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Modelling internal logistics systems
through ontologies

Abstract: Industry is facing an era characterised by unpredictable market changes and by a turbulent competitive
environment. The key to compete in such a context is to achieve high degrees of responsiveness by means of high flexibility
and rapid reconfiguration capabilities. The deployment of modular solutions seems to be part of the answer to face these
challenges. Semantic modelling and ontologies may represent the needed knowledge representation to support flexibility and
modularity of production systems, when designing a new system or when reconfiguring an existing one. Although numerous
ontologies for production systems have been developed in the past years, they mainly focus on discrete manufacturing,
while logistics aspects, such as those related to internal logistics and warehousing, have not received the same attention. The
paper aims at offering a representation of logistics aspects, reflecting what has become a de-facto standard terminology in
industry and among researchers in the field. Such representation is to be used as an extension to the already-existing
production systems ontologies that are more focused on manufacturing processes. The paper presents the structure of the
hierarchical relations within the examined internal logistics elements, namely Storage and Transporters, structuring them in a
series of classes and sub-classes, suggesting also the relationships and the attributes to be considered to complete the
modelling. Finally, the paper proposes an industrial example with a miniload system to show how such a modelling of
internal logistics elements could be instanced in the real world.
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1. Introduction

Recently companies are facing frequent and unpredictable market changes driven by global competition. A key challenge in
such a turbulent environment is for companies to be responsive, i.e. companies must be able to react to all kind of changes
rapidly and cost-effectively if they want to remain competitive [1]. In order to achieve responsiveness, manufacturing
companies are using novel technologies and redesigning their existing production systems to meet the new requirements: in
particular, the rapid configuration of new systems and rapid re-configuration of the existing ones are among the most
promising challenges to reach a high level of responsiveness [1].

The rapid (re)configuration of production systems has been studied since many years and great advancements have been
achieved in terms of enabling technologies and approaches, that offered a high level of automation and flexibility. A
keystone approach for flexibility and rapid (re)configuration is surely the modularity of the production system itself [2], that
perceives the system as a composition of single modules. These are recognised as elements that have a specific function and
could be controlled autonomously. The modules offer a high level of flexibility, at physical and mechatronic levels with
standard interfaces, however the control does not present an equal level of modularity: it is still thought as a whole software
system that manages the entire system in all its parts. Different studies [3-5] have suggested that ontologies could represent
the needed knowledge base to support flexibility and modularity of production systems, when designing a new system or
when reconfiguring an existing one (e.g. to casily update the control software system to be compliant with the specific
production system [6], or to share a vocabulary among developers and designers).

The production field, and in particular reference logistics-related aspects, have been studied since many years, so that
literature and applications have matured to a great extent offering de-facto standards in the industrial solutions with practical
alighment in terms and concepts among academics and practitioners. In fact, numerous research works have proposed
taxonomies, classifications and definitions in the field of logistics (e.g. [7—11]). However, their main aim was to classify the
available solutions (e.g. for material handling, storage, and picking) rather than to address modularity and (re)configurability
issues.

The contribution that this paper would like to offer is an ontology of the internal logistics (i.e. warehousing) elements, to be
used as semantic support to the modularity of production systems. The objective of the paper is to model internal logistics
systems in an ontology that could be used as knowledge base for different applications towards system modularity (to name
one, the semantics at the basis of a control systems that flexibly builds on the aggregation of single modules). To this
putpose, the authors propose both a taxonomy of the internal logistics elements and a way to model them into an ontology.

To sum up, the drivers that push this research work are:
- The need for a shared and structured definition and modelling of the internal logistics terminology, that reflects the
concepts and taxonomies already existing in the scientific community and in the industry;
- The need to build a model to support logistics systems modularity, that is going to increase even more according to
the mentioned technological trends;
- The need to develop a model for the internal logics of the logistics system structure that is machine processable
and that allows the integration of knowledge within automated systems.
The remainder of the paper will present a literature review and background in Section 2; the research objectives will be
explicated in Section 3; the research method is described in Section 4; Section 5 and its subsections present the proposed



model; Section 6 is an application example of how to use the ontological model to describe an industrial system.
Conclusions are reported in Section 7.

2. 'Theoretical background on ontologies and modelling in manufacturing and logistics

