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Enterprise models are essential for the understanding, analysis, engineering, improvement, optimisation, maintenance and even management and control of enterprise systems. In that sense, Enterprise Modelling is foundational for Enterprise Engineering, Integration and Management and closely associated to Enterprise Architectures. This synthesis paper reviews and summarises important research works and contributions made to Enterprise Modelling over the last four decades, outlining major modelling constructs and their extensions as well as prominent modelling tools and methods and discussing future developments in the context of smart manufacturing or Industry 4.0.

Introduction

Enterprise Modelling (EM) is the process of producing models, i.e. abstract representations, that can be used by humans or machines to support understanding, analysis, (re)design, reasoning, control and even learning about various aspects of interest of an enterprise [START_REF] Vernadat | Enterprise Modeling and Integration: Principles and Applications[END_REF][START_REF] Scheer | Architecture of Integrated Information Systems: Foundations of Enterprise Modelling[END_REF][START_REF] Owen | Enterprise Modelling and Architecture[END_REF][START_REF] Sankuhl | Enterprise Modeling: Tackling Business Challenges with the 4EM Method[END_REF][START_REF] Fox | Enterprise Modeling[END_REF].

Enterprise Modelling can be defined as the art of externalising knowledge in the form of models about the structure, functionality, behaviour, organisation, management, operations and maintenance of whole or part of an enterprise, or of an enterprise network, as well as the relationships with its environment.

EM is an art, meaning an engineering discipline and not a scientific discipline. It emerged both as a concept and a set of tools and methods in the 80's from the needs coming from three main streams:

-The needs of software and information system engineers, who required structured approaches to analyse and formalise business transactions/processes and data structures to build ever more complex enterprise applications and their supporting database systems.

-The needs of manufacturing and industrial engineers, who had to design, simulate, manage and maintain ever more integrated product design and manufacturing systems and to interface computer-aided systems (e.g. CAD, CAE, CAPP, CAM, MRP or shop-floor control systems) together with various types of factory equipment (e.g. CNC-machines, flexible machining centres, robots, material handling systems, parts storage & retrieval systems…). This was the era of Computer-Integrated Manufacturing (CIM), announcing the era of Enterprise Integration (IE).

-The needs of business analysts and organisation experts, who had to describe the current situation of a business entity (i.e. depict "AS-IS" models of the existing structure and behaviour of some part of the enterprise) and then elaborate a revised, more efficient, solution (or "TO-BE" models) to correct deficiencies, improve performance or reengineer some activities, value chains or areas of the organisation.

EM has therefore its roots in organisation sciences, systems theory and systems engineering, and more specifically in software engineering and information technology (IT), industrial engineering (IE) and computer simulation. This variety of needs explains the variety of modelling techniques and languages that have marked the history of Enterprise Modelling (Surveyed in Sect. 3).
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EM must not be confused with, or reduced to, business process modelling [START_REF] Curtis | Process modeling[END_REF][START_REF] Dalal | Toward an Integrated Framework for modeling enterprise processes[END_REF][START_REF] Aguilar-Saven | Business process modelling: Review and framework[END_REF][START_REF] Scheer | Business Process Engineering: Reference Models for Industrial Enterprises[END_REF] or business process management [START_REF] Van Der Aalst | Business process management: a comprehensive survey[END_REF]. Business process modelling is central to EM but is only one of its many facets. Other aspects of the enterprise, or network of enterprises, to be analysed must be covered by EM as illustrated by Fig. 1. These aspects, such as functional, information, resource, organisation or economic aspects for examples, are separately modelled and analysed from different angles or various viewpoints, called 'modelling views.' 1 An enterprise model is therefore the sum of the models obtained in each view. These models can be stored in enterprise repositories or databases of EM tools and represent essential components of an Enterprise Architecture (EA). Indeed, Enterprise Modelling and Enterprise Architecting2 are heavily intertwined [START_REF]IFIP-IFAC Task Force on Architectures for Enterprise Integration, GERAM: The Generalised Enterprise Reference Architecture and Methodology[END_REF][START_REF] Owen | Enterprise Modelling and Architecture[END_REF].

Figure 1. Illustration of the various facets or views of Enterprise Modelling EM can be applied to any kind of enterprises, profit or non-profit, defined as complex socio-technical systems. They range from industrial firms such as companies manufacturing goods (i.e. discrete, continuous or hybrid manufacturing systems) or producing services (e.g. banks, insurance companies, consulting companies, tourism agencies, edition and media companies…) as well as academic, administrative or government organisations of any size. The goal is not to model the entire enterprise but mostly the business entities and aspects to be carefully assessed, improved and/or reorganised to increase the efficiency, productivity, profitability, competitiveness and sustainability of the enterprise. A 'business entity' is a part or area of an enterprise, ranging from a group of persons (a team or department), an organisational unit, a set of business processes, a plant, a division, an industrial site, whole or part of a supply chain, a networked enterprise or a collaborative networked organisation. It is up to the user to define the scope and granularity of what s/he considers a business entity or an enterprise before launching an Enterprise Modelling project.

As a contribution to the celebration of the 40 th anniversary of Computers in Industry, the aim of the paper is to review important research contributions made to Enterprise Modelling. Indeed, the Journal has greatly contributed to advancement of the field since its emergence as one can verify from the list of references of this paper, including its very first issue with an article on SADT computerisation by Bernus and Hatvany [START_REF] Bernus | Computer aids to the design of integrated manufacturing systems[END_REF]. The paper is organised as follows: Section 2 recalls basic definitions and principles of EM; Section 3 reviews EM history from its origins or infancy period to the innovation period, producing the prominent approaches and essential modelling constructs, up to the culmination or standardisation period with the elaboration of ISO 19439:2006 [START_REF]Enterprise Integration -Framework for Enterprise Modelling[END_REF] and ISO 19440:2007 [14] international standards and finally the current consolidation period; Section 4 suggests future areas for development before concluding in Section 5.

Nature and usage of EM models

A 'model' is an abstraction (i.e. a simplified representation) of some facets of a real-world system, situation or phenomenon. In other words, a model is just an approximation (or simply an image, digital or on paper) at time t of the reality. The purpose of a model is to express relevant features and characteristics of a system that one wants to study, analyse, evaluate or control. Thus, the intention of a model is not to cover all intrinsic aspects of the reality but only those of interest. A model is expressed in terms of some formalism or 'language', more or less formal. Enterprise models are often expressed by means of semiformal Enterprise Modelling Languages (EMLs) and, in many cases, simply by graphical notations.

Many EMLs are defined as a consistent set of 'modelling constructs' (or simply 'constructs'), i.e. building blocks defined as templates or object classes, usually with associated graphical symbols, and characterised by a set of descriptive properties or attributes. They represent enterprise elements depicted in the EML, e.g. 'organisation unit', 'activity', 'process', 'event', 'product' or 'resource' constructs. To fix ideas, simplified templates of major EM constructs, classified by views and adapted from CIMOSA or ISO 19440:2007, are given in the Appendix of the paper.

The 'finality' of a model is a crucial element. Indeed, the intended use or purpose of the model will always determine what needs to be modelled, i.e. the aspects to be covered (or model scope), at what level of details (or degree of precision) and in which form, i.e. with which language (or model expressiveness). Depending on the finality of the model, the nature of the selected modelling language, the considered modelling views or the appraised real-world aspects may differ.

Different types of models can be obtained by applying EM methods or tools. Examples are: goal/objective models, functional models, process models, conceptual data models or object class diagrams, resource models, organisational models, factory layout diagrams, structural diagrams as well as control or sequence diagrams. Most of them have a static and descriptive nature, although some of them also include temporal and dynamic aspects. Nevertheless, they all have in common that they can be processed by computers. And as such, parts of them can be converted into or enriched with simulation models or analytical models (e.g. discrete-event systems, state-transition diagrams such as Harel's statecharts, Petri nets, queueing networks or stochastics networks) to support "what-if" scenarios, simulationbased experimental design, performance evaluation and even digital factory simulation with graphical animation [START_REF] Aguiar | Rapid prototyping of integrated manufacturing systems by accomplishing model-enactment[END_REF][START_REF] Chan | Enterprise Modelling[END_REF][START_REF] Cui | Enterprise and simulation modelling in enterprise architecture execution[END_REF][START_REF] Chatha | Combined enterprise and simulation modelling in support of process engineering[END_REF][START_REF] Khuen | Digital Factory -Simulation Enhancing the Product and Production Engineering Process[END_REF].

In practice, enterprise models have proved to be very useful, either alone or in combination with computer simulation, and in various areas of design, engineering, operations, monitoring or maintenance activities of enterprise systems [e.g. [START_REF] Doumeingts | Production management and enterprise modelling[END_REF][START_REF] Doumeingts | Enterprise modelling techniques to improve efficiency of enterprises[END_REF][START_REF] Delen | Towards a truly integrated enterprise modelling and analysis environment[END_REF][START_REF] De La Fuente | Enterprise modelling methodology for forward and reverse supply chain flows integration[END_REF][START_REF] Kassem | A structured methodology for enterprise modeling: A case study for modeling the operation of a British organization[END_REF]. Without being exhaustive, some typical application areas concern:

-Understanding and documenting the organisation: Support for business analysis; expressing requirements definition for internal or outsourced projects; system documentation.

-Planning the management of change: Opportunity identification; continuous improvement (from "AS-IS" models to "TO-BE" models); business process improvement and Business Process Reengineering (BPR).

-Designing and reengineering enterprise systems: Detailed system specifications; preliminary and detailed design of business entities; static and dynamic property analysis; model-based engineering using Model-Based Architecture (MBA) principles.

-Evaluating performance: Computer simulation of system behaviour; performance analysis.

-Systems integration: Support for implementing large enterprise information systems (such as ERP, CRM 3 or other enterprise information systems); integration projects in the case of company fusion/merging/acquisition or formation of collaborative networks.

-Training and learning: Use of enterprise models to train/educate new end-users; building a consensus or common view shared by all users on how the enterprise should work.

EM basic principles

In addition to common modelling principles, such as the principles of model accuracy and relevance, to cope with the complexity and multi-faceted nature of enterprises, EM languages and frameworks should rely on some more specific principles. Among these are [START_REF]Enterprise Integration -Framework for Enterprise Modelling[END_REF][START_REF] Bernus | Some thoughts on enterprise modelling[END_REF][START_REF] Lim | Enterprise modelling and integration: A taxonomy of seven key aspects[END_REF][START_REF] Vernadat | Enterprise Modeling in the context of Enterprise Engineering: State of the art and outlook[END_REF]:

-Plural nature of enterprise models: There is no such thing as an 'enterprise model'. Instead there are enterprise models. Indeed, due to its complexity an enterprise, or any of its business entities, cannot be represented by just one model expressed in one language. Several models are necessary to represent its various aspects and the enterprise model will be the sum of these models.

-Principle of minimalist ontology: Any EML must be defined by a minimal and non-redundant set of modelling constructs, each being made of a minimal set of attributes and properties describing the essential nature of the concept modelled. This avoids over-due complexity of the language and will minimise modelling efforts on the part of practitioners.

-Concept of modelling views: The concept of 'modelling view' (also called aspect, viewpoint or perspective elsewhere) is a mechanism by which one can focus on the analysis of some aspects of a system while disregarding others to cope with system structural complexity. An efficient EM method or framework should provide a minimal set of non-overlapping views to cover all aspects of interest in its scope. ISO 19439:2006 on Enterprise Modelling Frameworks [START_REF]Enterprise Integration -Framework for Enterprise Modelling[END_REF] considers at least the following four views (others can be defined if needed) (See Fig. o Organisation View: to model organisation units, decision centres, decision levels and their relationships as well as associated responsibilities and authorities.

-Concept of modelling levels: A 'modelling level' represents an abstraction level for a given population of users in terms of system details to be taken into consideration. It refers to a phase in the life cycle of the modelling project. For instance, ISO 19439:2006 recommends three modelling levels (additional ones can be defined if needed):

o Requirements definition: It represents the 'voice of the business users' and is used to express the needs or requirements of the system in a clear and unambiguous way. Models at this level are mostly descriptive.

o Design specification: It corresponds to the level of analysts and engineers having to make the detailed specifications of the system and perform the preliminary and detailed design phases. Formally specified and computer processable models are used at this level.

o Implementation description: It corresponds to the level of system implementors who must define the implementation solutions using machine languages of physical devices, programming languages or physical database systems and take account of all technical constraints of the business entity. Models at this level are executable.

