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1 Introduction 

This report describes the status of the industrial evaluation strategy for each of the use cases for 

the design tools. This deliverable is the final report of the task 5.1 dealing with evaluation of 

modelling, design, validation, and platform service abstraction techniques. Task 5.1 is 

coordinated by STMicroelectronics and involves most of the project (OFFIS, STM, 

GMV, Cobra, INTECS, iX, EDALab, Docea, PoliTo, UC, KTH, ST-PoliTo) 

. The task started at M19 and it will end at M33. The main objective is to validate the use cases 

modelling and validation of platform services and embedded systems against the requirements 

defined in WP1. In particular the models developed for every use-case are validated versus the 

use-case metrics defined in D1.2.1.  

The use-cases can be considered as “CONTREX design flow experiments”. Depending on their 

structure and characteristics, each use-case targets a specific path in the design flow and focuses 

on a specific tool subset. The use cases should provide quantitative metrics to verify the 

compliance level of the CONTREX methods and tools with regard to the industrial needs and 

use case goals and objectives.  
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2 Avionics domain use case evaluation 

 

 

This section provides the evaluation results of the avionics domain’s requirements that are 

applicable to the modelling and design techniques that have been developed in CONTREX. 

Section 0 summarizes the final status of the requirements validation, while section 0 

presents the detailed validation results of the requirements. 

Evaluation status 

The following table summarizes the final validation status of the avionics domain’s 

requirements. 

Table 2.1:  Requirements from the avionics domain 

Requirement Priority Validation status Requirement coverage 

AVR-01 Mandatory. Completed. Fully covered. 

AVR-02 Optional. Completed. Fully covered. 

AVR-03 Mandatory. Completed. Fully covered. 

AVR-04 Mandatory. Completed. Fully covered. 

AVR-05 Mandatory. Completed. Fully covered. 

AVR-06  Mandatory. Completed. Fully covered. 

AVR-07 Mandatory. Completed. Fully covered. 

System Models
(e.g. from 3rd party model-driven 

design flow)

Legacy HW/SW

(e.g. existing C-Code, VHDL, Verilog, …) 
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AVR-08 Mandatory. Completed. Fully covered 

AVR-09 Mandatory. Completed. Fully covered. 

AVR-10  Mandatory. Completed. Partially covered. 

AVR-11 Mandatory. Completed. Fully covered. 

AVR-12 Mandatory. Completed. Fully covered. 

AVR-13 Optional. Completed. Fully covered. 

AVR-14 Mandatory. Completed. Fully covered. 

AVR-15 Mandatory. Completed. Fully covered. 

AVR-19 Mandatory. Completed. Fully covered. 

Evaluation results 

This section presents the final evaluation results. For each requirement, a table with the 

following contents is provided: requirement priority, means of validation, validation results 

and, when necessary, some additional considerations that should be taken into account. 

Requirement Priority 

AVR-01 CONTREX shall be aligned with the rules and guidelines 
defined in the D0-178C standard. 

Mandatory. 

Means of validation 

Review of meta-model specification in order to verify that the models that can be 
generated are in line with the rules and guidelines defined in the standard; i.e., standard’s 
rules and methods are reasonably applicable/verifiable to/against the models. 

In particular, the meta-model definition, modelling methodology as well as the function of 
the tools used will be reviewed in order identify any potential feature or characteristic (if 
any) that might conflict with the corresponding D0-178C’s rules and guidelines. 

Validation results 

The DO-178 standard defines guidelines for the development of aviation computer 
systems. It addresses software life cycle processes, including acquisition, supply, 
development, operation, and maintenance.  

In the context of the avionics domain, the main result expected from CONTREX was the 
integration of its design methodology into the overall avionics (mixed-criticality) systems 
development flow, as shown by figure below. This way, former avionics flow would be 
improved by the introduction of extra stages for system modelling, model-based analysis, 
simulation and (simulation-based) DSE during the design phase. 
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According to this, there are three main points addressed by DO-178 with which the 
CONTREX methodology and the tools associated to it would be concerned: 

- Criticality level: DO-178C annex A describes the objectives to be satisfied as well as the 
activities to be performed depending on the application’s criticality level, from level A 
(failures may entail catastrophic consequences) to level E (failures have no safety 
consequences). The criticality level establishes the rigour which with compliance with 
DO-178C should be demonstrated. 

- Traceability of requirements across development phase:DO-178 requires a 
documented connection (called a trace) between the certification elements. For 
example, a design element traces up to a system/software requirement and down to 
a piece of code. A traceability analysis is used to ensure that each requirement is 
fulfilled by the source code, that each requirement is tested, that each line of source 
code has a purpose (is connected to a requirement), and so forth. Traceability ensures 
the system is complete.  

- Model-based approach: DO-178C introduced several supplements focused on specific 
methods and techniques. In particular, DO-331 (Model- Based and Verification 
Supplement) contains the modifications and additions to DO -178C objectives, 
activities and software life cycle that should be addressed when model-based 
development and verification are used as part of the software life cycle. This includes 
the elements that would be expressed using the models and the verification evidences 
that could be derived from them. The extension of iXtronics CAMeL-View with the 
CONTREX design methods allow the optimisation and performance enhancements of 
the reduced aviation model. Now the models can be used in simulations and on 
testbeds for ground tests. This is a precondition for successful tests in the air and 
reduces the effort for tests dramatically. 

Regarding the criticality levels, avionics domain’s requirement AVR-06 asked for the 
capability of reflecting in the system’s model the assignment of criticality levels to the 
different system components. As discussed in the AVR-06’s validation results (see pg. 15), 
the coverage of this requirement by the CONTREX modelling methodology has been 
sufficiently demonstrated. Although for cross-domain applicability purposes, a numeric 
approach has been followed for expressing the corresponding criticalities (see for example 
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Figure 1, where an application component has been assigned a criticality level of 4), it 
would be easy to map each A-E criticality as defined in DO-178 to one of the numeric 
criticalities supported by CONTREX methodology. 

 

Figure 1. An application component with its associated criticality level. 

With respect to the traceability of certification elements, CONTREX would be affected with 
regard to the system elements modelled using the CONTREX modelling methodology. A 
concrete requirement (AVR-19) was specified in order to ask for the support of traceability 
from system’s requirements to the system’s model. Here, it must be noted that, as the 
pure functional code related to the model components is to be provided directly by the 
user, it is user’s responsibility to provide an appropriate trace from functional 
requirements and design model elements to source code and vice-versa. However, extra-
functional property requirements can be captured in the system’s model (see an example 
in Figure 2 below) thus enabling support for their traceability. AVR-19’s validation results 
(see pg. 31) show in deeper detail how the CONTREX framework supports this capability. 
As AVR-19is considered fully covered, the CONTREX approach is in turn considered 
conveniently aligned with the traceability requirement imposed by DO-178. 

 

Figure 2. Extra-functional requirement (period of the GPS component’s main task) captured in the model. 

Finally, regarding the model-based approach, DO-178C includes review, analysis and 
testing as the main methods for the verification/validation of requirements, design and 
code. DO-331 introduces simulation also as an accepted method to verify models. 
Provided this, the other main technique brought by CONTREX to the former avionics 
development flow (apart from system modelling according to the mixed-critical and extra-
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functional-property-aware CONTREX modelling methodology), simulation-based DSE, 
seems to fit perfectly into the general development framework outlined by DO-178C.  

Apart from previous points, other common practices, such as modularity, encapsulation 
and low complexity design principles, encouraged by DO-178, are fully compatible with 
the UML/MARTE- and component-based modelling approach proposed by CONTREX (see 
for instance AVR-03’s validation results regarding component-based methodology). 

Additional considerations 

It must be taken into account that the tools that integrate the CONTREX framework, at 
least those that have been used and evaluated in Use Case 1b (avionics domain 
demonstrator), do not need to be qualified. Qualification of a tool is only needed when 
the processes described in DO-178C are eliminated, reduced or automated by the use of 
the tool in question, without its output being verified as stated by the standard; i.e., a tool 
needs to be qualified only if its output is not completely verified per DO-178 verification 
objectives. For instance, an automatic code generator does not need to be qualified if the 
generated code is reviewed by traditional means. If the code review was however to be 
eliminated due to the use of the code generator, the latter must be qualified. 

In general, any tool that may fall under the category of development tool (as opposed to 
verification tool) does not need to be qualified as long as its output is verified as if it would 
have been generated manually. This is the case of most tools used in the context of 
CONTREX, being thus compatible with the development of critical systems that need to 
observe DO-178. Non-qualified tools would be used during the process while traditional 
verification processes are applied to their outputs. 

Verification tools usually replace the manual verification process by an automated one, so 
they must be qualified in order to comply with DO-178. It has to be noted that the 
CONTREX’s simulation-based DSE to be integrated into the design phase of the avionics 
development flow would be used to guide and help the designer to make informed 
architectural decisions (such as platform selection and HW-SW mapping) at early stages, 
but not to validate a given model. Once the simulation-based DSE provides its results, such 
as the optimal configuration of the system seen as a concrete SW-HW mapping, it would 
be validated on the target platform by traditional methods. Thus, this specific usage of the 
simulator together with the demonstration, by the traditional methods, of the compliance 
of the verification process with DO-178C allows the use of a non-qualified simulator just 
as if it was another development tool.   

 

Requirement Priority 

AVR-02 CONTREX should use open standards and tools whenever 
they exist and are suitable. 

Optional. 

Means of validation 
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Review of tools used and standards supported and/or followed. 

Validation results 

The CONTREX meta-model is essentially based on the UML MARTE meta-model, which is 
a widespread open standard for modelling and analysis of real-time embedded systems 
(see MARTE profile for UML, [3]). Many constructs provided by MARTE have been adopted 
by the CONTREX meta-model; in fact, the CONTREX meta-model can be considered a sub-
set of the MARTE meta-model. Only a few features not present in MARTE have been 
introduced in CONTREX, some of them still on a temporary basis. 

