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Abstract: The proposed approach leverages on well-established paradigms (i.e. numerical simulation, discrete event 
simulation, etc.) as well as on new concepts (i.e. agent-driven simulation, distributed and interoperable simulation, 
human-computer vocal interaction) to promote the integration of the Industry 4.0 paradigm with the Intelligent 
(Smart) factory concept. The reduction of the time to production and optimization of the supply chains is a 
mandatory step for those manufacturing system that aims to respond and react quickly to the market demand as well 
as to the market instability. In such a context, the proposed framework seeks to push the available frontiers of 
knowledge forward proposing a holistic, multidisciplinary M&S approach. It can be used as predictive tool to see 
how changes implemented in the manufacturing system and along the supply chain may affect the overall system 
performances. 
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1. Introduction 
The industrial sector and production systems are 
significantly challenged by the deep economic crisis that 
hit the western countries in recent years. From 1990 until 
today, the globalization process has engendered a 
borderless world characterized by wider network 
enterprises (national and international) managing global 
just-in-time manufacturing, by global sourcing and easy 
migration of resources (people and knowledge). 
Manufacturing actors operate every day in a continuous 
evolving scenario in which they are asked to deal with 
contrasting objectives: processes robustness, risks and 
vulnerabilities reductions (including the actual financial 
risks) and resilience against just in time and costs 
efficiency. Moreover, the manufacturing context is 
considerably complicated by the continuous need to reach 
higher competitiveness levels: in the global market, 
managers make their tactical, strategic and operative 
decisions without possibility to predict completely the 
effects and the consequences of their decisions.  
In this scenario, Modelling & Simulation (M&S) as well as 
analytics and forecasting methodologies are powerful 
tools for analysis, investigation, examination, observation 
and evaluation of real-world industrial plants and 
manufacturing systems. M&S based approaches, if 
supported by self-learning tools, intelligent agents, data 
fusion methodologies and dedicated sensors and hardware 
in the loop may allow recreating an artificial history  of a 
real manufacturing system, so it becomes possible to 
discover and evaluate alternative solutions taking into 
account different constraints and monitoring different 
performance measures. M&S is therefore one of the most 
important available methodologies to investigate 

manufacturing systems behaviour where traditional 
approaches are unable to deal with their complexity and 
high number of interacting phenomena or interoperable 
components. For these reasons M&S has been recognised 
as a critical technology for problem-solving in real-world 
complex systems in order to choose correctly, understand 
why, explore possibilities, diagnose problems, find optimal 
solutions, train personnel and managers, and transfer 
R&D results to real systems. 
Needless to say that industrialization processes take into 
account a number of different disciplines, methodologies 
and technologies and, therefore, the identification of 
proper and optimal solutions requires to face multi-
objective problems involving multiple stochastic variables, 
contrasting and competing objectives and requires also the 
definition of multiple performance measures. This 
becomes even truer when multi-disciplinary problems are 
tackled as part of the same manufacturing system.  
Manufacturing systems need to be flexible and fast 
enough to be easily reconfigured to achieve higher 
performance levels, they should be able to react quickly to 
any disturbances (exogenous or endogenous), to any type 
of variability and sudden changes in markets. Such 
capabilities can be achieved only when the manufacturing 
system is able to forecast, analyse and optimize its 
behaviour under the change of critical factors. 
To this end, the proposed system called ISMS (Intelligenti 
and Smart Manufacturing Simulation) allows the analysis  
of the industrialization process by using a holistic 
modelling multi-scale approach able to consider (and 
simulate) the dynamics of all the different actors/agents 
and resources involved:  

1. supply chain represented as a whole;  
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2. dynamic description of complex operations 
considering multiple phenomena (physical, 
mechanical, energetic, chemical, energy, material 
characteristics) and their costs; 

3. system dynamics models (implemented as part of 
the simulation models) with cause-effect feedback 
loops will formalize the functions or activities 
performed by the system at different 
decomposition levels; 

4. causal models based on coloured Petri nets to 
understand the dynamic interconnections between 
elements and subsystems; 

5. holistic forecasting models based on simulation 
aiming at optimizing the materials management 
practices focused on achieving a self-financing 
firm status whose replenishment decisions are 
constrained by cash flows, which are updated in 
real-time following both inventory levels, work in 
progress (WIP), purchases and sales. 

The ISMS innovation capacity can be explored under 
different perspectives: 

- Advances in terms of different simulation 
methodologies (discrete, hybrid, continuous) and 
technologies (i.e. intelligent agents, augmented 
reality, mobile and interactive technologies) 
integrated each other.  

- the ability of encouraging manufacturing system 
staff to deliver new ideas and concepts that can be 
validated and verified through simulation, which 
offers a safe environment where different 
solutions can be investigated with no effects in 
terms of wastes and losses. 