In the Information Technology (IT) field, the ontology concept describes an “explicit specification of a conceptualisation
that facilitates knowledge sharing and reuse”, where a conceptualisation is an abstract, simplified view of the world that we
wish to represent for some purposes [12]. Ontologies are the elements that can capture the intrinsic conceptual structure of
a domain and create a vocabulary to represent it [13] with an object-oriented description that expresses taxonomies and
semantically rich relationships among concepts, in this way also allowing to include knowledge into software and automatic
systems. Ontologies are knowledge bases with peculiar characteristics with respect to the traditional databases technologies,
among which the knowledge content and the knowledge structure are expressed in the same way, and, most of all, they
allow interoperability and reasoning capabilities, i.e. they may act as the “vocabulary” for the communication among
different software systems and allow deduction of new knowledge [14-18]. The potential benefits of the inclusion of
semantics in any application field through ontologies are great. By their nature, ontologies do not have a specific application
domain, but they may be the means to represent knowledge of any domain, in order to make it shared, explicit and formal
[12].
In the production systems domain, solutions under development in the last years present extremely high levels of
automation and complexity, also incorporating internal logistics systems. For this reason, a shared way to represent the
production systems is now necessary that could become a standard description of the objects constituting them.
Much work on ontologies has been already performed with a specific focus on manufacturing aspects in production. In fact,
already in 1999, it has been recognised that applications of ontologies in manufacturing are justified for three main reasons:
unambiguous communication, shared terminology and semantic alignment and ad-hoc access to single objects in distributed
industrial information infrastructure [19]. The attempts to describe the production elements of the manufacturing domain
into ontologies span from the control, to the design, simulation, production planning and life cycle data integration of the
production systems [20—24].
In literature, the uses of ontologies in the manufacturing domain can be classified as:

- Support to rapid re-configuration of manufacturing systems (as examples: [2,25-27]);

- Integrated modelling of manufacturing systems (as examples: [21,28-30]);

- Inter- and intra-enterprise interoperability for different systems (as examples: [31-38]);

- Knowledge sharing and reuse (as examples: [39-46]);

- Reasoning capabilities to deduct new knowledge (as example: [47]).

However, these have still not met a wide recognition as standardised representation of the production elements within the
manufacturing domain for the production elements. Moreover, the need for an even higher modularity level has made it
necessaty to represent in the shared ontological model not only strictly manufacturing elements but also aspects of internal
logistics (i.e. warehousing) that have not been considered enough in previous works [48]. This is needed to have a fully
flexible and modular systems.

As anticipated, the ontological modelling of logistics aspects has been less investigated by research communities [4,48]. To
offer a clear understanding of previous research on these topics, Table 1 presents some references related to existing
ontologies in the logistics arena, listed in chronological order. Specifically, in the table papers are classified accordingly to the
following criteria:

- ontology main subject, i.e. manufacturing - with logistics as a sub-topic - or logistics (first group and second group

in the table, respectively);

- ontology main focus, i.e. supply chain versus internal logistics/watrehousing;

- ontology perspective, i.e. process versus physical resources.
Also, the objective of using ontologies is reported for each examined work. Looking at this latter aspect, interestingly the
majority of papers propose ontologies for information and data integration among different systems or supply chain
partners (i.c. they exploit the interoperability potential of ontologies), however some studies envisioned the need for a more
wide-ranging logistics ontology to achieve higher flexibility and therefore be competitive in today’s global business
environment, that is in line with what the authors of the present paper agree upon.
As an example, [3] proposes an ontology for decentralised Information Technology (IT) solutions for planning and control
to have greater flexibility and re-configurability of supply chain. In this paper, the ontology is key to overcome the increasing
structural complexity and dynamicity of the modern logistics systems, which arises from trends in the global economy,
supply chains decomposition and individual customer demands. The contribution is a formal semantic knowledge model of
the information in the logistics domain using ontologies to enable automated and intelligent techniques for discovery,
ranking, execution and efficient composition of services into more complex and flexible logistics processes.

Also, [4] recognises the vital role of IT and especially the need for flexible IT architectures and intelligent approaches to
flexibly provide logistics capabilities in order to gain competitive advantage. The authors also envision the use of Semantic
Web Technologies (SWT) and Service-oriented Computing (SOC) to enhance logistics processes, and in particular they
focus on Supply Chain Management (SCM), being SOC a paradigm for distributed, potentially cross-organisational software



systems, and aims at rapidly and easily providing applications by combining single services to enable flexible business
processes.

Overall, as also pointed out by [4], in some works production ontologies present both manufacturing and logistics aspects,
but the latter are often considered as a sub-topic, mentioned within a more complete representation of the manufacture (e.g.
[2,39,49,50], to name few of them) [4]. However, some research contributions have been also found where the ontology
modelling is adopted specifically for logistics (e.g. [23,51-53]). In these studies, the term ‘logistics’ can either refer to
‘external’ logistics, i.e. connected to the flow of goods and related-information along the supply chain, or to ‘internal’
logistics, i.e. warehousing issues, such as material handling, storage and picking within a warchouse or a plant. In general, the
supply chain perspective has been more often adopted than the internal logistics one. In fact, in many of the examined
papers ontologies have been either considered to achieve higher data integration among companies operating in the same
supply chain, or for ensuring data continuity along the life cycle of a certain component. This is in line with the current
international scenario of global supply chain-based competition, thus making information exchange among supply chain
partners a competitive tool [54]. As far as internal logistics is concerned, only very few contributions are explicitly addressing
ontologies for warchousing applications, as reported in Table 1. It should be noted that, to a different extent, a number of
taxonomies were also found in logistics-oriented international peer-reviewed journals, addressing material handling, storage,
and picking systems (e.g., [7,10,11,55]). However, their main aim was to provide a classification of the existing internal
logistics solutions rather than offering a structured representation of their components and related features, as offered by
ontologies. As such, these taxonomies were excluded from Table 1.

