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Context and motivations 
¢  Critical systems definition: failures may have catastrophic consequences 

¢  Safety-Critical Embedded Systems (SCES) 
•  Increasing complexity 
•  Reduced time-to-market 
•  Importance of non-functional requirements (safety, security, response time, 

power consumption…) 
 

 è Model Driven Engineering (MDE): automate  
analysis and production 

page 2 26/05/2016 



Journée NEPTUNE 

Model Driven Engineering (MDE), 
definitions 

¢  A model is an abstract yet rigourous representation of a system 
•  assembly of components (software and hardware)  
•  with their semantic and behaviour (properties, state machines) 

¢  Abstraction levels are covered with different modeling languages 
•  From high level requirements 
•  To implementation languages 

 
¢  MDE: methods and tools to take advantage of models 
•  Analysis/Verification 
•  Transformations/Refinement 
•  Code generation 
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Our research activities in MDE for SCES 
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¢  MDE for SCES requires to 
•  Check consistency between analysis results and produced system 
•  Produce and alternative models and evaluate non-functional properties 

(NFPs) 

Requirements  
definition 

Input model: rigorous and abstract  
representation of the system 

Analysis 
model 

Generated  
code 

Verification 
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Method: models refinements 
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RAMSES 
model 

transformation 
Refined AADL 

model 

ANALYSE Analysis  
 

RAMSES 
code 

generator Automatically 
generated code 

Initial AADL  
model 

¢  PAPER(S) on model refinements for code generation 
•  Design Patterns for Rule-based Refinement of Safety Critical Embedded Systems Models. International 

Conference on Engineering of Complex Computer Systems (ICECCS 2012) 
•  Architecture Models Refinement for Fine Grain Timing Analysis of Embedded Systems. IEEE International 

Symposium on Rapid System Prototyping (RSP 2014) 

Reduced semantics gap 

¢  RAMSES: Refinement of AADL Models for Synthesis of Embedded Systems 
•  Collaborations with CMU/SEI and Ellidiss Technologies 
•  Validation on an industrial case-study (PARSEC project – THALES) 
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Input and platform AADL models 
¢  Input model 
•  Interconnected periodic or sporadic threads with timing properties 
•  State machines for threads behavior (with timing properties) 

¢  Platform model 
•  Data types and Subprograms of the underlying middleware or OS, with protection 

protocol for data accesses 
•  State machines for subprograms behavior (with timing properties) 
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subprogram Read_Blackboard	
features	
  BLACKBOARD_ID: requires data access BLACKBOARD_ID_TYPE   

 {Concurrency_Control_Protocol => Priority_Ceiling; };	
  …	

annex behavior_specification {**	
  states	
    s: initial final state;	
  transitions	
    t: s-[]->s{computation(4 us .. 5 us) in bindings (RAMSES_Platform::POK_X86);	

	BLACKBOARD_ID!<;	
	computation(1ms..2ms) in bindings (RAMSES_Platform::POK_X86);	
	BLACKBOARD_ID!>};	

**};	
end Read_Blackboard;	
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Architecture model refinement 

page 7 

Pi_shared_data:	  Float	  

subprogram read_blackboard 
  -- see previous slide 
end  read_blackboard 
 

Task T2 
Period = 50 ms 

Task T1 
Period = 100 ms 

Task T1 
Period = 100 ms 

Task T2 
Period = 50 ms 

Pi: Float 

Pi_lock:Blackboard	  

x:	  Float	  

x:	  Float	  

computation(1ms..2ms) 
read_blackboard!(x, 
          Pi_shared_data_access,  
          Pi_lock_access) 

Computation(5ms..5ms) computation(18ms..22ms) 

read_blackboard!(x, 
 Pi_shared_data_access,  
 Pi_lock_access) 

computation(8ms..10ms) 

S4 
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architect. In next section, we present our experimental results
obtained with our approach.