-Separation of enterprise behaviour and enterprise functionality: 'Enterprise behaviour' describes how the enterprise performs its work. This is usually represented in terms of 'business processes' and how the enterprise reacts to occurrences of expected or unexpected 'events.' 'Enterprise functionality' describes the actual work to be performed in terms of tasks or 'activities'. A clear distinction between activity and process implementation can foster enterprise agility, making easier business entity reengineering because enterprise functionality can be changed without affecting enterprise behaviour and vice versa.

-Late binding of resources to process steps: At a macro-level, one can view an enterprise and its business entities as made of a large collection of: o Control flow, also called workflow in IT, representing the logical sequencing of process steps in a business process. This is a logical flow (like the token flows in Petri nets) as opposed to the two previous ones, which are flows of tangible objects.

Two additional types of flows could be considered, namely, the financial flow (dealing with monetary values) and the energy flow (dealing for instance with electricity, gas, power, etc.).

Enterprise Modelling at the age of 35

To fairly assess the state of play of Enterprise Modelling, it is necessary to review its development and evolution since its origins. The history of EM can be characterised by different phases. Recently, Vallespir and Ducq identified two main periods [START_REF] Vallespir | Enterprise Modelling: From early languages to models transformation[END_REF]: a brainstorming or divergence era producing initial methods and a convergence era made of four phases: multi-language modelling frameworks, convergence at the macro or framework level, convergence at the micro or language level and standardisation phase.

Another characterisation could consist in classifying methods in three classes: namely, early or activitycentred methods (IDEF, MERISE, GRAI…), business process-centred methods (CIMOSA, ARIS, IEM…) and enterprise knowledge-centred methods (TOVE, AKM, DEMO, enterprise ontologies…).

Because the author has witnessed the whole history of EM and contributed to it on several occasions, the paper presents a chronological approach, identifying four (sometimes overlapping) phases: namely, early phase, innovation phase, standardisation phase and consolidation phase (Fig. 2). This section reviews in detail these successive phases, highlighting key references from the literature, important contributions or milestones and essential outputs in terms of modelling constructs.

Early Phase (1975 -circa 1985)

Overview

During this period, computer science was rapidly developing and computer-based applications were spreading in most areas of enterprises, especially concerning data-intensive tasks such as management information systems, invoicing, production planning or bills of material processing, but also in manufacturing design, engineering and production activities (with CAx or computer-aided packages). This intense activity created numerous isolated computerised systems, the so-called 'islands of automation' or 'islands of information', especially in large manufacturing companies. With the increasing number and complexity of these systems, practitioners were faced with the need to better represent and organise the things of the enterprise, mostly to understand, analyse and specify them in a more systematic way, either to automate or computerise them or to interface and even integrate many of these systems.

On the IT side, the needs mostly dealt with defining requirements and specifying computer programmes and software applications as well as related data structures for data stores (file systems) or database systems. The aim was to automate business processes simply defined as chains of data processing steps called transactions [START_REF] Chestnut | Business process modeling improves administrative control[END_REF]. Thus, two main streams of methods and tools appeared in the mid-70's to propose structured system analysis techniques, one concentrating on functional aspects and one concentrating on data aspects. The best representative methods of each stream were SADT and ERM, respectively. SADT (Structured Analysis & Design Technique) is a method originally proposed in 1977 by Ross to analyse a functional domain by breaking it into sub-functions down to its elementary procedures in order to design software programmes in a systematic and structured way [START_REF] Ross | Structured Analysis for Requirements Definition[END_REF]. Originally proposed as a software engineering method, the genericity of SADT was soon recognised as an excellent top-down design method for analysing any complex system thanks to: [START_REF] Vernadat | Enterprise Modeling and Integration: Principles and Applications[END_REF] [START_REF] Demarco | Structured Analysis and System Specification[END_REF][START_REF] Gane | Structured Systems Analysis: Tools and Techniques[END_REF].

In addition, many structured methodologies for information system analysis and database design, such as MERISE, NIAM and M* [START_REF] Tardieu | La méthode MERISE, Principes et outils[END_REF][START_REF] Di Leva | Information system analysis and conceptual database design of production environments with M*[END_REF], have been elaborated in the 80's based on the previous modelling and analysis techniques. Their aim was to cover the analysis of functional and information aspects in one consistent method and at several abstraction levels (conceptual, logical and physical) in order to elaborate software programmes on one hand and associated database schemata on the other hand. Most of them are based on the so-called extended entity-relationship model, an ERM formalism augmented with two abstraction mechanisms: (1) the 'generalisation/ specialisation mechanism' (or 'Is-a' link used to generalise specialised classes into a more general super-class) and (2) the 'aggregation mechanism' (or 'Part-of' link used to form a composite class from component classes). Furthermore, both MERISE and M* were able to model and formally specify the 'control flow' of business processes in the form of, respectively, 'transaction models' and 'process nets', both based on Petri net formalisms. Figure 3 illustrates the formalisms used in MERISE at the conceptual level, namely (a) a data model based on ERM and (b) a transaction model defined as a "structured sequence of events, operations and results to achieve a goal." [START_REF] Tardieu | La méthode MERISE, Principes et outils[END_REF] On the manufacturing or industrial side, a major driving force requesting extensive modelling capabilities for large and complex systems has been Computer-Integrated Manufacturing (CIM), a new and ambitious manufacturing concept at that time, aiming at integrating all functions of the enterprise [START_REF] Koren | Computer Control of Manufacturing Systems[END_REF][START_REF] Doumeingts | Methodologies for designing CIM systems: A survey[END_REF][START_REF] Bravoco | Requirement Definition Architecture -An Overview[END_REF][START_REF] Wang | Modelling CIM systems Part I: Methodologies[END_REF].

CIM projects appeared at the turn of the 80's and were largely supported and financed by the automotive, aircraft and military industries. At first, software engineering methods just cited above were applied for their modelling. It soon became obvious that richer methods with additional capabilities than just coping with functional and informational aspects were needed. Indeed, industrial systems deal with concepts of physical flows, technical resources, temporal aspects or organisational aspects such as decision systems, absent in SADT and ERM. Prominent approaches which have impacted CIM planning and development and have played a pioneering role in Enterprise Modelling include the IDEF Method and the GRAI Method.

The IDEF Method was developed for the US Air Force ICAM (Integrated Computer-Aided Manufacturing) Project at the beginning of the 80's [START_REF]ICAM, Integrated Computer-Aided Manufacturing (ICAM) Architecture, Part II[END_REF]. IDEF stands for ICAM DEFinition Method. In its original form, it comprised three methods set side by side, IDEF0, IDEF1 and IDEF2 (Fig. 4). IDEF0 was in fact SADT used for function modelling [START_REF]ICAM, Integrated Computer-Aided Manufacturing (ICAM) Architecture, Part II[END_REF]. IDEF1 was an adapted ERM formalism used for data modelling. It will become IDEF1x in a subsequent version [START_REF] Adelsberger | Data Modeling with IDEF1x[END_REF]. IDEF2 was proposed to model dynamic aspects with a graphical notation based on the queueing model of the SLAM simulation language. IDEF2 has since then been abandoned and replaced by IDEF3 [START_REF] Menzel | The IDEF family of languages[END_REF]. The IDEF Method (www.idef.com) is still in use in industry, especially in North America, and is made of additional methods (IDEF3, 4 and 5 and even more).

The GRAI (Graph with Results and Activities Inter-related) Method has been developed by Profs. Pun and Doumeingts at the University of Bordeaux I, France since 1975. Originally, the aim was to analyse the decision system of flexible manufacturing and CIM systems from a production management perspective [START_REF] Doumeingts | La Méthode GRAI : Méthode de conception des systèmes de production[END_REF][START_REF] Doumeingts | Design methodology for advanced manufacturing systems[END_REF][START_REF] Doumeingts | GRAI Integrated Methodology -A Methodology for Designing CIM Systems[END_REF]. The approach consisted in identifying 'decision centres' at the various decision levels of an enterprise and analysing their interactions (in terms of information and decision links) and their behaviour (in terms of transformation and decision activities). The GRAI Method, which is still in use, has evolved into an integrated methodology as explained in a subsequent section.

Worth also to be mentioned as a major contribution of this period is the concept of 'Value Chain' introduced by Prof. Porter in the area of business management [START_REF] Porter | Competitive Advantage: Creating and Sustaining Superior Performance[END_REF]. A value chain is a set of activities that a firm operating in a specific industry performs in order to deliver a valuable product (i.e. a good or a service) for the market. This seminal concept, supported by a simple graphical notation, has been the root for elaborating the concept of 'business process' (in the organisation science sense) that will heavily influence the development of the next generation of EM methods and frameworks (see Sect. 3.2).

Finally, the IBM Integrated Manufacturing Modelling System (IMMS) project must be cited [START_REF] Engelke | Integrated Manufacturing Modeling System[END_REF].

Although not widely known in the literature, IMMS played a key role in conceptualising EM because it has highly influenced the definition of the AMICE project. The objective of the IMMS project was to build a generic software package for manufacturing modelling. The package offered interactive model building, testing and experimentation, including a simulation engine for performance simulation (with output such as process yield, resource utilisation or work in process) in graphic form. The project served as proof of concept and introduced the notion of 'building block' for developing modelling languages and tools. These ideas have largely been reused, adapted and expanded in the CIMOSA architecture of AMICE for developing enterprise-wide modelling, model-based engineering and enterprise model enactment [START_REF]Open System Architecture for CIM[END_REF][START_REF]CIMOSA: Open System Architecture for CIM, 2nd, revised and extended version[END_REF]. 

EM constructs

The major contributions made during the early phase of EM mostly consisted of descriptive approaches supported by semi-formal (usually graphical) languages providing static models or "blue-prints", of the enterprise structure and operations. Table 1 summarises these contributions at two levels (system analysis and requirements definition versus system design and specification) and considering the four types of aspects covered so far (functional, information, decisional and simulation/dynamics aspects).

SADT contributed the 'functional decomposition principle' (in which a system is broken down into at least 3 and no more than 6 sub-functions, then sub-functions are broken down into sub-sub-functions and so on). Note that a similar principle (without the 3-6 rule) exists in nearly all functional modelling languages of today. SADT also provided the 'ICOM box' (a rectangular box with four types of arrows: Input, Control, Output and Mechanism -see IDEF0 in Fig. 4) as a generic graphical construct to model activities.

ERM and information system methodologies contributed the concepts of 'entity', 'relationship' and 'attribute', where attributes are descriptive properties of entities or relationships, as well as mechanisms to describe data processing transactions or business processes in Petri net forms as 'transaction models' or 'process nets'.

To model enterprise decision systems, the GRAI Method provided the 'GRAI Grid', in which each cell is a 'decision centre', characterised by a planning horizon and a revision period and the behaviour of which is modelled by 'GRAI Nets'. The GRAI grid is a matrix crossing decision levels (e.g. strategic, tactical or operational) on the vertical axis with generic enterprise functions (such as To Purchase, To Plan, To Manufacture or To Sell) on the horizontal axis. GRAI Nets connect activities with their results, distinguishing two types of activities: transformation and decision activities [START_REF] Doumeingts | GRAI Grid Decisional Modelling[END_REF][START_REF] Doumeingts | GRAI Integrated Methodology -A Methodology for Designing CIM Systems[END_REF].

Finally, simulation languages and tools, often used in practice with modelling tools for dynamics aspects, added the concepts of 'resource', 'time' and 'cost' and provided the associated distribution functions for event occurrences, object arrival laws, time duration of activities or failure rates of resources. 