Finally, another interesting consideration could deal with the scope of the proposed ontological representations of supply
chains or internal logistics systems. These systems can be described from a physical point of view, i.e. as a composition of
various logistics resources (such as transporters, storage modules, vehicles), or from a process perspective (i.e. describing the
interactions needed to fulfil a transportation or logistic activity). The majority of the examined ontological models adopt the
second perspective, considering logistics operations and order management-related modelling, but often neglecting the
logistic resources that carry out these operations.

Based on the analysis of the current literature on the topic, it is clear that the few existing logistics ontologies are mainly
addressing inter-organisational logistics for supply chain applications. They mainly focus on process aspects, often providing
abstract concepts and a very small number of concepts and relationships [23]. Therefore, a rich and complete ontology for
internal logistics resources, especially focused on warehousing activities, is still lacking.
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3. Research objectives

This paper proposes an extension for ontologies of the production systems to include a classification of internal logistics
resources. In particular, the extensions have been based on the Manufacturing Systems Ontology (MSO), an ontology under
development at Politecnico di Milano, within the European funded eScop (Embedded systems for Service-based control of
Open Manufacturing and Process Automation) project [74].



So far, MSO has been proved as a useful model to describe mainly discrete manufacturing and process production systems
[74-=76]. The extension illustrated hereinafter is aimed at further detailing the internal logistics domain (i.e. material handling
and warchousing) to the MSO by adding its specific concepts and relationships into the model. Specifically, the paper
proposes a holistic taxonomy of internal logistics concepts and maps the relationships between them. The guiding idea has
been to define concepts and relationships that are worth being included into an ontology that covers the internal logistics
domain, thus addressing the identified gaps in the existing literature. Possible beneficial applications of an ontology into
logistics systems are those defined in Sections 1 and 2.
This objective has been formulated into the following research questions (RQ):
- RQ1: “‘Which are the key concepts to be taken into account when defining an ontology for the internal logistics
domain?’
- RQ2: “Which are the relationships among concepts to be modelled when defining an ontology for the internal
logistics domain?’
The remainder of the paper will: (i) briefly describe the main elements of the MSO ontology on which the extension for the
internal logistics domain are meant to be contextualised; (ii) identify the internal logistics concepts that must be represented
into the ontology, together with their logical characteristics, relationships, and hierarchical links.; (iii) provide Unified
Modelling Language (UML) graphs to model concepts and relationships belonging to the internal logistics domain.

4. Research method

The adopted research method consists in an adaptation of the methodologies proposed by Lin et al. in 2011 and by Noy and
McGuinness in 2001 [41,77]. The method allows to create a Web Ontology Language (OWL) model of the MSO and its
internal logistics extension. The selection of the OWL language is based on previous research contributions that suggest it as
the most suitable modelling language for the domain of interest [78,79].

The work presented in this paper is intended to map the domain knowledge into UML language, and to be used as a basis
for the modelling activity into the more formal and machine-understandable OWL language. The choice of presenting the
UML model of the domain as a basis for the following translation into OWL is motivated by the fact that the UML notation
is easily understandable thanks to its visual nature [41]. For this reason, it is ideal as a notation for the engineers to express
the domain concepts and relationships. Only in a second moment, knowledge engineers may take the UML model and build
on it a semantic mapping. This is needed to have a translation between the UML model and the OWL. The UML language
in fact is not proper for the ontological modelling of the internal logistics, as part of the domain of manufacturing systems,
as suggested by [78], because it has no semantics properties and therefore no automated reasoning capabilities, that are
instead offered by OWL [78]. In fact, being the OWL language formal and machine-understandable, it allows
interoperability among systems and offers the potential for knowledge sharing and re-use. Moreover, using a semantic
language such as OWL, it is possible to deduct new knowledge through reasoning and inference. In this way, it is possible to
structure knowledge only partially in an explicit way (with classes and relationships), while part of it may remain implicit (as
an example, with no explicit connection between classes) and be generated when required, following reasoning and
inference techniques [14].

The need for adopting a two step-approach is already suggested by [80]: jumping from knowledge acquisition to
implementation into a semantic language (coding an ontology) without a conceptual modelling phase in between would then
require re-engineering when domain experts and system users are involved, to make the conceptual model explicit.
Currently, OWL ontology editors offer a graphical function, that represents the selected classes and their hierarchy, offering
to visualise diagrams of the classes and individuals connections that are expressed in OWL, without supporting the building
of new parts of the model with a visual interface.

From [77], the methodology adopted to build the UML-based model has been composed of seven main steps, i.e. from the
determination of the domain and scope of the ontology to the creation of instances. Figure 1 represents the methodology to
create first the MSO ontology and then to build the extension to the internal logistics domain.