VII. EXPERIMENTATIONS RESULTS

In order to evaluate our contribution, we realized two types
of experiments that aim at measuring, respectively, the utility
and the usability of our approach. To evaluate the utility of our
approach, we consider an input model from which we measure
the difference between the worst case response time of tasks
with an without considering the overhead of execution platform
operations. To evaluate the usability of our apporach, we focus
on its scalability, and provide a performance measurement for
executing our refinement process on a realistic model. We
present our experimental results in next subsections.

A. Case Study

The evaluation of our approach relies on a realistic case
study inspired from the railway domain. In terms of scheduling
and communications, this use-case relies on a partitionned sys-
tem with same principles as ARINC653 software architectures.
Our case-study is made of two partitions, eight threads (four
thread in each partition), and twelve connections among ports
of these threads. Figure 5 illustrates the architecture of this
case study in order to show rapidly its complexity.

Fig. 5: AADL Model of our Case Study

B. Importance of Overhead Insertions

Figure 6 provides the worst case response time of each
of the threads of our model, before and after refinement. The
results provided by this figure are not surprising: the worst
case response time is higher when considering overheads due
to communications, and the impact of this overhead is more
important for tasks with a lower priority than for tasks with
a higher priority (tasks are scheduled with a fixed priority
scheduling inside partition windows).

The results of this experiment show that the overhead due
to communication grows rapidly with the number of tasks
and the number of communications among tasks. Indeed, even
if we did not consider real execution time estimations, the
evolution of the execution time clearly shows a rapid growth
because of the overhead. This tends to confirm that considering
this overhead is necessary to validate the schedulability of
complex software-intensive systems.

C. Performance Evaluation

The complexity of this analysis grows rapidly with the
number of branches in tasks execution trees. The number of
configurations to consider mainly depends on the complexity
of input models: when shared data are acquired and released
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Fig. 6: Worst Case Response Times With and Without Over-
heads

in different conditinal executions of a task, the number of
configuration to analyze grows rapidly. On the other hand, if
shared data are all accessed in a unique branch of an execution
tree, the number of configurations to analyze remains low.

The timing analysis of our case study required the analysis
of 64 tasks configuration resulting from the cartesian product
of tasks execution scenari. Experimentations were conducted
on a 2.7 GHz Intel processor (Intel Core i7-3740QM; 4 cores)
with 3.9 GiB memory and a SSD hard drive disk. The complete
process, from the begining of the model refinement, until
the compilation of generated code, passing by the analysis
of 64 tasks configuration took 2 minutes and 17 seconds.
Considering the complexity of the input architecture, this
result seems to be very satisfactory: of course, the number
of configuration to analyse can grow very fast by increasing
the complexity of the input model, but the analysis of every
single configuration is the price to pay for an exhaustive result.

VIII. RELATED WORKS

Many model-based frameworks have been proposed in
order to ease the analysis and implementation of embedded
systems. In [14], authors present an extension of Ocarina for
ARINC653 operating systems. In both cases (ravenscar or AR-
INC653), AADL models used for code generation could also
be used for schedulability analysis. However, models refine-
ment was not considered in this work, which means that timing
overheads due to execution platform functions (middleware
and/or operating system functions) were not considered during
timing analysis. An AADL model transformation process was
introduced in [15], and extended in [11] in order to ease the
production and maintenance of code generators for multiple
target platforms. However, these works did not explain how
to proceed to schedulability analysis of refined models. Going
beyond the state of art of these approaches, the method we
presented in this paper combines both refinements for code
generation and analyse purposes.

