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Abstract: One of the main difficulties affecting the manufacturing systems domain is the variety of 
configurations that manufacturing systems can assume, thus making their automation, under a flexibility 
perspective, a tough objective. For addressing this problem, the paper proposes an innovative solution 
grounded on an Ontology knowledge base, constituted by the Politecnico - Production System Ontology (P-
PSO), that is merged with a web service architecture acting as a Manufacturing Execution System (MES) for 
the control of manufacturing equipment, thanks to the information supplied by the ontology. P-PSO is based 
on a structured representation, supported by the object-oriented methodology, of the domain of 
manufacturing systems enabling the description of all their more relevant aspects. This structure can be 
considered as a meta-model of the manufacturing systems domain, being it described in a standardised form 
and with the related data format. By connecting the knowledge content of a specific instance of the ontology 
(the model of a given manufacturing system) to the new MES control structure, Service Oriented 
Architecture (SOA) based, it is possible to define a completely new concept of the MES of manufacturing 
equipment, which is capable of advanced features like easy re-configurability, asset awareness and 
interoperability. 
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1. Introduction 

The efforts of the scientific community toward the 
generalization of methods for the design and management 
of manufacturing systems have been often limited by the 
variety of the context of their applications; thus, 
classification and taxonomy of manufacturing systems are 
important matters. The definition of a sound taxonomy of 
manufacturing systems could be, in fact, the foundation of 
many different manufacturing applications supported by 
information technology. A sound ontology in this scope 
could represent a good solution for a comprehensive 
definition of the aspects related to a manufacturing system 
entity structure. Then, the availability of such ontology 
providing an updated state of the physical, technological 
and control aspects of the production system can 
represent the real time knowledge of the assets of the 
production system.  

The aforementioned type of ontology is practically 
considered by the P-PSO modelling approach, that 
addresses the discrete manufacturing domain. P-PSO 
stands for Politecnico di Milano Production System 
Ontology. In the manufacturing systems domain, such 
ontology can support re-configurability, asset awareness 
and interoperability, which are very important features for 
improving easiness of commissioning, flexibility and 
reduction of ramp-up time of manufacturing systems. 

The first important aspect to be considered is the 
capability to easy “configure” or “re-configure” the 

production systems in the logic of freely introducing new 
devices into the system. Specific case is the add-on of a 
new component required by the re-configuration process: 
if the plug of a new device could be automatically 
detected, then the automatic re-configuration of the 
manufacturing system would be possible with 
considerable savings in terms of time and consequently 
money (Swink et al., 2005). 

This applies because European manufacturing plants are 
typically composed by a lot of different machines working 
on complex technologies, most of times sold by different 
vendors. Furthermore, production components need to 
be re-configured and/or repaired quickly without 
excessive costs, due for instance to a progressively 
growing of the plant during the years and/or to the 
increase or change in product range, when demand 
becomes instable. In this case, it is necessary to avoid 
production stops and the problem is, for instance, to 
enable two different devices with no previous knowledge 
on each other to interact autonomously (Lastra et al., 
2006). Moreover it is worth considering that the lifecycle 
of the products is becoming shorter and this implies 
frequent production plant configuration changes on the 
same manufacturing system.  

The second aspect is the so called “asset awareness” (see 
for example European funded project eSONIA, 
researching on this issue). In fact, a key feature for taking 
right decisions at the right moment is the availability of a 
prompt, reliable, accurate and complete information about 



the status of the production system to be used for its 
efficient and effective management through the 
manufacturing execution system. It is essential that real 
time data are collected, analysed and interpreted in order 
to achieve optimized plant management. Asset awareness 
is the real time knowledge of the state of the production 
system in all its relevant aspects (i.e. physical, 
technological and control) and it is necessary to take 
decisions related to the optimized management of 
production (scarce) resources. Asset awareness enables 
also self-recovery. It means that when a failure occurs in 
the production system, it can be automatically detected 
thanks to asset awareness and if maintenance operations 
can be automated, the failure can also be automatically 
fixed (Mobley, 2002). The above consideration expresses 
the relevance of being aware of the assets of the 
production system for their optimized management thus 
enabling better performances and responsiveness of the 
manufacturing system (see eSONIA project). 