The modelling process starts with the UML-based object modelling. This step needs previous material on the existing
knowledge on the domain as input, such as engineering models, taxonomies, existing ontologies and standards and provides
the UML conceptual model of the domain as output. It encompasses seven sub-steps:

- The first important decision to be made is the determination of the domain and scope of the ontology that is
under construction;

- The second sub-step requitres to consider the existing knowledge on the domain, such as the documents indicated
as input to this step (i.e. engineering models, taxonomies, existing ontologies and standards);

- Third step is the enumeration of the important concepts in the domain;

- Starting from the important domain concepts identified at the third sub-step, classes and the class hierarchy is
created as a fourth sub-step. For each concept, a class is created and it is indicated whether this class is a
specialisation of another class inheriting all its characteristics, thus defining the hierarchy among the classes.

- In the fifth sub-step, the classes are enriched with properties, i.e. with attributes and relationships among them;



- The properties are characterised with constraints, ranges and other facets in the sixth sub-step;

- The last sub-step covers the creation of instances to represent a specific individual of the domain of interest. For
the created ontology, the instantiation could cover a manufacturing system or a logistics system; with the creation
of instances of the single components, their attributes and the relationships among them.

The second step is the OWL modelling of the domain ontology. It takes the UML model from the previous step as input
and provides the OWL ontology as output. This is done through the two following sub-steps:

- FElaboration of the syntactic mapping between UML and OWL. In fact, as the two languages are different a
mapping between the two is performed. This sub-step could be done in an automated way, as suggested by [41];

- The real translation from UML to OWL must be performed manually because the semantics, which is the
additional characteristic of the OWL language, must be added to the syntactic mapping that does not include it.

Literature Review
Manufacturing and Logistics Ontology
= Engineering models
Existing manufacturingand
logistics ontologies
Existingtaxonomies of
logistics systems

SUB-STEPS:

Determine the domain and scope of the ontology
Consider reusing existing ontologies

Enumerate important conceptsin the ontology
Define the classes and the class hierarchy

Define the properties of classes

Define the characteristics of the properties
Create instances

Phase 1: UML-based
object modelling

Secondary Sources

= Production standards (e.g.
control, communication)
= Experts’ knowledge

Definition of an UML Model

SUB-STEPS:
Phase 2: OWL-based L] Elaborate the syntacticmapping between UMLand
I delli owL
ontology modelling L] Translate the UML model into OWL to include
semantics

Definition of an OWL Model

Figure 1 - Methodology adopted to build an ontology

The above-described methodology has been adopted to build the MSO ontology and its extension to the internal logistics
domain. This paper presents the outcome of the first step for the extension: it presents the UML models for the internal
logistics domain that includes the necessary concepts to be incorporated into the MSO. The work has been preceded by and
based on the outcomes of an in-depth analysis of the domain (comprising the analysis of already defined taxonomies found
in literature, previous knowledge suggested in literature, existing logistics domain ontologies and standards).

5. 'The Manufacturing Systems Ontology (MSO)

The Manufacturing Systems Ontology (MSO) is a structured representation of the domain of manufacturing systems, based
on the object-oriented methodology. It enables the description of all the relevant aspects of a generic production system
[75]. The modelling method defines a manufacturing system by addressing four different aspects separately, i.c.:
- the physical aspect, which contains the physical (static) definition of the system including workers, production
facilities (such as tools, jigs and fixtures), material handling equipment and other supplementary devices;
- the fechnological aspect, which defines the transformational (i.e. functional) view of the system, considering the
conversion process of the production factors;
- the control aspect, which stores data and describes the relationships among concepts that are needed to perform the
production system control;
- the visualisation aspect, representing and storing data for the visualisation interfaces for human users, such as screens
and visual devices.



The MSO comprises the four mentioned aspects, but for the scope of this paper only the physical aspect will be described,
with specific concern to the internal logistics, while other aspects of the MSO are hereinafter neglected. Making references
to the following documents for an in-depth presentation of the complete MSO model structure: [74-76].

5.1 MSO structure

The main concept on which the physical aspect is based on is the ‘subsystem’, i.e. an aggregation of resources as illustrated
in Figure 2. Subsystems can be composed either of smaller subsystems or of ‘components’, i.e. the elementary physical
objects in the production or logistics system.

SUBSYSTEM
I<ID : string
is after component
is before component
belongs ToComponent
hasComponent ’j
COMPONENT
-1D : string

Figure 2 - The subsystem and the component classes

Components have an ID as attribute, i.e. a code that allows its unique identification in the system, and can be specialised in
different types. Each of the following subclasses of components is linked with the ‘father class’ component with a
hierarchical inheritance: they present the same attributes and relationships of the component class (Figure 3). Specifically:

- Processors which perform transformation processes,

- Transporters which handle and transport workpieces or materials,
- Storages which stock workpieces and materials,

- Unit Loads (ULs) which are the basic handling units,

- Tools required for executing operations,

- Fixtures which hold tools,

- Controllers which are any decisional element performing functions of production planning and control in a
manufacturing system,

- Operators who are people in the production system performing transport, processing, assembling, monitoring
activities,

- Sensors which are devices whose purpose is to detect changes in an environment or to measure a certain
physical or chemical variable.

