Sarra Missaoui 
email: missaoui.sarra.imi@gmail.com
  
Faïda Mhenni 
  
Jean-Yves Choley 
email: jean-yves.choley@supmeca.fr
  
Nga Nguyen 
email: nga.nguyen@eisti.eu
  
Verification and Validation of the Consistency between Multi-Domain System Models

The modeling of mechatronic systems requires the collaboration of several professions such as systems architect, safety expert, mechanical engineer and electronic engineer. Thus, various complex system models using different modeling languages are provided. This paper presents a verification and validation approach that aims to assure the structural consistency between such models. First, the system representations using SysML, AltaRica and Modelica languages for systems engineering, safety analysis and multi-physics respectively, are transformed into labeled and directed multi-graphs. Then, these graphs will be compared for equivalence by using different graph concepts such as isomorphism, subgraph, number of system inputs and outputs, etc. This method allows to synchronize models into one single representation respecting all specifications inherent to each modeling language. Furthermore, inconsistencies are identified when passing from one model to another and feedbacks will be given to each domain expert for validation. A case study from an aeronautical system is used throughout the paper to illustrate our approach.

I. INTRODUCTION

Mechatronic systems are multidisciplinary systems including mechanical, electronic, software and control components. They are present in many sectors such as transportation, aeronautics, automotive, nuclear, medical, etc. As they involve technologies from different fields, their design requires engineers from different domains, from system architects to domain specific engineers. For safety critical sectors, safety experts are also highly involved in the design. Each of these disciplines, has its own design methods and modeling languages. As examples of modeling languages, SysML [START_REF]OMG Systems Modeling Language (OMG SysML)[END_REF] can be used as a modeling language for system architecture modeling, AltaRica [START_REF] Arnold | The AltaRica language and its semantics[END_REF], [START_REF] Rauzy | Guarded transition systems: a new states/events formalism for reliability studies[END_REF] for safety analyses and Modelica [START_REF]Modelica A Unified Object-Oriented Language for Systems Modeling[END_REF] for multi-physical modeling. The mechatronic system development cycle is given in Fig. 1 showing the usage of these three modeling languages. During the design, several models are built for all or part of the system of interest to represent its structure and/or behavior.

The use of several modeling languages, each one having specific semantics and focusing on a specific aspect gives rise to a consistency problem, i.e. how can the designers be sure that the different models are consistent? In this context, we are interested in the possible exchanges between designers which have different views in architectural, multi-physics and safety levels. Our approach consists in making a semantic comparison between the three modeling languages and then establishing a common abstraction model for each representation. Structural models (structural diagrams in SysML, System Structure Modeling Language (S2ML) [START_REF] Batteux | System Structure Modeling Language (S2ML)[END_REF] in AltaRica, Fig. 1. Mechatronic System Development Cycle models and connectors in Modelica) are mapped into directed multi-graphs. Detailed transformation rules are given for each language element in order to carry out these mappings. The topologies of the three generated graphs are firstly compared by using graph isomorphism concept. Labeled vertices and edges of the systems engineering graph are used as reference to find out missing or additional system parameters. In addition, different properties such as the number of system inputs (nodes without predecessors) and the number of system outputs (nodes without successors) are taken into account to detect inconsistencies between models. The list of differences between models are then presented to experts of each domain for the final verification and validation, since they may be errors or model specific variations.

The different steps of the approach will be illustrated with an aileron actuation system case study. Over the years, the technology in avionics has been oriented to the More Electric Aircraft concept which provides many advantages, such as weight and energy savings as well as new functionalities. In this work, we are modeling two Electro-Mechanical Actuators (EMA) arranged in series, both in passive redundancy, in order to actuate an aileron. The system is composed of two EMAs mounted back-to-back, a control system, an aileron position sensor and two power electronics. In normal operation, the EMA attached to the wing operates. When it fails, the second EMA, attached to the aileron, goes into operation. The system kinematic configuration is shown in Fig. 2.

The paper is organized as follows. Section 2 presents Fig. 2. EMA Drive Aileron System Kinematic Model some related work on the mapping between different modeling languages, namely SysML, AltaRica and Modelica. Section 3 gives details about language elements in three domain specific modeling approaches : systems engineering, risk analysis and multi-physics. The model or the code of the EMA case study is given to explain each approach. Section 4 details the mapping of each domain specific model describing the system structure into a labeled and directed multi-graph. Different criteria are used to compare the three graphs generated for the actuation system from elaborated models. Conclusions are given in Section 5.