The third important aspect is “interoperability”. In fact, to 
get dynamic and real time plant synchronization, 
reciprocal knowledge among components, enabled by 
asset awareness, is needed in order to achieve greater plant 
interoperability which means better coordination and 
integration among the production elements (Gerwin, 
1993).  

This document presents a proposal to allow future MES 
(or, in other words, real time control systems (RTCS) for 
manufacturing) to cope with the above explained features. 
The document is structured in the following way. Firstly, a 
brief literature background is provided (section 2), dealing 
with approaches to improve manufacturing automation 
and manufacturing ontologies. Secondly the paper 
presents P-PSO ontology (section 3). Then, an overview 
of MES architecture is provided in order to give the 
reader the proper background to understand how P-PSO 
Ontology can be included into such architecture, starting 
from depicting the AS-IS scenario (section 4). Role of P-
PSO into the MES architecture is thus presented (section 
5), depicting future TO-BE scenario. Conclusions and 
future works are provided in section 6.  

2. Literature Background  

In the manufacturing domain research area, scientific 
works tried to provide conceptual frameworks and 
taxonomies for the description of the domain (e.g. 
Dietrich, 1991). More recent works (see Colledani et al. 
2008 for instance), try to present a comprehensive 
framework tailored to products, processes and production 
systems, aiming at managing the whole manufacturing 
knowledge. However, the proposed frameworks mainly 
address system configuration, thus focusing to the support 
of the design or re-engineering phase. Indeed, such kind 
of taxonomies and reference frameworks could be further 
deployed using ontologies.  

Ontologies have been largely discussed in the recent years 
in many research fields.  

Main issue for the use of ontologies is the capability to 
formally structure a domain of knowledge, expressing 

taxonomies and even more reach semantics relationships 
among the concepts. In fact, ontology is a formal, shared 
and explicit representation of a domain concept. Software 
may use ontology for classification, induced reasoning or 
for problem solving techniques because ontology is a 
hierarchical and relational data structure object oriented 
which includes all the relevant entities, the relations 
between them, the rules, the constraints and the axioms of 
the domain and this structure are usually formalized by 
semantic languages. The use of ontologies in the 
manufacturing systems domain, can support the capture 
of the relationships among the different manufacturing 
objects (Colledani et al. 2008), adopting a holistic and 
highly integrated view.  

Moreover ontologies, when properly implemented in 
appropriate languages allow also to include such 
knowledge into software, automatic systems and, generally 
speaking, ontology languages are machine languages suited 
to express knowledge. Indeed, the use of ontology in the 
factory automation field is not a novelty, but if used just 
to describe the static aspect of the production system, 
most of its power is not used. The greatest innovation 
about using ontology in factory automation is to involve it 
in the control of the system itself as further explained in 
the remainder. 

Before developing the above mentioned innovative 
concept, let us report shortly on previous related 
approaches that can be considered as background of the 
new proposed solution. 
To this concern, it is worth of mentioning the concepts of 
i) holonic manufacturing, ii) production agents, iii) web 
services and iv) service oriented architecture. The concept 
of holon as an autonomous and co-operative building 
block of a manufacturing system for transforming, 
transporting, storing and/or validating information and 
physical objects has been introduced in the late ‘90ties 
(Valckenaers et al. 1998, Prianggada et al. 1997). The 
holon consists of an information processing part and 
often a physical processing part. This concept, together 
with the concept of agents (e.g. Cantamessa 1997), has 
been then overcome in the scientific community by the 
introduction of Web Services and SOA - Service Oriented 
Architecture (e.g. Lobov et al. 2009). 
Web Services are “self-contained, self-describing, modular 
applications that can be published, located, and invoked 
across the web” Tidwell (2011): self-contained because 
they offer an interface that encapsulates the required 
process, self-described because they describe the interface 
through which they offer the encapsulated service. They 
are modular because services are encapsulated in modular 
blocks which can be published by their provider on the 
web with their broker's standard interface  through which 
they can be invoked and composed by the requester. The 
scientific community has started to prove the validity of 
the use of web services and SOA for manufacturing 
automation, through industrial test-beds (see for instance 
SOCRADES, eSONIA projects). 

