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Foreword 
The shortening of development cycles, the increasing complexity of systems and the necessity 

to decrease design and production costs are part of the challenges manufacturers are nowadays 

facing.  

In this context, the automation of some design tasks would bring huge benefits: reduction of 

design duration and costs and overall improvement of the design, through a better management 

of its complexity.  

In this diploma-thesis, we show that systems engineering and operations research methods and 

tools can be combined to support efficiently architecture design. A methodology adaptable to 

various kinds of avionics and non-avionics systems was successfully developed, implemented 

and tested.  

 

Introduction 
Motivation. The word “avionics” refers to the electronic systems used on aircraft. Nowadays, 

avionics systems are getting more and more complex, for instance, with the need of new 

functionalities for performance, safety or passenger comfort. However, the complexity of 

avionics systems is still managed through a number of predominantly manual, paper-based 

procedures.  

Safety is also a key issue for avionics systems. The fulfillment of safety requirements is often 

tested after the first phases of the design of systems, which leads to costly and time-consuming 

design iterations. An earlier consideration of these requirements should help saving time and 

money. 

 

Objectives. This work aims at researching a methodology to support the design process, with 

the following objectives:  

• Reduction of the design duration through an earlier consideration of safety requirements 

• Overall improvement of the design through a formalized and automated approach able to 

handle the systems' complexity.  

 

Performed work. Relying on model-based systems engineering and operations research 

methods and tools, we developed a methodology to support the design of various avionics and 

non-avionics systems. This methodology was successfully implemented and tested. 

 

Our methodology. A generic meta-model is created, suitable for various kinds of avionics 

systems, which contains requirements - including safety requirements - and design goals. From 

these formal requirements and goals an algorithm creates corresponding mathematical 



 
 

constraints and optimization criteria. All valid architectures fulfilling these constraints are 

automatically generated. Sets of efficient and diverse architectures among the generated 

solutions are selected by an algorithm. 

 

Related Works. Several works are related to allocation optimization or generation in the case 

of avionics or electronics, sometimes with respect to safety constraints.  

L. Sagaspe, in his doctor thesis (Sagaspe 2008), uses constraint programming in order to 

generate allocations of functions on hardware. However, the presented method has to be 

adapted to each system, as he does not present any generic model. Besides, the failure rate 

constraints and their failure tree formalization are not considered in this work: the regarded 

safety constraints are only dissimilarity constraints. 

B. Hardung, in his doctor thesis (Hardung 2006), uses evolutionary algorithms in order to 

optimize allocation of functions in vehicle networks. However, his work is very specific, as he 

describes in a very detailed way the characteristics of each system element. 

S. Abdi and D. Gajski have developed an algorithm for automatic generation of an architecture 

model from a functional specification (Abdi and Gajski 2004). But their approach is not 

model-based, but based on a very simple physical architecture, without safety or resources 

constraints. 

In the same way, the COSYN project (Dave and all. 1997) developed a method to allocate 

software to hardware. However, this method does not rely on the same kind of hardware as ours 

and does not take as many constraints into account. 

Different works have been conducted in order to develop methods to select sets of diverse 

solutions. For instance, R. Smaling and O. de Weck described the use of “smart” pareto filters 

(Smaling and de Weck 2006). Our architectures selection method is very similar to the method 

presented in their work, as we also compute a distance between matrices to characterize 

dissimilarity. However, our method makes it possible for the user to choose the weight of the 

different parameters for the dissimilarity computation: he can decide which criteria influence 

the dissimilarity of two architectures. In the same way, the user of our method can 

automatically choose the number of selected solutions. As a consequence, the user is more 

implied in our selection process: as our meta-model is very abstract, the intervention of a 

person knowing the real system seems necessary to a good selection. On the contrary, we 

decided not to include the consideration of  objectives in the diversity computation: this would 

only make sense if numerous objectives are considered. 

 

 

Modeling 
In a first step, we needed a formalized basis, on which our work would rely. In order to reach 

this goal, we first modeled Integrated Modular Avionics systems, a special kind of avionics. 