is after component

is before component
belongsToComponent

STORAGE | | PROCESSOR | |uniT LOAD| OPERATOR | TRANSPORTER | | SENSOR | CONTROLLER | [TOOL | [FIXTURE
+ull : (yes, no) -power : (on, off) -role : string type : (automatic, semiautomatic, manual)| -type : string
-elementary buffer module height : decimal  -processorStatus : (idle, busy) -operatorStatus : string ~value : string
~-elementary buffer module lenght : decimal -productionCapacity : int -meaning : string
-elementary buffer module width : decimal | -type : string -unitMeasure : string

t-warehouse height : int

(-warehouse lenght : int

-warehouse width : int

-capacity : int

-maximum weight per position : decimal

Figure 3 - Specialisations of the component class

Among components, those particularly related to the internal logistics domain are:

- Unit Loads: A unit load can be simply defined as the means used to move and handle one or more workpieces at
one time. ULs are made in different sizes and from different materials determined by the size, weight, geometry,
environmental requirements, etc. of the goods handled; they can be of different types: the most common in the
manufacturing systems are bins, boxes, baskets, disposable and reusable pallets. They are designed to be
compatible with the existing storage systems, transport systems and processors, and vice versa, therefore the ULs



influence and are influenced by the choice of the type of transporter, the type of warehouse and the type of
processof;

- Transporters: entities performing a transport function, i.e. moving material between different areas of the plant
layout. Examples are automated guided vehicles (AGVs), conveyors, fork lift trucks, and other manual or
automated transport machines, dedicated to the function of transferring and handling workpieces or materials to
vatious locations throughout the factory;

- Storages: entities performing a storage function, i.e. keeping material for later use into the industrial process;
examples are buffers, automated storage and tretrieval systems (AS/RS), dedicated to the more ot less temporary
storage of the workpieces.

The subsequent sections will be dedicated to the latter two, respectively transporter class and storage class, proposing
concepts that are necessary for an expansion of the MSO model to include the internal logistics domain.

In order to build a manufacturing and logistics system model, subsystems and elementary components must be connected
with each other. In the proposed model, the connection is represented through the following types of relationship:

- Hierarchical relationship: represented by a line with a triangle pointing to the ‘father class’ and usually presenting
the name: s a’. It indicates that the attributes and relationships of the father class are inherited to the other class,
that is called sub-class (an example in Figure 3 is that ‘storage’ is a subclass of ‘component’ and consequently will
inherit the ID attribute and the relationships to other components such as ‘belong to component’ or ‘is after
component’);

- Composition: represented as a line with a black diamond close to the class which is composed of the other class (as
an example see Figure 2: subsystem is composed of components);

- Generic association that can be named according to different needs: as an example the component class has four
associations to itself: ‘has component’, ‘belongs to component’, ‘is after component’ and s before component’
(e.g. Figure 3). This means that any component (and, subsequently, any of the sub-classes of the component class)
can be related to any other component or subclasses with a spatial relationship (is before or after in the plant) or
with the indication that a component is mounted on another and belongs to it (or the reverse ‘has it’). It is then
possible to assert that a sensor belongs to a processor and that the processor has a sensor.

5.2 Definition of the ‘transporter’ class

The primary function of a transporter lies in the transfer and handling of workpieces or flows of material. Attributes of the
transporter class are the ID attribute inherited from the component class, and its specific attribute #pe, which can either be:

- Automatic, when the transport activity is completely performed by a motorised machine, which doesn’t need the
continuous presence of an operator to run, whereas the only operator’s activities may be supervision, programming
and maintenance;

- Semi-automatic, when the transport activity is carried out by a physical device, which needs the continuous
presence of an operator (for instance, a motorised device which must be driven by an operator, or a manually
controlled crane, or a man-guided unpowered cart, or a stacker crane with a person aboard);

- Manual, when the transport activity is directly performed by a worker, without any physical device.

The transporter class is subdivided into:

- Discrete transporters, which perform independent transport missions. This implies that a single transport activity
may be performed once the previous activity has been completed;

- Continuous transporters, which perform transport in a continuous stream, e.g. on a chain. This implies, that thanks
to their structure, they can move a number of different workpieces simultaneously.

Discrete transporters
The discrete transporters inherit the attributes from the father classes ‘component’ and ‘transporter’. They also present a
specific atttibute: weight capacity per carrier, which expresses the maximum load per catrier (kg/cattier).

Discrete transporters can be either ‘area restricted” or ‘vehicles’. The former ones are used to move and handle workpieces
within a limited area or volume, while the latter are used to move workpieces along a path (i.e. fixed route versus not-fixed
route).

Area restricted discrete transporters can be divided into:
- Cranes, i.e. automated overhead equipment to move loads intermittently within a limited area or volume;

- Handlers, i.e. devices equipped with a gripper. They can be characterised by the following attributes: ar rotation
speed (°/min), arm in/ont speed (m/min), arm up/down speed (m/min), horizontal reach (m), vertical reach (m), mascinum



angle of rotation (°). They consist in ‘tobots’ (programmable, multifunctional units designed to move workpieces or
specialised devices between set points in space via a continuous path, for performing a variety of tasks), that can be
specialised according to the geometry of the positioning axis of the arm. The latter indicates the shape of the
working volume, which is defined as the set of points that can be reached by the gripper of the arm (Cartesian
robots, anthropomorphic robots).