More generally, refinements can be seen as part of design
space exploration: a refinement being in this context a set of
design decisions. For instance, [16] and [17] propose model
based design exploration thanks to optimization techniques.
They both consider input models with degrees of freedom,
and produce automatically output models in which decisions
have been taken with respect to these degrees of freedom.
These approaches are compelementary with the method we

Experimentation :  
fully automated process 
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Design model 

RAMSES refinement 
AADL to AADL/ARINC653 model transformation 

Implementation model 

Analysis results 
Generated 
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Our research activities in MDE for SCES 
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¢  MDE for SCES requires to 
•  Check consistency between analysis results and produced system 
•  Produce and alternative models and evaluate non-functional properties 

(NFPs) 

Requirements  
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Model transformations and design space 
exploration 

¢  Design alternatives exist when refining an abstract model into more concrete ones 
•  Transformations must be broken down into transformation units to be chained 
•  Variants of transformation units exist at each level of such chain 
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¢  PAPER(S) on Selection and composition of model transformations 
•  An Automated Approach for Architectural Model Transformations. 22nd International Conference on 

Informations Systems Development (ISD 2013). 
•  Multi-Objectives Refinement of AADL Models for the Synthesis Embedded Systems. 20th International 

Conference on Engineering of Complex Computer Systems (ICECCS 2015). 

RAMSES 
model 

transformation Initial AADL  
model 
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Technical Problems 
¢  Problem 1. Formalize design alternatives using model transformations 
¢  Problem 2. Evaluate the impact of design alternatives on NFPs 
¢  Problem 3. Browse a subset of the design space 
 
¢  Additional constraints 
•  Structural constraints on architectures resulting from model 

transformations 

v Two variants of producer-consumer communications (linked lists and lookup 
tables) : If the producer uses a linked list the consumer has to use a linked list 
(vice versa) 

•  NFPs are often competing: improving a NFP requires to degrade another NFP 
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Problem: mapping of model transformations on  
multiple-objectives optimization techniques  

while preserving transformations dependencies 
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Have we met  
the stopping criteria ? 

Pt represents  
the set of  
Non dominated solutions 

Yes 
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creation   
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Population  
creation 

Evolutionary Algorithm (EA) Process 
Overview 
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AADL input 
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Non functional 
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Rule-Based Model Transformations 
¢  Implement design alternatives in reusable artifacts 
¢  Model transformation → a set of transformation Rules 
•  Declarative matched rules 
•  Pattern matching semantics 

¢  AADL to AADL transformation: Thread ports transformed into data 
accesses (as illustrated earlier) 

page 14 26/05/2016 

rule communication_port 
{ 
from   --- pattern matching section 
      AADLModel!Port 
to        --- creation section 
      AADLModel! DataSubcomponent  
… 
} 

   
      (incomplete) ATL example 

1000 ms 200 ms Tc1 Tp1 
send receive 

200 ms 
Tc1 

receive 

1000 ms 
Tp1 

send 

cnx 

Periodic Thread  

Subprogram 
Mapping input/output 

Legend: 
Data port 
Data access 

p1 p2 

P2_linked P1_linked 

Communication 
port 

shared 
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Apply  
transformation 

 
 

lowCPU or  
  lowMemory or 

lowCost 

Model transformations structuration: RAs 
¢  ATL Model transformations are executed as a set of rule applications RAs: 

 RA = <R, E, A>; with R = transformation rule; 
               E=Elements from the input model;  
               A=actions performed by R 

¢  Example: Implementation of three inter-tasks communications protocols  
•  LowCPU: port -> lookup table with statically computed indices  
•  LowMemory: port -> lookup table with dynamically computed indices  
•  LowCost: port -> linked list  

¢  𝑅𝐴i = <(LowCPU |LowMemory | LowCost), 𝑝𝑜𝑟𝑡i , transform()>  
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p2 p1 

Tp1 Tc1 

<LowCPU, p1> 
Conflict 

<LowCost, p1> <LowMem, p1> 

<LowCPU, p2> 
Conflict 

<LowCost, p2> <LowMem, p2> 

Conflict 

Conflict 

RA11 RA12 RA13 

RA21 RA22 RA23 

Conflicting RAs represent transformation alternatives 
Objective: compose these RA to produce and evaluate candidate architectures 
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How to deal with architectural validation 

¢  We must ensure that composite model transformations produce correct 
architectures i.e.: 
•  Architectures that respect a set of structural constraints (e.g. OCL…) 
•  Architectures that meet Non-Functional Requirements (NFR). 