Moreover, the CONTREX modelling methodology provides more a series of guidelines for 
using UML MARTE constructs in a specific way than a new conceptual framework for 
modelling embedded real-time systems. 

Thus, the open nature of MARTE alone guarantees the achievement of the present 
requirement. 

Additional considerations 

This requirement encompasses both the modelling language, methodology and the tools 
to be used in the avionics domain demonstrator flow. However, in this report only on 
modelling and design techniques are considered. For tool evaluation see D5.2.2 ([4]). 

 

Requirement Priority 

AVR-03 CONTREX shall support a component-based modelling 
approach. 

Mandat
ory. 

Means of validation 

Review of meta-model definition in order to verify that it follows a typical component-
based approach; i.e., its main entities are components which have certain properties and 
may interact in several ways. 

These components must be clearly identifiable in the demonstrator’s model. 

Validation results 

A general review of the CONTREX modelling methodology described in deliverable D2.2.2 
([5]) shows that the central elements of the system models are UML components. (In fact, 
CONTREX meta-model is essentially based on the UML MARTE meta-model.) 

For instance, D2.2.2explicitly says that the Application View, which describes the logic 
structure of the application and thus is a main part of the system model, “includes a 



CONTREX/STM/R/D5.1.2  Public 

Report on evaluation of modelling, design, validation, and platform service abstraction 

techniques (final) 

 Page 11 

component-based description of the application as a platform independent model (PIM)” 
([5], pg. 17). 

CONTREP (CONTREX Eclipse plug-in) tool, which provides, together with the UML/MARTE 
profile and the Papyrus plug-in for Eclipse, an integrated environment for system 
modelling (including graphical representation), has been used to create the preliminary 
model of the Use Case 1. This model can be used to provide additional evidence about the 
component-based nature of the CONTREX modelling approach: 

 

Figure 3. Application components. 

 

Figure 4. Platform components. 

Previous fragments of the Use Case 1 model show not only the component as the central 
element of the application model, but also of the platform description. 

Additional considerations 

None. 

 

Requirement Priority 

AVR-04 CONTREX shall support the modelling of functional, logical 
and physical characteristics of a system. 

Mandat
ory. 

Means of validation 
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Review of the meta-model definition and its associated semantics in order to check that 
the necessary entities have been incorporated to the meta-model in order to 
represent/characterize the functional, logical and physical aspects of the system. 

The functional, logical and physical aspects of the demonstrator must be representable 
and clearly identifiable in the corresponding demonstrator’s model. 

Validation results 

CONTREX modelling methodology follows a model-driven approach that includes the 
three classical PIM (Platform Independent Model), PDM (Platform Description Model) and 
PSM (Platform Specific Model) sub-models. 

In particular, the PIM and the PDM serve for describing the functional, logical and physical 
characteristics of the system as stated by the requirement. 

In D2.2.2, it is specified that the PIM “describes the functional and non-functional aspects 
of the application (e.g. application components, application structure, interface, etc)” ([5], 
pg. 16). These functional and non-functional aspects can be somehow identified, 
respectively, to the functional and logical characteristics mentioned in the requirement. In 
the end, functional characteristics concern functions and operations performed by the 
system, as reflected by the interfaces and the functional code associated to the application 
components, while logical characteristics mentioned in the requirement basically referred 
to the platform-independent structure of the application. 

On the other hand, the PDM “describes the different HW and SW resources that compose 
the HW platform” ([5], pg. 16), including the processors, buses, memory devices and other 
HW elements that constitute the physical components of the system. These elements can 
be also associated extra-functional properties linked to physical magnitudes such as data 
rate, frequency, energy, power and temperature ([5], pg. 21).  It can be concluded that set 
of modelling entities provided by the CONTREX meta-model (most of them inherited from 
the UML MARTE meta-model) fully cover the modelling of physical characteristics of a 
system as requested by the requirement. 

Finally, Use Case 1 model provides some examples on how the present requirement is 
achieved. The following snapshots taken from it show a preliminary representation of 
some of the functional, logical and physical characteristics of the system. 
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Figure 5. Logical architecture of the application. 

 

Figure 6. Example of application’s interface. 

 

Figure 7. Physical components and their associated properties. 

Additional considerations 

None. 

 

Requirement Priority 

AVR-05 CONTREX shall support the modelling of usual 
embedded real-time systems logical entities; such as 
tasks or shared data. 

Mandatory. 

Means of validation 
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This will be verified by reviewing the meta-model definition and checking that these 
entities are actually supported. 

All the relevant logical entities of the demonstrator must be then representable and clearly 
identifiable in the demonstrator’s model. 

Validation results 

UML MARTE meta-model, on which CONTREX meta-model has been based, already 
ensures that all or at least most of the logical entities commonly used for the design of 
embedded real-time systems are expressible in the resulting modelling language. 

The requirement provides tasks and shared data as explicit examples. UML MARTE 
provides good support for the entities of these kinds, by means of its RtUnit (real-time 
unit) and PpUnit (protected passive unit) stereotypes, also adopted by the CONTREX meta-
model.   

The concept of task, as usually understood in the context of the embedded real-time 
systems, can be equated to the MARTE’s SwSchedulableResourceconcept. According to 
the UML MARTE standard ([3][3]), SW schedulable resources are resources that “execute 
concurrently to other concurrent resource”, and by default “share the same address space 
but preserve their own contexts” ([3], pg. 649). Several examples found in the standard 
specification demonstrate the actual equivalence between the two concepts. 

Additionally, UML MARTE defines the RtUnit as “a unit of concurrency that encapsulates 
in a single entity both the object and the process paradigms, which means that concurrency 
control is encapsulated within the unit”. It also“owns one or several schedulable resources” 
([3],pg. 179). Thus, an RtUnit may be seen as a higher level construct that may also 
represent the functionality of a task when only one schedulable resource is owned, 
providing extra semantics that may make it fit better into an object-oriented design. 

Shared data can be alternatively modelled using the PpUnit concept, specifically 
introduced in MARTE for that purpose. According to the standard, “a protected passive 
unit is used by real-time units to carry information, while providing protection mechanisms 
against concurrent accesses” ([3], pg. 632). PpUnits do not possess their own execution 
thread, being basically regular UML objects that provide enhanced mutual-exclusion 
capacities (resembling to the protected objects of Ada programming language). 

It has to be noted that due to its UML object nature, an RtUnit can be also used to share 
data between other application components, as it can encapsulate data (by means of its 
attributes) that can be accessed through its interfaces (for instance, by means of provided 
operations). 

In summary, from the review of the CONTREX meta-model definition and the CONTREX 
modelling methodology it is concluded that the modelling of tasks, shared data, and the 
rest of relevant logical entities, as well as their specific properties, are conveniently 
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supported. Again, the preliminary model of the Use Case 1 developed following the 
CONTREX modelling methodology provides a good example of it. 

 

Figure 8. Application components and their real-time characteristics. 

 

Figure 9. Concurrency model of the application. 

Additional considerations 

None. 

 

Requirement Priority 

AVR-06 CONTREX shall support the assignment of different 
levels of criticality to different model components. 

Mandatory. 

Means of validation 

This will be verified by reviewing the meta-model definition and checking that the model 
components can be assigned, by any means, a specific criticality level, which might be 
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specified for instance using components’ properties/attributes or annotation 
mechanisms. 

The demonstrator’s components criticality levels must be then expressible and clearly 
identifiable in the demonstrator’s model. 

Validation results 

It has been confirmed that the CONTREX modelling methodology provides the capability 
of associating different criticality levels to the corresponding modelling elements. (This 
capability has been specifically introduced in the CONTREX meta-model, as it did not exist 
previously in MARTE). 

The mechanism consists of annotating the model elements with non-functional properties 
and constraints which include a specific attribute to indicate the corresponding criticality 
level. 

An example provided in D2.2.2 ([5], pg. 31) illustrates how to assign a criticality level to a 
given model component, just as requested by this requirement: 

 

Figure 10. An application component with its associated criticality level. 

Use Case 1 preliminary model also gives a similar example: 
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Figure 11. Use Case 1 application components and their associated criticalities. 

As shown by previous examples, the current solution consists of including in the specific 
CONTREX profile for UML a CONTREX-specific NFP constraint which includes the criticality 
attribute. However, in D2.2.2 ([5], pg. 29, footnote 3) it is stated that the long-term 
intention is to extend MARTE’s non-functional properties and constraints themselves to 
include the mentioned attribute (see figure below). 

 

Figure 12. CONTREX extensions to MARTE meta-model for criticality levels. 

Additional considerations 

None. 

 

Requirement Priority 

AVR-07 CONTREX shall support the modelling of usual 
embedded real-time systems physical components; such 
as processing boards or sensors. 

Mandatory. 

Means of validation 

This will be verified by reviewing the meta-model definition and checking that these 
entities are supported. Specific model elements, with precise semantics for modelling 
these kinds of entities shall exist. 

The physical components of the demonstrator’s platform shall be then representable and 
clearly identifiable in the model. 

Validation results 

UML MARTE meta-model adopted in CONTREX already provides a wide set of entities 
aimed at supporting the modelling of the physical components present in the embedded 
real-time systems. This is the case of processing boards and sensors pointed out in the 
requirement, for which MARTE offers the HwProcessor and HwSensor stereotypes. 

These, together with other MARTE entities such as HwRAM, HwROM, HwBus or 
HwPowerSupply, or the more generic HwMemory, HwComputingResource, HwI/O or 
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HwDevice, provide the necessary means to model all the physical components comprised 
by the present requirement. 

The Use Case 1 preliminary model shows the usage of MARTE elements to describe the 
physical components of the system’s platform. 

 

Figure 13. Use Case 1 physical components. 

Additional considerations 

None. 

 

Requirement Priority 

AVR-08 CONTREX shall allow the refinement of the system model 
across the different development phases, from higher to 
lower levels of abstraction. 

Mandatory. 

Means of validation 

This will be verified by reviewing the meta-model definition and checking that the 
necessary means to refine the model across the development phases have been included 
in the definition of the modelling language. These means are expected to consist basically 
of a set of different abstraction levels that enable the user to model complete systems at 
different levels of detail, according to the available information at the different 
development stages. 