Innovation Phase (1985 -circa 1996)

In the late 80's, two revolutionary paradigms emerged, namely the object-oriented approach (OOA) on the software engineering and IT side and the business process (BP) approach on the management science and industrial engineering side. They fundamentally impacted the rise of Enterprise Modelling. On one hand, by introducing the concept of 'object class' as a generalisation of the entity class, OOA provided a nice formalism for the specification of constructs of EM languages (thanks to the "is-a" and "part-of" links and the fact that an attribute can be an object or a list or set of objects). On the other hand, the BP approach imposed a transversal view of the enterprise. Indeed, according to the concept of value chains [START_REF] Porter | Competitive Advantage: Creating and Sustaining Superior Performance[END_REF], a business process can now be viewed as 'a partially ordered sequence of steps' (including human, technical and/or IT-based activities) and no more just as a sequence of data processing steps [START_REF] Chestnut | Business process modeling improves administrative control[END_REF]. This introduced a fundamental change in the enterprise managers' vision, shifting from the traditional vertical view of the enterprise (centred on the management of functions such as Marketing, R&D, Production, Sales, etc.) to a horizontal view (centred on the management of processes and projects -where projects are themselves processes -each having a clearly identified owner, manager and goal). The process definition thus became "a specific ordering of work activities across time and place, with a beginning, an end, and clearly identified inputs and outputs: a structure for action" [START_REF] Davenport | Process Innovation: Reengineering Work Through Information Technology[END_REF].

As said earlier, the term 'Enterprise Modelling' started being widely used at that time and EM became a very active research area together with Enterprise Architecting (EA) and soon after Enterprise Integration (EI) as well as Enterprise Engineering (EE) [START_REF]Enterprise Integration Modeling -Proceedings of the First International Conference[END_REF][START_REF]Special Issue: CIMOSA: CIM Open Systems Architecture Evolution and Applications in Enterprise Engineering and Integration[END_REF][START_REF] Kosanke | CIMOSA: Enterprise engineering and integration[END_REF][START_REF]Modelling and Methodologies for Enterprise Integration[END_REF][START_REF] Lim | Enterprise modelling and integration: A taxonomy of seven key aspects[END_REF]. In this context, EM appeared to be pivotal and be a prerequisite for EE and EI projects because these extensively rely on models [START_REF] Vernadat | Enterprise Modeling and Integration: Principles and Applications[END_REF][START_REF]CIMOSA: Open System Architecture for CIM, 2nd, revised and extended version[END_REF]. Several Enterprise Modelling Frameworks (EMFs) and Enterprise Architecture Frameworks (EAFs) emerged, many of them still being in use (a framework is a combined set of principles, methods, languages and/or tools).

The first two frameworks, developed nearly at the same time but separately, were CIMOSA for CIM [START_REF]CIMOSA: Open System Architecture for CIM, 2nd, revised and extended version[END_REF] and the Zachman Framework in IT [START_REF] Zachman | A framework for information systems architecture[END_REF][START_REF] Sowa | Extending and formalizing the framework for information systems architecture[END_REF][START_REF] Zachman | The Zachman Framework for Enterprise Architecture[END_REF]. Both were based on the idea that the enterprise must be described from several viewpoints (e.g. data, function, people or organisation) and from different perspectives depending on the considered stakeholders or modelling levels (e.g. business users, system designers or builders). The Zachman Framework (www.zachman.com) is structured as a 2D-matrix while CIMOSA has a cubic structure. Another influential framework proposed at this period was PERA (The Purdue Enterprise Reference Architecture) of Prof. Williams from Purdue University, USA [START_REF] Williams | The Purdue Enterprise Reference Architecture[END_REF][START_REF] Williams | The Purdue Enterprise Reference Architecture[END_REF][START_REF] Williams | An overview of PERA and the Purdue Methodology[END_REF]. PERA (www.pera.net/) is first of all a comprehensive and detailed methodological guideline (made of several books) for planning, designing, building and operating an industrial facility such as a chemical plant or a discrete parts manufacturing system. Originally made of 21 phases, it now counts 28 generic phases to cover the entire enterprise system life-cycle (from enterprise definition to conceptual engineering, preliminary engineering, detailed engineering, construction, operations and maintenance, decommissioning and asset disposal), organised in three types of Enterprise Architecture (production facilities, people/organisation and control & information systems) (www.pera.net/).

CIMOSA, PERA, the Zachman Framework and the like such as GIM have been compared and generalised into GERAM (Generalised Enterprise Reference Architecture and Methodology) [START_REF] Williams | Development of GERAM, a Generic Reference Architecture and Enterprise Integration Methodology[END_REF][START_REF]IFIP-IFAC Task Force on Architectures for Enterprise Integration, GERAM: The Generalised Enterprise Reference Architecture and Methodology[END_REF], which combines the best features of these frameworks to propose the most generic framework for EM and EA (See Sect. 3.3). CIMOSA is described in the next section, but because PERA and the Zachman Framework do not provide any specific modelling language they are not. They fall in the category of EAFs rather than EMFs.

Enterprise Modelling Frameworks

A fair presentation of the most prominent EMFs published at the turn of the 90's and reviewed hereafter would each deserve a full textbook. It is therefore a challenge to summarise them in a few words to point out their salient features. CIMOSA, ARIS, IEM, GIM and IDEF suite of languages are discussed in turn.

CIMOSA [START_REF] Kosanke | CIMOSA, Overview and status[END_REF][START_REF]Special issue: Validation of CIMOSA[END_REF][START_REF]CIMOSA: Open System Architecture for CIM, 2nd, revised and extended version[END_REF][START_REF]Special Issue: CIMOSA: CIM Open Systems Architecture Evolution and Applications in Enterprise Engineering and Integration[END_REF]] is an open system architecture for CIM (i.e. an EAF for manufacturing enterprises), which includes an enterprise modelling framework, namely the CIMOSA Modelling Framework or "CIMOSA cube" (Fig. 5). Its creation started in 1985 by the ESPRIT 5 Consortium AMICE, a group of 21 European companies, to define requirements and building blocks, specify a migration method for CIM implementation and promote standardisation activities for CIM and enterprise integration solutions.

The CIMOSA Modelling Framework is based on three dimensions:

-The dimension of architectural levels or instantiation axis: It is made of three levels (Generic Level containing all modelling language constructs and building blocks, the Partial Level providing libraries of reference models, i.e. reusable partially instantiated models, and the Particular Level storing all the fully instantiated specific models of the enterprise). The generic and partial levels form the CIMOSA Reference Architecture while the particular level corresponds to the actual Enterprise Architecture of a given enterprise.

-The dimension of modelling views or generation axis: It is made of, but not limited to, four views (Function, Information, Resource and Organisation) as defined in Sect. 2.4.

-The dimension of modelling levels or derivation axis: It corresponds to the concept of modelling levels defined in Sect. 2.4 and is limited to three levels (Requirements Definition for the "What", Design Specification for the "How" and Implementation Description for the "Do It").

This framework became a European standard in 1991 (ENV 40003) [START_REF]Advanced Manufacturing Technology -Systems Architecture -Framework for Enterprise Modelling[END_REF] and, together with PERA and others (see hereafter), has been the basis for the development of the reference architecture (GERA) of GERAM and the ISO 19439:2006 standard (Fig. 5). The CIMOSA cube is not an empty shell as it has sometimes been written. Especially, the generic layer offers the specification of all the constructs of the CIMOSA languages at all modelling levels, organised by views and respecting the principles stated in Sect. 2.4. For instance, CIMOSA adopted the concept of 'business process' from the beginning, defining an executable language of its control flow (in terms of 'procedural rule set') [START_REF]Open System Architecture for CIM[END_REF][START_REF] Vernadat | The CIMOSA Languages[END_REF]. Many other constructs populated the CIMOSA views such as 'domain', 'event', 'enterprise activity', 'enterprise object' or 'resource' to name a few (Fig. 6).

Another originality of CIMOSA, in addition to introducing the principles of multi-view modelling and late binding of resources to process steps, was to propose an 'event-driven process-based' modelling language [START_REF] Vernadat | The CIMOSA Languages[END_REF]. Indeed, while the business process approach was gaining wider attention at the turn of the 90's, due to the rise of Business Process Reengineering (BPR) [START_REF] Hammer | Reegineering the Corporation: A Manifesto for Business Revolution[END_REF], a process orientation alone would only give a sequential or deterministic vision of the enterprise. In addition, business and industrial systems are subject to perturbations or random events and will exhibit reactive behaviour in the case of unexpected happenings or stimuli. To cope with this discrete-event dynamic system nature, the 'event' construct and the concept of 'ending status' of a process or activity were introduced. An event models the happening of a change of state, solicited or not, in the business system. Business processes are triggered by the combined occurrences of one or more events (including timers such as "5:00pm" or timestamps such as "end of activity-A"). Ending statuses (or output events in other formalisms) represent the different states in which a process step (activity or sub-process) can finish. They can be combined using logical operators (AND, OR and XOR) to form complex triggering conditions and are essential elements to control the workflow in a business process. They are also used to build exception cases in reactive systems, i.e. switch from a normal behaviour to an exception behaviour in the case of reaction to perturbations or to random event occurrences.

For the interested reader, the CIMOSA languages comprise a set of 12 core constructs organised within the four views (function, information, resource and organisation) and derived along the three modelling levels (ending up to a total of 31). They have first been defined in [START_REF] Jorysz | CIM-OSA Part I: Total enterprise modelling and function view[END_REF][START_REF] Jorysz | CIM-OSA Part II: Information View[END_REF] and then revised and enriched to get their final form as given in [START_REF] Berio | New developments in enterprise modelling using CIMOSA[END_REF][START_REF] Berio | Enterprise modelling with CIMOSA: functional and organizational aspects[END_REF][START_REF] Vernadat | Enterprise Modeling and Integration: Principles and Applications[END_REF] (See Appendix for details on some of them). Concerning the architecture, two special issues of Computers in Industry were devoted to CIMOSA: "Validation of CIMOSA" [START_REF]Special issue: Validation of CIMOSA[END_REF] and "Enterprise Engineering and Integration" [START_REF]Special Issue: CIMOSA: CIM Open Systems Architecture Evolution and Applications in Enterprise Engineering and Integration[END_REF]. Tools based on CIMOSA were CimTool (for education), PrimeObjects [START_REF] Bruno | Making CIMOSA operational: the experience with the PrimeObject tool[END_REF] and FirstStep [START_REF] Levi | FirstSTEP process modeler -a CIMOSA-compliant modeling tool[END_REF] from Interfacing Technologies for decision makers (www.interfacing.com/products.htm). Because of its IT orientation, it merged the resource and organisation views into one, therefore violating the principle of late binding of resources to processes. It was also restricted in terms of resource type description, limiting to 'Employee' and 'IT-Resource' constructs. The Function View catered for the functional decomposition of an application into a 'function' tree, the Data View was based on an entityrelationship model and the Control View described 'business processes' and 'events' in the form of socalled Event-driven Process Chains (EPCs). The EPC formalism was an original language, in fact based on the conceptual transaction model of MERISE, even if it did not say so. It linked input events (connected by the usual logical operators AND, OR and XOR) to 'activities', themselves producing output events that become input events for downstream activities of the process. ARIS was supported by ARIS ToolSet, the number one EM tool in terms of commercial sales, and it has for a long time been the modelling tool recommended by SAP for planning the implementation of its ERP product. ARIS ToolSet is now marketed as ARIS Architect & Designer by Software AG (www.softwareag.com), in which BPMN is an alternative to the EPC language and a Product/Service View has been added. A free-ofcharge tool named ARIS Express can be downloaded from the Net (www.ariscommunity.com/arisexpress).

IEM (Integrated Enterprise Modelling) is a framework, the development of which started around 1990 at the Fraunhofer Institute IPK in Berlin, for integrated manufacturing systems [START_REF] Mertins | Integrated information modelling for CIM[END_REF][START_REF] Spur | Integrated Enterprise Modelling[END_REF][START_REF] Mertins | Integrated enterprise modelling: a method for the management of change[END_REF]. The kernel of IEM was based on the ICOM box of SADT to model process steps, called actions, but the originality of the method was to take advantage of the object-oriented approach, both in the modelling language and in the implementation of the supporting tool (Fig. 7). Thus, all inputs/outputs of an 'action' (input, control, output and resource), represented as an ICOM box, were 'objects', i.e. enterprise objects, and could either be of the 'order', 'product' or 'resource' type. Then, actions were connected in the form of business processes using the following control flow structures: 'sequence' for direct flow, 'case distinction' for conditional branching of flow, 'parallel' for launching simultaneous branches of flow, 'uniting' for resynchronisation of branches of flow and 'loop' which was constructed with a case distinction and a uniting structures. IEM was supported by a commercial tool, called MO 2 GO [START_REF] Mertins | MO²GO: User Oriented Enterprise Models for Organisational and IT solutions[END_REF], still available at https://moogo.ipk.fraunhofer.de/.