II. RELATED WORK

Up to our knowledge, the consistency between multidomain system models is not directly studied in many research, but the link between SysML and Modelica as well as the mapping between SysML and AltaRica have been analyzed in several work [START_REF] Paredis | An overview of the SysML-Modelica transformation specification[END_REF], [START_REF] David | Automating the synthesis of AltaRica Data-Flow models from SysML[END_REF], [START_REF] Belmonte | A model based approach for safety analysis[END_REF], [START_REF] Ruin | Modeling framework based on SysML and AltaRica data flow languages for developing models to support complex maintenance program quantification[END_REF], [START_REF] Yakymets | Model-based system engineering for fault tree generation and analysis[END_REF] and [START_REF] Hecht | Creation of Failure Modes and Effects Analyses from SysML[END_REF].

In [START_REF] Paredis | An overview of the SysML-Modelica transformation specification[END_REF], a bidirectional model transformation from SysML to Modelica has been established. From the graphical views provided from each language, the authors conclude a strong similarity. They consider that the descriptive modeling of SysML and the executable modeling of Modelica could be combined. In fact both languages support the decomposition of a system into subsystems and model the flows exchanged between them. A semantic comparison of the two languages has also been established. In order to bridge the gap between SysML and Modelica languages, two main approaches are ModelicaML and SysML4Modelica. The first one aims at presenting Modelica modeling in a graphical form with more UML diagrams. The second one allows translating SysML models to Modelica models, thus generating Modelica code. David et al. [START_REF] David | Automating the synthesis of AltaRica Data-Flow models from SysML[END_REF] proposed a mapping between SysML models and AltaRica Data Flow (ADF) language [START_REF] Boiteau | The AltaRica dataflow language in use: modeling of production availability of a multistate system[END_REF], so that existing tools to quantify reliability indicators can be used directly on the failure modes identified in a dysfunctional database. An architecture translation was first carried out by exploiting SysML architectural view through Block Definition Diagram (BDD) and Internal Block Diagram (IBD). A SysML block with its properties is translated into an ADF node with its sub nodes (parts), flow variables (ports) and state variables (values). The synchronization of flow exchange is performed by IBD analysis. For the behavioral part, an exhaustive list of SysML elements that depict the comportment (operations, actions, messages, etc) is proposed to guide the creation of events, transitions, guards, assignments or assertions in ADF. However, SysML state-charts diagrams whose mathematical framework is close to the transitions/events mechanism of AltaRica are not considered in this work that can facilitate the automatic translation.

Belmonte and Soubiran in [START_REF] Belmonte | A model based approach for safety analysis[END_REF] proposed a translation from Obeo Designer's Domain Specific Modeling Language (DSML) for Preliminary Hazard Analysis (PHA) and Failure Mode and Effects Analysis (FMEA) [START_REF] Ericson | Hazard Analysis Techniques for System Safety[END_REF] as well as SysML for system functional models into AltaRica to enable formal verification. Different transformation rules concerning the current operational context, the environment nodes (functional activities or operations), the FMEA nodes (dysfunctional specifications) and the PHA node (top level node) are given. However, no real system has been studied yet in order to prove the scalability of the method.

In the context of Complex Maintenance Program Quantification, Ruin el al. [START_REF] Ruin | Modeling framework based on SysML and AltaRica data flow languages for developing models to support complex maintenance program quantification[END_REF] proposed a framework using SysML to model the static and interaction part of production systems, and AltaRica Data Flow formal language to model the behavior part. The model building language and the model execution language are related to each other by a transformation step. The SysML Sequence Diagram representing interactions between blocks and the Parametric Diagram describing relationships between attributes of blocks are used to generate ADF parts made up with nodes, states, events, initial states and transitions. As cited, ADF presents some restrictions like the impossibility to model looped systems and acausal connection where the direction of the flow propagation depends on the states.

Yakymets et al. in [START_REF] Yakymets | Model-based system engineering for fault tree generation and analysis[END_REF] presented a safety modeling framework for fault tree generation and analysis. In this approach, several steps are needed. First, the system to be analyzed is designed and its structural models are built using the SysML BDD and IBD diagrams. Second, these models are annotated with failure behavior. Then the entire model is converted into AltaRica language by using transformation rules. A SysML block is translated into an AltaRica node containing flows that correspond to the block's ports. Expressions showing how output port errors can be derived from internal failures of the block and/or possible deviations in the input ports are stored in SysML opaque expressions and used to generate AltaRica internal component transitions. Connection between components via the connectors are used to create assertions.