Vehicles are characterised by the attributes: speed (m/min) which can be lifting or horizontal speed, and acceleration (m/min?).
They can be divided into:

- Guided path discrete transporters (GPDT), used to move workpieces along a predetermined path. The path serves
as a guide for mobile units or load carriers with their own propulsions units. Usually the #pe attribute in GPDT is
set to automatic. GPDT also can be characterised by their specific attributes: route which can be fixed or semifixed
(the route is defined as fixed when the GPDT are used to move workpieces along a guided path, with a
predetermined transport route without route alternatives; while it is semi-fixed when the GPDT are used to move
workpieces along a guided path but with route alternatives), and number of vebicles. They are specialised according to
their lifting capability, i.e. ‘non-lifting GPDT’ (vehicles provided with translational movement, but without any
lifting movement - except a small lifting necessary for downloading-uploading the UL) and ‘lifting GPDT’ (with
both translational and lifting movements).

- Free path discrete transporters (FPDT), not following any fixed path. Typically, FPDT have a semi-automatic #pe.
They can be specialised according to their lifting capability, i.e. ‘non-lifting FPDT” and ‘lifting FPDT’, with the
same approach than GPDT. The FPDT are characterised by the following attributes, as examples: maximum lift
beight (), lifting weight capacity (Kg), required minimum aisle width (), tnrning radius (m).

The mentioned specialisations in which discrete transporters are classified are reported in Table 2, that also presents the
classification of the transporters of this type.

Table 2 - Summary of the specialisations of discrete transporters

Class Subclasses Examples
. Non-lifting GPDT Cart-on-track, Automated guided vehicle (AGV), Laser guided
Guided path . . . . .
vehicle vehicle vehicle (LGV), Tow line conveyor, Rail mounted vehicle
s . Lift, Automated guided vehicle (AGV), Laser guided vehicle
Vehicles (GPDT) Lifting GPDT vehicle LGV
Free path Non-lifting FPDT vehicle | Order picking cart, Transpallet, Hand cart, Tractor trailer
vehicle e . Order picker truck, Counterbalanced truck, Stacker, Reach
(FPDT) Lifting FPDT vehicle truck, Very Narrow aisle (VNA), Side Loading Forklift Truck

A Cranes Overhead travelling crane, Jib crane, Stacker crane, Traslo-
rea

cred elevator
restricte .
discrete Anthropomorphic robots -
Handlers Cartesian coordinates robot, Cylindrical coordinates robot,
transpotters Robots

Polar coordinates robot

Discrete transporters have two characterising elements that are needed to be represented in a conceptual model of the
domain: the ‘path’ concept and the Tocation’ concept.

The path is the set of points that a vehicle can or must follow. The path can be ‘single’ if it is without intersections, directly
connecting two component of the manufacturing system; it can be ecither a line or a close loop; or ‘combined’ if it is
composed of single paths. In general, the path can be curved or straight, with or without intersection, open or close loop.
The path can be either a single track (i.e. in case of a path directly connecting two stations), or a combination of more tracks
(i.e. in case of path with intersections); in this last case, the path is divided into single tracks linked between them. In case of
a transporter serving more stations in line, the path is divided into single paths connecting the stations two by two; between
each couple of tracks there is the location element, which models the stopping positions in front of the stations. The design
of a GPDT involves both the definition of the vehicle itself and the definition of the path. In fact, the design of these
transporters (i.e. an AGV) consists to a great extent in the definition of the path. The same approach can be followed in
modelling the FPDT: in fact, in this case, even if there isn’t any fixed path, the transporter is allowed to run along the areas
of a plant which are not occupied by other physical resources. Therefore, after having designed the plant, it is possible to
identify the feasible path that FPDT can follow; the feasible path specific of every transporter depends also on the service
activities assigned to it. Therefore, also FPDT can be modelled by defining both the vehicles and the path along which they
can move. In case of an elevator the path is vertical. The path concept has some characterising attributes, as examples:
capacity (maximum number of vehicles that may be on the path at once) and /Zngth (m).

Locations can be for instance points in correspondence of which there is loading/unloading of wotkpieces to/from another
component (a processor, a warehouse or another transporter) or the processing activities in case that workpieces are directly
processed on the transporter holding them. This concept is important because once the path has been defined, it is
important to define those points along the path in which a vehicle (belonging to the discrete transporters class) can stop
(even if theoretically the vehicle is able to stop in any point). The location concept can be ovetlapping with the path concept
when the vehicle moves along them without stopping, or it can be totally separated when there are stopping positions,




where the vehicle stops. A location can have a single position (when there is a single stopping position in which the vehicle
can stop) or multiple positions (when there are multiple stopping positions one next to another and the vehicle can stop in
any of them). From this consideration, it can be stated that the connection between the two concepts (location and path) is
that a single path can be either a simple path (if it doesn’t have the stopping capability) or a location (if it allows vehicles to stop
in that position).