Figure 7. Main elements of the IEM modelling language GIM, initially standing for GRAI-IDEF0-MERISE [START_REF] Roboam | GRAI-IDEF0-Merise (GIM): integrated methodology to analyse and design manufacturing systems[END_REF], has been defined as an extension of the GRAI method to become GRAI-GIM or simply GIM (GRAI Integrated Methodology) within the framework of two ESPRIT projects, Open CAM system and IMPACS [START_REF] Vallespir | GIM: A technico-economic methodology to design manufacturing systems[END_REF][START_REF] Doumeingts | A proposal for an integrated model of a manufacturing system: Application to the re-engineering of an assembly shop[END_REF][START_REF] Chen | GRAI integrated methodology and its mapping onto generic enterprise reference architecture and methodology[END_REF][START_REF] Doumeingts | GRAI Integrated Methodology -A Methodology for Designing CIM Systems[END_REF]. GIM, which is still in use, contains a user-oriented method and a technically-oriented one (See Fig. 8). The user-oriented method transforms user requirements into user specifications in terms of functional, informational, decisional and physical (resources) views. The technically-oriented method transforms the user specifications into technical specifications in terms of information technology, manufacturing technology and organisation components. The technical specifications must allow the implementor to choose (buy, commission or develop) all the components needed to implement the industrial system.

GIM relies on (1) a Conceptual Model issued from systems theory and identifying three sub-systems existing in any enterprise (physical, information and decision systems), (2) a Reference Architecture containing a modelling framework made of three dimensions (modelling views, system life-cycle and abstraction levels), and (3) the GIM Structured Approach, or methodology, which consists of a guide explaining how to perform analysis and design of a manufacturing facility in three main phases: analysis, user-oriented design and technical-oriented design. The modelling formalisms of the GIM language are those of the GRAI Method for decision system modelling, namely GRAI grid and GRAI nets, IDEF0 and stock/resource for physical system modelling, ERM for information system modelling and IDEF0 for functional system modelling. A companion method ECOGRAI has been developed for implementing performance indicators. Applications of GRAI, GIM and ECOGRAI have been demonstrated in industrial cases [START_REF] Doumeingts | Enterprise modelling techniques to improve efficiency of enterprises[END_REF]. A computerised support tool known as CAGIM (Computer Aided GIM) was developed within the framework of the IMPACS project to support the GRAI-GIM method. A suite of tools, named GraiTools 1.0, was then developed and marketed by GraiSoft in the late 90's but is no more available on the marketplace. When a UOB is an elementary step in an IDEF3 process (i.e. an activity), it refers to its counterpart in IDEF0 defined as an ICOM box. This suite is still the current IDEF Method (available at https://www.idef.com/).

Enterprise Knowledge and Ontology Projects

An important milestone in the EM (and IE) history happened in 1991. Considering the significant results achieved so far on both sides of the Atlantic Ocean, it was decided to compare and evaluate the proposed modelling approaches for enterprise integration from EU and US to investigate whether an international consensus could be built. Thus, the International Conference on Enterprise Integration Modelling Technologies (ICEIMT) was set up. The first edition was extremely productive [START_REF]Enterprise Integration Modeling -Proceedings of the First International Conference[END_REF]. Among other things, it defined Enterprise Integration and Enterprise Engineering as new disciplines, stimulated the creation of IDEF3 and introduced the idea of enterprise ontologies. Five years later, a second edition (ICEIMT'97) consolidated the consensus [START_REF]Enterprise Engineering and Integration: Building International Consensus[END_REF], followed by other editions [START_REF]Enterprise Inter-and Intra-Organizational Integration: Building International Consensus[END_REF].

In computer and information sciences, an ontology encompasses representation, formal naming and definition of the categories, properties and relations between the concepts, data and entities that substantiate one, many or all domains of discourse. The aim of an ontology is to define the essence of concepts of a domain and their relationships. An ontology has been defined as 'a formal, explicit specification of a shared conceptualisation' [START_REF] Gruber | Towards principles for the design of ontologies used for knowledge sharing[END_REF][START_REF] Gruninger | Enterprise Modelling[END_REF]. Prof. Fox and his TOVE Project played a pioneering role on this topic in EM.

The TOVE Project: The aim of the TOronto Virtual Enterprise project was to develop an ontological framework for Enterprise Integration based on and suited for Enterprise Modelling. It was initiated at the University of Toronto, Canada in 1992 [START_REF] Fox | The TOVE Project: A common-sense model of the enterprise[END_REF][START_REF] Fox | A common-sense model of the enterprise[END_REF] and developed until 1998 [START_REF] Fox | Ontologies for Enterprise Modelling[END_REF]. The idea was to build a series of complementary ontologies, as shared representations, of manufacturing enterprises that each agent (human or IT) in the distributed enterprise can jointly understand and use. To do so, the originality of TOVE was to use situation calculus so that the semantics of concepts specified in the ontologies are implemented by a set of axioms and predicates [START_REF] Gruninger | The logic of Enterprise Modelling[END_REF]. Hence, TOVE can automatically deduce the answer to many "common sense" questions about the enterprise. Thus, comprehensive ontologies have been developed for all the aspects of industrial organisations found necessary in TOVE (the necessity is decided based on competency requirements of the model, i.e. what are the questions that the model has to answer, either by ordinary look-up in recorded facts or by deduction. Figure 9 gives an overview of the suite of ontologies developed in TOVE. Further details are given in [START_REF] Fadel | A resource ontology for enterprise modelling[END_REF][START_REF] Tham | Third Workshop on Enabling Technologies-Infrastructures for Collaborative Enterprises[END_REF][START_REF] Fox | An organization ontology for enterprise modelling: Preliminary concepts for linking structure and behaviour[END_REF]. The Edinburgh Enterprise Ontology (EEO): This ontology is a collection of terms and definitions relevant to business enterprises published in 1998 [START_REF] Uschold | The Enterprise Ontology[END_REF]. It has been developed at the University of Edinburgh, UK as part of the Enterprise Project, a collaborative effort to provide a framework for enterprise modelling. This framework includes methods and a computer toolset for enterprise modelling.

Conceptually, the Enterprise Ontology is divided into a number of main sections with related terms. The complete list of the terms defined for each section of the Enterprise Ontology is as follows: ( 5) Time (Time Line, Time Interval, Time Point). All the terms of the ontology are both informally expressed in natural language and in Ontolingua, a formal language. The work remained conceptual with no specific applications.

Other works related to EM ontologies can be cited. For instance, the CIMOSA Ontology has been published as a conceptual piece of work to contribute to the ontological formalisation of EM constructs and to early efforts on EM standardisation. It provided a formal specification of core constructs of CIMOSA and ENV 12204 (See Sect. 3.3) (e.g. activity, process, event, resource or enterprise object) using algebraic specifications, and especially order-sorted algebras [START_REF] Heulluy | The CIMOSA enterprise modelling ontology[END_REF]. The IDEF Method has been provided with IDEF5, a method for acquiring CIM ontologies [START_REF] Benjamin | Toward a method for acquiring CIM ontologies[END_REF].

AKM (Active Knowledge Modelling) is another important contribution to be cited because it brought another dimension to EM: enterprise knowledge [START_REF] Lillehagen | Active Knowledge Models and Enterprise Knowledge Management[END_REF][START_REF] Lillehagen | Visual extended enterprise engineering and operation-embedding knowledge management and work execution[END_REF]. Lillegagen and Krogstie defined EM as the 'art of externalising enterprise knowledge', i.e., representing the core knowledge of the enterprise. Following the theories of Nonaka and Tageuchi on the forms of knowledge (internal, external, social and tacit) and their creation [START_REF] Nonaka | A dynamic theory of organizational knowledge creation[END_REF], the AKM approach considered four layers of enterprise knowledge representation: expert knowledge (internal and tacit), participative knowledge (social and external), situated knowledge (or acquired external) and general acquired knowledge. To make modelling become as natural as drawing, sketching and scribbling, the AKM technology was about discovering, externalising, expressing, representing, sharing, exploring, configuring, activating, growing and managing enterprise knowledge as visual models. The models must be active, meaning they are not static over the enterprise life cycle, and must take into account best practices and 'roles' played by users (considering concepts of 'competence', 'skill' and 'experience'). AKM has been further developed and more recent information can be found in [START_REF] Lillehagen | Active Knowledge Modeling of Enterprises[END_REF][START_REF] Lillehagen | The foundations of AKM technology[END_REF].

Other EM Languages

Two more languages from IT can be cited which had influence on Enterprise Modelling: I* and RAD.

I* is a framework developed by Yu and Mylopoulos (University of Toronto) for modelling organisations in the context of business redesign at the strategic management level [START_REF] Yu | From E-R to "A-R": Modelling strategic actor relationships for business process reengineering[END_REF][START_REF] Yu | Enterprise modelling for business redesign: The I* framework, Special issue on Enterprise Modelling Paper[END_REF]. It could help managers reason about changes in terms of relationships among strategic actors. While traditional EM models described what an enterprise is like, or how it operates, I* wanted to express why it is the way it is. So, it used the concepts of 'goal', 'soft goal', 'actor', 'task', 'resource' and 'dependency' (goal-, task-, resource-and soft goal-dependencies) as modelling constructs and defined two types of models: strategic dependency models and strategic rationale models. These are graphs linking goals, actors, tasks and resources with dependencies. I* provides a solid contribution for defining a Business View in EMFs about the rationale of an enterprise.

RAD (Role Activity Diagram) was a high-level visual language popular in IT for capturing the dynamics and role structure of an organisation for business process re-engineering or improvement [START_REF] Ould | Business Processes: Modeling and Analysis for Re-engineering and Improvement[END_REF]. It was based on role-oriented process modelling. Constructs of the RAD language were 'activities', 'external events', 'roles' and 'states.' The formalism describes business processes in terms of actors and their interactions from the organisation perspective. Roles group together activities into units of responsibility, according to the set of responsibilities they are carrying out. A role has one or more execution threads containing sequential activities, parallel activities -part refinement and choices -case refinement. Roles describe the behaviour of a class of role instances. A business process may contain one or more active instances of the same role. An actor is an agent that holds a role instance. An agent can either be a human or a machine, single or group, able of carrying out the work specified in the role.

Enterprise Modelling, Computer Simulation and Model Enactment

Enterprise Modelling coupled with computer simulation can be a powerful system analysis technique for evaluating or fine-tuning new or existing business entities, analysing organisational structures and their physical, information or control flows, analysing operations conditions, verifying control strategies or testing decision-making rules. Indeed, simulation provides a descriptive model predicting how a system will behave under given conditions. In other words, simulation adds a time dimension often missing in many EM approaches. Thus, simulation engines have been incorporated in some EM tools. This was the case in the 90's of ARIS ToolSet, but also IEM and especially FirstStep (issued from EMS).

EMS (Enterprise Modelling System) was a prototype EM tool based on the CIMOSA modelling framework and developed by the National Research Council of Canada [START_REF] Chan | Enterprise Modelling[END_REF]. The main objective of EMS was to provide a comprehensive set of tools for the creation of structural and process models of manufacturing enterprises with specific capabilities aimed at continuous process improvements and evaluation of decision-making alternatives. EMS was mostly dedicated to decision-managers. Thus, it included an interactive graphical modelling framework coupled with a discrete-event simulation engine to build and execute "what-if" scenarios. The interface offered an Organisation View to depict the enterprise organisation chart and its organisation units, a Resource View to define human, technical and IT resources and a Process View to describe the process goals, sub-processes and activities. Inputs and outputs of activities were defined as physical or informational objects. To run a simulation scenario, duration of activities, fixed and variable unit costs of resource utilisation, availability of resources, statistical probabilities of equipment beak-down and repair and distribution functions for object arrivals were necessary. Simulation results were plotted for analysing trends and show performance measures such as process cost, process yield, cycle time, queue time, lead time, cost variance or resource utilisation. EMS was the prototype version of FirstStep marketed by Interfacing Technologies BPM Corporation.