¢  For NFRs, we do the verification a posteriori: output AADL models 
produced by composite transformations are analyzed (potentially with 
existing tools or plugins). 

¢  For structural constraint, we propose a verification a priori: we transfer 
constraints on the output architectures into  
constraints on the composition mechanism in RAMSES 
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Constraints on model transformations 
composition 

¢  We formalize transformations dependencies as a conjunction of boolean 
expressions  
•  Select function and simple boolean operators and (∧); or(∨); not (¬);  
•  Select function: returns true if a given rule application (𝑅𝐴𝑖) is selected in the 

composite transformation;  
¢  Example: Incompatibility between LowCost and (LowCPU or LowMemory) 
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<LowCPU, p1> <LowCost, p1> <LowMem, p1> 

<LowCPU, p2> <LowCost, p2> <LowMem, p2> 

RA11 RA12 RA13 

RA21 RA22 RA23 

   Select(𝑅𝐴11) => Select(𝑅𝐴21) ∨ Select(𝑅𝐴23)  
∧ Select(𝑅𝐴12) => Select(𝑅𝐴22)  
∧ Select(𝑅𝐴13) => Select(𝑅𝐴21) ∨ Select(𝑅𝐴23) 

Boolean expression β 

¢  Such boolean expressions can be solved with satisfiability techniques (SAT 
solvers) 
•  Applying SAT on β leads to five solutions 
•  {𝑅𝐴11,𝑅𝐴21},{𝑅𝐴11,𝑅𝐴23},{𝑅𝐴12,𝑅𝐴22},{𝑅𝐴13,𝑅𝐴21},{𝑅𝐴13,𝑅𝐴23}  
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Railway case study 

¢  Goal: Code generation for real time embedded applications 
¢  Problem: Deal with conflicting NFPs  
•  Execution time, memory footprint and maintenance cost 

¢  Automatic Train Operation (ATO) process 
•  Control the position, speed and acceleration of the train 
•  Communicate with ATP (Automatic Train Protection) to check the validity of the data  
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¢  Three transformation variants implementing different communications 
protocols 
•  LowCPU(Low Execution Time) LowCost (Low Maintenance Cost) and 

LowMemory(Low Memory Footprint) 
¢  Each variant transforms ports and connections among thread subcomponents of 

the same process: 4 × 106 MTAs 
¢  With structural constraints: Incompatibility of LowCost with LowCPU and 

LowMemory 
•  Reduce the number of MTAs to 16807  

¢  Experimental results  
NSGA-II parameters :  
•  Initial population = 10 MTAs  
•  Mutation prob. = 0.2, crossover prob. = 0.9  
•  Maximum number of generations = 200  

¢  Produce 5 non-dominated solutions  

Experimental results 
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A word on the « genericity » of our 
approach 

¢  What if we change the optimization problem? 
•  Provide ATL model transformations to represent design alternatives 

(requires ATL expertise) 
•  Define constraints on the output model, formalize these constraints as 

constraints on the composition mechanism (requires RAMSES expertise). 
•  Check if existing analysis tools exist to evaluate non-functional properties on 

output models, otherwise new plugins need to be developped 
¢  So what is reusable? 
•  The optimization algorithm, based on NSGA-II 
•  The a priori verification of structural constraints 
•  Existing analysis tools 
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Conclusions 

¢  The approach presented here: 
•  Automates the composition of model transformations to generate model 

transformation alternatives 
•  Ensures that composite transformations produce architectures enforcing 

structural constraints 
•  Generates new transformation alternatives using evolutionary algorithms 

¢  This approach targets reuse of (i) AADL analysis plugins and (ii) the 
optimization framework in case the optimization problem changes 
•  Producing and analyzing output AADL models 
•  Reuse was experimented by applying our method on two optimization problems 

1.  Model transformations for code generation 
2.  Model transformations chain: safety design pattern à software components placement (not 

presented here 
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Thank you for your attention 
 

etienne.borde@telecom-paristech.fr 
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