Based on this model, we created a generic and flexible meta-model, which is suitable for many 

kinds of avionics systems. 

We paid a special attention to the consideration of design goals, such as cost, weight or 

electrical consumption and to the modeling of requirements, especially safety requirements. 

 

Structure of our meta-model. Each instance of our meta-model is composed of three levels, 

which have to be mapped together in later phases of the process: software level, hardware level 

and locations level. 

For each level, elements can be defined: functions and dependency relations between functions 

for the software level, computational modules for the hardware level, locations and physical 

connections between locations for the locations level. 

Each element is characterized by its properties. Some properties, like the failure rates of 



 
 

modules, are automatically defined in each instance of the meta-model (their value can-of 

course!-be chosen by he user). In order to make our meta-model more flexible, we also defined 

groups of properties in our meta-model. The properties will be created by the user himself, in 

his model. This means that the user can choose the kinds of property he needs: for instance, for 

the group of properties "optimization properties" he can decide to consider weight and 

electrical consumption of modules, but not their cost. He can choose the degree of complexity 

of his model, according to his information on the system.  

Our meta-model is presented on the figure 1. 

 

 



 
 

Figure 1. Global meta-model 

 

Software level. The software level is composed of functions and dependency relations 

between functions.  

The functions are tasks that can be implemented by software. They are characterized by their 

name, their maximal acceptable failure rate and their software failure rate. The maximal 

acceptable failure rate of a function depends on its failure classification: catastrophic, 

hazardous, major or minor. A software failure could be caused, for instance, by undetected 

errors in the code.   

We also modeled dependency relations between functions. As a consequence, failure trees in 

which each child function needs input from all its parent functions can be included in our 

model. 

 

Hardware level. The hardware level is composed of computational modules. Each module is 

characterized by its name and its failure rate. 

Some properties of modules aim at characterizing the degree of similarity of two modules, for 

instance their kind and their manufacturer: we group these properties together and call it: 

Similarity properties. 

The computing power, the interfaces, as well as the memories are provided by modules and 

used by functions: these are Resources provided by modules to functions. 

The electrical power necessary for each module and its size can restrict its utilization on a given 

location: these are Resources provided by locations to modules. 

The cost and the weight are parameters which can be taken directly into account in the 

optimization process: we call such parameters Optimization properties. 

The variation of the failure rate with the Environmental parameters, such as high temperature 

or high level of vibrations, will be computed with the Environmental failure rate. For instance, 

if a module is placed on a location with the environmental parameter “high level of vibration”, 

the failure rate computed for this module will be the sum of its environmental failure rate and 

of its constant failure rate. 

 

Locations level. The locations level is composed of locations and of routes (physical 

connections between locations).  

 

A name is defined for each location.  

Each location can be characterized by its position in the aircraft: on the left or on the right, on 

the back or on the front… We group these properties and call it: Position properties. 

High level of vibrations, high temperature and other parameters which can influence the failure 

rate of modules situated on a location are called Environmental properties.  

Sensors or actuators can be considered as Resources provided by location to functions. 

The available space and the available electrical power are Resources provided by locations to 

modules. 

 

For each couple of locations, a route is defined. This route is characterized by its failure rate 

and its optimization properties.  

If a function a allocated on a location A depends on a function b, allocated on a location B, the 

failure rate of the route joining location A and location B is taken into account in the failure rate 

computation of the function a: if the route fails, the function a fails. 

Let’s say an optimization property is defined for the route joining two locations C and D, for 

instance the weight of the physical connection between C and D. If at least one couple of 

functions of which one function is on C and the other on D are linked by a dependency relation, 



 
 

the weight of the route will be taken into account in the computation of the global weight. If 

this is not the case, there is no necessity for a physical connection between C and D: the weight 

of the route between C and D is not taken into account in the computation of the total weight, as 

the route won’t exist in the real system. 