Interfacing now sales a centralised repository solution for modelling and analysis called Enterprise Process Center (https://www.interfacing.com/bpm-corporation).

Since the mid-90's and EMS, extensive research efforts have been reported in the literature on computer simulation based on enterprise models or on Petri net models derived from enterprise models (especially regarding analysis of business process behaviour and performances). However, reviewing them is outside the scope of this paper. Just to give examples, we can cite the combined use of enterprise and simulation modelling techniques to support process organisation, i.e. to replicate and/or predict organisational behaviours [START_REF] Rahimifard | The enhanced use of enterprise and simulation modelling techniques to support factory changeability[END_REF], to support the design and optimisation of industrial processes [START_REF] Chatha | Combined enterprise and simulation modelling in support of process engineering[END_REF] or to underpin business analysis by explicitly embedding architectural models of manufacturing enterprises into multilevel of abstraction enterprise and simulation models [START_REF] Cui | Enterprise and simulation modelling in enterprise architecture execution[END_REF]. More recently, Zacharewicz et al. developed a framework for service and process modelling to describe precisely the composition of services either offered per se by a company or in combination with its products [START_REF] Zacharewicz | SLMToolBox: enterprise service process modelling and simulation by coupling DEVS and services workflow[END_REF].

Back to the 90's, another innovative area related to Enterprise Engineering must be reported. It concerns enterprise model enactment and making enterprise models operational, for example to monitor business process execution, control object flows or assess resource utilisation. For instance, Bruno et al. demonstrated how to make CIMOSA models operational using object-oriented techniques and Petri net formalisms [START_REF] Bruno | Making CIMOSA operational[END_REF]. The team of Prof. Weston in UK developed a model-based engineering workbench called SEW-OSA for rapid prototyping of integrated manufacturing systems based on simulation and enactment of models (enterprise models, object-oriented models and stochastic timed Petri nets) [START_REF] Aguiar | Rapid prototyping of integrated manufacturing systems by accomplishing model-enactment[END_REF]. This and similar work paved the way for model-based systems engineering (MBSE -See www.incose.org) and developments of Digital Factory design tools [START_REF] Bracht | The Digital Factory between vision and reality[END_REF][START_REF] Khuen | Digital Factory -Simulation Enhancing the Product and Production Engineering Process[END_REF]. A good example of a modern vision of a truly integrated enterprise modelling and analysis tool is given by Delen and Benjamin [START_REF] Delen | Towards a truly integrated enterprise modelling and analysis environment[END_REF].

Enterprise Modelling Tools (EMTs)

In 

EM Constructs Summary

From all the single-view languages, multi-view frameworks and enterprise ontologies cited above, a number of core constructs (indicated within quotes) firmly emerged from this period but were described in the literature under different forms. They can be summarised as follows (See generic construct structure in terms of essential attributes in the Appendix).

Central to any EML or EMT is the 'enterprise activity' construct (or simply 'activity'), as initially proposed by SADT/IDEF0. The reason is that all enterprise flows (material, data/information, decision, energy or financial flows) intersect within activities. Activities are the locus of action, meaning that they transform inputs into outputs using resources and time for their execution. Activities are elementary steps of business processes. A 'business process can be defined as 'a partially ordered set of steps, i.e. sub-processes or activities, executed to fulfil a well-defined 'business goal'. Execution of a business process is triggered by the occurrence of one or more events. An 'event' is a happening or change of state inside the enterprise (endogenous event) or in its environment (exogenous event). Events can be expected (i.e. planned or scheduled) or unexpected (e.g. perturbations or random events). Some EM languages (e.g. EPC of ARIS) define intermediate events, such as incoming and outcoming events of activities, where output events are similar to ending statuses mentioned earlier. The 'event' and 'business process' constructs belong to the Function/Process View.

Business processes, activities and resources can be placed under the 'responsibility' and 'authority' of some 'organisation unit'. Organisation units can belong to a 'decision centre' (called 'organisation cell' in Fig. 6), where a decision centre can be made of other decision centres. Each decision centre is located at a certain 'decision level' of the enterprise defined by its planning horizon and revision period. Using these constructs, it is possible to describe the entire organisation structure of the enterprise and especially the organisation chart. The 'organisation unit', 'decision centre', 'decision level', 'responsibility' and 'authority' constructs belong to the Organisation/Decision View.

Standardisation phase (1993 -2007)

To structure the many ideas and outcomes produced during the innovation period, to try to consolidate a body of knowledge on EM and to build an international consensus, different initiatives have been launched to encourage convergence. These standardisation efforts can be grouped at two integration levels, macro-level or integration of Enterprise Modelling Frameworks and micro-level or integration of Enterprise Modelling Languages, each split in ad hoc group activities and official standards organisation activities [START_REF] Chen | Standardisation on Enterprise Modelling and Integration: Achievements, ongoing works and future perspectives[END_REF][START_REF] Shorter | CEN standardization activities related to CIMOSA[END_REF][START_REF] Kosanke | Standardisation in ISO for enterprise engineering and integration[END_REF].

Enterprise Modelling Frameworks standardisation

GERAM (Generalised Enterprise Reference Architecture and Methodology): On a proposal by Bernus and Nemes, the IFAC/IFIP 6 Task Force on Architectures for Enterprise Integration was formed as an ad hoc group of scientists at the IFAC World Congress in Tallin, Estonia, in August 1990. It was first chaired by Prof. Williams with the mission to study the field of enterprise reference architectures for the purpose of picking a best one for future use from those already available [START_REF] Williams | Development of GERAM, a Generic Reference Architecture and Enterprise Integration Methodology[END_REF]. The Task Force has been active from 1990 until 1999 and was co-chaired by Bernus and Vernadat for the last six years. The main outputs of the Task Force have been (1) an overall framework and (2) GERA. GERA (Generalised Enterprise Reference Architecture) is an EAF which evolved from a matrix structure as initially proposed by Bernus and Nemes [START_REF] Bernus | A framework to define a generic enterprise reference architecture and methodology[END_REF] to the 3D structure of Fig. 10 obtained by extending the CIMOSA cube upward and downward along the PERA methodology and adding concepts of GIM, ARIS and IEM. GERA is a reference architecture, i.e. an empty structure not populated by languages, models or methods. It shows the ultimate structure of an EAF and can be used for comparing existing architecture or modelling frameworks or helping a company to choose one [START_REF] Noran | A Mapping of Individual Architecture Frameworks (GRAI, PERA, C4ISR, CIMOSA, ZACHMAN, ARIS) onto GERAM[END_REF]. The overall framework (Fig. 11) is a set of nine components for enterprise engineering and integration made of: GERA as the reference architecture, which itself employs Enterprise Engineering Methodologies (EEMs) such as GIM or PERA, which utilise Enterprise Modelling Languages (EMLs) such as those reviewed in previous sections, which are implemented in Enterprise Engineering Tools (EETs) such as those listed in Sect. 3.2.5, which are supported by Generic Enterprise Modelling Concepts (GEMCs) formalised in the form of ontologies, meta-models or glossaries, and by Partial Enterprise Models (PEMs) as defined by industry sectors or consulting groups, EETs are used to build Enterprise Models (EMs) used to implement Enterprise Operational Systems (EOSs) made of Enterprise Implementable Modules (EMOs), which can be bought on the marketplace. GERAM clearly shows the interactions between enterprise modelling and enterprise architecting components. Full details on GERAM are given in [START_REF]IFIP-IFAC Task Force on Architectures for Enterprise Integration, GERAM: The Generalised Enterprise Reference Architecture and Methodology[END_REF].

CEN ENV 40003 and EN/ISO 19439:2006: On the official standardisation side, active bodies and working groups dealing with Enterprise Modelling have been TC310/WG1 of CEN (Comité Européen de Normalisation), chaired by D. Shorter, and TC184 SC5/WG1 of ISO (International Standards Organisation), chaired by J. Nell. CEN first accepted CEN ENV 40003 in 1991, a pre-norm entitled "Framework for Enterprise Modelling", which is fully based on the CIMOSA cube [START_REF]Advanced Manufacturing Technology -Systems Architecture -Framework for Enterprise Modelling[END_REF]. Then, ENV 40003 together with GERAM were submitted to ISO, which resulted in two documents: (1) ISO 15704 on "Requirements for enterprise reference architectures and methodologies" [START_REF]ISO 15704, Requirements for Enterprise Reference Architectures and Methodologies[END_REF], which states requirements that these architectures and methodologies must have to be considered as complete, and (2) a common ISO/CEN standard known as EN/ISO 19439 "Framework for Enterprise Modelling" finally approved in 2006 and replacing ENV 40003 [START_REF]Enterprise Integration -Framework for Enterprise Modelling[END_REF]. ) based on constructs of CIMOSA, IEM and GIM [START_REF] Cen | Advanced Manufacturing Technology -Systems Architecture -Constructs for Enterprise Modelling, Comité Européen de Normalisation[END_REF]. Figure 12 gives an illustration of constructs covered by ENV 12204, which was adopted in 1996. Then, the work was submitted to ISO. At ISO level, first a document on "Concepts and rules for enterprise models" (ISO 14258) was adopted in 1998 before starting the elaboration of the standard on "Constructs for enterprise modelling", which was adopted as a joint CEN and ISO standard numbered EN/ISO 19440 in 2007 [START_REF]Enterprise integration --Constructs for enterprise modelling[END_REF]. 

UML and BPMN

On the IT side, two major modelling languages resulting from ad hoc groups and representing major milestones in the EM history have been the elaboration of UML from the object-oriented community and BPMN from the workflow management community. Both languages are de facto standards published by OMG 7 . The full specification of both languages can be found on the OMG site (www.omg.org).

UML (Unified Modelling Language) [START_REF] Booch | The Unified Modeling Language User Guide[END_REF][START_REF] Omg | Unified Modeling Language (UML) 2.0, Object Management Group[END_REF] is not exactly a language. It is a set of modelling notations elaborated in the late 90's as the unification of several object-oriented modelling techniques (such as OMT, OOSE, Booch, etc.). It is made of different types of diagrams (use cases, object class diagrams, object diagrams, sequence diagrams, collaboration diagrams, activity diagrams or statetransition diagrams). It is mainly used for specification, visualisation, development and documentation of software systems, but business analyst professionals extensively use it as a powerful business modelling technique. Use cases and object class diagrams are the most used diagrams in EM projects while the BPMN notation is preferred in practice to activity diagrams.

BPMN (Business Process Modelling Notation) [START_REF]OMG, Business Process Model and Notation (BPMN), Object Management Group[END_REF] is a de facto standard since 2010 elaborated by the Business Process Management Initiative (BPMI). The aim of BPMN is to provide a standard notation that is readily understandable by all parties involved in business process description. It has a simple formalism and is easy to understand. It provides a graphical language to model very complex business processes and can be mapped to business process execution languages (BPEL) for workflow implementation of these processes. It can be used for complex systems, since the language can model involvement of two or more participants per process and allows interactions among several processes, depicted in the form of collaboration diagrams.

It should be noted that BPMN and UML are extensively used nowadays by practitioners, especially by business analysts, either to internally document systems or to express requirements for IT service suppliers. More specifically, the overall application or system at hand is drafted as a set of use cases, business process descriptions are given using BPMN and data structures or enterprise objects are described as UML object classes. UML has even been considered as a technique per se for enterprise Modelling [START_REF] Marshall | Enterprise Modeling with UML: Designing Successful Software through Business Analysis[END_REF]. Also, pro's and con's of using UML as a complementary approach of IDEF for EM have been analysed [START_REF] Kim | The complementary use of IDEF and UML modelling approaches[END_REF].