Validation results 

The CONTREX modelling methodology follows a model-driven approach that includes the 
three classical PIM (Platform Independent Model), PDM (Platform Description Model) and 
PSM (Platform Specific Model) sub-models, which have been in turn split into different 
model views focused on different aspects of the system, such as the application 
architecture, the data exchanged by the application components or the HW resources (see 
AVR-09’s validation results on pg. 19 for a further description of CONTREX model views). 
Although most of these views are mandatory and thus should be present in every 
“operational” version of the model (this understood as a version for which a native 
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executable model or a performance model for simulation can be successfully generated), 
the contents included by them can be easily extended during the different development 
phases (for instance, new data in the Data View, new application components, etc.) 

Most of the properties (or attributes) of the model components (for instance, the deadline 
associated to an given RtUnit by means of its relDl attribute), are instead not mandatory, 
thus additional and/or refined information can be added to the model in later stages. In 
line with this, the UML/MARTE methodology followed CONTREX enables the modelling of 
composite application components; i.e., components with an internal structure, consisting 
of other lower-level components. 

 

Figure 14. A composite component. 

This capability enables the successive refinement of the system components from high-
level to low-level ones, as the system development advances and the concrete application 
structure become clearer.  

The two previous features are crucial for the full coverage of the present requirement, as 
it is not necessary to provide a final version (likely subject to changes) of the application 
structure and the components’ properties at early stages of the system design, without 
being this an obstacle for performing preliminary system simulations. These simulations 
can be thus carried out just based on high-level descriptions of both application and 
platform components (with, of course, the corresponding loss of precision with regard to 
more refined models).  

Considering all this, it is considered that the capabilities described above adequately cover 
the demands of present requirement. 

Additional considerations 

It must be noted that the different abstraction levels may be easily inferred, for instance, 
from the level of composability of the system components. Thus, there is no actual need 
of explicit support by the CONTREX modelling methodology or its associated tools of the 
concept of abstraction level. 
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Requirement Priority 

AVR-09 CONTREX shall support separation of concerns by means 
of the definitions of model views and perspectives. 

Mandatory. 

Means of validation 

This will be verified by reviewing the modelling language definition and implementation 
and checking that a model may be constructed and analysed from different perspectives 
and views, i.e., the user of the modelling tools may select at any moment which kind of 
information from that included in the model should be shown: information concerning 
time or power consumption, information about the functional, logical or physical aspects 
of the system, etc. 

Validation results 

As already said, the CONTREX modelling methodology follows a model-driven approach 
that includes the three classical PIM (Platform Independent Model), PDM (Platform 
Description Model) and PSM (Platform Specific Model) sub-models. These sub-models 
focus on different aspects of the system, this way supporting the separation of concerns 
claimed by the requirement. 

This separation of concerns has been enhanced by the CONTREX modelling language with 
the creation of different model views, associated to the previous sub-models. According 
to D2.2.2 ([5], pg. 17), the following views are relevant for the modelling of embedded 
real-time systems: 

- PIM Views: 

o Data View: Defines the data types used by the information exchange among 
the system functionality.  

o Functional view: Includes the specification of the interfaces provided/required 
by the application components. 

o Application View: Includes a component-based description of the application, 
based on the component instances and their interconnections. 

o Communication view: Captures the set of communication channels used for 
interconnecting the application components, as well as the mechanisms used 
for synchronizing threads (tasks) and processes.  

o Memory Space view: Defines the memory partitions that model the system 
processes as well as the allocation of application components onto these 
processes.  

- PDM Views: 



CONTREX/STM/R/D5.1.2  Public 

Report on evaluation of modelling, design, validation, and platform service abstraction 

techniques (final) 

 Page 21 

o HW Resources view: Provides an overall description of the HW resources (such 
as processors and buses) that are part of the platform. 

o SW Platform view: Provides an overall description of the SW resources (such 
as the operating systems) provided by the platform. 

- PSM Views 

o Architectural view: Defines the specific platform architecture and the mapping 
of application processes onto platform resources. 

 

Figure 15. CONTREX model views. 

The following diagrams, corresponding to the preliminary Use Case 1 model, provide an 
example of the use and particularities of the different model views:   
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Figure 16. Use Case 1 application architecture (application view). 

 

Figure 17. Use Case 1 concurrency model (communication view). 

 

Figure 18. Use Case 1 processes (memory space view). 
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Figure 19. Use Case 1 system architecture (architectural view). 

CONTREX model views fully cover the present requirement. They address all the relevant 
concerns associated to an embedded real-time system, providing a very good mechanism 
to allow the specialised system designers work in parallel with different aspects of the 
system, while keeping, at the same time, the necessary links between the views to 
guarantee the overall consistency of the model. 

Additional considerations 

None. 

 

Requirement Priority 

AVR-10 CONTREX model views shall be associated to the 
different extra-functional characteristics of the system 
under development. 

Mandatory. 

Means of validation 

This will be verified by reviewing the modelling language definition and implementation 
and checking that the model views match the extra-functional properties considered 
during the specification of the modelling language (principally time, power and 
temperature). 

Validation results 

As described in AVR-09’s validation results (pg. 19), model views are used for improving 
model’s separation of concerns (and thus there is a model view for the specification of the 
application data, another one for the specification of application components, another for 
HW resources, etc.) and not to merely abstract certain kind of extra-functional property 
(such as time or power) from the other ones. 

A closer consideration of the concept of model view, as it was considered when writing up 
the present requirement, shows that it was more a requirement for the modelling tool 
than for the modelling language itself. This is due to the capturing of most of the extra-
functional properties associated to the model elements as properties/attributes of the 
UML/MARTE entities that represent those elements. Thus, if both power- and 
temperature-related extra-functional properties are associated to, for instance, a given 
HW resource, there is no actual way of separating them from the perspective of the 
modelling language or the UML/MARTE-based meta-model. However, the corresponding 
modelling tool could, when selecting a model “view” related to a specific extra-functional 
property, hide somehow all the model elements associated to different extra-functional 
properties. 

In CONTREX, the Papyrus modelling tool, based on the Eclipse environment, has been 
used. Although it does not provide direct support to the features mentioned above, it 



CONTREX/STM/R/D5.1.2  Public 

Report on evaluation of modelling, design, validation, and platform service abstraction 

techniques (final) 

 Page 24 

allows hiding in the corresponding diagrams all the information that the user does not 
want to be visualized. This way, the model itself is separated from the diagram that 
provides the graphical representation of its elements, and thus different engineers, 
focused on different aspects of the system, may use their own diagrams to visualize only 
the model elements they are interested in, while sharing a single source model. 

The present requirement is not covered on its whole extent as it was originally conceived. 
However, the mentioned capabilities provided by the modelling tool together with the 
other considerations above expressed make it acceptable the CONTREX approach not 
being fully compliant with the present requirement. 

Additional considerations 

None. 

 

Requirement Priority 

AVR-11 CONTREX model perspectives shall separate the 
functional, logical and physical characteristics of the 
system under development. 

Mandatory. 

Means of validation 

This will be verified by reviewing the modelling language definition and implementation 
and checking that the model perspectives effectively separate the information that 
concerns the functional, logical and physical aspects of the system. 

Validation results 

As explained in the validation results of AVR-04(pg. 11) and AVR-09 (pg. 19), the CONTREX 
modelling methodology includes three sub-models, the PIM (Platform Independent 
Model), the PDM (Platform Description Model) and the PSM (Platform Specific Model) 
divided in turn into different model views that in fact separate the functional, logical and 
physical characteristics of the system as requested by the requirement. 

The PIM deals with the functional and logical aspects of the system while the PDM does it 
with the physical characteristics. In particular, functional aspects are addressed by the 
PIM’s Data and Functional views, logical aspects are addressed by the rest of PIM’s model 
views and by the PDM’s SW Platform view,  and finally the physical aspects are covered by 
the PDM’s HW Resources view and the PSM’s Architectural view. 

Additional considerations 

It has to be noted that, according to the modelling methodology, it is the model views and 
not perspectives which actually separate the functional, logical and physical characteristics 
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of the system. Although the requirement explicitly mentions perspectives, this is 
considered just a naming issue without any real relevance for the modelling activities.  

 

Requirement Priority 

AVR-12 CONTREX shall support the assignment of non-
functional properties to the model components (e.g. 
properties regarding time, power and temperature.) 

Mandatory. 

Means of validation 

This will be verified by reviewing the meta-model definition and checking that the 
specification of these kinds of properties is supported. This specification might done for 
instance using components’ properties/attributes or annotation mechanisms. 

Demonstrator’s extra-functional properties, such as deadlines, periods, WCETs or power 
consumptions, and constraints on them, shall be expressible in the model. 

Validation results 

According to D2.2.2,“CONTREX considers extra-functional properties beyond time. 
Specifically, power consumption, temperature and reliability are extra-functional 
properties that will be also considered in the design activities enabled by CONTREX” ([5][5], 
pg. 20). 

In order to assign non-functional properties to the model components, CONTREX meta-
model inherits the mechanisms provided by MARTE. In particular, MARTE’s NFP (Non-
Functional Property) types will be used. Particularizing for the examples given in the 
requirement body, time values will be expressed using the NFP_Durationtype and power 
values by means of the NFP_Power type. 

In the case of the temperature, a new type has been introduced into the CONREX meta-
model, namely the NFP_Temperature type, which is not predefined by the MARTE profile. 

Non-functional properties are associated to model components through its attributes or 
using annotation mechanisms. Next figure illustrates the assignment of non-functional 
properties to some components taken from the Use Case 1 model: 
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Figure 20. Non-functional properties associated to model components. 

NFP_Duration values have been assigned to the period and relative deadline associated to 
the GPS_IO application component. In this case, the latter has been annotated by means 
of a MARTE’s RtSpecification. 

For the frequency of the ARM_Cortex_A9 processor, an attribute of the component itself 
has been used instead. MARTE’s NFP_Frequency values are assigned in this case. 