In [START_REF] Hecht | Creation of Failure Modes and Effects Analyses from SysML[END_REF], Hecht et al. generated FMEA from AltaRica code, and this code is created from a series of interacting SysML state machines. However, no detail is given about the mapping elements, except an example of text export from SysML models showing : i) a block and its ports coming from an IBD and ii) states, events and transitions deriving from a state machine diagram of the corresponding block. This SysML output parameter file is transformed into an AltaRica input file where the specific block becomes a node with its own state variable, events and transitions.

III. DOMAIN SPECIFIC MODELING APPROACHES

A. System Modeling with SysML

SysML is a modeling language created by the OMG in order to unify different approaches and languages used by systems engineers into a single standard. The language is derived from UML, the Unified Modeling Language that was created to assist software development processes [START_REF] Group | OMG Unified Modeling Language TM (OMG UML)[END_REF]. However, SysML contains extensions to make it adapted for complex systems modeling and provide a simple but very expressive model that solves systems engineering problems.The system model including requirements, structure and behavior. Parameters and constraints can also be included in the system model. The system structure is presented in SysML through the Block Definition Diagram (BDD) to represent relationships among blocks and Internal Block Diagram (IBD) providing the internal view of the system. The main purpose of these two diagrams is to express the structural breakdown of the system into different components and to model the interconnections between them. Fig. 3 shows the Internal Block Diagram representing the overall structure of the aileron actuation system.

B. Risk Analysis with AltaRica

AltaRica is a high level formal modeling language dedicated to safety analysis. AltaRica semantics are defined in terms of Guarded Transition Systems (GTS) [START_REF] Rauzy | Guarded transition systems: a new states/events formalism for reliability studies[END_REF]. Once a system model is specified in the AltaRica language, it can be compiled into a lower-level formalism such as finite-state machines, fault trees and stochastic Petri Nets and different safety assessments can be performed. For the structural aspect, AltaRica proposes the System Structure Modeling Language (S2ML) [START_REF] Batteux | System Structure Modeling Language (S2ML)[END_REF], a prototype-oriented system architecture language that aims at providing the minimal yet sufficient set of constructs that can be used to represent systems structure. A S2ML model is made up with a formal code and a graphical representation. The language integrates the following basic constructs: blocks, ports, connections and attributes.

A block in AltaRica is used to encapsulate a finite state automaton whose state variables will have a type (boolean, integer, float, ...) and an initial value. A transition is made of an event, a guard and an action to be performed when the transition is fired. Each component is represented by a block where the inputs and the outputs must be defined. The interactions between components are established by the assertions which represent the equalities between flow variables. The AltaRica code for the aileron actuation system is as follows:

include "components/angle_sensor.alt" include "components/control_command_system.alt" include "components/power_electronics.alt" include "components/carter.alt" include "components/gear_motor.alt" include "components/screw_nut.alt 

C. Multi-physic Modeling with Modelica

Modelica is a high-level object-oriented language that allows multi-physics systems modeling and simulation by developing models based on mathematical equations related to the internal behavior of each component and to the interactions between all system components. The underlying mathematical concepts are differential, algebraic and discrete equations. Multi-physics modeling in Modelica is based on a logical level useful for the pre-dimensioning of components. Thus, we have for each component a model that highlights the origin of each exchanged flow. The language has a multi-domain capability which allows to combine electrical, mechanical, hydraulic, thermodynamic, etc., components within the same application model. Modelica relies on acausal modeling, object-oriented mathematical modeling and physical modeling of multiple application domains. A Modelica model has both a textual and graphical views. Fig. 4 shows the complete Modelica model of the aileron actuation system with both the graphical and textual views.

IV. TRANSFORMATIONS TO LABELED AND DIRECTED MULTI-GRAPH

In this section, each domain specific model will be transformed into a labeled and directed multi-graph, in order to extract its topology. A component is defined by a node while arcs represent the flows exchanged between components. The multi-graph is chosen since it enables to have multi directed edges between the same nodes that represent different flow connections. We define by a gray summit, a component belonging to the studied system and by a white summit an external element to the system.

A. Mapping between SysML Model and Directed Multi-graph

The mapping between an Internal Block Diagram in SysML and the corresponding directed graph is rather straight- 

B. Mapping between AltaRica Model and Directed Multigraph

Table II shows our proposal of basic elements mapping from AltaRica to a directed graph. This model-to-model transformation only takes into account structural elements of the language such as blocks and flow variables. The assertions representing the relationship between variables will become edges connecting nodes. An acausal relationship will give rise to a bidirectional arc. Fig. 6 shows the generated graph from the AltaRica code of the EMA system. 