- the complex nature of manufacturing systems 
makes its behaviour hardly predictable even when 
the behaviour of its parts is known and therefore 
solutions coming from a comprehensive approach 
are more likely to succeed although difficult and 
not obvious to detect.    

- the accuracy of simulation outputs relies on input 
data accuracy to a great extent and therefore the 
ISMS architecture is built upon a sensors and 
actuators layer as well as on a Middleware for data 
manipulation, crucial to ensure a proper 
management of knowledge resources. 

The remaining of this paper is organized as follows. 
Section 2 provides a detailed description of the idea 
behind ISMS, whereas the approach and methodologies 
used for developing the ISMS system will be presented 
and discussed in Section 3. Section 4  explains ISMS 
capabilities as well as its potentials and distinctive features 
giving evidence of the ISMS relevance, thus ensuring that 
it will be complete and qualified and therefore ready to be 
deployed as a concrete tool for decision support, design 
and engineering. 

2. The ISMS system 
Manufacturing systems are usually very complex; many 
factors influence their behaviour and usually complex 
non-linear interactions occur among them. Different 
factors change often over the time in a stochastic manner 
so that complexity grows even further. In these 

circumstances simplified models often based only on 
experience do not allow gaining a sound understanding of 
a real manufacturing system; the outcomes from such 
models hardly support the decision process because of the 
high number of restrictive assumptions that their 
application usually requires.  
ISMS is a fully operative, integrated and distributed 
simulation framework (including hardware and software) 
able to support multi-objective and multi-disciplinary 
decision making and advanced visualization in all the 
different areas/divisions of a manufacturing system 
(Figure 1 shows the basic interface of the system).  

 
Figure 1: ISMS Interface Overview 

The ISMS system is based on discrete, continuous and 
hybrid simulations, on a dedicated multidisciplinary and 
multi-objective design platform and on an Intelligent 
Personal Assistant and Knowledge Navigator. As far as 
the specific project objectives are concerned, the ISMS 
system provides specific functionalities for: 

1. Simulating the manufacturing process operations 
design (including all those aspects that characterize 
the manufacturing operations, e.g. physical, 
mechanical, energetic, costs, revenues and cash 
flows, etc.);  

2. Setting-up and simulating virtual experiments on 
real data (also gathered by sensors) for production 
planning and production orders scheduling and for 
demand forecasting, materials requirements 
planning and warehouse management according to 
short, medium and long period production 
planning; 

3. Setting up, simulating alternative working capital 
solutions, intended as the capacity of the 
manufacturing system to face its financial 
obligations in the short term given the availability 
of a certain level of economic resources which are 
expected to generate a flow of incomes also in the 
short term; 

4. Designing of new facilities and plant lay-out or re-
design of facilities and plant lay-out in the case of 
diversification, renovation or enlargement of 
existing manufacturing systems also by using real-
time interactivity and advanced visualization; 

5. Using real-time data (gathered from sensors 
installed throughout the manufacturing system) 
jointly with historical data (already available in the 
company informative system) to create the ISMS 
physical/cyber space where new interactive 
technologies and methodologies (e.g. smart glasses 
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and augmented reality) can be used for supporting 
decisions along the products, machines and 
equipment life-cycle (e.g. maintenance operations 
as shown in Figure 2, manufacturing plans, build 
and assemble operations, etc). 

 
Figure 2: Sample of AR contents delivered through ISMS 
for assambly operations 

Table 1 explains why the objectives mentioned above are 
measureable, realistic, achievable and clear. 

Table 1: ISMS key performance indicators 

Objective KPI 

1 
• Lower cycle times  
• Reduction of production wastes  
• Reduction of average energy consumption 

2 

• Increase of the sale target  
• Customers  service level increase 
• Lower Throughput time 
• Lateness/Tardiness minimization 

3 
• Back Order Rate reduction 
• Lost Sales reduction 
• Reduction in inventory costs 

4 • Reduction in number and handling times 

5 
• Reduction in reaction time 
• Speed up decision making processes 
• Reduction of product/process engineering 
• Reduction of time to market 

Manufacturing systems are stochastic in their own nature 
(e.g. process time, set-up times, transportation times, 
quantities ordered by customers are just few of the 
stochastic variables affecting the behaviour of a 
manufacturing system) and the one-size-fits-all solution 
does not exist. Almost every day production plans may be 
subject to changes and the time-horizon of a production 
plan difficulty exceeds two or three weeks. Production 
managers should have the possibility to evaluate (real-time 
and based on real data) multiple production plans to 
minimize the risk in the decision-making process. To this 
end, the ISMS system will provide a new approach to 
mitigate the effects of uncertainty which usually emerge 
both inside the distributed organisational production and 
transport subsystems but also from the market. The main 

ISMS functionality is indeed the possibility of carrying out 
simulations based on virtual experiments and to evaluate 
and choose among different production planning and 
orders scheduling options but also among different 
demand forecasting scenarios, materials requirements 
planning, inventory and warehouse management policies.  