D2.2.2 ([5], section 5.3) provides the complete list of the non-functional properties (and 
the corresponding MARTE or CONTREX-specific NFP types used) considered in the 
CONTREX modelling methodology. This list and the assignment mechanisms provided fully 
cover the present requirement. 

Additional considerations 

None. 

 

Requirement Priority 

AVR-13 CONTREX should support schedulability analysis. Optional. 

Means of validation 

This will be verified by reviewing the meta-model definition and checking that all the 
necessary information to perform schedulability analysis (periods, deadlines, WCETs, etc.) 
may be added to a given model. 

Validation results 

CONTREX meta-model inherits from MARTE the necessary constructs to support model-
based schedulability analysis. 

This support is based on four main features: 
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- The MARTE RtSpecification entity, which collects information regarding the real-time 
characteristics of the application elements, such as the period, (absolute and relative) 
deadlines or the priority associated to a task. 

 

Figure 21. Application component and its associated real-time specification. 

- The MARTE Allocation Modelling capability, which allows to express which tasks, 
processes or the like share processing resources (see the validation results of 
requirement AVR-14 (pg. 28) for a brief description). 

- The MARTE Scheduling Package, which contains the rest of modelling elements 
required for schedulability analysis, such as Scheduler (which also allows expressing 
the scheduling policy) and Schedulable Resource. 

 

Figure 22. Allocation of an application component onto a schedulable resource. 

- The MARTE ResourceUsage concept, which allows annotating the mappings from 
application components to platform resources with the corresponding execution times 
(e.g., the WCET). 
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Figure 23. Assignment of execution times. 

Previous figures provide examples extracted from the preliminary Use Case 1 model, 
which contributes to provide evidence about the CONTREX support for schedulability 
analysis. 

Additional considerations 

It must be noted that the MARTE Schedulability Analysis Modelling sub-profile has not 
been adopted by the CONTREX modelling methodology. In any case it is considered, as 
already said, that the constructs mentioned above are enough to support the designer in 
the analysis of the application’s schedulability. 

 

Requirement Priority 

AVR-14 CONTREX shall allow the allocation of model’s logical 
components onto physical components. These 
allocations define the design space of the system. 

Mandatory. 

Means of validation 

This will be verified by reviewing the meta-model definition and verifying that model’s 
logical and physical components may be related by some means, in order to specify the 
(possible) physical realizations of the logical entities and establish a design space suitable 
for DSE. 

Thus, the allocation of demonstrator’s application components to physical components 
shall be expressible in the model. 

Validation results 

CONTREX modelling methodology inherits the Allocation Modelling capability from MARTE 
meta-model. This MARTE feature is specifically devoted to the allocation of application 
elements onto the execution platform resources (see [3][3], pg. 121). Thus, it already 
covers the allocation of logical components (as part of the application model) onto the 
physical components (that, as seen before, are a sub-set of the platform resources), as 
requested by the requirement. 

In the CONTREX-specific modelling methodology, this allocation is performed in two 
phases: 

1. Application components are allocated onto logical memory spaces. This is illustrated 
by the following diagram corresponding to the Memory Space view of the Use Case 1 
model. 
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Figure 24. Allocation of application components onto memory spaces. 

2. Memory spaces are allocated onto the corresponding platform resources. In the case 
of the Use Case 1 model (see figure below from the Architectural view), memory spaces 
have been mapped to an Operating System (platform SW resource) that is in turn 
allocated onto a HW processor (physical component of the platform). 

 

Figure 25. Allocation of memory spaces onto platform resources. 

Additional considerations 

None. 

 

Requirement Priority 

AVR-15 CONTREX shall allow model-based design space 
exploration. 

Mandatory. 

Means of validation 
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This will be verified by reviewing the meta-model definition and verifying that it provides 
the necessary constructs to define a design space and enable automatic DSE, without the 
need of generating a different model for each possible design alternative. For instance, 
the design space could include the definition of several HW/SW mappings and ranges of 
values (instead of concrete values) for the explorable parameters, such as processing 
frequencies. 

The demonstrator’s design space, including all the design alternatives to be explored, must 
be representable in the model. 

Validation results 

CONTREX methodology provides explicit support to model-based DSE by reusing 
modelling features provided by the MARTE profile. The mechanism lies basically in 
applying MARTE’s input VSL parameters and ExpressionContext stereotype to the model 
components and parameters to be explored, allowing to capture, in a single model, the 
overall design space. Details on this are provided in D2.2.2 ([5], section 5.2). 

This DSE-specific capability, together with the allocation mechanism analysed for the 
validation of requirement AVR-14, provide more than enough support for automatic 
model-based DSE. 

An example of it is given by the preliminary Use Case 1 model: 

 

Figure 26. DSE parameters and constraints. 

In the figure above, it is illustrated how several values, instead of concrete ones, are 
assigned to the properties of the model components, such as the logging period or the 
processing frequency. These properties are this way turned into explorable parameters 
whose different possible values represent the different design alternatives of the design 
space. 

In this concrete example, this simple mechanism has made possible to represent in a 
compact way 12 different design alternatives (4 (possible periods) x 3 (possible 
frequencies)). 

Additional considerations 

None. 
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Requirement Priority 

AVR-19 CONTREX shall support the traceability from system 
requirements to models. 

Mandatory. 

Means of validation 

This will be verified by reviewing the meta-model definition and checking that a method 
to associate model elements with system requirements has been provided. This method 
might consist of: 

- a mechanism that allows to model requirements and then relate them with other 
model elements created in the successive  development phases; 

- an annotation mechanism that allows to associate comments (including the 
requiremetn ID or text) to the model entities; or 

- any other similar mechanism. 

These associations between model entities and system requirements must be reflected in 
the demonstrator’s model. 

Validation results 

The CONTREX UML/MARTE-based meta-model is mainly concerned with system 
requirements regarding extra-functional properties. As it was discussed in AVR-01’s 
validation results (pg. 6), the functional code related to the model components is to be 
provided directly by the user, so it is user’s responsibility to provide an appropriate trace 
from functional requirements and design model elements to source code and vice-versa. 
In order to reflect the correspondence between a model element and certain source code 
file, piece of code or requirement, simple UML comments referencing them can be 
included in the model and linked to the corresponding model elements. However, extra-
functional properties are directly defined on the system’s model and thus a more 
sophisticated way to support this traceability is expected. 

Extra-functional requirements are expected to be about concrete values for the extra-
functional properties related to some system component (for instance, the period of a 
given RtUnit), or about constraints on those values (for instance, the maximum admissible 
power consumption of a given HW component). AVR-06, AVR-12 and AVR-15’s validation 
results (on pg. 15, pg. 25 and pg. 29, respectively) already showed the different ways in 
which these values and constraints could be expressed using the CONTREX modelling 
methodology (in particular, AVR-06 shows the assignment of criticalities; AVR-12and AVR-
15 the specification of periods, deadlines and processor frequencies). Next figure provides 
an additional example where the maximum admissible power consumption of the system 
is expressed by means of a NFP constraint. 
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Figure 27. Constraint on maximum power consumption of the system. 

It has to be noted that the corresponding requirement identifier may for instance be 
referenced in the name of the UML constraint. 

All the values and constraints expressed in the way here explained are then used by the 
SW synthesis and simulation tools to generate executable code that takes into account 
them. For instance, native executable and performance models include tasks that execute 
with the period specified in the corresponding model element. Simulator tool includes 
checks that inform the user about the violation of the constraints defined in the model, 
etc. 

The mechanisms summarized above provide enough support to the requirements 
traceability demanded by the present requirement. 

Additional considerations 

None. 
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3 Automotive domain use case evaluation 

 

This section provides a description about the current status and results of the evaluation of 

the automotive telematics’ use-case requirements that are applicable to the modelling and 

design techniques that have been developed in CONTREX. 

Section 0 reports the current status of the requirements validation, while section 0 presents 

the validation results of those requirements already checked. 

Evaluation status 

The following table summarizes the requirements and the means of validation related to the 

modelling activities of the project. Given the complexity of the use-case, several models 

will be developed and used both at design-time and run-time. In most cases, the evaluation 

coincides with availability of tools and software modules implementing the lower-level 

models.  

Table 3.1:  Requirements from the automotive domain 

Requirement Priority Validation status Requirement covergae 

AUT-M01 Mandatory Completed Fully covered 

AUT-M02 Mandatory 

Completed Fully covered 
AUT-M03 Manadtory 

AUT-M04 
Mandatory 
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AUT-M05 Mandatory Completed Fully covered 

AUT-M06  Mandatory Completed Fully covered 

AUT-M07 Mandatory Completed Fully covered 

AUT-M08 Mandatory Completed Fully covered 

Evaluation results 

This section presents the validation results of the requirements that have been evaluated so 

far. For each requirement, a table with the following contents is provided: requirement 

priority, means of validation, validation results and, when necessary, some additional notes 

that should be taken into account. 

 

Reqirement Priority 

AUT-M01 
A general infrastructure for non-functional metric sensing 
and propagation shall be available. 

Mandatory 

Means of validation 

Average non-functional figures reported by the customized infrastructure actually 
executed on the node will be compared against measured data.  

Validation results 

The infrastructure has been developed and is currently available. The infrastructure is 
describe by means of a simple yet flexible XML model and the code to be deployed on 
the target platform is automatically generate. Such code is highly human-readable, 
commented and efficient, both in terms of memory footprint (RAM and Flash) and in 
terms of execution time overhead. 

As an extension w.r.t. the original requirements, a compositional structure has been 
implemented to flexibly define models (e.g. power consumption) based on metrics (e.g. 
Voltage, Current). The compositional depth is not limited, but no realistic cases 
requiring more than two composition levels are expected. 

Integration of the framework into the application is seamless, as it only requires: 

 Adding files efp_model.c, efp_monitor.c and efp_profiler.c to 
the original project. 

 Including efp.h in those module that use the infrastructure. 

 Using the macro EFP_MODEL_UPDATE() where an event needs to be traced. 