Continuous transporters

Continuous transporters inherit the attributes from the father classes ‘component’ and ‘transporter’. In particular, they are
usually characterised by the value of the #pe attribute set to ‘automatic’. Specific attributes of this class and its subclasses can
be, for instance:

- horizontal speed (m/min): hotizontal speed of the continuous transporter;

- wertical speed (m/min): lifting speed of the continuous transporter;

- length (m): it is the total length of the continuous transporter;

- ncline (°);

- acceleration (m/min?);

- width (mm): continuous transporter width (i.e. belt or cart width);

- minimum feed lag: minimum time lag between two subsequent loadings;

- moving method: powered or unpowered (examples of unpowered are the manual systems or systems by gravity);

- minimum curve radjus (mm);

- accumnlation (Boolean values: ‘yes’ or ‘no’): continuous transporters can be able to accumulate workpieces; this
attribute will be set to ‘yes’ if the continuous transporter is used for the accumulation of workpieces or to ‘no’ if
not.

For some kinds of continuous transporters accumulation is easy to achieve (i.e. roller, chute and wheel conveyors), while for
others it is very hard to achieve (i.e. chain, belt and slat conveyors). For these latter, accumulation is generally achieved at
some points, by combining them with modules of accumulating conveyors (wheel or roller) for accumulation purposes, even
though numerous other methods can be employed for this objective. Therefore, the accumulation capability depends on the
physical characteristics of conveyors. Then the possibility for a conveyor to accumulate generally depends on the placement
of specific systems, such as sensors and blockage systems. In fact, during the design process of a conveyor (i.e. a roller
conveyor) the designer defines which modules of the conveyor must allow the accumulation and which modules must not.
For this reason, continuous transporters that are not able to accumulate workpieces (i.e. chain, belt and slat) will have a ‘no’
value in the accumulation attribute, while continuous transporters able to accumulate workpieces (i.e. roller, chute and
wheels) will have a ‘yes’ or ‘no’ value according to the specific design case. A continuous transporter accumulating
workpieces can be considered both as a storage (since it is able to store a certain number of ULs and it is characterized by
the attributes of storages, such as the size of the buffer, and implements a specific queue discipline) and to the transporter
class.

Continuous transporters can be specialised in:

- Bulk loading continuous transporters (BLCT), where workpiece and material loading is continuous, therefore it is
possible to load workpieces and materials in any point of the transporter. In BLCT the overall capacity depends on
the size of workpieces. BLCT are usually characterised by a zero-value minimum feed lag. They also present the
atttibute of Znear weight capacity, that expresses the load per linear meter (kg/m).

- Discrete loading continuous transporters (DLCT), where workpieces or materials are loaded in the transport
system at one or more predefined points or at a predefined distance from the previous workpiece or material unit.
The attribute minimum feed lag in the case of DLCT must be fixed for each DLCT instance. Other specific attributes
of this class can be the weight capacity per carrier (expressing the maximum load per cartier in kg/cartier) and the
number of carriers.
Table 3 represents the list of possible transporter types belonging to the continuous transporters, divided into bulk and
discrete loading,

Table 3 - Continuous transporters

Class Examples

Bulk loading continuous transporters

(BLCT)

Chute conveyor, Piping systems

Discrete loading continuous Belt conveyor, Slat conveyor, Tray conveyor, Trolley conveyor, Chain conveyor,
transporters (DLCT) Roller conveyor, Power-and-free conveyor, Wheel conveyor, Cross-belt

BLCT are composed of a number of modules, that can be unidirectional, or with multiple inflows or outflows of
workpieces. For this reason, it has been specified that they are in a relationship of ‘composition’ with:




- ‘Unidirectional modules’ a conveyor module that receives workpieces from a previous module or another device
and is only able to make it proceed to the next module.
- ‘Table modules™ a conveyor module that has both the transportability of moving the workpiece the next module
and receiving it from (or sending it to) different directions.
The subclasses of the “Transporter” class are represented graphically (according to the UML notation) in Figure 4.



Figure 4 -Subclasses of the transporter class

5.3 Definition of the ‘storage’ class

The primary function of storage in a production system is to house material for staging or building inventory for later use in
the industrial process. The storage system is composed of elementary components (also called elementary buffer modules),
each presenting geometrical and structural characteristics (maximum size and weight allowed), which together create the
overall capacity of the total storage system.

Specific attributes of this class and its subclasses can be, for instance:

Jfull Boolean: yes/no): it indicates if the storage space has ended (with “yes” value) ot if there is still space (“no”
value);

elementary buffer modnle height (mm): height of the single elementary storage component;

elementary buffer module length (mm): length of the single elementary storage component;

elementary buffer module width (mm): width of the single elementary storage component;

warehouse height (-): number of elementary buffer module in the height direction;

warehouse length (-): number of elementary buffer module in the length direction;

warehouse width (-): number of elementary buffer module in the width direction;

capacity (-): number of ULs that the overall storage system is able to store;

maximunm weight per position (kg): maximum weight allowed per each UL that is stored into the storage system.