Consolidation Phase and Recent Developments (From 2000)

At the turn of the century, a new phase started for EM with few novel frameworks proposed. The focus moved on the convergence of EM and knowledge representation, ontological developments and the semantics of EM languages, enterprise model interoperability and exploring additional modelling capabilities such as individual and collective competencies as well as collaboration in networked organisations [START_REF] Goranson | A merged future for knowledge management and enterprise modelling[END_REF][START_REF]Enterprise Engineering and Integration: Building International Consensus[END_REF][START_REF]Enterprise Inter-and Intra-Organizational Integration: Building International Consensus[END_REF][START_REF] Gruninger | Enterprise Modelling[END_REF]. Model-based systems engineering has also been a very active area requiring model transformation methods and formal verification and validation of models. Some salient developments of this period illustrating these aspects are pointed out herein.

UEML (Unified Enterprise Modelling Language): At ICEIMT'97, a working group on formal semantics of enterprise models noted that, despite the efforts of standardisation bodies, the syntactic and semantic mismatches between EMLs were such that models cannot be exchanged between existing tools and, even if they did, they were not properly understood by their non-native tools [START_REF] Petit | Formal Semantics of Enterprise Models[END_REF]. Indeed, equivalent concepts in two different EMLs slightly differ in detail and EMLs do not implement the same sets of constructs causing interoperability problems between tools and making exchange of models very difficult for practitioners. To avoid this "Tower of Babel" situation, some researchers advocated the development of a unified enterprise modelling language that could be used as a high-level pivotal (or inter-lingua) language on which EMLs could be mapped. This language is not intended to replace existing languages but is intended to provide a uniform interface to modelling tools and a neutral format for exchanging models [START_REF] Vernadat | UEML: Towards a unified enterprise modelling language[END_REF][START_REF] Petit | Some methodological clues for defining a Unified Enterprise Modelling Language[END_REF]. A European project was launched on UEML in 2001 starting from constructs of ENV 12204 and draft ISO 19440. The meta-models, semantics, ontologies and micro-theories of UEML were defined [START_REF] Anaya | The Unified Enterprise Modelling Languages -Overview and further work[END_REF] and examples of model transformation from one EML to another for tool interoperability demonstrated [START_REF] Roque | Interoperability in enterprise modelling: Translation, elementary constructs, meta-modelling and UEML development[END_REF][START_REF] Vallespir | Enterprise Modelling: From early languages to models transformation[END_REF]. Despite the sound academic results obtained, UEML has unfortunately not been adopted by software tool editors, leaving the situation of EMTs interoperability still problematic.

Convergence of EM and Knowledge Representation/Management (KR/KM): This theme was a central topic of the ICEIMT 2002 [START_REF]Enterprise Inter-and Intra-Organizational Integration: Building International Consensus[END_REF] and has been an active field of investigation up to now. Indeed, EM is about capturing, organising, exploiting and valuing knowledge about the enterprise. Thus, joining in some form EM and KM and fostering cross-fertilisation should be possible and this synergy should bring benefits. For instance, AKM was reported moving in this direction and having been enhanced to a novel approach for integrating EM and KM in its visual models [START_REF] Sandkuhl | The early phases of enterprise knowledge modelling: Practices and experiences from scaffolding and scoping[END_REF][START_REF] Lillehagen | Active Knowledge Modeling of Enterprises[END_REF]. In this context, ontologies have a key role to play to extend the traditional descriptive abilities of models to the ability to deduce what is implied by the model, as initially demonstrated by TOVE a decade before [START_REF] Fox | The TOVE Project: A common-sense model of the enterprise[END_REF][START_REF] Fox | Ontologies for Enterprise Modelling[END_REF]. Approaches and formalisms concerning the development of formal manufacturing ontologies for progressing in this direction have been proposed [START_REF] Usman | Towards a Formal Manufacturing Reference Ontology[END_REF]. To go one step further, conceptual design and development of an enterprise modelling and integration framework using knowledge discovery and data mining in manufacturing data has been proposed [START_REF] Neaga | An enterprise modeling and integration framework based on knowledge discovery and data mining[END_REF]. In addition, the combined use of EMFs/EAFs and enterprise ontologies has been suggested for the continuous alignment of business and IT [START_REF] Hinkelmann | A new paradigm for the continuous alignment of business and IT: Combining enterprise architecture modelling and enterprise ontology[END_REF]. It has also been recently advocated and illustrated that EM and KR should combine their efforts to develop reference and reusable core manufacturing ontologies to support Enterprise Integration and Interoperability on one hand and open the door to Organisational Learning and management of active knowledge for the "smart" enterprises of tomorrow on the other hand [START_REF] Weichhart | Enterprise modelling for interoperable and knowledge-based enterprises[END_REF].

Competency modelling: To contribute to knowledge-based management in enterprise and better modelling of human roles, qualifications and experience in the human-centred part of enterprise architectures and enterprise models, many researchers carried out work on competency/skill modelling providing EM with new constructs, especially for the Resource and Organisation Views [START_REF] Boucher | Formalisation and use of competencies for industrial performance optimisation: A survey[END_REF]. Regarding individual competencies, constructs such as 'competency set' (capturing theoretical knowledge, knowhow and know-whom or characters of a person), 'role' or 'job profile' have been developed and validated [START_REF] Harzallah | Validation of modelling constructs for the organisational aspects in CIMOSA[END_REF][START_REF] Harzallah | IT-based competency modelling and management: From theory to practice in enterprise engineering and operations[END_REF][START_REF] Harzallah | Analysis and modeling of individual competencies: Toward better management of human resources[END_REF]. This also led to the study of non-structured (mostly cognitive) activities which require specific constructs and analysis as proposed in the ACNOS project [START_REF] Mhamedi | ACNOS: A functional and socio-cognitive modelling approach to analyse industrial systems[END_REF]. Collective competencies naturally became the next area of study. They refer to competencies developed and maintained at the level of an organisation unit. Specific frameworks for modelling enterprise competencies have been developed [START_REF] Khilwani | Enterprise competence organization schema: Publishing the published competences[END_REF][START_REF] Vantankhah Barenji | A framework for modelling enterprise competencies: from theory to practice in enterprise architecture[END_REF] and an extension to UEML, called UECML, has been proposed to formalise the modelling of individual and collective competencies in one consistent framework [START_REF] Pépiot | UECML: Unified Enterprise Competence Modelling Language[END_REF]. Collective competencies are related to collaborative networked organisations (CNOs), a very active research area that has quickly developed since 2000, after the concepts of Virtual and Extended Enterprises (VE/EEs) developed in the 90's [START_REF] Browne | Future Manufacturing Systems -Towards the Extended Enterprise[END_REF][START_REF] Goldman | Agile Competitors and Virtual Organisations[END_REF][START_REF] Jagdev | The Extended Enterprise -A Context for Manufacturing[END_REF].

Collaborative Networked Organisations (CNOs): A CNO is a 'network consisting of a variety of business entities (e.g. organisations and people) that are largely autonomous, geographically distributed and heterogeneous in terms of their operating environment, culture, social capital and goals, but that collaborate to better achieve common or compatible goals, thus jointly generating value and whose interactions are supported by computer networks' [START_REF] Camarinha-Matos | Collaborative Networked Organizations -Concepts and practice in manufacturing enterprises[END_REF][START_REF] Jagdev | Anatomy of enterprise collaborations[END_REF]. The need for CNOs appeared as a result of globalised and highly interconnected economic environments thanks to advances in ICT where the barriers of time and distance disappear, thus imposing new ways of working and new forms of dividing labour. It also poses a problem of organisational interoperability in terms of business process coordination [START_REF] Zinnikus | Agent-supported collaboration and interoperability for networked enterprises: Modeling interactions and service compositions[END_REF]. In addition, ICTs have allowed enterprises to move from highly data-driven environments to more cooperative information/knowledge-driven environments [START_REF] Camarinha-Matos | Comprehensive modeling framework for collaborative networked organization[END_REF][START_REF] Camarinha-Matos | On Reference Models for Collaborative Networked Organizations[END_REF]. In this context, CNO partners seek to undertake together business opportunities for a given field that would not be possible or would have a prohibitive cost if attempted individually. Furthermore, joint CNO activities allow partners to participate in competitive business opportunities for innovative developments. Applying EM to modelling such environments has been investigated from a collaboration perspective [START_REF] Jagdev | Anatomy of enterprise collaborations[END_REF] or from an organisational interoperability perspective [START_REF] Blanc-Serrier | Organisational interoperability characterisation and evaluation using enterprise modelling and graph theory[END_REF]. Emphasis should be put on appraising collective competencies and experience as indicated earlier Also, analysis of CNOs advocates for defining a new view in EM frameworks, a Collaboration View, as proposed by Kosanke et al. [START_REF] Kosanke | Means to enable Enterprise Interoperation: CIMOSA Object Capability Profiles and CIMOSA Collaboration View[END_REF]. Proposals have been made for revising ISO 19440 with constructs such as 'collaboration domain', 'collaboration partners' and 'collaboration points' to describe interactions between two or more cooperating companies (See Appendix for construct structure).

ATHENA POP* and EM for Enterprise Interoperability: Another hot research topic of the 2000's has been Enterprise Interoperability (EI), i.e. providing the ability for two or more enterprise systems or business entities to use the functionality of another and/or to exchange data and information so that they are interpreted in the same way by each party [START_REF] Chen | Architectures for enterprise integration and interoperability: Past, present and future[END_REF][START_REF] Panetto | Enterprise Integration and Interoperability in Manufacturing Systems: Trends and Issues[END_REF][START_REF] Vernadat | Interoperable Enterprise Systems: Principles, Concepts, and Methods[END_REF][START_REF] Vernadat | Enterprise Integration and Interoperability[END_REF]. EM and its ontologies play a central role in EI, especially at the organisational and semantic levels for alignment of business processes and semantic unification of concepts exchanged. In this area, we can mention the ATHENA project [START_REF]ATHENA project FP6 507849[END_REF] and the INTEROP Network of Excellence, both funded by the European Commission. INTEROP developed UEML 2.0 [START_REF] Anaya | The Unified Enterprise Modelling Languages -Overview and further work[END_REF] while ATHENA developed the POP* meta-model to support model exchange between collaborating enterprises [START_REF] Chen | POP* meta-model for Enterprise Model Interoperability[END_REF]. POP* is based on a formal language made of core constructs (either built on previous EMLs like ENV 12204 or UEML 1.0 or new ones) organised in five views called 'knowledge dimensions' (namely, Process, Organisation, Product, Decision and Infrastructure). The Process dimension is based on the 'process' construct representing processes, tasks and activities of any kind, their input, output, control and resource 'flows' and their 'connect points'. The Organisation dimension provides constructs for 'organisation units', 'persons' and their 'communication'. The Product dimension relies on the central 'product' construct, further described as a 'physical product' and in terms of its 'product elements' and 'product functions'. It also introduces the concept of product service modelled by the 'service' construct, an originality of POP*. The Decision dimension is concerned with decision-making structures in terms of 'decision centres' and 'decision activities' together with 'decision frame' including the concepts of horizon and period as defined in the GRAI Method. The Infrastructure dimension supports the modelling of the enterprise 'infrastructure components' ('technology components' or 'applications'), their 'functional elements' and the 'services' they provide. Applications of POP* have been demonstrated as exchange format for model exchange between EETs and as an enterprise modelling language. POP* has been proposed as a contribution for the revision of ISO 19439 and ISO 19440 for defining a Product View and a Service View with related constructs in the standards.