 Using the macro EFP_MONITOR_GET() where the metric needs to be used. 

 Using the macro EFP_PROFILER_GET_AVERAGE() where average figures 
over time are desired. 

Measurement of memory footprint and of the execution time overhead of the final 
version of the monitoring infrastructure have been completed and reported in the the 
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table below. As it can be seen, the impact of the integration of the infrastructure into 
the application is very limited. 

Figure Impact (absolute) Impact (relative) 

Flash memory overhead 1.6 KB 6.3 % 

RAM memory overhead 241 B 1.8 % 

Average timing overhead on tasks  3.5 us 0.5 % 

Average timing overhead on ISR 0.2 us 4.5 % 

   
 

 

Requirement Priority 

AUT-M02 Energy management at node level shall be implemented. Mandatory 

Means of validation 

At design time. The system will be designed to fulfill the identified 
requirements.During hardware/software integration testing and in-field validation, 
changes in the operating mode and (indirectly) on the non-functional aspects involved 
will be compared to the expected behaviour. 

Validation results 

An general and configurable energy management module has been developed. This 
module implements the BBQLite approach. The module is currently available for 
integration and its API is simple and clear. It can be deployed in two ways: as a function 
or as a task. The task version is cleaner and provide better conceptual isolation but has 
slightly higher memory requirements. On the other hand, the function implementation 
requires less memory but has a slightly higher timing overhead. This is due to the fact 
that a specific power management task requires its own stack but can be scheduled 
with reasonable and arbitrary timing (e.g. once a minute), while the function 
implementation lives in the stack of the “host task” but is executed each time it is 
scheduled. 

Both approaches have been tested successfully with the final configurations of the 
management policies (see Deliverable D3.2.3). Integration of the framework has been 
very easy and the learning curve very short. 

The second component of the power/energy management system operates on much 
shorter time scale, being linked to interrupt service routines and task switching. This 
component cannot be generalized in its implementation, as it strongly depends on the 
operating system used and on the specific features offered by the microcontroller. 
Nevertheless a standard API has been defined and a few, generic, platform-
independent support functions are available.  

It shall be noted that, as initially required, the impact in terms of performance, resource 
usage and integration effort is very limited. The table below summarizes such 
overheads. 
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Figure Impact (absolute) Impact (relative) 

Flash memory overhead 0.9 KB 3.5 % 

RAM memory overhead 241 B 0.9 % 

Average timing overhead on application  5.5 us 0.9 % 

Average timing overhead on idle task 0.3 us N/A 

The runtime manager infrastructure has been integrated in the application and tested 
in realistic conditions. 

 

Reqirement Priority 

AUT-M03 
Mode of operation of the sensing nodes shall be managed 
autonomously. 

Mandatory 

Means of validation 

At design time. The system will be designed to fulfil the identified requirements. During 
hardware/software integration testing and in-field validation, changes in the operating 
mode and (indirectly) on the non-functional aspects involved will be compared to the 
expected behaviour. 

Validation results 

The concept of “operating mode” has been implemented in the lightweight run-time 
management engine BBQLite. An operating mode identifies a specific system or 
environment condition that can be autonomously detected by the normal functionality 
of the system (e.g. vehicle moving, vehicle stopped, engine off, …). The metric 
monitoring infrastructure can also be used to define specific, non-functional operating 
modes such as “battery almost empty” or “temperature too high”. 

Since identification of such operating modes is already part of the application 
functionality, the BBQLite infrastructure simply consists in a standard set of APIs and 
macros to define, set, get and test the current operating mode of the system. 

Given this infrastructure, and based on the tabular model (see Deliverable D3.2.3) used 
by the BBQLite manager, a set of specific “configurations” associated to the operating 
modes defined for the application, the run-time manager operates, by means of 
system-wide flags, on the behaviour of the application both at software level (jobs) and 
at hardware level (devices). The figure below summarizes the “user” viewpoint of the 
entire infrastructure.  
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Reqirement Priority 

AUT-M04 
Trade-offs between energy consumption versus quality of 
service at node level shall be implemented. 

Mandatory 

Means of validation 

At design time. The system will be designed to fulfil the identified requirements.During 
hardware/software integration testing and in-field validation, changes in the operating 
mode and (indirectly) on the non-functional aspects involved will be compared to the 
expected behaviour. 

Validation results 

This requirement is satisfied by the methodology used at design-time to identify the 
optimal “configuration” for each “operating modes”. This is obtained through extensive 
usage of the N2Sim simulator. The implementation of the identified trade-offs is 
guaranteed by the requirements AUT-M01, AUT-M02 and AUT-M03. 

 

Reqirement Priority 

AUT-M05 
CONTREX technology providers shall provide coarse 
grained energy characterization of the iNemo sensor 
board. 

Mandatory 

Means of validation 

At design time: characterization will realized by providing a set of power consumption 
at different functional modes. During hardware/software integration testing and in-
field validation the validation of the energy characterization will be performed. 

Validation results 

The following simplified power-model has been adopted as a reference for hardware 
behaviour modelling, both to prepare the measurement campaign and to provide a 
reference for application modelling in the N2Sim framework. 
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The figures measured with a suitable experimental setup are then included in the 
application model in the form shown below, where the current values are dummy as 
final measures are not yet available. 

 

DECLARE_VI( LIS, powerdown, 0.00, 0.00 ) 

DECLARE_VI( LIS, idle, 1.80, 1.00 ) 

DECLARE_VI( LIS, sensing,1.80, 2.00 ) 

DECLARE_VI( LIS, reading, 1.80, 3.00 ) 

 

The experimental measurement on the board and modelling activity has been 
completed for a specific, sample, configuration of the sensing node. The actual 
configuration of the devices has been recently defined ad frozen, and the corresponding 
measurement campaign have been finalized by ST-Polito. In particular, the 
configuration used for the devices are the following: 

Accelerometer, setup N. 1 

 Sampling frequency 1344 Hz 
 Range   +/- 16 g (nominal), +/- 24 g (actual) 
 Precision  12 bit 
 FIFO watermark 25 
 Sampling mode Continuous 
 Read mode  Auto-increment 

Accelerometer, setup N. 2 

 Sampling frequency 400 Hz 
 Range   +/- 16 g (nominal), +/- 24 g (actual) 
 Precision  12 bit 
 FIFO watermark 24 
 Sampling mode Continuous 
 Read mode  Auto-increment 

Gyroscope, setup N. 1 
 Sampling frequency 760 Hz 
 Range   +/- 2000 deg/s 
 Precision  16 bit 
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 FIFO watermark 19 
 Sampling mode Continuous 
 Read mode  Auto-increment 

Gyroscope, setup N. 2 
 Sampling frequency 95 Hz 
 Range   +/- 250 deg/s 
 Precision  16 bit 
 FIFO watermark 24 
 Sampling mode Continuous 
 Read mode  Auto-increment 

In the current implementation of the application, the following setup have been used: 

 Accelerometer setup N.1 

 Gyroscope off 

 

 

Reqirement Priority 

AUT-M06 CONTREX technology providers shall provide coarse-
grained energy characterization of the SeCSoC board. 

Mandatory 

Means of validation 

Review of power modelling technology. 

This requirement is verified by providing evidence, through simple example data, about 
how the power characterization modelling of system components is performed. 

The mechanism by which system components are grouped together in power islands, 
for common treatment and analysis, is also explained. 

Fore sake of completeness, details of the result power reporting and post-processing 
power analysis are finally shown. 

Validation results 

The power model characterizes the power consumption of the whole system by 
modelling the power and energy consumption of its components: CPUs, peripherals, 
memories and busses.  

The power model corresponding to the simulation platform is defined in a textual file: 
in the following implementation, it is called power_model.txt. It is a hierarchical model; 
there is in fact the possibility to organize it in more sub-files, each one of them contains 
the power model of a system component.  

The power model is described in a proprietary language; it allows to define power state 
machines for the system components, signals to trace, monitoring variables for power 
and energy consumption and power islands. 

The top power model file is shown in the following figure, where it is possible to see 
that the model issues the tracing of waveforms in a vcd file (sc_create_vcd_trace_file). 
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There is also the possibility to set the clock frequency of the system (sc_clk_freq) and 
to issue the tracing of a set of waveforms corresponding to signals and power 
monitoring variables. 

Finally the hierarchical structure of the power model is evidenced by including other 
files for the system components (sc_include). 

 

Figure 28. Power model (file powe_model.txt) 

In this application the power model is made of a set of concurrent state machines, one 
for each component. Any power state machine is made of states, which corresponds to 
levels of power consumption, and edges, that correspond to transitions among states: 
changes of state are triggered by changes on controlling signals. 

An example of power state machines is shown in the following figure.  

It is possible to see the creation of a power state machine for one of the system 
components (sc_state_machine). 

It is shown also the definition of states of the power state machine (sc_state), including 
an initial state (sc_initial_state), as well as the definition of power and energy 
monitoring varables (sc_power_monitor and sc_energy_monitor), which are 
automatically added to the set of objects that are traced in the waveform. 

Finally, it is possible to see how transitions between states are defined; they are 
triggered by events on signals (sc_transition). 
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Figure 29. Power state machine Example (file adc_pm.txt) 

Modeling of power islands happens by grouping other state machines that define power 
and energy monitors in the context of a sc_power_island statement. 
A new form of power monitor that specifies also the list of state machines of the island 
is used. The power of the state machines that belong to the island is dynamically added 
to the power monitor of the island. 
 
The effect of executing the power model, in a systemC simulation environment of the 
virtual platform, is to compute the overall power report of the energy consumption of 
the whole system. The results shown in the following picture. 
 

 

Figure 30. Power Report 
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Analysis in time is carried out by checking the traced waveforms for power consumption 
together with any other signal in the system by waveform visualization tools, such as 
gtkwave or signalscan. 

 

Figure 31. Power Analysis Waveforms 

About the simulation speeds for the case study and the overhead of its power 
instrumentation, the instrumentation overhead is acceptable (an average of 25% with 
a maximum of 45%) and comparable with the overhead of power aware RTL simulator. 
 