C. Mapping between Modelica Model and Directed Multigraph

A Modelica model of a system is made of blocks that encapsulate the mathematical equations related to the components internal multi-physics behavior. The way all the blocks and their connectors are interconnected with connections generates some more mathematical equations related to relevant types of flow, such as electrical or mechanical energy. The extraction of the topology of a Modelica model does not take into account the multi-physical behavior. Thus Modelica blocks are associated to nodes and connections between blocks are associated to edges of the labeled and directed multi-graph. The generated graph for our Modelica model is given in Fig. 7.

D. Consistency Verification and Validation

In order to check for the consistency between multi-domain models, we firstly verify if there are structure-preserving bijections among the three generated graphs. Two graphs G 1 and G 2 are called isomorphic if there exists an edge-preserving bijection f between the vertex sets of G 1 and G 2 , which means that u and v are adjacent in G 1 if and only f (u) and f (v) are adjacent in G 2 . It is shown that the three graphs are not isomorphic to each other. However, the generated graph from AltaRica model (Fig. 6) is a subgraph of the SysML model (Fig. 5). Taking the SysML model as the reference model with all vertices and edges represented in Fig. 8, Table III illustrates the subgraph relationship between the two graphs by showing the missing elements. In fact, in the AltaRica model, vertices and edges related to feedback data are all eliminated, except the information of aileron position. For the considered system, these elements have no influence on the functional and dysfunctional simulation process. Whereas, the aileron position feedback intervenes on the position system As shown in Fig. 5 and Fig. 7, the graph topologies for SysML and Modelica models are less comparable. The number of input nodes (vertices without predecessor) and output nodes (vertices without successor) are not equal. Some elements related to feedback data have also been removed from the Modelica model as in the AltaRica model. In addition, the vertices Whereas in the Modelica model, they are represented by a single "interface" serving to fix cylinders to each other. Indeed, this inconsistency is not inherent to languages, it is a modeling shortcoming that can be rectified during exchanges between designers. Table IV resumes the explained differences between the SysML and the Modelica model elements. V. CONCLUSION AND FUTURE WORK

In this paper, we studied the consistency of the system structure modeled in different modeling languages related to systems engineering, safety analysis, and multi-physics approaches. We proposed to abstract each model into a common representation by transforming it into a labeled and directed multi-graph, a mathematical concept that reflects well the topology of the system structure. Thus, inconsistencies between models can be detected and insight investigations should be carried out to explain the differences. Moreover, the abstraction of models into a common way combines the benefits of synchronizing modeling languages and the ease of communication between experts during the system design life cycle.

Our next research will be focused on the development of the automatic transformations between models. These transformations will be combined with simple and intuitive existing tools on graph visualization that allow to compare graph topology and to validate the consistency between models.

Fig. 3 .

 3 Fig. 3. EMA Internal Block Diagram

Fig. 4 .Fig. 5 .

 45 Fig. 4. EMA Model on Dymola (Modelica)

Fig. 6 .

 6 Fig. 6. EMA AltaRica Model Translation into a Directed Multi-Graph

Fig. 7 .

 7 Fig. 7. EMA Modelica Model Translation into a Directed Multi-Graph

TABLE I

 I 

	.	SYSML TO DIRECTED GRAPH MAPPING
	SysML	Graph
	part		vertex (gray summit)
	external port	vertex (white summit)
	port/connector	edge

TABLE II .

 II ALTARICA TO DIRECTED GRAPH MAPPING

	AltaRica	Graph
	block	vertex (gray summit)
	flow variable	vertex (white summit)
	assertion	edge

TABLE III .

 III ALTARICA VS SYSML COMPARISON

	Additional	Missing Vertex	Additional	Missing Edge
	Vertex		Edge	
		sensor1		cylinder position1
		sensor2		cylinder position2
				alim state1
				alim state2
				feedback
				mesure1
				mesure2

related to mechanical joints (rotation to translation, prismatic, universal) are added. Thereby, for each mechanical flow in

TABLE IV .

 IV MODELICA VS SYSML COMPARISON

	Additional Ver-	Missing Vertex	Additional	Missing Edge
	tex		Edge	
	world	sensor1	all arcs	cylinder position1
	fixation wing	sensor2	between new	cylinder position2
	fixation aileron	LV power source	vertices and	alim state1
	RtoT1	carter	other	alim state2
	RtoT2	screw/nut	components	feedback
	prismatic			mesure1
	prismatic1			mesure2
	prismatic2			mech1
	screw			mech2
	nut			mech3
	interface			mech4