3. The ISMS concept and approach 

The ISMS system seeks the integration into its 
architecture (illustrated in Figure 3) of the following 
segments to deal with a new generation of Decision 
Support Systems adaptable to present fierce international 
market competitors and to support the creation of the 
cyber/physical manufacturing system: 

- the Modelling, Simulation & Forecasting Layer 
(MSF Layer); 

- the Interactive Technologies Layer (IT Layer); 
- the Sensors and Actuators Layer (SA Layer). 

 
Figure 3: ISMS architecture 

The MSF Layer is the main simulation engine of the 
entire ISMS architecture. The MSF Layer provides the 
ISMS system with functionalities devoted to carry out 
multi-scale and multi-disciplinary M&S paradigms (e.g. 
discrete event simulation, continuous simulation, hybrid 
simulation, etc.) forecasting and scenario analysis of 
production planning (including short period production 
planning and orders scheduling) taking into account 
warehouse management (inventory management and 
internal transportation) and machines and equipment 
maintenance operations (unscheduled, programmed, 
preventive and predictive maintenance). The MSF layer is 
made up of 4 different parts: 

- a simulation model for Production, Planning, 
Control, Warehousing and Maintenance operations 
(the MSF-Production module) 

- a large scale simulation model for Supply Chain, 
Logistics and Distribution operations (the MSF-
Logistics module);  

- a simulation model for manufacturing system 
design and re-design operations (the MSF-Design 
module); 

- a simulation model for working capital scenarios 
analysis, project management, resource allocation 
analysis and sales management forecasting (the 
MSF-Capital module). 
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Therefore, the MSF layer is conceived to capture the 
complex and adaptive behaviour of manufacturing 
systems that can be hardly depicted or predicted with 
traditional tools. Figure 4 depicts the components view of 
the MSF-Layer. Three main parts are included:  

- The Foundation part, which is made up by the 
Development Platform and the Plugin 
Infrastructure; 

- The Simulation part, made up by the Simulation 
Engines, the Animation, the Input Data section 
and the Output Data section that will be used to 
build each simulation model (MSF-Production, 
MSF-Logistics, MSF-Design and MSF-Capital); 

- a Graphic User Interface (called MSF-Production 
GUI, MSF-Logistics GUI, MSF-Design GUI and 
MSF-Capital GUI respectively) coded according to 
the User part (including the Main Form, the 
Windows Form, the Code Editor and Graph 
Visualization). 

 
Figure 4: ISMS MSF-Layer components  

The IT Layer will provide the ISMS architecture with 
additional functionalities to take advantage from the use 
of cutting edge interactive technologies. The main part of 
the IT Layer is an Intelligent Personal Assistant and 
Knowledge Navigator (called SOPHOS-MS) that the user 
can use to ask and collect information about the 
operations currently ongoing within the manufacturing 
system. 
The SOPHOS-MS system will be equipped with a speech 
recognizer so questions can be made orally (similar 
technologies are currently implemented within new 
smartphones, e.g. the Apple SIRI  system). The 
SOPHOS-MS is a SIRI-like system but strongly focused 
on manufacturing operations. The intelligent logics that 
characterizes the SOPHOS-MS system will be 
implemented as part of the Self Learning Module that is 
based on Intelligent Agents. The SOPHOS-MS system 
can be installed and used on mobile devices (e.g. 
smartphones, tablets) to be quickly deployed and used in 
any part of the manufacturing systems. Thanks to its 
capability to work on mobile devices the SOPHOS-MS 
can be coupled with an augmented reality module for real-
time data integration and perception. As an example, 
consider the use of digital glasses worn by an operator 
while he/she moves through the production area; the 
SOPHOS-MS is able to provide the operator (by using the 
augmented reality) with a number of information: 
scheduled maintenance operations on specific machines, 
productivity levels, ongoing operations, order IDs, etc.   
Figure 5 depicts the IT-Layer components architecture 
view. The Foundation part is similar to the Foundation 
parts of the MSF layer. The Application part includes the 

SOPHOS-MS system that, in turn, is made up by two 
parts:  

- Intelligent Agents and Voice Recognizer 
components used to create the Personal Assistant 
Navigator; 

- the Augmented Reality Module including the 
tracking system (for user and object position in the 
space), the Virtual Object Computing and the 
Image Processing (for Objects recognition and 
augmented reality contents creation).  

Finally, the Mobile OS part includes the functionalities 
and sensors that can be accessed from the Mobile 
Operative System.  