Starting from this background, Cai et al. 2001 first tried to 
establish a relationship between SOA and ontology, by 
developing a prototype to demonstrate the feasibility of 



interoperability between manufacturing services. Indeed, 
they validated their approach using the ontology of a 
limited manufacturing domain, but revealing how a larger 
and more complete ontology could further improve this 
approach. 

Also ontologies have been involved in the development of 
real time control systems for driving the activities of 
manufacturing equipment by envisioning their use as a 
way to overcome the drawbacks of traditional 
Manufacturing Execution Systems (MES), as proved by 
Long (2010) in his overview on how to improve MES. 
Nevertheless Long (2010) deals with an almost generic 
ontology tier (level) and does not further detail it with 
manufacturing knowledge. 

From this brief overview, it is possible to state that 
different research works focused on ontologies / 
frameworks for the manufacturing systems domain and 
others on web services and SOA for MES, suggest that 
their combined use can be a good way for the 
improvement of the equipment control. Thus two 
different research perspectives emerge: one related to the 
industrial engineering background and the other one to 
the computer science background. The present work, by 
showing the role of P-PSO in a, SOA based, 
Manufacturing Execution System architecture provides an 
insight on how to combine the two different research 
perspectives, going towards the use of knowledge based, 
semantic web services in factory automation, as postulated 
by Lastra and Delamer 2006. 

3. P-PSO 

P-PSO (Politecnico di Milano Production System 
Ontology) is based on a large research activity carried out 
at Politecnico di Milano and dated back in the 90’s. 
Garetti and Bartolotta (1995), Garetti et al. (1997), 
Bartolotta and Garetti (1998), Bartolotta et al. (1999), Von 
Cieminski et al. (2002) are proofs of the past research 
work in this area. Later on, the P-PSO (Politecnico di 
Milano–Production Systems Ontology) was developed 
aiming at a complete representation of a manufacturing 
reality that could be used as the foundation of many 
different applications related to the manufacturing 
systems domain (Garetti and Fumagalli, 2012). 

P-PSO is based on a structured representation of the 
domain of manufacturing systems, which is supported by 
the object-oriented methodology, enabling the description 
of all relevant aspects of a generic manufacturing system. 
This structure can be considered as a metamodel of the 
manufacturing systems domain, since it specifies the 
entities (building blocks) it is made of, their attributes and 
their relations, thus defining a standardized data format 
for their description. The present version of the P-PSO 
modelling approach addresses the discrete manufacturing 
domain. 

Going in more detail, P-PSO defines a manufacturing 
system by addressing three different aspects of it 
separately, i.e.: the physical aspect, the technological 
aspect and the control aspect. The physical aspect 
contains the material (static) definition of the system 

including workers, production facilities (such as tools, jigs 
and fixtures), material-handling equipment, storage and 
other supplementary devices. The technological aspect 
defines the transformational (functional) view of the 
system, considering the conversion process of the factors 
of production. Finally, the control aspect defines the 
operating procedures of production, describing the so-
called management cycle, i.e. the planning, 
implementation and control activities.  

Each aspect of P-PSO is an independent layer that only 
captures part of the features of the manufacturing system 
reality, whereas the whole system is exhaustively described 
by putting the three aspects (layers) together.  

The P-PSO object model contains the class structure for 
the modeling of all the three aspects explained earlier. As 
regards the implementation of the P-PSO concept, 
presently its structure is described using the UML (Unified 
Modeling Language) (UML1.4.2 - ISO/IEC 19501:2005). 
A more detailed presentation of the classes is provided in 
Garetti and Fumagalli (2012).  

Going back to the early research activities in Politecnico di 
Milano, the concept of such ontology was proved for 
different applications: 
a) Description of manufacturing systems: direct 

experience on that is reported in Bartolotta and 
Garetti (1998) and Bartolotta et al. (1999)). From a 
larger perspective also Morten and Roulet-Dubonnet 
(2011) worked in the same direction. 

b) Modelling of manufacturing systems for simulation 
purposes: directly related to research activity of 
Politecnico di Milano in Garetti et al. (2000), Garetti 
(2001) and Garetti and Macchi (2003). From a larger 
perspective also Battista et al. (2010) worked in the 
same direction.  

c) Scheduling of manufacturing systems, based on 
subsequent research started by the experience of 
Politecnico di Milano in the 90’s are then reported in 
Cavalieri et al. (2003) where the ontological 
description of manufacturing systems was used to 
allow the concurrent scheduling of a network of 
production facilities that have a common 
representation thanks to the ontology. 