 

Reqirement Priority 

AUT-M08 Early estimation of the energy and timing profiles of the 
sensing node shall be performed. 

Mandatory 

Means of validation 

The node-level simulator developed by PoliMi will be tested against measured data on 
the real platform. Due to the technical problems in performing accurate measurements 
over time with a sufficiently fine temporal resolution, average figures of the different 
operating modes will be considered 

Validation results 

The simulator has been extensively used for the estimation of the timing characteristics 
of different execution profiles. This activity has been helpful in defining the best setup 
for the run-time manager in such a way to dynamically adapt to the different operating 
modes of the vehicle (Key-off, key-on steady, key-on moving, …). 

The functional characteristics of the most relevant sets of simulations that have been 
performed are summarized in the following. The corresponding simulation results are 
reported and discussed in Deliverable D3.1.3 and the actual measures performed on 
the node are reported and commented in Deliverable D3.3.3. 

1. Full set of services, no events 
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2. Full set of services with self-calibration convergence and dump of statistics in 
flash memory 

3. Full set of services with crash event and dump in flash memory 

4. Full set of services with periodic polling over serial line 

5. Pre-processing, crash, wake-up and low energy services, no events 

6. Pre-processing, crash, wake-up and low energy services with crash event and 
dump in flash memory 

7. Pre-processing, crash, wake-up and low energy services with low-energy event 
and dump in flash memory 

8. Pre-processing and crash services, no events 

9. Pre-processing and crash services with crash event and dump in flash memory 

As a firs result, the simulator helped “collapsing” different operating modes that were 
initially considered different into fewer ones and selecting, among the operating modes 
collapsed into a given set, the one with better functional characteristics. 

The resulting operating modes that have been selected for usage in the confirmation of 
the BBQLite run-time manager are the following: 

Key-on. The vehicle key is on and the engine can either be on or off. Apart from “guard” 
periods just before the on-to-off and off-to-on transitions, the vehicle is moving 
and the device is powered by the vehicle battery, which is being charged by the 
alternator. All services shall be active, except that of low-energy event detection. 

Key-off, Battery level almost full. In this condition the device is powered either by the 
vehicle battery or a backup battery (depending on the specific setup). All services, 
except those related to “in-movement” dynamics effects shall be active. 

Key-off, Battery level medium. This operating mode is currently managed in the same 
way as the previous one. It has been explicitly kept separated mainly for future 
extensions. 

Key-off, Battery level low. In this condition, only the critical service of crash detection 
shall be active. 

 



CONTREX/STM/R/D5.1.2  Public 

Report on evaluation of modelling, design, validation, and platform service abstraction 

techniques (final) 

 Page 44 

4 Telecommunications domain use caseevaluation 

 

Table 4.1:  Requirements from the telecommunication domain 

Requirement  Priority Means of validation 

TLC-M01 CONTREX shall 

provide to Intecs a reliable 

Zynq model to be integrated 

in the Virtual Platform 

Mandatory 
Verification of the availability of 

tools, methodologies and related 

tutorials needed to introduce a 

modeling layer on the Intecs 

current design flow 

This will be verified checking 

that the model components 

include the functional properties 

of the Zynq platform 

TLC-M02 CONTREX shall 

provide to Intecs a reliable 

model of the main 

peripherals (e.g. Ethernet 

interface) to be integrated in 

the Open Virtual Platform 

Mandatory  

TLC-M03 CONTREX shall 

support the assignment of  

non-functional properties to 

the model components in the 

Zynq platform (e.g. 

Mandatory This will be verified by checking 

that the model components 

include the mentioned extra-

functional properties and that the 

user may assign them different 

values. 
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properties regarding time and 

power) 

TLC-M04 Technology  

provider of CONTREX shall 

provide to Intecs lab a System 

Design methodology with the 

objective to move Telecom 

system design (i.e. System on 

Chip, Hardware and Software 

telecom systems) to a higher 

level of abstraction 

Mandatory Verification of the consistent 

mapping between software 

abstraction and the Intecs current 

system design. 

Design constraints and 

performance parameters must be 

available, such as WCET, 

maximum memory size, and the 

like. 

The strategic objective is to 

acquire competences in this 

CONTREX innovation area of 

modelling and design space 

exploration in order to allow it to 

take advantage of modern multi-

core technologies in its next 

generation of products, while 

keeping critical extra-functional 

properties (timing, power, 

thermal) under control. 

TLC-M05 The Telecom 

demonstrator must be 

representable by a concurrent 

process network diagram, 

with no shared state or side 

effects. 

Mandatory  

TLC-M06 Technology 

providers must provide to 

Intecs the necessary tutorial 

and support to acquire all the 

necessary background 

knowledge on tools suitable 

for design space exploration 

(e.g. Forsyde methodology, 

SystemC language, etc.) 

Mandatory 

 

TLC-M07 CONTREX 

technology partners should 

provide to Intecs a tool-set for 

model-to-model 

transformation from 

Forsyde/SystemC to 

UML/MARTE languages, in 

order to improve the Intecs 

Optional This will be verified by checking 

that the model components 

include all the relevant functional 

properties of the Telecom 

application 



CONTREX/STM/R/D5.1.2  Public 

Report on evaluation of modelling, design, validation, and platform service abstraction 

techniques (final) 

 Page 46 

system modelling simulation 

environment 

 

1. TLC-M01 CONTREX shall provide to Intecs a reliable Zynq model to be integrated 

in the Virtual Platform 

Intecs collaborated with OFFIS in order to run the Ethernet Over Radio code on the 

Cadence Virtual Platform for the Zynq platform abstraction. 

OFFIS successfully delivered a fully functional simulation of the Zynq platform to 

Intecs, suitable for simulation of power and thermal traces that could be subsequently 

compared with measurements taken on Intecs’s real platforms. 

2. TLC-M02 CONTREX shall provide to Intecs a reliable model of the main peripherals 

(e.g. Ethernet interface) to be integrated in the Open Virtual Platform 

A prototype of the OVP platform corresponding to the Intecs Use Case was created 

starting from an OVP standard example (i.e., ARM Versatile Express) by using 

EDALab’s HIFSuite. Part of the Intecs legacy component (i.e., micro-controller 

interface) was abstracted automatically from VHDL to SystemC and has been integrated 

in the OVP platform. A porting of the Intecs software was carried out to a sufficient 

degree of detail to be able to make thermal and power measurements that delivered 

viable estimations of application related results, suitable for comparisons with the 

performance of the real platform. 

3. TLC-M03CONTREX shall support the assignment of  non-functional properties to 

the model components in the Zynq platform (e.g. properties regarding time and 

power) 

This requirement was fulfilled by OFFIS in providing Intec with power and thermal 

traces from the simulated platform that could be observed with tools (e.g. gtkwave) and 

especially with the power and thermal tools provided by Docea / Intel. 

a. Timing Model 

In CONTREX a timing model for the Xilinx MicroBlaze processor was developed, that 

is described in detail in [6] as well as full version in [8]. To provide a representative 

evaluation of our approach, we have applied it on two different RISC processor 

architectures: A Xilinx MicroBlaze and an ARM Cortex-M0 processor. The Xilinx 

MicroBlaze represents a Harvard architecture and the ARM Cortex-M0 a von Neumann 

architecture. 

 

Evaluation Setup 

The evaluation infrastructure covers a virtual and a physical platform for both processor 

models. Figure 4.1 visualizes the used evaluation setup and the underlying measurement 

concept to get the number of executed cycles in the real and virtual platforms. 
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Figure 4.1 Evaluation setup of real and virtual platform 

The real and virtual platforms execute the same cross-compiled target binaries for each 

of the two processors. The MicroBlaze and the Cortex-M0 platforms have timer 

components, which are able to increment their count registers at full clock rate. That 

way it is straightforward to measure the overall amount of executed clock cycles per 

executed benchmark. For calibration reasons, the measurement is started and stopped 

once to estimate the cycle overhead for accessing the timer’s count register. This leads 

to the following equation tbench = tstop −tstart −δcalibration for obtaining the required clock 

cycles per executed benchmark. The JTAG interfaces of both real platforms and their 

toolchains allow the programming of the processors with the compiled target binaries. 

To receive the measurement results, print functions are used to write the stored cycle 

count to the host computer after benchmark execution.  

As mentioned before, the same target binaries are used in the virtual platforms. For this 

reason, the virtual platform need to provide the same counter registers as the real 

platform. Since the timer components have hard-coded address ranges, OVP callback 

functions are used to intercept counter register accesses. This enables to detect the start- 

and endpoints of the benchmarks in the virtual platforms. In both cases, the execution 

time can be calculated by dividing the number of measured clock cycles through the 

clock frequency of the processor. 

 

Platform Configurations 

To evaluate the Xilinx MicroBlaze platform a Digilent Atlys board with a Xilinx 

Spartan-6 FPGA was used. The created bitstream for the real platform includes the 

MicroBlaze in version 8.50.c that uses the internal Block-RAM for instruction and data 

memory (each 64 Kbytes), but without floating point unit, all caches disabled and no 

area optimization to have a five stage pipeline available. As peripherals, the processor 

has a timer component and a UART interface to send the measurement results to the 

host computer. The same MicroBlaze configuration is used in the virtual platform. 

For evaluating the ARM Cortex-M0 processor, a development board with the 

STM32F030R8T6 MCU was used. This ARM Cortex-M0 has 64 Kbytes Flash memory 

and 8 Kbytes SRAM. The processor has a three stage pipeline. Furthermore, it has an 

integrated timer component with a 24 Bit count register. The OVP model of the Cortex-

M0 is configured in the same way. 

The target binaries for both platforms were compiled with their gcc toolchains by using 

optimization level ”None (-O0)” and no other optimization features1. All virtual 

                                                 
1 Our approach also works with any compiler optimization. We have decided to avoid them, because the chosen 

WCET benchmark suit expects compilation without optimizations to preserve important benchmark features. 
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platform tests were performed on an Intel i7-4710MQ (2.5 GHz) with 16 GB RAM 

running Debian Jessie (Kernel 4.4.6 x86 64). 

