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Abstract: This paper intends to provide an overview of the design approaches of simulation and modelling 

in Intelligent Manufacturing System (IMS) context. We focus on adaptive capability of the simulation 

models pushed by the introduction of new paradigms, i.e. intelligent product and Internet of Things. A 

Capability Maturity Model will be proposed for adaptive capability assessment and will be illustrated from 

our past researches. We will conclude discussing a set of challenging prospects. 
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1. INTRODUCTION 

Since the 1990’s, the production strategy in enterprises has 

changed from the traditional Mass production strategy (led by 

products) into the Mass Customization one (led by 

customers) in order to cope with the increasing global market 

competition. This change of approach is extremely 

challenging for control management and manufacturing 

system.  

New visions for manufactured goods tend to give them 

communication and sensory ability within the framework of 

the intelligent product paradigm. This paradigm can be 

extended to a new conceptual framework "Internet of Things” 

(IoT). The aim of IoT is embedding real world information 

into networks, services and applications by using enabling 

technologies like wireless sensor and actuator networks, IoT 

devices, ubiquitous device assemblies and RFID (Strategic 

research Roadmap, 2009). Due to the increasing value of 

information created by the number of interconnection, smart 

items will be able to instruct their environment, to analyse 

their observations and to communicate with other objects and 

the Internet.  

 

Even if efforts are made by scientifics and by industrial 

companies to promote those concepts, the deployment of 

these new paradigm are still considered challenging and 

suffer from low credibility and assessment strategy. 

 

Historically, in order to evaluate the new approaches and to 

compare different production organizations, the simulation 

modelling is widely used. Simulation is a practical 

methodology for understanding the high-level dynamics of a 

complex manufacturing system (Law and Kelton, 1991). 

While simulation has much strength, there are some 

limitations for evaluation of several control policies, without 

a complete simulation model redesign. We need an 

underlying modelling discipline (or structured approach) for 

reduce time and efforts in simulation model maintenance and 

adaptation and provide genuine sustainability of developed 

simulation models. Those needs are reinforced and become 

critical especially in Intelligent manufacturing context, where 

the control management system is continually adapted from 

shop floor observations. The aim of this paper is: i) To show 

some researches findings in modelling & simulation 

approaches and technics in IMS context and their assessment 

through a proposed Adaptive Capability Maturity Model 

(ACMM) and ii) To highlight challenges and future trends 

for modelling and simulation in this context. 

 

Section 2 is dedicated to the presentation of existing literature 

on approaches for design of adaptive simulation model in 

manufacturing systems. Section 3 and 4 show our proposal 

for assessing the level of maturity of simulation models to be 

adaptive. The aspects of adaptive capability and their 

characteristics will also be detailed. The section 5 aims to 

illustrated the use of this model through our experiences in 

C.R.A.N Laboratory. The last section will be dedicated to 

challenges and future trends.  

2. STATE OF THE ART 

2.1 Simulation & modelling process 

In manufacturing, as in most of the application areas, a 

simulation is very often handmade by experts. A discussion 

about the model formulation time began with (T.R 

Willemain, 1995) and it is still on going. Simulation is not 

only modelling, but it is also studied as a rational process. 

The proposed methodologies for simulation have not changed 

in essence over several years (J. Banks and J.S Carson, 1988) 

(R. Kittell and A.Dunkin, 1991) (A.Maria, 1997) (J.Ryan and 

C.Heavey, 2006). A scheme that collects the commonly used 

steps is showed in Fig. 1. Each column shows the more 

important steps: Modelling, Scenarios and Analysis A. Vejar. 

et al., 2011). 
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Fig. 1. Manufacturing simulation process.  

2.2 Simulation & modelling approaches  

We can identify from the literature 3 major research and 

industrial approaches that share the aim of reducing time 

spent for design and adaptation works:   

• Generic- or Template-based Simulation (GTS).  

• Data-Driven Simulation (DDS).  

• Dynamic Data Driven Simulation (DDDS) 

A GTS modelling approach is used for an available set of 

pre-built modelling objects of common simulation situations. 

These modelling objects can be simply customized to fit the 

current application by “switching on” or “switching off” the 

generic object parameters (A.Guru et al,, 2004). An important 

advantage of GTS is model reuse as discussed in (M.J Steele, 

2002) In (Y.J Son et al, 2000) the use of neutral libraries can 

expand the scope of applications of the GTS. Some authors 

(e.g. (S. Kasputis et al, 2000)) also talk about composable 

simulation, because the modelling process can be reduced to 

a simulation block composition. Today, most of general-

purpose simulation languages (such as Arena, Witness, 

Flexsim, and others) adopt this approach and many of them 

still provide very useful results for decision-making. 