Model-Based Systems Engineering (MBSE) and model transformation: As demonstrated in the 90's, for instance by the SEW-OSA platform, model-driven approaches have proved to be a mandatory approach for Enterprise Engineering [START_REF] Weston | Enterprise engineering methods and tools which facilitate simulation, emulation and enactment via formal models[END_REF]. In the 2000's, a strong revival of the field could be observed, especially thanks the Model-Driven Architecture (MDA) published by OMG [START_REF] Omg | MDA Guide Version 1.0, Object Management Group[END_REF]. MDA is an architecture based on three levels going from high-level considerations to specific ones. These are: Computation Independent Modelling (CIM) Level, describing the system and its components at requirements level, Platform Independent Modelling (PIM) Level, dealing with systems specification without consideration of specific implementation details, and Platform Specific Modelling (PSM) Level, taking care of development platform details. Below is the Coding Level dealing with coding of the enterprise application or system. Three recent illustrative projects can be cited. First, MDSEA (Model-Driven Service Enterprise Architecture) is a MDA platform developed by the Manufacturing Service Ecosystem (MSEE) European project to support enterprises in their transition from traditional product manufacturing to product-service production [START_REF] Msee | Annex 1 description of work. Manufacturing Service Ecosystem Project[END_REF]. The approach requires extensive model transformation from one model to another (for instance EA*/GRAI nets to BPMN) and across MDA levels [START_REF] Vallespir | Enterprise Modelling: From early languages to models transformation[END_REF]. The second example concerns the MISE 2.0 Platform [START_REF] Bénaben | Supporting interoperability of collaborative networks through engineering of a service-based Mediation Information System (MISE 2.0)[END_REF]. MISE implements a model-driven engineering approach for the design of service-oriented management information systems dedicated to supporting collaborative situations. The approach is structured in three layers, each having its own key innovative points: (i) gathering individual and collaborative knowledge to provide appropriate collaborative business behaviour (key points: knowledge management, including semantics, exploitation and capitalisation), (ii) deployment of a mediation information system able to execute this behaviour as collaborative processes (key points: automatic generation of collaborative workflows, including connection with existing devices or services) and (iii) management of agility of the obtained collaborative networked organisation (key points: supervision of collaborative situations and relevant exploitation of the gathered data). Technically, MISE relies on workflow engines for business issues, service-oriented architectures for technical issues and event-driven architectures for agility issues of collaborative situations. MISE also uses different types of model transformation techniques. The third example concerns Capability Driven Development (CDD) [START_REF] Stirna | Capability driven development -a approach to support evolving organisations[END_REF], an approach proposed by Caas, a European project on Capability as Service in digital enterprises (http://caas-project.eu/). From a business perspective, a capability is the ability to continuously deliver a certain business value even under changing or uncertain circumstances. In Caas, EM represents an important first step in capturing and making explicit the business design. Models are then used for the design and validation of enterprise capabilities. Finally, consistency checks are made before the capabilities are delivered for implementation. Because model transformation is heavily involved in these engineering frameworks, they need quality models, i.e. formally verified, validated and sometimes certified models. A survey of required techniques for the verification, validation, qualification and certification of enterprise models has been published in Computers in Industry [START_REF] Chapurlat | Verification, validation, qualification and certification of enterprise models: Statements and opportunities[END_REF] and a formal validation framework successfully applied in the context of UEML [START_REF] Chapurlat | A formal verification framework and associated tools for Enterprise Modeling: Application to UEML[END_REF].

Recent Enterprise Modelling Frameworks: Since 2000, few new EMFs have been proposed. Four major frameworks, all coming from the IT side, should be mentioned because they all have their own user community. These are: ArchiMate, MEMO, DEMO, 4EM.

- -DEMO: Design and Engineering Methodology for Organisations (DEMO) is an original modelling and engineering framework for the design and reengineering of organisations [START_REF] Dietz | Business modelling for business redesign[END_REF][START_REF] Dietz | DEMO: Towards a discipline of Organisation Engineering[END_REF]. DEMO, originating from The Netherlands around 2000, has been inspired by the Language/Action Perspective, a speech-act language for human-machine interaction developed by Flores and Winograd in the late 80's and, therefore, has an IT flavour. As such, the DEMO language is centred on the basic pattern of a 'business transaction', in which a 'supplier' agent provides a 'result' to a 'client' agent. The transaction involves three phases: an actagenic phase, in which the client requests a result from a supplier, an action execution phase, in which the result is produced, and a factagenic phase in which the client accepts the result. The pattern is the basis for modelling any business processes as complex sequences of basic transactions.

Because DEMO is centred on communication between agents, its easily applies to collaborative organisations as well. DEMO is supported by a commercial tool, Xemod by Mprise (https://www.mprise.nl/), and an open source tool, Open Modelling, but models remain descriptive. DEMO is also supported by an ontological model of organisations described in a book by Prof. Dietz [START_REF] Dietz | Enterprise Ontology: Theory and Methodology[END_REF].

-4EM: The 4EM Enterprise Modelling method [START_REF] Sankuhl | Enterprise Modeling: Tackling Business Challenges with the 4EM Method[END_REF] is the most recent one. As such, it tries to synthesise the best principles and practices of previous ones. Therefore, it focuses on addressing multiple views, called perspectives, of an enterprise in an integrated way and it offers a set of practical guidelines for knowledge acquisition, modelling and analysis. The modelling perspectives allow the development of goal models, business rules models, concepts model, business process models, actors and resources models and technical components models. The deployment methodology insists on using a strong participatory approach involving all actors and stakeholders of the enterprise reengineering process [START_REF] Persson | The practice of participatory enterprise modelling: A competency perspective[END_REF].

Unfortunately, the models obtained from these four frameworks, although useful for system analysis, remain descriptive and are not easily prone to model enactment or model simulation.

Perspectives and outlook

Although the history of EM is rich and dense, that the many facets of EM concepts and methods have been investigated, that EM has been widely applied to industry and has procured value in various kinds of organisations and that significant efforts have been made to build an international consensus, EM has not reached all of its promises and not provided its full potentials. The main reasons are (1) the lack of convergence of views of actors from the founding disciplines (IT, industrial engineering and organisation sciences) and ( 2) the lack of a commonly agreed, and accepted, body of knowledge on EM (or EM-BoK). Furthermore, EM must evolve to face new research and technology trends. Therefore, we think that future work needs to be carried out in the following directions.

-EM Ontologies: Ontological developments came with a lot of promises but so far have been made in isolation and had limited concrete applications. They remain however fundamental for achieving enterprise systems interoperability. We therefore strongly believe that collegial research work would be timely to elaborate and validate a 'core ontology of EM' that would synthesise and formally conceptualise the current body of knowledge produced so far on EM concepts and constructs. This work should be widely published and promoted to get international consensual status. As subsets, core ontologies for specific manufacturing (or other enterprise) domains should be derived from the core EM ontology, especially for the areas that follow.

-Impacts of Smart Manufacturing, Industry 4.0 and Cloud Manufacturing on EM: The manufacturing industry is undergoing a new revolution with so-called Smart Manufacturing [START_REF] Kusiak | Smart manufacturing[END_REF], Industry 4.0 [START_REF] Thoben | Industrie 4.0 and Smart Manufacturing -A Review of Research Issues and Application Examples[END_REF][START_REF] Xu | Industry 4.0: State of the art and future trends[END_REF] and Cloud Manufacturing [START_REF] Xu | From cloud computing to cloud manufacturing[END_REF][START_REF] Zhang | Cloud manufacturing: a new manufacturing paradigm[END_REF][START_REF] Ren | Cloud manufacturing: from concept to practice[END_REF]. These new paradigms introduce new concepts such as smart products and smart machines together with their digital twins (or counterparts) in the cyber world. Physical and digital components of the enterprise are interconnected by means of the Internet of Things (IoT) and cyber-physical systems (CPS) [START_REF] Monostori | Cyber-physical systems in manufacturing[END_REF][START_REF] Kyoung-Dae | Cyber-Physical Systems: A Perspective at the Centennial[END_REF]. Such connection facilities will allow devices and machines to "talk" to one another and to applications to prioritise production orders or optimise tasks or maintenance requirements to facilitate flexible manufacturing. In Industry 4.0, machinery and processes are networked for the collection, exchange and analysis of data in order to predict future behaviours and identify optimal solutions to possible problems (for instance, using data analytics). This network also allows machines to communicate and even make minor decisions without human intervention, therefore making easier decentralised decision-making. These added features will allow the factory to be more flexible and increase its adaptation ability to different product needs without any human intervention. For instance, the machines can interact and negotiate to reconfigure themselves depending on the dynamic conditions of the production when different products are demanded from the same production line. Once again, to design, optimise, control and maintain these new types of business systems, models of smart organisations, of their components and their processes are necessary. EM researchers must figure out what this means in terms of EM constructs to be added or modified in EMLs and in international standards.

-Enterprise Sustainability: While Smart Manufacturing/Industry 4.0 are maturing, research studies should consider the impacts of this transformation in terms of economic, ecological and social achievements, which are the three pillars of sustainable manufacturing [START_REF] Garetti | Sustainable manufacturing: trends and research challenges[END_REF][START_REF] Gunasekaran | Sustainability of manufacturing and services: Investigations for research and applications[END_REF]. The goal is to lower system waste and loss levels while maintaining the desired production output and consuming fewer resources. Sustainability aspects also need to be part of the game in enterprise models and modelling frameworks. May be a Sustainability View could be devised.

-UEML NextGen: Once an agreed core EM ontology, possibly made of different chapters and covering new aspects as cited above, has been elaborated and approved, we think it would be of great value to reactivate the work on UEML at an international level to develop the next generation of UEML. Indeed, such a language would be of paramount important, for instances, for the exchange of models, for the access of model libraries by simulation engines or for use of these models by digital factory packages or smart enterprise information systems.

-EM Standardisation: To empower the consensus reached on the core ontologies and UEML NextGen, as well as to consolidate a significant portion of the EM-BoK, standardisation work must go on. Especially, revision of ISO 19439 should be made to officialise extension of EM frameworks with new views (such as Product/Service View or Collaboration View) as well as regular revisions of ISO 19440 to register new EM constructs and specify their generic structure.

-EM repositories: Regarding the management of models (either in enterprise repositories or in EM tools), be they partial or particular models, the central questions for practitioners are: "How to maintain models?" and "How to make sure that models are the real image of reality?". Indeed, models are not static at all. They change over time and must reflect the evolution of the enterprise. Tools vendors must provide relevant tools or mechanisms to facilitate model maintenance and update with better connection to the enterprise reality, rather than static repositories. This becomes even more critical in the context of Smart Manufacturing/Industry 4.0! -EM languages: Of course, EMLs will continue to evolve and new constructs will be defined to comply with the evolutions of business and enterprise trends (such as Industry 4.0/Smart Manufacturing mentioned earlier). We are confident in the creativity of researchers to propose new formalisms, languages, constructs or notations to better represent the things of the enterprise in the future.

Conclusion

The paper provides a synthetic view of the 35 years of history and development of Enterprise Modelling, listing key references and pointing out essential modelling principles, constructs, languages, frameworks and standards. It finally draws some perspectives for future developments and evolution. In summary, one can see that EM has shifted from an activity-centred paradigm to a business process-centred paradigm and, more recently, to an enterprise knowledge-based paradigm. The next step should deal with smart enterprise engineering and management.

To date, EM still remains more an art than a science although it has reached maturity and is instrumented with a plethora of methods, languages and tools. Unfortunately, many of these tend to ignore the others or sometimes reinvent the wheel with slight enhancements, making the building of a consensus difficult. Also, EM is in many cases used in practice on a more opportunistic way (meaning, casually) than as a systematic and wholistic approach because it is perceived as a time-consuming activity and because many enterprises do not pay enough attention to maintaining models up to date in their Enterprise Architecture.

To change the situation, we think important that Enterprise Modelling be given the right place in academic cursus of engineering schools and universities and that a consensual body of knowledge on EM (EM-BoK) be established through a new convergence phase of meta-models, frameworks and methods.

Researchers should continue efforts on building agreed upon and validated core ontologies of EM, pursuing development of UEML, regularly revising ISO 19339 and ISO 19440 standards and maintaining the spirit of ICEIMT conferences for keeping the international consensus up to date. The aim of the paper was to recall EM foundations, summarise part of the EM-BoK and advocate for such initiatives.
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 2 Figure 2. Chronological panorama of EM methods, languages and frameworks (not exhaustive)
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 34 Figure 3. Conceptual data model and transaction model of the MERISE Method (at conceptual level)
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 5 Figure 5. CIMOSA Enterprise Modelling Framework (left) and its extension to ISO 19439:2006 (right)

Figure 6 .