 

User-defined requirements. The constraint sameModConstraint, with the boolean sameMod 

set to true, is defined to require that two functions are allocated on the same module. This can 

be used for two functions which exchange a lot of data. If the boolean sameMod is set to false, 

the two functions have to be allocated to different modules, which might be necessary if the 

role of one function is to control the good execution of the other: the failure of a unique module 

shall not lead to the failure of both functions.  

 

The constraint sameLocConstraint, with the boolean sameLoc set to true, is defined to require 

that two functions are allocated on the same location. If sameLoc is set to false, the two 

functions will be allocated to different locations. 

The constraint samePosProConstraint(position property type p), with the boolean samePosPro 

set to true, is defined to require that two functions are allocated on locations having the same 

value for the position property of type p. If the boolean samePosPro is set to false, the 

functions shall be allocated on locations having a different value for the position property of 

type p. For instance, we can define the position property "side", which can take two values, 

“right”' and “left”. We define the constraint samePosProConstraint(position property “side”) 

for two functions F1 and F2. If samePosPro is set to true, F1 and F2 will be allocated on the 

same side: both functions on the left or both functions on the right. If samePosPro is set to false, 

F1 and F2 will be allocated on different sides: one function on the left and one on the right.  

The constraint sameSimProConstraint( similarity property type s) is defined in the same way. 

The constraints simConstraint, posConstraint and envConstraint are defined in order to oblige 

the solver to allocate a function to a location/module having or not having a particular value for 

a given property type.  

It is also possible to impose the allocation of a particular module on a particular location, or the 

allocation of a particular function on a particular module. 

 

These constraints can be defined for some elements of the model, but do not have to be defined 

for all elements. 

 

Architectures generation 
How are we going to use our meta-model in order to generate automatically architectures 

fulfilling the modeled requirements? 

 

Our approach. Each instance of our meta-model includes elements, which have to be linked 

together by allocation relations, and requirements about the way they can be linked together 

(safety requirements, resources requirements…).  

We developed an algorithm which can be implemented to translate automatically instances of 

our meta-model into a mathematical problem: each couple function/module, function/location 

and module/location is characterized by a variable, which will be equal to 0 if the couple is not 

linked by an allocation relation and to 1 if the couple is linked by an allocation relation. The 

matrices containing these variables are called allocation matrices (see figure 2). The specific 

structure of the model and its requirements are translated into mathematical equations, which 

correspond to constraints on the variables included in the allocation matrices.  

 

Is allocated Location 1 Location 2 … Location n 



 
 

on 

Module 1     

Module 2     

…     

Module m     

 

Figure 2. The allocation matrix moduleIsOnLocation 
 

The mathematical problem which is obtained can be solved by operations research methods 

and tools. 

 

Several operations research tools, such as optimization solvers, could have been used to find a 

solution for this mathematical problem. However, we wanted to generate all architectures 

fulfilling the modeled requirements, in order to have a wide basis for our architectures selection 

process. This means that we needed to find all solutions of our mathematical problem. As a 

consequence, we chose to use constraint programming. 

 

Our translation algorithm. In order to create our translation algorithm, we first translated the 

data included in any instance of our meta-model into a set of allocation matrices and worded 

constraints on these allocation matrices. Some of these worded constraints are implicit, as they 

derive from the interpretation of the meta-model; others are explicit: the user-defined 

requirements. We then translated the worded constraints into mathematical equations. 

 

Architectures selection 
Some configurations of functions, modules and locations are likely to provide a huge number 

of possible architectures. We computed the number of solutions for a very small model: four 

locations, four modules and four functions. 87824 architectures were proposed by our solver! 

As a consequence, our tool shall also support the selection of interesting architectures. 

 
Necessity to select several efficient and diverse solutions. The work presented in this paper 

aims at an overall improvement of the design. But, the design goals in avionics systems are 

numerous: weight and cost, of course, but also maintainability, modularity, re-usability, 

robustness, extensibility… Not all relevant criteria can be formalized and computed. As a 

consequence, we cannot use a traditional mathematical optimization method: such methods 

require a cost function, which includes all crteria, which means that all criteria have to be 

formalized!   

