary schedules by using MARTE.
This work separates the logical semantics that deter-
mines the relative order of dispatched events and data
(modeled as a sequence of execution steps), from the
chronometric semantics that determines a total order
(modeled as steps deployed in multi-rate tasks and, the
latter in hardware resources). Note that while the
MARTE notation requires certain specification effort,
it may cover more semantic cases than AADL.

In [16] the authors distinguish four different seman-
tics of end-to-end data communication, which are in-
cluded in TADL. Among these, the “last-to-last”
semantics (which derives in the maximum data age
calculation) is needed for delay calculation in control
engineering, while the “first-to-first” (which derives in
the first reaction delay calculation) semantics is of in-
terest e.g. for body electronics where “button-to-
action” latency is critical.



Table 1. Modeling Support for Scheduling Analysis

Features - Languages EAST-ADL/TADL MARTE AADL
Timing Timing Constraint (Input/output synchronization, Physical and logical time constraints. Clock Physical time constraints by means of proper-
constraints repetition rate, reaction, data age). Timing meas- constraints. Time expressions for conditional ties such as deadline, maximum jitters,
urement units including time units, angular posi- assertions, indexed timed events, jitters, etc. communications latencies.
) tion, and other engine variables. based on time observations.
= End-to-end Event chains. Event chains related to architecture End-to-end flows with join, forks, and condi- End-to-end flows attached to component
§ flows events. Joins and forks precedence relations tional precedence relations. Modeled as connectors.
g separated behavior models (e.g., sequence
b= diagram) complementing component models.
<5
= Activation TADL Repetition rated events, EAST-ADL triggers Patterns (e.g., periodic, aperiodic, sporadic, Dispatch protocols attached to threads, with
= events (periodic, sporadic, pattern) burst), irregular time intervals, by trace files, patterns: periodic, sporadic, aperiodic, timed,
ELUJ) or by workload generator models. hybrid, or background.
3 SW and HW Hardware and middleware abstractions. ECUs, Execution and communication resources Processors, virtual processors, memories,
resources System, Bus, Connector. None scheduling pa- characterized by throughputs, utilization, buses, devices.
rameters. overheads, scheduling parameters. OS No overheads, no ECU/bus utilizations.
(tasks, semaphores, etc.) and hardware
Application Predefined separation of models at design level No predefined layers. Modeling support for No predefined layers. hierarchical contain-
vs. platform for: functional architecture, middleware, and different application and platform views ment of components, layered use of threads,
n hardware. layered virtual machine abstraction
[
§ Allocation & Allocation constraints Allocations with non-functional properties. Bindings and allowed bindings. Binding-
S refinement Refinement of non-functional properties specific property values.
= though VSL variables and expressions.
= Semantics Four semantics for synchronization in end-to-end Logical relationships between read/write Multi-rate activation (non-harmonic sam-
2 preservation flows: first-to-first (first reaction), first-to-last, last- events pling), connected through immediate or
g to-first, last-to-last (data age). delayed communications
?, Composition Black-box composition rules for event chains Required/offered/contract non-functional None
] annotations in component interfaces
Analysis None Analysis context, variables/parameters, None
scope analysis results

* see Section 4 for full explanations

Composition. AADL and MARTE do not formally
account for the issue of composition of end-to-end
flows for scheduling analysis. In MARTE, however,
assumed/guaranteed non-functional properties can be
annotated in component interfaces by using specialized
constraint annotations. This is particularly useful to
specify contract-based component applications. On the
other hand, TADL is the sole language from these
three that proposes calculation of end-to-end delays for
black-box compositionality. Its vertical composition-
ality makes the approach applicable to different sched-
ulers (SP, TDMA, RR, and EDF) and for realistic task
models, e.g. periodic tasks with jitter or burst, as long
as a response-time analysis is available [16]. Its hori-
zontal compositionality makes it applicable to distrib-
uted systems with several ECUs and buses, be it
synchronous (e.g. with FlexRay) or asynchronous (e.g.
with CAN).

Analysis scope. Neither AADL nor EAST-ADL pro-
vide any construct to bound modeling elements and
properties participating in analysis scenarios. MARTE,
for its part, introduces the notion of analysis context.
An analysis context is the root concept used to collect
relevant quantitative information for performing a spe-
cific analysis scenario. Starting with the analysis con-

text and its parameters, a tool can follow the links of
the model to extract the information that it needs to
perform scheduling analysis. Analysis results can also
be annotated back in MARTE models to take them into
account for architecture refinement.

Analysis contexts, together with SysML paramet-
rics [3], can be also used to formalize the design space
for architecture exploration. In [10], MARTE and
SysML are used in system evaluation and optimization
scenarios, by explicitly defining objective functions,
costs, and the search space (multiple candidate archi-
tectures and design constraints).

5. Conclusions

In this paper, we discuss some crucial specification
capabilities that need to be satisfied by modeling lan-
guages to enable scheduling-aware timing analysis in
automotive applications. We evaluate the extent to
which three major industry-based modeling languages,
MARTE, EAST-ADL/TADL and AADL, satisfy those
needs.

The purpose of this paper is to raise questions and
encourage discussion, rather than to argue that a par-
ticular modeling language is the answer. We think that
a good modeling language should be general enough to



capture appropriate constructs to perform useful sys-
tem analysis at different abstraction levels. As can be
expected, different architectural styles, fidelity levels,
and language formalities in the three surveyed lan-
guages lead to diverging capabilities. On the other
hand, these constructs must not be too disconnected
from the system execution semantics so that analysis
results can be reliable. This is a wide-open area that
needs more research in the three modeling languages
discussed.

Finally, although it seems that MARTE has the
richest expressive power, because of the range of ap-
plications and areas of knowledge that are in its scope,
cares must be taken. The design of modeling languages
typically involves a trade-off between expressive
power and analyzability. The more a language can
express, the harder it becomes to understand what in-
stances of the formalism use. Thus, more expressive
languages commonly require additional effort to define
methodological frameworks and tools well suited, in
this case, to the automotive industry.
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