Numerous papers and books on applications of these 

languages have been published. For Example Arena allows 

companies to create templates and libraries for their own 

particular processes. PSA Peugeot Citroen Company has 

developed a platform named MUSE, composed by a set of 

parametric templates in order to model the physical and 

logical behavior of assembly plants as presented by 

(A.Villeminot, 2004). Trane Company developed some years 

ago templates for Demand Flow Technology (DFT) processes 

used for different purposes, e.g. validate investments or 

design a product control system (H. El Haouzi et al, 2009). 

In DDS, the model is generated automatically on the basis of 

existing data in the company databases. The model is updated 

when the data is changed. This approach differs from the 

traditional simulation approaches, because the human expert 

analyses the problem and defines each step of the simulation 

model generally using a GTS tool (Bing Cao, 2004). In the 

manufacturing system context, many papers and research 

studies promote the use of data imported from ERP system, 

MES, CAPP system or directly from sensors in order to 

design and/or maintain these simulation models. The major 

of those contributions were for off-line simulation.  

In the context of on-line simulation, a new paradigm has 

appeared: Dynamic data driven simulation (DDDS). The 

principle is that simulation system is continually influenced 

by real time data for better analysis and prediction. The 

applications that it is possible to find in the literature deal 

with the older models used to make predictions about 

physical systems (i.e. weather forecasting, oil exploration, 

etc). However, the maturity of the concept is due to (Darema, 

2004) who introduced “dynamic” DDS systems. The 

simulation applications can be able to accept new data during 

execution time and to extend the measurement process to be 

controlled dynamically by the application. (Yang, 2008) uses 

DDDS to build an inventory model, and (Kennedy, 2005) 

used DDDS for policy decision support. This approach is 

suitable for large data context  (e.g. IoT, Intelligent 

manufacturing product) but still faced to many challenges 

that we will describe in section 5. 

2.3 Simulation & modelling capabilities 

Over the last two decades, the application of Modelling and 

Simulation to complex systems has demonstrated a number 

of capabilities that are crucial to large-scale use in industrial 

context.   

The main effort in simulation community was about 

reusability issues; lots of papers focusing on it appear in 

major conferences and journals (Sargent, 1986)) (Wyatt, 

1990). (S. Robinson et al 2004) gave a definition to the term 

“Simulation model reuse”: they highlight the motivation of 

developing reusable models and the validity, the cost and 

credibility of reusability.  A GTS approach is a good example 

for illustrating this ability. The aim is the capitalization of 

generic knowledge about simulation models of systems that 

have common properties, instead of studying every system 

and developing specific components. 

Another ability widely studied is the modularity. In software 

development the modularity refers to the encapsulation of 

key sub-systems, objects and components behind well-

defined and relatively stable interfaces. This facilitates the 

integration of these components with multiple applications, 

as well as the evolution or possible re-implementation of 

these components with minimal impact on the applications 

that use them. In the area of system modelling, modularity is 

used to improve system understanding, to reduce the model 

complexity, and to facilitate the reuse of standardized 

components. For example, systemic view subdivides the 

manufacturing system in three main subsystems: the physical 

factory subsystem, the informational subsystem (called 

logical subsystem in some simulation methodologies) and the 

decisional subsystem (Le Moigne, 1992). This vision deals 

with DDS as the information system feeding the simulation 

model of manufacturing system with relevant data. (El 

Haouzi et al, 2008) shows many persistent object-oriented 
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methodologies for manufacturing simulation & modelling 

and their contribution on reuse and modularity. Authors 

propose their own contribution in the context of intelligent 

product.  

In modelling and simulation domain, and in particular, in 

IMS context, the property of adaptation was discussed in 

many past works. We can distinguish two different 

approaches: on-line simulation (e.g. DDDS) and off-line one 

(e.g. DDS).  

Concerning the on-line approaches, the adaptation ability was 

studied mainly from adaptive behavior of some entities in the 

model or by changing the input variables of the model based 

on observations. In this way, (Pannequin et al, 2012) 

proposed a bio-inspired approach (e.g stigmergic models) to 

manage the agent’s community and to induce a sort of self-

adaptive simulation model. Agent-based models consider the 

abilities of complex adaptive system to evolve and to adapt as 

a collective result of the modifications occurring in the 

relational networks of agents. (Cardin, 2007) proposed to 

change some parameters on-line without a complete 

restructuration of model elements. The adaptation was made 

using another simulation model for observations and 

dissemination data into the first one. This kind of approach 

naturally leads to proactive simulation. (A.Vejar et al., 2011) 

have proposed an original method for the automatic 

generation of simulation models for discrete event systems. 

He used the product location data in the running system. The 

data stream of points (product identification, location, and 

time) is the input for an algorithm that generates a queuing 

network simulation model for a job shop system class. The 

modelling process has two main advantages:  i) it does not 

require a priori knowledge about the system to model, and ii) 

the construction and updating of the model is performed on-

line. Moreover, the resulting model type is "gray box": it 

does not dependent on its subsequent use, and it is at any 

time faithful to the reality due to the on-line collection and 

processing stages. 