 

Evaluation Results 

To get a wide range of different algorithms, 28 benchmarks were chosen. They contain 

for example loops, nested loops, bit operations, array and matrix operations, recursion, 

unstructured code or floating point operations to make use of the floating point software 

library. 27 of them are from [9] and the Fibonacci benchmark was implemented by 

ourselves. Five of the benchmarks are too large for the ARM Cortex-M0 platform’s 

Flash memory and could not be evaluated in this setting. In Figure 4.2 and Figure 4.3 

the evaluation results are shown. They show the measured cycle counts for each 

benchmark in the real and the virtual platform, as well as the absolute percentage error. 

The baseline for this comparison is the measured cycle count in the real platform. As a 

reference, OVP’s simple timing model leads into an overall mean error2 of −24.7 % for 

the MicroBlaze platform and −42.54 % for the ARM Cortex-M0 platform. 

 

 

OVP has the feature to adjust the specific MIPS of each processor model. The standard 

configuration for this parameter is 1 simulated MIPS per 1 MHz of the real platform. 

This considers that every instruction takes one clock cycle. To reduce these errors the 

parameter can be adjusted, but it must be done for each application to fit its specific 

distribution of instructions. 

 

Since the MicroBlaze processor’s micro architecture is well documented, the results of 

the MicroBlaze platform show a very slight deviation in all executed benchmarks. All 

tests exhibit an overestimation of the timing model. The maximum deviation is 0.71 % 

and the minimum can be found at 0.0 %, while the overall mean error is 0.16 %. The 

                                                 
2 comparison against the real used cycles for all benchmarks 

Figure 4.2 Evaluation results of MicroBlaze benchmarks. 

Figure 4.3 Evaluation results of ARM Cortex-M0 benchmarks. 
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same holds for the mean absolute error. The existing deviations are belonging to the 

approximations that are made in the Cycle Model and the Pipeline Model. These 

approximations are made to reduce the simulation slow-down that is caused by 

extending the virtual platform with the timing model. The virtual platform of the 

MicroBlaze system without the timing model extension runs at 1408.8 simulated MIPS. 

With the timing model it runs at 9.6 simulated MIPS.  

The deviations of the ARM Cortex-M0 timing model are bigger. This is essentially 

caused by missing details about the micro-architecture, like the detailed pipeline 

organization and its possible forwarding paths. For this reason we implemented an 

approximate timing model that leads to over- and underestimations, depending on the 

actual benchmark. Our goal was to reduce the overall mean error and to avoid big 

outliers in both directions. The maximum deviation is 6.72 % and the minimum is at 

−2.44 %. The overall mean error is 0.72 %, while the mean absolute error is 1.83 %. 

Without the timing model, the ARM Cortex-M0 platform runs at 1280.2 simulated 

MIPS. With the timing model it runs at 7.8 simulated MIPS. 

 

b. Power Model for Zynq SoC 

The power model for the Zynq SoC is described in detail in [6]. Here, we describe the 

evaluation of the power model for the processing system of the SoC, i.e., the ARM dual 

core and its peripherals. The programmable logic part is not covered because other 

power modelling approaches like power state machines are used there.  

The power model for the processing system is a single function taking a number of static 

and dynamic parameters of the system state as arguments. The parameters are:  

1. the number of active cores (nCores), 

2. the clock frequency of the processor cores (clk_cpu),  

3. the load of the processor cores (load_cpu),  

4. the clock frequency of the memory (clk_mem),  

5. the rate of read accesses to the external DDR3 memory (readrate_mem),  

6. the rate of write accesses to the external DDR3 memory (writerate_mem), 

7. the clock frequency of the AXI interface (clk_axi),  

8. the usage rate of the AXI interface (usage_axi), 

9. the bitwidth of the AXI interface (axi_bw), and  

10. the clock frequency of the IOs (clk_io).  

Some of the parameters are considered as static, because they do never change in our 

system configuration. The static parameters are 4, 7, 9, and 10. The other parameters (1, 

2, 3, 5, 6, and 8) depend on the application currently running (e.g. processor load) or the 

dynamic system configuration (e.g. processor clock frequency).  

For the evaluation of the power model, we trigged our model with different series of 

values for these parameters and compared them to the results of the Xilinx Power 

Estimator (XPE) [7]. For the static parameters, we chose the values as they are in our 

system (Table 2).  

 

Table 2: Static parameter of Zynq power model 

Parameter clk_mem clk_axi axi_bw clk_io 

Value 533 MHz 111 MHz 64 200 MHz 
 

For the dynamic parameters, reasonable values are identified (Table 3) and applied to 

the model in all permutations.  



CONTREX/STM/R/D5.1.2  Public 

Report on evaluation of modelling, design, validation, and platform service abstraction 

techniques (final) 

 Page 50 

Table 3: Dynamic parameter of Zynq power model 

Parameter nCores clk_cpu cpu_load read_rate write_rate axi_usage 

Value 1 
2 

222 MHz 
333 MHz 
666 MHz 

0 % 
20 % 
40 % 
60 % 
80 % 

100 % 

10 % 
20 % 
60 % 

5 % 
10 % 
30 % 

30 % 

 

The comparison of the results with the XPE showed that our model underestimates the 

power in the evaluated configurations. The maximum underestimation is 0.0426 mW 

which is a relative error of 6.32%. The average underestimation over all evaluated 

configurations is 0.0219 mW which is a relative error of 2.34%. A table containing all 

evaluated values is given in Appendix A.  

This underestimation of power values results from the abstraction of the power model. 

Some aspects of the original model, which contribute only marginally to the total power 

value, have been omitted to simplify the model interface and the computational effort. 

In summary, the evaluation showed quite good results that are well suited to be the basis 

for design decisions at application level.  

4. TLC-M04 Technology  provider of CONTREX shall provide to Intecs lab a System 

Design methodology with the objective to move Telecom system design (i.e. System on 

Chip, Hardware and Software telecom systems) to a higher level of abstraction 

The analytical design-space exploration (A-DSE) tool provided by KTH is capable of 

accepting a formal model of the application which complies with a specific model of 

computation (e.g., synchronous dataflow) together with the characterization of a 

predictable target platform template; and propose a set of optimal platform 

configuration, application mapping, and schedules subject to an optimization criterion 

and additional safety constraints. The A-DSE tool helps Intecs to make more efficient 

design decisions in early stages of the design flow which is very helpful especially in 

the case of multiprocessor software design with mixed levels of criticality. The provided 

in-house constraint-programming-based A-DSE tool developed by KTH can perform a 

complete but efficient search of a system design space to propose a set of optimal design 

points. Once the application model is captured in a model of computation supported by 

the A-DSE tool, it can be used for mapping to a supported platform. 

KTH also developed and provided a translation tool which converts the intermediate 

representation generated via introspection by the ForSyDe-SystemC model of the 

application (described below) to the A-DSE input format. This realizes a design flow 

which starts by abstract simulatable model of the use-case, validates the model by 

simulation, and then performs automated design-space exploration for an efficient but 

safe implementation on a multiprocessor target platform. 

5. TLC-M05 The Telecom demonstrator must be representable by a concurrent process 

network diagram, with no shared state or side effects. 

The first step of this activity was to identify a series of tasks of the Ethernet over Radio 

with different level of criticality and priority that could be abstracted in ForSyDe. 
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In this respect, we decided to choose the TPC_ALGO abstraction. The TPC_ALGO is 

the main algorithm of the Ethernet over Radio system, responsible for the Automatic 

Transmitter Power Control (ATPC) function. 

In Figure 4-4, is depicted the breakdown of the kernel space drivers of the ODU, with 

emphasis on the Tx Power Driver interfaces. 

 

Figure 4-4: ODU Kernel Space breakdown 

In Figure 4-5 are depicted the Tx Power Driver main tasks, functionalities and interfaces 

with external components.   

 

Figure 4-5:Tx Power Driver breakdown 

Finally, in Figure 4-6 are shown the TPC_ALGO main tasks and functionalities, using 

the ForSyDe modelling methodology of reorganizing the code in terms of signals and 

processes. 
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Figure 4-6:TPC_ALGO breakdown and ForSyDe implementation 

 

6. TLC-M06 Technology providers must provide to Intecs the necessary tutorial and 

support to acquire all the necessary background knowledge on tools suitable for 

design space exploration (e.g. Forsyde methodology, SystemC language, etc.) 

The ForSyDe-SystemC modelling and simulation framework provides a means to 

capture a system model with a formal semantics based on the concept of models of 

computation (MoCs) using the industrial-friendly system design language SystemC. In 

addition to scientific papers published on ForSyDe and the concept of MoCs in general, 

KTH has developed tutorials and examples, and also has extended the framework with 

new elements to ease the learning and usage of ForSyDe-SystemC for the telecom use 

case.  

KTH has worked closely with and provide support to Intecs to rethink a sub-system of 

the telecom use case to capture the pure platform-independent functionality of the 

system without early ad-hoc design decisions. Intecs finalized the implementation of the 

TPC_ALGO using the ForSyDe Synchronous Data Flow approach (SDF) proposed by 

KTH (https://forsyde.ict.kth.se/trac/wiki/ForSyDe/SystemC/SDFTutorial). This model 

is captured using the ForSyDe-SystemC modelling framework and can be used later in 

the A-DSE phase. 

7. TLC-M07CONTREX technology partners should provide to Intecs a tool-set for 

model-to-model transformation from Forsyde/SystemC to UML/MARTE languages, 

in order to improve the Intecs system modelling simulation environment 

This requirement was optional, and further development was not pursued in order to 

concentrate on the more urgent and mandatory requirements related to virtual platform 

simulation and power and thermal modelling. Nevertheless, some of the effort originally 

intended for pursuing this optional requirement was channelled into collaborative work 

with OFFIS and UC on modelling through contracts within UML, which led 

successfully to another set of useful results for project partners. 

https://forsyde.ict.kth.se/trac/wiki/ForSyDe/SystemC/SDFTutorial
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6 Appendix 
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Appendix A 

Power model evaluation results 

 

nCores clk_

cpu 

cpu_ 

load 

mem_ 

read_rate 

mem_ 

write_rate 

axi_ 

load 

Power 

(sim)/W 

Power 

(XPS)/W 

abs. 