Besides, we can foresee that a tool which would provide a unique solution without giving 

human beings the possibility to take a decision would not be accepted by engineers. 

In order to address these issues, we had to develop a method which would provide several 

solutions, which would all be good for the computed design goals. The set of proposed 

solutions shall also have a high diversity, in order to increase the probability to have at least one 

solution which would be good for all non-computed design goals. The number of provided 

architectures shall be small enough to be manageable by engineers, but big enough to let them 

make a real choice. 

 

Our selection algorithm. Our approach is illustrated on the figure 3. 

All generated architectures are first classified according to the formalized optimization criteria:  

• an objective function, in which only formalized criteria are taken into account is chosen 

• the generated architectures are ranked according to this objective function. 

In order to make the measure of diversity possible, we defined a dissimilarity coefficient (see 



 
 

next chapter). If, and only if, the coefficient computed for two architectures A and B is superior 

to a “minimum dissimilarity coefficient”, the two architectures A and B are considered as 

dissimilar 

The selection occurs according to the following steps:  

• The first architecture of the ranking is selected.  

• The architectures of the ranking are considered, one after the other, according to their rank 

and beginning with the best ones, and compared to all already selected architectures. If the 

coefficients of dissimilarity between the new architecture and each already selected 

architecture are high enough, the new architecture is accepted. Otherwise, it is rejected. 

• The selection process stops when the population of selected architectures has reached the 

required size, chosen by the user. 

 
Figure 3. Architectures selection method 

 

 

Measure of dissimilarity 
In this section, we are going to describe the way we used the algebraic definition of distances 

between matrices to compute a coefficient characterizing the degree of dissimilarity of two 

architectures. This coefficient is the weighted sum of an allocations-matrices-based coefficient 

and a properties-based coefficient. 

 

Allocations-matrices-based coefficient. As explained before (see part 3 and figure 2), each 



 
 

architecture can be represented by three matrices filled with 0 and 1, and called allocation 

matrices: functionsAreOnModules, functionsAreOnLocations, modulesAreOnFunctions.  

We define the algebraic distance between two matrices A and B as:  

Distance(A,B)= BA − = ( )∑∑
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The allocations-matrices-based coefficient is the weighted sum of: 

• the distance between the matrix functionsAreOnModules of architecture A and the matrix 

functionsAreOnModules of architecture B 

• the distance between the matrix functionsAreOnLocations of architecture A and the matrix 

functionsAreOnLocations of architecture B 

• the distance between the matrix modulesAreOnFunctions of architecture A and the matrix 

modulesAreOnFunctions of architecture B. 

The weights can be chosen by the user, according to his needs.  

 

Computation of a properties-based coefficient. For each kind of similarity properties p for 

modules, for each couple of architectures A and B, a vector is defined. This vector contains one 

variable per function. The variable n is equal to 1 if the function n is allocated on modules 

having the same value of the similarity property p, and to 0 else. The norm of the vector is then 

computed, with the formula:  

Norm(V)= V = ∑
=

n

i
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The weighted sum of all norms of such vectors is then computed. We obtain a 

similarity-properties-based coefficient. The weights can be chosen by the user.  

We proceed in the same way with location properties to obtain a locations-properties-based 

coefficient. 

The properties-based coefficient is the sum of our similarity-properties-based coefficient and 

of our location-properties-based coefficient. 

 

Computation of our dissimilarity coefficient. The global dissimilarity coefficient is the sum 

of the allocations-matrices-based coefficient and of the properties-based coefficient. 

 

Implementation and evaluation 
We implemented the whole methodology in a consistent tool: the user creates an instance of 

our meta-model using his data and the tool returns a set of efficient and diverse architectures, 

fulfilling all modeled requirements. The meta-model was implemented with the Ecore 

Modeling Framework, the translation and selection algorithms were implemented with Java. 

Two constraint programming solvers can be chosen by the user for the architectures generation 

algorithm: Choco and JaCoP. 
We tested our tool on the basis of examples: our methodology and our tool are working well. 

