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Controller Components
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Main Concepts reducing Design Complexity: 

Modular System Structure

Propagation of Adaptation by Quality extended 
Data Types (Datives)

Separation of Adaptation and Functionality in 
Components 

Adaptive System Modelling (MARS)



Qualities
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Adaptive Components
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v_yaw
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steering_angle
Input
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P3

P2
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port number    port name referenced QT quality flow
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Configuration AyBased
Pre5 Post5
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Modelling Adaptation
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No module gets stuck in the default configuration ‘off ’: 

Every module can reach all configurations at all times: 

No inconsistent states can be reached: 

No configuration is always only transient: 

Adaptive Generic Properties

AG(c = off → EFc "= off)

AG(
n∧

i=1

EF c = configi)

AG(
n∨

i=1

c = configi)

n∧

i=1

EFEG c = configi



Properties of VSC System 
Controller Modules correctly implement Fail-Safe Layer.

Traction Control:
AG((gas output.quality = available

∧ gas input.quality = available)
→ ctraction control #= Off )

Steering Angle Delimiter:
AG((steering angle input.quality = available

∧ steering angle servo.quality = available)
→ csteering angle delimiter #= Off )

Yaw Rate Correction:
AG((wheel brakeFL.quality = available

∧ wheel brakeFR.quality = available
∧ wheel rearBrake.quality = available)
∧ brake input.quality = available
→ cyaw rate corrector #= Off )

Figure 6: Safety Properties of Core Modules

erties for each module and also that the fail-safe modes of
the core modules satisfy the safety requirements.

In the evaluation of our approach, we have reduced the
original vehicle stability control system with respect to the
generic adaptation properties for each module i by system,
module and adaptive slicing as well as by a combination
of adaptive and system slicing. For each module i and the
respective reduction algorithm, we obtained a system con-
taining the relevant system parts in the selected level of de-
tail. Furthermore, we have reduced the original system with
respect to each of the three safety properties of the core
modules by system, module and adaptive slicing as well as
by a combination of adaptive and system slicing. Here, we
obtained reduced systems for each of the three properties
in the selected granularities. We have measured the times
necessary for each reduction and the time for the analysis of
the respective system by model checking.

#
Var.

Slicing

Time

[s]

Analysis

Time

[s]

(generic)

Analysis

Time

[s] (fail-

safe)

Original Model 232 n/a 9.22 263.35
Adaptive Sliced 148 0.007 2.78 143.12
System Sliced 112 0.140 2.10 9.57
Ad.-Sys. Sliced 48 0.043 1.53 12.03
Module Sliced 38 0.043 1.49 11.90

Table 1: Slicing for Vehicle Stability Control

Table 1 shows the average sizes of the systems before and
after reduction by slicing in different levels of detail and the
average times required for the reductions with the differ-
ent slicing techniques. Furthermore, it shows the average
analysis times over the systems reduced with the same slic-
ing technique for the generic adaptation properties for each
module and for the fail-safe properties of the core modules.
It can be observed that the size of the model expressed by
the average number of variables decreases the more detailed
the reduction is. As expected, module slicing provides the
best possible model reduction minimising the number of sys-
tem variables by 85 %. Furthermore, we see that the time
for computing the reduction increases the more detailed the
analysis is. In this direction, adaptive slicing allows large

model reductions without a detailed analysis by design of
SAS models. The reason why system slicing in this example
takes longer than module slicing is that the number of inter-
connections in the considered example system is rather high
whereas the modules themselves do not contain many vari-
ables. In a more loosely coupled system slicing can outper-
form module slicing. Furthermore, if we perform adaptive
slicing followed by system slicing the time for the reduction
is about the same as for module slicing because no functional
connections have to be considered for system slicing.

With respect to the average analysis times required by
Averest, it can be observed that all reductions allow sig-
nificant speed up in verification time, e.g. by 95% for the
fail-safe properties on the module sliced system. For the
generic adaptation as well as for the fail-safe properties it
holds that the smaller the model is the more efficient ver-
ification is possible. The average verification time for the
fail-safe properties on a system that is reduced by system
slicing is unexpectedly small. The reason is that coinci-
dentally this specific verification problem allows an efficient
representation of the models in the internal BDD packages
of the model checker which does not apply in general and
cannot be efficiently predicted in advance.

5. RELATED WORK
The verification of adaptive systems has become an ac-

tive area of research [12, 22, 23] in order to find models for
safe adaptation behaviour. However, these approaches do
not provide a constructive modelling technique but require
to specify the global adaptation behaviour directly which
is hardly feasible for complex systems as in the automotive
domain. In this direction, the presented approach aims at
the integration of the constructive and explicit modelling
technique MARS [19] for adaptive embedded systems with
formal verification. In [17], verification of MARS models us-
ing model checking was first proposed. In this work, MARS
models are translated directly to input of the model checker
such that the applicability is limited to smaller models.

Slicing has been introduced in [21] as an effective tech-
nique used for debugging and program comprehension in
sequential programs. A survey of techniques can be found
in [18]. Recently, slicing has also been used for concurrent
state-based system models, e.g. extended hierarchical au-
tomata [20, 10, 11] or input/output transition systems [13].
However, most of these approaches work on relatively low-
level model representations in contrast to SAS models cap-
turing the high-level intuition of adaptive modelling con-
cepts. In [5], slicing is used to reduce software architec-
ture models expressed by UML statecharts. However the
component-based structure of software architecture models
is not exploited for determining irrelevant parts with respect
to the considered property.