Error/W 

rel. 

Error 

1 222 0% 10% 5% 30% 0.552456 0,545 0.007456 1.35% 

1 222 20% 10% 5% 30% 0.564156 0,557 0.007156 1.27% 

1 222 40% 10% 5% 30% 0.575855 0,568 0.007855 1.36% 

1 222 60% 10% 5% 30% 0.590918 0,583 0.007918 1.34% 

1 222 80% 10% 5% 30% 0.609344 0,602 0.007344 1.21% 

1 222 100% 10% 5% 30% 0.62777 0,620 0.00777 1.24% 

1 333 0% 10% 5% 30% 0.568857 0,553 0.015857 2.79% 

1 333 20% 10% 5% 30% 0.586406 0,571 0.015406 2.63% 

1 333 40% 10% 5% 30% 0.603955 0,588 0.015955 2.64% 

1 333 60% 10% 5% 30% 0.626549 0,611 0.015549 2.48% 

1 333 80% 10% 5% 30% 0.654188 0,639 0.015188 2.32% 

1 333 100% 10% 5% 30% 0.681827 0,666 0.015827 2.32% 

1 666 0% 10% 5% 30% 0.618057 0,579 0.039057 6.32% 

1 666 20% 10% 5% 30% 0.653155 0,614 0.039155 5.99% 

1 666 40% 10% 5% 30% 0.688254 0,649 0.039254 5.70% 

1 666 60% 10% 5% 30% 0.733442 0,694 0.039442 5.38% 

1 666 80% 10% 5% 30% 0.78872 0,749 0.03972 5.04% 

1 666 100% 10% 5% 30% 0.843998 0,805 0.038998 4.62% 

2 222 0% 10% 5% 30% 0.569273 0,562 0.007273 1.28% 

2 222 20% 10% 5% 30% 0.592672 0,585 0.007672 1.29% 

2 222 40% 10% 5% 30% 0.61607 0,609 0.00707 1.15% 

2 222 60% 10% 5% 30% 0.646196 0,639 0.007196 1.11% 

2 222 80% 10% 5% 30% 0.683048 0,676 0.007048 1.03% 

2 222 100% 10% 5% 30% 0.7199 0,712 0.0079 1.10% 

2 333 0% 10% 5% 30% 0.594081 0,579 0.015081 2.54% 

2 333 20% 10% 5% 30% 0.629179 0,614 0.015179 2.41% 

2 333 40% 10% 5% 30% 0.664278 0,649 0.015278 2.30% 

2 333 60% 10% 5% 30% 0.709466 0,694 0.015466 2.18% 

2 333 80% 10% 5% 30% 0.764744 0,749 0.015744 2.06% 

2 333 100% 10% 5% 30% 0.820022 0,805 0.015022 1.83% 

2 666 0% 10% 5% 30% 0.668507 0,629 0.039507 5.91% 

2 666 20% 10% 5% 30% 0.738703 0,699 0.039703 5.37% 

2 666 40% 10% 5% 30% 0.8089 0,769 0.0399 4.93% 

2 666 60% 10% 5% 30% 0.899276 0,860 0.039276 4.37% 
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2 666 80% 10% 5% 30% 1.00983 0,970 0.03983 3.94% 

2 666 100% 10% 5% 30% 1.12039 1,081 0.03939 3.52% 

1 222 0% 20% 10% 30% 0.683054 0,675 0.008054 1.18% 

1 222 20% 20% 10% 30% 0.694753 0,687 0.007753 1.12% 

1 222 40% 20% 10% 30% 0.706452 0,698 0.008452 1.20% 

1 222 60% 20% 10% 30% 0.721515 0,713 0.008515 1.18% 

1 222 80% 20% 10% 30% 0.739941 0,732 0.007941 1.07% 

1 222 100% 20% 10% 30% 0.758367 0,750 0.008367 1.10% 

1 333 0% 20% 10% 30% 0.699454 0,683 0.016454 2.35% 

1 333 20% 20% 10% 30% 0.717003 0,701 0.016003 2.23% 

1 333 40% 20% 10% 30% 0.734552 0,719 0.015552 2.12% 

1 333 60% 20% 10% 30% 0.757146 0,741 0.016146 2.13% 

1 333 80% 20% 10% 30% 0.784785 0,769 0.015785 2.01% 

1 333 100% 20% 10% 30% 0.812424 0,796 0.016424 2.02% 

1 666 0% 20% 10% 30% 0.748655 0,709 0.039655 5.30% 

1 666 20% 20% 10% 30% 0.783753 0,744 0.039753 5.07% 

1 666 40% 20% 10% 30% 0.818851 0,779 0.039851 4.87% 

1 666 60% 20% 10% 30% 0.864039 0,824 0.040039 4.63% 

1 666 80% 20% 10% 30% 0.919317 0,879 0.040317 4.39% 

1 666 100% 20% 10% 30% 0.974595 0,935 0.039595 4.06% 

2 222 0% 20% 10% 30% 0.69987 0,692 0.00787 1.12% 

2 222 20% 20% 10% 30% 0.723269 0,715 0.008269 1.14% 

2 222 40% 20% 10% 30% 0.746668 0,739 0.007668 1.03% 

2 222 60% 20% 10% 30% 0.776793 0,769 0.007793 1.00% 

2 222 80% 20% 10% 30% 0.813645 0,806 0.007645 0.94% 

2 222 100% 20% 10% 30% 0.850497 0,842 0.008497 1.00% 

2 333 0% 20% 10% 30% 0.724679 0,709 0.015679 2.16% 

2 333 20% 20% 10% 30% 0.759777 0,744 0.015777 2.08% 

2 333 40% 20% 10% 30% 0.794875 0,779 0.015875 2.00% 

2 333 60% 20% 10% 30% 0.840063 0,824 0.016063 1.91% 

2 333 80% 20% 10% 30% 0.895341 0,879 0.016341 1.83% 

2 333 100% 20% 10% 30% 0.950619 0,935 0.015619 1.64% 

2 666 0% 20% 10% 30% 0.799104 0,759 0.040104 5.02% 

2 666 20% 20% 10% 30% 0.8693 0,829 0.0403 4.64% 

2 666 40% 20% 10% 30% 0.939497 0,900 0.039497 4.20% 

2 666 60% 20% 10% 30% 1.02987 0,990 0.03987 3.87% 

2 666 80% 20% 10% 30% 1.14043 1,100 0.04043 3.55% 

2 666 100% 20% 10% 30% 1.25099 1,211 0.03999 3.20% 

1 222 0% 60% 30% 30% 1.08117 1,071 0.01017 0.94% 

1 222 20% 60% 30% 30% 1.09287 1,083 0.00987 0.90% 

1 222 40% 60% 30% 30% 1.10457 1,094 0.01057 0.96% 
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1 222 60% 60% 30% 30% 1.11963 1,109 0.01063 0.95% 

1 222 80% 60% 30% 30% 1.13805 1,128 0.01005 0.88% 

1 222 100% 60% 30% 30% 1.15648 1,146 0.01048 0.91% 

1 333 0% 60% 30% 30% 1.09757 1,079 0.01857 1.69% 

1 333 20% 60% 30% 30% 1.11512 1,097 0.01812 1.62% 

1 333 40% 60% 30% 30% 1.13267 1,114 0.01867 1.65% 

1 333 60% 60% 30% 30% 1.15526 1,137 0.01826 1.58% 

1 333 80% 60% 30% 30% 1.1829 1,165 0.0179 1.51% 

1 333 100% 60% 30% 30% 1.21054 1,192 0.01854 1.53% 

1 666 0% 60% 30% 30% 1.14677 1,105 0.04177 3.64% 

1 666 20% 60% 30% 30% 1.18187 1,140 0.04187 3.54% 

1 666 40% 60% 30% 30% 1.21696 1,175 0.04196 3.45% 

1 666 60% 60% 30% 30% 1.26215 1,220 0.04215 3.34% 

1 666 80% 60% 30% 30% 1.31743 1,275 0.04243 3.22% 

1 666 100% 60% 30% 30% 1.37271 1,331 0.04171 3.04% 

2 222 0% 60% 30% 30% 1.09798 1,088 0.00998 0.91% 

2 222 20% 60% 30% 30% 1.12138 1,111 0.01038 0.93% 

2 222 40% 60% 30% 30% 1.14478 1,135 0.00978 0.85% 

2 222 60% 60% 30% 30% 1.17491 1,165 0.00991 0.84% 

2 222 80% 60% 30% 30% 1.21176 1,202 0.00976 0.81% 

2 222 100% 60% 30% 30% 1.24861 1,238 0.01061 0.85% 

2 333 0% 60% 30% 30% 1.12279 1,105 0.01779 1.58% 

2 333 20% 60% 30% 30% 1.15789 1,140 0.01789 1.55% 

2 333 40% 60% 30% 30% 1.19299 1,175 0.01799 1.51% 

2 333 60% 60% 30% 30% 1.23818 1,220 0.01818 1.47% 

2 333 80% 60% 30% 30% 1.29345 1,275 0.01845 1.43% 

2 333 100% 60% 30% 30% 1.34873 1,331 0.01773 1.31% 

2 666 0% 60% 30% 30% 1.19722 1,155 0.04222 3.53% 

2 666 20% 60% 30% 30% 1.26741 1,225 0.04241 3.35% 

2 666 40% 60% 30% 30% 1.33761 1,295 0.04261 3.19% 

2 666 60% 60% 30% 30% 1.42799 1,386 0.04199 2.94% 

2 666 80% 60% 30% 30% 1.53854 1,496 0.04254 2.76% 

2 666 100% 60% 30% 30% 1.6491 1,607 0.0421 2.55% 

 

 