 6 Figure 6. Core constructs of CIMOSA ARIS stands for Architecture for Integrated Information Systems [82,83,2]. It has been elaborated by Prof. Scheer at IDS Scheer (Germany) from 1990 mainly to develop business software applications. ARIS adopted the three modelling levels of CIMOSA (i.e. Requirements Definition, Design Specification and Implementation Description) but used four different views (Function, Control, Data and Organisation).Because of its IT orientation, it merged the resource and organisation views into one, therefore violating the principle of late binding of resources to processes. It was also restricted in terms of resource type description, limiting to 'Employee' and 'IT-Resource' constructs. The Function View catered for the functional decomposition of an application into a 'function' tree, the Data View was based on an entityrelationship model and the Control View described 'business processes' and 'events' in the form of socalled Event-driven Process Chains (EPCs). The EPC formalism was an original language, in fact based on the conceptual transaction model of MERISE, even if it did not say so. It linked input events (connected by the usual logical operators AND, OR and XOR) to 'activities', themselves producing output events that become input events for downstream activities of the process. ARIS was supported by ARIS ToolSet, the number one EM tool in terms of commercial sales, and it has for a long time been the modelling tool recommended by SAP for planning the implementation of its ERP product. ARIS ToolSet is now marketed as ARIS Architect & Designer by Software AG (www.softwareag.com), in which BPMN is an alternative to the EPC language and a Product/Service View has been added. A free-ofcharge tool named ARIS Express can be downloaded from the Net (www.ariscommunity.com/arisexpress).
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 8 Figure 8. GRAI-GIM framework IDEF suite of languages[START_REF] Menzel | The IDEF family of languages[END_REF]: To adapt the method to new developments and recognising the fact that IDEF0 and IDEF2 could not correctly model business processes, the IDEF Method (now standing for Integrated DEFinition Methods) has been reorganised around 1993 to become the following suite of methods: IDEF0 still used for functional decomposition and specifying enterprise activities, IDEF1 became IDEF1x with a new graphical notation and based on an extended entity-relationship model, IDEF2 was dropped and replaced by IDEF3 to model enterprise behaviour as business processes[START_REF] Mayer | IDEF3 Process Description Capture Method Report[END_REF]. IDEF3 defines a process as a sequence of steps, steps being called 'units of behaviour' (UOBs) and connected by means of sequence flows (directed arrows) as well as 'junction boxes' to model the flow of control in the process by means of logical operators (AND for parallel branching and flow convergence, XOR for exclusive conditional branching and OR for complex branching and flow resynchronisation). When a UOB is an elementary step in an IDEF3 process (i.e. an activity), it refers to its counterpart in IDEF0 defined as an ICOM box. This suite is still the current IDEF Method (available at https://www.idef.com/).
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 9 Figure 9. Proposed ontological suite of the TOVE Project
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 1011 Figure 10. GERA (Generalised Enterprise Reference Architecture) framework

  Figures 13 shows the list of core constructs. Several other constructs, called derived constructs, are defined in the standard (such as Organisational Role, Operational Role, Person Profile, Collaborating Partner, Stakeholder for Role or the syntax of behavioural rules for defining the sequencing relationships of the flow of control of processes).
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 12 Figure 12. Overview of CEN ENV 12204 constructs

  

o

  Concurrent business processes competing for resources to achieve business goals, and o Interacting resources or doers (i.e. human, technical or IT agents) executing the processes It is crucial that in models resources are not a priori bound to process steps, and especially to activities, because resources should be assigned to activities at run-time depending on their role, capabilities and availability.

-Fundamental types of flows: EM languages and tools should differentiate the representation of the following three essential types of flows, existing in any enterprise:

o Material/physical flow, made of physical objects such as raw materials, purchased parts, semi-finished parts, products, tools… o Information/decision flow, made of information and decision objects such as orders, data, emails, documents, files, etc. If needed, information and decision flows can be differentiated and represented separately.

Table 1 .

 1 Early phase contributions to EM

	Modelling aspects Modelling levels	Functional aspects	Informational aspects	Decisional aspects Simulation
	System Analysis &	Functional	Entity,	GRAI grid	Resource
	Requirements	decomposition,	Relationship,		
	Definition	ICOM box	Attribute		
		Transaction	Logical schema,	GRAI net,	Time, Cost,
	System Design &	model,	Conceptual	Decision centre	Distribution
	Specification	Process net,	schema		functions
		Value chain			

  1) Activities and Processes with central concept as Activity (Activity Specification, Execute, Executed Activity Specification, T-Begin (start time), T-End (end time), Pre-Conditions, Effect, Doer, Sub-Activity, Authority, Activity Owner, Event, Plan, Sub-Plan, Planning, Process Specification, Capability, Skill, Resource, Resource Allocation, Resource Substitute), (2) Organisation with central concepts as Legal Entity and Organisation Unit (Person, Machine, Corporation, Partnership, Partner, Legal Entity, Organisational Unit, Manage, Delegate, Management Link, Legal Ownership, Non-Legal Ownership, Ownership, Owner, Asset, Stakeholder, Employment Contract, Share, Share Holder), (3) Strategy with central concept of Purpose (Purpose, Hold Purpose, Intended Purpose, Strategic Purpose, Objective, vision, Mission, Goal, Help Achieve, Strategy, Strategic Planning, Strategic Action, Decision, Assumption, Critical Assumption, Non-Critical Assumption, Influence Factor, Critical Influence Factor, Non-Critical Influence Factor, Critical Success Factor, Risk), (4) Marketing with central concept of Sale (Sale, Potential Sale, For Sale, Sale Offer, Vendor, Actual Customer, Potential Customer, Customer, Reseller, Product, Asking Price, Sale Price, Market, Segmentation Variable, Market Segment, Market Research, Brand Image, Feature, Need, Market Need, Promotion, Competitor) and (

  addition to the EMTs already mentioned (e.g. ARIS ToolSet, MO²GO, CimTool or FirstStep), this period was also very productive in terms of tool development. IDEF was supported by tools still available by KBSI Inc. (IA0 Win for IDEF0, SmartER for IDEF1x and ProSim). Computas (co-founded by F. Lillehagen) developed Metis, which is now Troux by Troux Technologies. The first versions of Casewise (now Casewise Modeller by Erwin Inc.) were also developed at that time as well as a suite of tools by Mega International (now MEGA Modeling Suite and part of the HOPEX suite). This is just an indicative list. For a full panorama of top EMTs, the interested reader can consult the Magic Quadrants of Gartner Group (https://www.gartner.com/en/documents/).

  Function and control inputs as well as function outputs of activities are 'enterprise objects' in a certain state (at a given time). These states are called 'object views.' Both 'enterprise object' and 'object view' constructs belong to the Information/Object View while the 'enterprise activity' construct belongs to the Function View. Enterprise activities can possibly be further decomposed into 'functional operations', i.e. elementary actions directly executable by 'resources' (simply defined as an action verb with a list of input/output arguments). They represent the lowest level of granularity in the Function View. 'Enterprise object' represents any kind of objects of the enterprise, be they physical objects (material flows), information objects (data/information/decision flows) or energy quantities (energy flows). Resource inputs of activities refer to 'resources' required to carry out the activity function. Resources are enterprise objects that play the role of support in the execution of activities. They can be active resources (sometimes called 'functional entities' like in CIMOSA), i.e. entities able to send and receive messages and perform 'functional operations', or passive resources, i.e. simply inert components. Active resources can either be human agents, technical agents (i.e. machines with a controller) or IT-based agents (software packages, cyber agents or database systems). Resources are characterised by typical properties (such as availability, capacity or reliability features), the list of functional operations that they can execute and the set of capabilities or competencies that they can offer. To comply with the principle of late binding of resources to activities (see Sect. 2.4), the list of capabilities and competencies can be collectively defined in a construct called 'capability set'. It shall be used to define the set of capabilities/competencies required by an activity and the set of capabilities/competencies offered by a given resource (See CIMOSA or ISO

19440:2007)

. 'Resource' and 'capability set' constructs belong to the Resource View. Resource output of an activity returns the status of employed resources at the end of the activity execution. Control output of an activity gives the ending status, or output event(s), resulting from the activity execution. Thus, the most generic representation of an activity is a construct with three inputs (function, control, resource) and three outputs (function, control, resource), i.e. a box with six legs, generalising the ICOM box of SADT/IDEF0. Two additional constructs from IEM, 'order' and 'product', have been added to the Information/Object View of ISO 19440.

  ArchiMate: ArchiMate (contraction of Architecture-Animate) is not and EMF but an open and independent enterprise architecture modelling language, development of which started in 2002 in The Netherlands[START_REF]ArchiMate 2.0 Specification[END_REF][START_REF] Josey | Archimate 2.1 -A pocket guide, The Open Group[END_REF]. ArchiMate is a technical standard issued from The Open Group and is based on the concepts of the IEEE 1471 standard, superseded since 2011 by ISO/IEC/IEEE 42010:2011 for architectural description in IT applications[START_REF]Systems and Software Engineering --Recommended practice for architectural description of software-intensive systems[END_REF]. Originally made of three layers, the ArchiMate full framework is now made of six layers with explicit names and addressing different types of stakeholders (namely, Strategy, Business, Application, Technology, Physical and Implementation & Migration) and four aspects, may be less explicit, (Passive Structure, Behaviour, Active Structure and Motivation). Motivation is about the Why (as defined in I*) and refers to enterprise elements mission, values or drivers. Active Structure refers to enterprise elements or entities capable of performing behaviour. Behaviour elements are defined in terms of processes and services. Passive Structure elements are objects that can be used by behaviour elements such as objects in information or physical flows. Typical constructs of the common language of ArchiMate cover business processes, organisational structures, information flows, IT systems and technical infrastructure. ArchiMate separates the language concepts from their notation (contrary to UML or BPMN) and makes use of UML and BPMN formalisms. As there are different groups of stakeholders, they may need different notations. This might be confusing, but it is solved by the viewpoint mechanism (similar to the modelling view concept). ArchiMate is supported by tools such as the Archi modelling toolkit, an open source tool (https://www.archimatetool.com/).-MEMO: Multi-Perspective Enterprise Modelling (MEMO)[START_REF] Frank | Multi-perspective enterprise modeling (MEMO) conceptual framework and modeling languages[END_REF][START_REF] Frank | Multi-perspective enterprise modelling: Foundational concepts, prospects and future research challenges[END_REF], the development of which can be traced back to the very late 90's and finalised in the 2000's, is an EMF proposed by Prof.

Frank from Germany. It comes with its own framework and modelling notation. The framework is structured along three Perspectives, namely from to top to bottom, Strategy, Organisation and Information System, and five Aspects (similar to modelling views), namely Resources (for human, asset and technological resources), Structure (covering business units, organisational structure, IS architecture, data/object models), Process (generic strategies, values chains, business processes, workflow), Goals/Success Factors (strategic goals, organisational performance, metrics) and Environment (for policies, competitors, customers, suppliers, IT vendors). MEMO is based on a meta-model for constructs definition and provides a graphical notation as the language to visualise the models. Models remain descriptive. Although strongly IT-oriented, MEMO introduces several interesting elements that could justify the creation of a Business View in ISO 19440 (such as 'strategy', 'policy', 'business goals' or 'performance metrics').

Single quotes are used throughout the text to highlight specific Enterprise Modelling terminology.

For the sake of conciseness, the paper mainly focuses on Enterprise Modelling and will keep references and relations to Enterprise Architecting to their minimum despite the strong relationships between EM and EA frameworks.

ERP: Enterprise Resources Planning; CRM: Customer Relationship Management

SADM: Structured Analysis and Design Methodology; SSAD: Structured System Analysis and Design

ESPRIT: European Strategic Programme of Research on Information Technology of the European Commission.

IFAC : International Federation for Automatic Control; IFIP: International Federation for Information Processing

OMG : Object Management Group.

Appendix: Common EM constructs

Note: The following construct templates have been derived from ISO 19440:2007 and CIMOSA documentation. "xxx" denotes a reference number that uniquely identifies each construct class. The names of the modelling views have been adapted to reflect the different terminologies used in the literature or in EMFs.

Nota bene: Reference to another construct in a construct is normally made by <identifier/name> of the referenced construct and not only by name as done here for the sake of simplification.

Business View

BUSINESS GOAL/OBJECTIVE

Identifier: BO