 
Figure 5: IT-Layer components architecture 

The sustainability of the business model behind ISMS can 
be ensured only if it is able to exhibit an adaptive 
behaviour that absorbs and integrates past experiences 
and best practices so that ISMS outputs could improve 
over time. For this reason, ISMS implements intelligent 
logics and relies on a Middleware that is devoted to 
collect and manipulate data from the real system and 
allows also storing and systematizing knowledge about the 
system to ensure an improved access and reuse of 
knowledge resources.   
The integration of the MSF and the IT Layers as well as 
their use as operative assets of the manufacturing system 
through the Middleware requires the availability of real-
time data from each division/part of the manufacturing 
system. Simulating and optimizing the current production 
planning and orders scheduling require information about 
current orders issued by customers, quantity required for 
each product, production and set-up times etc. Similarly, 
using SOPHOS-MS on a mobile device for checking the 
status of a machine (e.g. current productivity levels, next 
scheduled maintenance operations, etc.) requires real-time 
data. 
As stated in many simulation handbooks, one of the most 
difficult parts of a simulation study is gathering data of 
sufficient quality, quantity and variety to perform 
reasonable analysis. Therefore, exploiting the availability 
of big data from sensors, historical process files or 
human-authored data is a mandatory step to come up with 
a system that can be effectively used to support the 
products and process life cycle.  
Some of these data could be directly available in the 
company s ERP system (e.g. production times, quantity 
ordered, lead times, etc.), some other could be not 
available and therefore a number of sensors should be 
deployed to gather such data directly from the machine 
(vice-versa each action performed on a machine based on 
these data would require specific actuators). Data coming 
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from the Company ERP system could be mixed and fused 
with data collected from sensors and opportunely re-
directed (according to a number of available services) 
upon requests of the MSF, and IT layers. It is now clear 
that the use of MSF and IT layers as operative assets 
require development and insertion of an additional layer: 
the Sensors and Actuators layer (SA layer).   
The SA layer is a sort of bridge between available data 
sources and the ISMS system and is internally divided in 
two parts: 

- the ISMS Sensors and Actuators Interface; 
- the ISMS Data Fusion and Middleware. 

The ISMS Sensors and Actuators Interface is intended to 
be a heterogeneous set of software drivers integrated into 
the system exposing a common coherent interface. This 
way a high-level abstraction is made available freeing 
other layers such as the MSF and IT of the need to be 
aware of specific hardware and/or software details.  
The ISMS system has an adaptive nature and therefore 
makes it able to evolve as the manufacturing system does 
upon the influence of internal and external solicitations. 
This capability, on one side, allows ensuring the ISMS 
business model sustainability over time and, on the side, 
enables a proper systematization of knowledge.  A 
structured approach that allows for a proper classification 
and easy retrieval of knowledge pieces is crucial for all 
those systems that pursue innovation to gain a long-term 
completive advantage on their reference markets. 
To this end, this space can be accessed by the simulation 
models as well as through an Intelligent Personal Assistant 
and Knowledge Navigator by using new interactive 
technologies/methodologies (e.g. smart glasses, mobile 
devices, augmented reality etc.) and can be used to 
support products, machines and equipment life-cycle (e.g. 
maintenance operations, manufacturing plans, build and 
assemble operations, etc.).  
The SOPHOS MS system provides an easy access to 
knowledge resources and a new interaction paradigm for 
increasing individual productivity and reducing the waste 
of time for information/knowledge retrieval.  
 

4. ISMS contribution and impacts 

ISMS contribution to the interested company can be 
summarized as follows: 

- Increased productivity during design and ramp-up 
phases and for higher mass customization capacity 
for big enterprises as well as SMEs through access 
to on-demand scalable manufacturing process 
chains and services and through agreed data 
standards can be achieved.  

- Improved cost efficiency and accuracy, reliability 
and speed of simulation techniques for 
manufacturing processes and/or full complex 
products.  

- Reduced time to production and optimised supply 
chains enabled by increased tool interoperability 
and data integration.  

- Enhanced interoperability of integrated product 
and factory design systems and global state 
monitoring enabling new type of services related to 
the data analysis, simulations and visualization 
techniques in each manufacturing stage.  

5. Conclusions 

The ISMS ambition is to mix several technologies, 
methodologies and approaches to provide manufacturing 
systems with a comprehensive tool for design, redesign, 
management, monitoring and control. The overall 
research idea is built upon real requirements that give the 
system structure a great pragmatism and make it very 
oriented toward application and exploitation rather than 
pure ideas. As a result, ISMS seeks to be a concrete tool 
whose potentials can be proved if and only if it is applied 
in a real manufacturing context. As a matter of facts, 
experimentation, refinement and testing along with 
extensive verification and validation are part of future 
research activities.  
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