In off-line simulation, some authors highlight the issue with 

adapting a simulation model for complex system and 

preconize reduction methods for large-scale systems (SMR) 

to speed run-time. Amongst various authors, Zeigler was the 

first to deal with this problem (Zeigler BP., 1976). He 

distinguished four ways for simplifying a discrete simulation 

model. Doing so it is possible to replace a part of the model 

by a random variable, coarsening the range of values taken by 

a variable and grouping parts of a model together. He first 

listed 17 simplification techniques for general modelling. His 

four steps approach was: hypotheses (identifying the 

important parts of the system), formulation (specifying the 

model), coding (building the model) and experiments. 

(Brooks et al, 2000) suggest a “simplification of models” 

approach for those cases in which the indicators to be 

followed are the average throughput rates. But their work is 

no useful for following the various events taking place on the 

work center (WC). (Thomas et al, 2011) proposed a similar 

methodology, which maximize the bottleneck utilization rate 

and aggregate all the other WC in “macro-blocs”. In another 

work, they proposed to reduce the simulation model, or to 

automatically generate it, thanks to a neuron network 

obtained by learning procedures.  

Despite of a rich literature in the field of adaptability, there is 

no consensus about the definition of adaptive capability and 

expectations from Modelling and Simulation models. The 

purpose of following sections is to give a definition or a 

framework of adaptive ability and a Capability Maturity 

Model. 

3. Adaptive Capability and CMM FRAMEWORK 

3.1 Adaptive capability 

The adaptation is the ability to modify the system state 

according to the environment changes. In reality this ability 

cannot be dissociated from another one, which is the 

evolution.  The evolution is the ability of modifying the 

behavior, optimizing the response mechanisms to the 

environmental changes. 

Table 1.  Adaptive capacity at the local level: 
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When we deal with this kind of capabilities, boundaries 

between social and artificial system tend to disappear. Today, 

lot of efforts and studies are made to adapt our social system 

to climate and economic changes within the sustainability 

framework. We chose to base our approach on the framework 

proposed by Overseas Development Institute (L. Jones et al, 

2010) (Table 1), in order to analyze adaptive capacity at the 

local level in each country facing to climate changes.  This 

framework identifies five interrelated characteristics that are 

conducive to adaptive capacity: the asset base, institutions 

and entitlements, knowledge and information, innovation, 

and flexible forward-looking decision-making. In table1, the 

first column presents the five key characteristics, the second 

column shows features that tend to support adaptive capacity 

and the last one provides some illustrative elements 

(conceptual, organizational and technical) and examples from 

modelling & simulation standpoint. 

3.2 ACMM approach 

In the literature, there were lot of efforts to measure the 

maturity and credibility of software and hardware 

development processes and products. The best-known 

procedure is Capability Maturity Model (CMM). The CMM 

may be defined, according to the (CMMI report, 2002) as a 

model containing the essential elements of effective 

processes for one or more disciplines. It also describes an 

evolutionary improvement path from ad-hoc, immature 

processes to disciplined, mature processes, which result in 

improved quality and effectiveness. Over the last decade, 

some uses of CMM to M&S field were presented but the 

focus was mainly on the validation &Verification processes 

or on predictive capability. Until now there is no reported 

works on adaptive capability definition and measurement in 

M&S. 

4. PROPOSED ACMM FRAMEWORK 

We propose a CMM to assess the maturity of a simulation 

model from the adaptive capability standpoint. We named 

this model ACMM). There are 2 major benefits from using it: 

i) to help to address challenges to move toward adaptive 

simulation model and ii) to track the effort for maturity 

progress.  

The ACMM addresses four contributing elements to M&S 

design: Data Management and Processing, Model 

Development, Model Validation, and Simulation Execution. 

For each of those elements, attributes are identified that 

characterize five increasing levels of maturity from different 

standpoints: conceptual, organisational and technical. In the 

following sections we will detailed the two axis of the 

ACMM: Elements contributing to M&S process and the 

maturity levels and will give a matrix detailed key of 

challenges to move from a level to highest one. 

4.1 Elements or process categories contributing to M&S 

process: 

In the modelling process shown in the state of the art (Fig 1): 

Certain phases of this process seem to be entirely the 

responsibility of the human expert. Others may be based, in 

part or totally, on methods that can be automated (Collect and 

Process Real System Data, Formulate and Develop a Model 

and Verify and Validate the Model). We consider those steps 

as the main elements contributing to M&S process within 

ACMM. 