It is worth remarking that even if the current paper 
focuses on the role of P-PSO for improvement of 
manufacturing system control aspects, all the three aspects 
modeled by P-PSO are involved as key elements to 
enhance the traditional control architecture of 
manufacturing systems, providing the new capabilities of 
“re-configurability”, “asset awareness” and 
“interoperability”, thus improving flexibility and 
performance of the controlled manufacturing system. 

4. Architecture of Manufacturing Execution System 

Current architectural solutions for the MES real-time 
kernel of manufacturing systems is schematically shown in 
figure 1. In order to manage a production system, the 
supervisor requires input, namely information about 
product features and order portfolio, while business logic, 
scheduling algorithms and configuration data (i.e. 



information on process, transportation and storage 
equipment) are stored in the system data-base. Part of the 
required information is directly programmed in the 
Devices Control Units (DCUs) managing physical 
equipment. Depending on the hardware architectural 
solution, these can be Manufacturing Control Units 
(MCUs), numeric controls (CNCs) or preferably PLCs. 
The current architecture of MES real-time kernel is 
composed by an appropriate hardware and software 
structure which usually requires various hardware 
hierarchical layers composed by low level controllers for 
controlling the physical devices and by higher level 
controllers for central coordination. The production 
sequence to coordinate the local controllers is generated 
dynamically at run time by the supervisor which assumes 
the role of a synchronizer rather than a sequencer (Shaw, 
1988). The system control logic can assume different 
structures: it may vary from highly centralised solutions in 
which the supervisor hierarchically controls simple control 
units, to more distributed solutions in which for example 
the CNC of the machines are enriched with functionalities 
dedicated to the control of the production system. In this 
case, the part program, other than controlling the 
machine, sends orders to the other machines as 
synchronization commands (Cavalieri et al., 2000). For 
further details about existing solutions of real-time control 
architectures of manufacturing systems refer to Garetti 
and Taisch, 1997. 

With such a fragmented and scattered information, joined 
with the rigidity of the hardware structure, it is easy to 
understand that the above presented architecture of the 
MES real-time control is suitable and efficient mainly in 
stable contexts.  

 

Figure 1. - Current architecture of MES real-time kernel 
(Storti 2012) 

5. Role of P-PSO for open automation  

5.1 Future of MES real-time control for open automation 

The evolution of the real-time control architecture in 
factory automation is directed to overcome the problem 
of rigidity of the traditional solution, as reported in the 
previous paragraph. The lack of a semantic knowledge 
base and the fragmented, scattered and not prompt 
information over the controlled production system are 

other weaknesses that do not enable easy reconfiguration 
and complete automatic decisions on how to optimize 
production. In this context, ontology seems to be a good 
solution for fulfilling the need of a dynamic knowledge 
base of the production system in its physical, 
technological and control aspects. One can argue that 
ontology is no more than a special kind of data-base and 
therefore nothing new is proposed when it is said that the 
control system data (anyhow necessary) are stored in an 
ontology, rather than in a conventional database. However 
ontology has the unique feature to be queried and updated 
by web services with languages and tools belonging to the 
world of the semantic web (Hunter, 2003). Therefore 
ontology is better than other databases to represent and 
even manage web services, given that it can interact with 
them easier than other databases which require the 
configuration of the communication (query) interface. 

This way, putting together the representation and content 
capability of the ontology (represented by P-PSO in our 
case), that contains the knowledge over the manufacturing 
system to be controlled, and the communication and 
control capability of web services, the following 
achievements are obtained: 

- A new control architecture is defined (schematically 
represented in Figure 2). 

- Ontology is the unique location where information is 
stored. 

- Web services can capture, manipulate / update 
information dynamically (in real-time) from/to the 
ontology. 