We also tested it on big systems, which would not have been manageable by a human being (6 

locations, 13 modules, 12 functions, 16 resource types, 7 user-defined requirements, failure 

rates and failure rates variations depending on the position).  

 

Conclusion and outlook 
Summary.  A methodology based on systems engineering and operations research tools and 

practices was developed. This methodology, represented on the figure 4, includes:  

• A generic meta-model for avionics systems, which contains requirements - including safety 



 
 

requirements - and design goals. This meta-model is suitable for various kinds of systems, 

including non-avionics systems.  

• Based on this meta-model, a method for the automatic generation of all architectures fulfilling 

the modeled constraints.  

• A method for the selection of sets of architectures, with preservation of diversity and 

consideration of design goals. 

 

 
Figure 4. Our methodology 

 

Benefits. The use of model-based automatic generation and selection of avionics architectures 

in industrial context should streamline the design process by means of automation. Its main 

benefits would be:  

• Time and money saving, through an earlier consideration of the requirements which have to 

be fulfilled by the system, especially safety requirements, and through the overall 

simplification of the design process 

• Improvement of the designed system, through generation and selection of efficient 

architectures which engineers would not necessarily have thought about. 

  

Limitations and further works. In our method, modules are considered as elements which are 

already complete at the beginning of the system design, and whose properties cannot be 

modified anymore. In the reality, the computational modules are adapted and modified during 

the whole architecture design process. However, this does not really impact the usefulness of 

our method: 

• The changes made to the computational modules during the global architecture design are 

often minor. That is why they can be neglected in the first phases of the design process. In other 

words, our method can be used to make propositions of architecture which will be refined later 

by engineers. 

• In the past few years, avionics systems moved toward a greater standardization. If this trend 

continues in the future, the hardware architectures could be composed exclusively of very high 

standardized components, which would not be modified during the global architecture design. 

This is exactly the situation which is considered in our method. 

 

Our methodology might be difficult to apply: our meta-model, which is rather abstract, has to 

be well understood. For huge system, the creation of an instance of our meta-model can also be 

time-consuming. These issues can be dealt with by adding a plug-in which would transform 

automatically existing models into instances of our meta-model. This would make our tool 

easier to use and increase its acceptance. 

  

The formalization of other relevant criteria, such as modularity, maintainability, extensibility, 

re-usability or robustness would contribute to improve the selection algorithm, through a better 

definition of efficiency. The maintainability could be defined as a requirement: all functions 

and modules which require frequent maintenance work shall be placed on locations having a 



 
 

good accessibility. This could be refined with the definition of different levels of accessibility 

for locations and of different frequencies of maintenance work for functions and modules.   

 

Some safety-critical functions have very low maximal acceptable failure rates; such failure 

rates cannot be reached by a single hardware component. In such a case, the function is 

duplicated and implemented on several modules. This duplication has not been regarded yet. 

Further works could intend to consider it, for instance through the automatic duplication of 

functions having a high criticality level. 

 

 

References 
 

Sagaspe, L. 2008.: « Allocation sûre dans les systèmes aéronautiques: Modélisation, 

Vérification et Génération », PhD diss., Université Bordeaux I (Bordeaux, France). 

(Sagaspe 2008) 

 

Hardung, B. 2006.: “Optimisation of the Allocation of Functions in Vehicle Networks”, », PhD 

diss., Universität Erlangen-Nürnberg (Erlangen, Germany). 

(Hardung 2006) 

 

Abdi, S. and Gajski, D. 2004: “Automatic generation of equivalent Architecture Model from 

Functional Specification”, Center for Embedded Computer Systems, University of California 

Irvine. 

(Abdi and Gajski 2004) 

 

Dave, B.P., Lakshminaryana, G., Jha, N.K. 1997: COSYN: Hardware-Software Co-Synthesis 

of Embedded Systems. 

(Dave and all. 1997) 

 

Smaling, R., de Weck, O. 2006: “Assessing Risks and Opportunities of Technology Infusion in 

System Design”.  

(Smaling and de Weck 2006) 