Data Management and processing: the objective is to collect 

and process real system data. Identify sources of randomness 

in the system (stochastic input variables). The questions from 

adaptive point of view will be: How data is collected, 

processed and updated? And how carefully accuracy is 

assessed? 

Model development: in this step, the model is developed on 

the base of system knowledge and the collected data. At the 

same time or at the end of the development, the verification 

process ensures that developed models or components meet 

their specified requirements. In order to analyse the adaptive 

capability in this step, the question can be formulated as: Are 

the model and its components able to change or to be 

changed with a minimum effort? 

Model validation: the purpose of validation process is to 

demonstrate that a product fulfils its intended use when it is 

placed in its intended environment. The issue here is the 

robustness of validation model. How carefully is the accuracy 

of the simulation and experimental results assessed in 

simulation model life cycle? 

Simulation experiment: the aim of simulation is to make 

some changes in the input variables and to observe and to 

identify the reasons for change in the performance measures. 

The question here is how faster is time and frequency of 

updating model when the simulation is running and in which 

measure the simulation takes into account the real-time 

constraints" 

4.2 Maturity levels 

The maturity levels attempt to objectively track intellectual 

artifacts, or evidence, obtained in an assessment of adaptive 

capacity. The five maturity levels shown on (Fig. 2) provide 

the top-level structure of the ACMM. 

  
Fig 2: The Five Levels of M&S Adaption Maturity 
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Level 0:  At the initial level there is no stable environment for 

developing and maintaining simulation model. Performance 

depends on the capabilities of individuals (experts) and varies 

with their innate skills, knowledge, and motivations. 

Level 1: At the repeatable level, policies and procedures are 

established and used in case of new development or 

adaptation of the simulation models. This can help to better 

use of “asset base” that are knowledge, skills, etc. 

Level 2: At the Defined Level, the standard process for 

developing and maintaining M&S models across the 

organization is defined and documented. Guidelines and 

approaches are proposed.  

Level 3: At the Managed Level, the organization sets 

quantitative quality goals for M&S models and its processes. 

Productivity (ex: time develop, to run simulation) and quality  

(confidence on model, data accuracy) are measured. The 

M&S and processes can be summarized as predictable 

because the process is measured and operates within 

measurable limits. This level of process capability allows an 

organization to predict trends in M&S models and processes 

quality within the quantitative bounds of these limits. 

Level 4: At the Optimizing Level, the entire M&S Processes 

are focused on continuous process improvement. The M&S 

system has the aim to identify weaknesses and strengths in 

order to achieve better efficiency and effectiveness of 

adaptive models. The innovation is the main way leading to 

the optimization. Information and knowledge about 

innovation experience must be used and widely shared. 

Table 2.  General Descriptions for Table Entries of the 

ACMM 

 

5. ASSESSMENT USING ACMM. 

In terms of illustration, we choose to present assessments of 

some of our past researches with ACMM. In (Vejar et al, 

2011) contribution, data collection is done in real time on the 

process. Forgetting factors are set to consider only the 

meaningful information at time t. (DMP: 4). By nature, the 

model is automatically constructed. Against it is limited to 

one type of system and is not universal (queuing network). It 

has no ability to adapt to forthcoming system changes to be 

modeled (MD: 3). The generated model is validated if the 

generator is working properly. This validation is conducted 

on-line (MV:4). Although there is a response time for the 

updating of the model by the generator, the model can be 

regarded as synchronized to the system of interest (SE: 4) 

Works of (Pannequin et al, 2012) concern the product driven 

systems. This concept states that products are intelligent and 

can be represented by agents able to carry, disseminate and 

catch their own information (DMP: 3). Model changes are 

made automatically, with predefined scenarios (on-line 

approach). It is possible to consider that the agents behaviour 

is modify according to pre-established standards (MD:4). But 

the system is not able to validate itself its performance (MV: 

3). Nevertheless and thanks to RFID, the coordination 

between agents and products is made in a near real time (SE: 

4). 

6. CONCLUSIONS AND CHALLENGES. 

In this paper, we have shown a state of the art of the use of 

simulation models in IMS. We highlight the interest of 

adaptability ability in this context and for the new paradigms 

like IoT. We have then proposed a framework of adaptive 

ability characterization. An Adaptive Capability Maturity 

model based on CMM approach was also proposed. It should 

be considered as a basis and a starting point for further 

research and development. In terms of perspectives, several 

challenges have to be addressed in the future. First, we have 

to refine the proposed model and propose quantitative metrics 

and a structured approach for the model use. Second, the 

model has to be used on significant approaches on M&S field 

from the literature. The aims are to open discussion and 

validate and improve the ACMM. Finally, we have to 

propose best practices to answer the challenges for adaptive 

modeling & simulation and move from a level to highest one. 

Future challenges form M&S in the context of IMS would be, 

in the four described steps, achieving the level 4 of our 

framework.  
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