- The standard communication protocol of web-services 
encapsulate the functionalities of the production 
components in a modular structure and allows 
interoperability by enabling their publication, location 
and invocation across the wide access infrastructure of 
the web (Macchi et al., 2011), thus creating a true open 
environment for manufacturing systems automation. 

 

Figure 2. - New architecture of MES real-time kernel 
(Storti 2012) 

Indeed, the move from the traditional control system 
architecture to the schema based on ontology and web 
services enables the transition towards a knowledge-based 
production control system, in which the key is the 



standardization of production components with time and 
cost savings related to system design, deployment, 
maintenance and recycling. Standardization is the base to 
deploy intelligent distributed and open automation at 
factory level, thus achieving easy re-configurability. 

Indeed, the relevant aspect of the transition is based on 
the fact that the production system works through web 
services. This is the necessary condition to standardize the 
communication interface (see Figure 2) between the 
production and control layer (Lastra, 2005). Within the 
new architecture, the flow of information is changed 
radically, in fact, only 2 hardware levels are present (see 
Figure 2): the production layer, made of whatever kind of 
simple / complex controller “speaking” the language of 
web-services (through which it offers its unique services) 
and the control layer  that controls the production system by 
orchestrating its web services in a complex way (Puttonen 
et al. 2008). 

Web services do not substitute RTUs (PLCs, CNCs and 
so on), but they constitute a layer above the machine-level 
controllers by encapsulating their functionalities, achieving 
a great degree of flexibility in various dimensions. 

5.2 Implementation of P-PSO for an open automation MES 

The concept of the P-PSO implementation within the 
Service Oriented Architecture is represented in Figure 3. 
The ontology model is a library of production system 
elements afferent to the physical, technological, control 
aspects of the production system. Thanks to the link 
between ontology and its implementation language, the 
OWL (Ontology Web Language), derived from the 
semantic web technologies and from the RDF language 
(Resource Description Framework), derived in turn from 
XML (eXtensible Markup Language), P-PSO ontology 
can directly interact with web services. Furthermore P-
PSO, as an ontology, can be easily queried and even 
updated by SPARQL according to real events occurred at 
run time, in the production system. On the other hand, 
the web services based control layer is made of a set of 
orchestration tools that act as the supervisor control 
system, closing this way the control loop.  
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Figure 3. – P-PSO implementation for open automation 

When the control system for a given manufacturing has to 
be established, the P-PSO instance of the system is 

created by the operator through the Ontology Manager 
starting from the ontology model. This way, the instance 
knowledge base is connected to Web Services 
Orchestration that can start to send commands to the 
production layer through production web services 
controlling the physical system. On the other hand, the 
services of the production layer can update in real time the 
information content of the instance that is then available 
for the control layer. This way, flexible command 
capability is achieved through the configuration 
knowledge content of the ontology and asset awareness is 
also got thanks to information captured into the P-PSO 
instance. 

Also re-configurability is achieved, till to a plug & produce 
functionality. In fact thanks to interoperability, when there 
is the add-on of a new production equipment in the 
production layer, the new production component can be 
automatically recognized by the control layer thanks to the 
implicit knowledge, contained in P-PSO. 

6. Conclusions and future work 

The new solution presented does have some critical 
features that is worthwhile to discuss: i) ontology research 
and application are at the starting stage and many aspects 
are not reliable yet; ii) languages and tools to design, 
deploy, implement and manage ontology are just at the 
embryonic state and not ready yet to be used industrially; 
iii) in conclusion, at the present stage, the command 
capability of manufacturing systems through web services 
is still in an experimental phase, therefore robustness and 
response time must be achieved before industrial 
implementation. However, beside these important 
technical aspects, we deem that the new control 
architecture is really a challenging one, therefore, we 
consider P-PSO integration in such future architecture as 
a novelty and we expect potential great improvements by 
the development of such architecture. 

Future work in this direction will concern the further 
development of the P-PSO ontology and its full 
implementation and test on the field in combination with 
service-oriented ontology management systems. Indeed 
attempts related with this issue are already on going 
thanks to the collaboration between Politecnico di Milano 
and Tampere University of Technology (TUT).  
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