With respect to model reduction for model checking, cone
of influence reduction, e.g. for Boolean circuits [4], is ap-
plied to the internal model representations similar to static
backward slicing. In BANDERA [9], a model checking envi-
ronment for Java, program slicing techniques for Java pro-
grams are applied. Slicing for Promela, the concurrent input
language for the Spin model checker, is proposed in [14].

In SAL [8], slicing on a low-level intermediate transition
system representation is used for model reduction. Although
SAL specifications have a modular structure, the modular-
ity is not exploited for slicing. The IF [3] framework applies



Experimental Results
Table 2 shows the number of fixpoint iterations performed during model checking and the
time required to check Properties 1–4 on a Pentium 4 processor with 2.8 GHz and 512
MB RAM. As these properties actually represent sets of formulae (one formula for each
component/configuration), we have determined minimal, average, and maximal values in
addition to the total ones. The total time required to check all properties was less than three
minutes. Stability could not be checked in less than one hour by means of standard model
checking procedures for LTL. However, using the approach presented in [ASSV07], it
could be checked in less than half an hour (1723 seconds). Nevertheless, there is still a
large gap compared to the runtimes for Properties 1–4. The main reason for this is that the
latter can benefit from abstractions such as cone of influence reduction [CGP99], whereas
checking stability requires considering the complete system.

Property Time [seconds]
Min. Avg. Max. Total

P1 (liveness) < 0.1 3.1 71.5 84.0
P2 (reachability) < 0.1 2.4 52.1 63.8
P3 (safety) < 0.1 0.1 0.2 0.7
P4 (persistence) < 0.1 0.3 4.5 19.6

Table 2: Experimental results of model checking

It should be mentioned that not all of these properties were satisfied in the initial design
of the vehicle stability control system. For example, it turned out that the configuration
FWheelBased of the component VYawCalc was never active for more than a single cy-
cle (violation of Property 4). This behavior was due to interdependencies between the
component VYawCalc and other components that caused it to switch to the configuration
SteeringBased in the next cycle. Although this particular case might not be safety-critical,
the results of verification are often useful for gaining a better understanding of the whole
system.

Besides the properties described above, which are concerned with generic features of the
adaptation behavior, we also checked a number properties ensuring that the system al-
ways provides its basic functionality given that the minimal required sensors and actua-
tors are operational. In particular, if the sensors and actuators concerning steering angle,
brake force, and gas are operational, neither of the corresponding controller components
is in the shutdown configuration Off. In this way, it is guaranteed that the adaptation
behavior implemented in the system does not corrupt any essential functionality. For ex-
ample, if the intended steering angle is available and the steering servo works, i.e., delim-
ited steering angle quality is available, then the component SteeringAngleDelimiter is not
in the configuration Off :

AG((steering angle driverInput quality = available∧
delimited steering angle quality = available)→ c(SteeringAngleDelimiter) #= Off)

As another example, the following property ensures that the braking system does not fail
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As a model checking back-end, we use Averest,2 a framework for the specification, imple-
mentation, and verification of reactive systems [SS05]. In Averest, a system is given in a
synchronous programming language, which is well-suited for describing adaptive systems
obtained from SAS models, as both are based on a synchronous semantics. Furthermore,
a causality analysis of synchronous programs can be used to detect cyclic dependencies
that may occur if the quality flow generated by an output is used as input in the same
component. Specifications can be given in temporal logics such as CTL and LTL (see
Section 5).

Once the adaptation behavior of a MARS model has been successfully validated and veri-
fied, it can be implemented by means of a given adaptation framework. Such a framework
might either be a central component in the system coordinating all adaptation processes
or be distributed over several components. We have developed a distributed framework
in MATLAB-Simulink,3 which provides an interface for the integration of the function-
ality and supports code generation using Simulink’s Real-Time Workshop. Additionally,
the framework offers a generic configuration transition management, which can be used
to specify the interaction between functionality and adaptation behavior in more detail.
The resulting design can then be evaluated by co-simulations of functional and adaptation
behavior. In order to avoid undesirable interference between functional and adaptation be-
havior, additional techniques may be employed that guarantee smooth blending between
functional outputs during reconfigurations [Bei07].

5 Experimental Results

In this section, we present experimental results on the verification of the vehicle stability
control system using model checking. Table 1 shows some characteristics of the system.

Number of components 28
Number of configurations 70
Lines of code ≈ 2500
Number of reachable states ≈ 5 · 1018

Number of properties 151

Table 1: Characteristics of the vehicle stability control system

As specification languages for reasoning about adaptation behavior, we employ the tem-
poral logics CTL (computation tree logic) and LTL (linear time temporal logic) [CGP99,
Sch03]. In both CTL and LTL, temporal operators are used to specify properties along a
computation path that corresponds to an execution of the system. For example, the for-
mula Fϕ states that ϕ eventually holds and Gψ states that ψ invariantly holds on a given
path. In CTL, every temporal operator must be immediately preceded by one of the path
quantifiers A (for all paths) and E (at least one path). Thus, AGϕ and EFψ are CTL formu-

2http://www.averest.org
3http://www.mathworks.com
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Characteristics of Vehicle Stability Control System

Analysis Times for Generic Adaptive Properties
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Conclusion

Modelling Concepts for Adaptive Systems 
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