Storage systems can be classified into:

Continuous Storage: storage types typical of the process industry (e.g. that can house liquids, for grains, for
gases...);

Discrete Storage: storage types typical of the discrete manufacturing (e.g. storage for single components,
workpieces and finished products).



Among the discrete storage types, we can divide among;

Single-depth storage, also called direct access, because all the stored ULs are directly accessible and it is therefore
possible to retrieve any UL.

Multiple-depth storage, also called indirect access, where the access is limited to some ULs and a specific discipline
regulates the sequence of UL retrieval (LIFO — Last In First Out - or FIFO — First In First Out - disciplines);

Table 4 synthesizes the storage types and hierarchy.

Table 4 - Storage types

Class Subclasses | Examples
Continuous ) Tank, Silo
Storage
Single- Single-deep selective rack, Bin shelving, Drawers in cabinet, Mobile storage, Vertical
depth Storage System, Single-deep Miniload, Horizontal Carousel, Vertical Carousel, Single-
Storage Storage deep AS/RS, Single-deep-AVS/RS
Discrete Multiol FIFO Flow Rack, Drive-through, Accumulating continuous loading parallel
Storage de tt}llp © transporter, Multiple-deep AS/RS, Multiple-deep-AVS/RS
sto}?:age Multiple-deep rack, Block stacking, Push back rack, Drive-in rack, Stacking
LIFO frame, Multiple-deep miniload, Multiple-deep AS/RS, Multiple-deep-

AVS/RS, Pallet rack with Flow rail

The subclasses of the class storage are represented graphically (according to the UML notation) in Figure 5.

STORAGE

-full : (yes: no)
-elementary buffer module height : decimal

| tary buffer module length : decimal
-elementary buffer module width : decimal
-warehouse height : int
-warehouse length : int
-warehouse width : int
-capacity : int =
-maximum weight per position : decimal

DISCRETE STORAGE CONTINUOUS STORAGE

MULTIPLE DEPTH STORAGE

SINGLE DEPTH STORAGE

5

2

FIFO

Figure 5 — Subclasses of the storage class




6. Industrial Example

An industrial example in the mechanical industry has been used to show how the modelling of the system can be applied to
an internal logistics context. The examined system is composed of a miniload for case picking and storage operating within a
factory warehouse. It is used for retrieving cases, which are the unit loads of this system, or single workpieces (i.e. single
items contained in the cases) both to feed the production departments (i.e. an assembly station) and to serve final customers
(i.e. picking station). Figure 6 provides a schematic representation of the system under consideration. As an example, Figure
7 reports a 3-D image of a miniload system with three aisles.
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Figure 6— Miniload system representation
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The miniload consists of two aisles characterised by single-deep, double-sided storage racks. Each storage position is the
same size and can hold one case (cases are sized 400x600xh=300 mm; max 20 kg). Each aisle has 27 storage levels (unit
height clearance per storage position — including allowances — equal to 550 mm), with a storage capacity of 2.538 cases for
each aisle, thus being the overall capacity equal to 5.076 cases. Each aisle is served by a crane (maximum horizontal velocity
6 m/s, maximum vertical velocity 3 m/s; acceleration/deceleration rate of 2,7 m/s?). Cranes move hotizontally and
vertically simultaneously when picking ot storing cases, guided by a control system. The input/output (I/O) point is located
at one end of each storage aisle. One buffer (called buffer out) handles the cases which have been retrieved, the other one
(called buffer in), located on the other side of the storage aisle, handles the cases to be stored.

The miniload is connected to a roller conveyor operating in a closed loop with automatic divert mechanisms and
accumulation lanes. When performing storage activities, cases wait for the crane — whereas cases are taken from the buffer
out and loaded on the roller conveyor in case of picking — so that roll conveyor and crane can work independently from one
another. The conveyor feeds: (i) a picking station — also used as case loading/unloading bay (i.e. full cases coming from the
receiving area/empty cases coming out of the miniload) — and (ii) an assembly station. Both picking and assembly stations
have buffers (a buffer in and a buffer out, respectively).

In case of a picking activity, the control system identifies the aisle in which the workpiece to be picked is located in the
miniload, and guides the crane to the storage position. The crane retrieves the entire case and moves it to the roller
conveyor. The control system determines the destination station for each retrieved case, i.e. picking station versus assembly
station. After their arrival to the station (i.e. picking or assembly), operators select the required workpiece(s) from the case.
In the picking station, the operator picks the required workpiece(s) based on the customer’s order and places them into a
box, to be transferred to the warehouse dispatch area, consolidated and finally shipped to their final destination. In case of
an assembly operation, workpieces retrieved from the miniload are assembled into finished products, and these latter are
loaded into cases that are eventually stored into the miniload.

The described industrial case can be modelled through the use of the classes and relationships that were defined in section 5
of this paper. The overall system can be called “Miniload System” and is an individual of the “Subsystem class”, with the
type “miniload”.

The Miniload System is composed of four Subsystems: the two aisles and the picking and assembly stations. These can also

be considered as subsystems, as they are composed of modules.

The Aisle 1 (attribute “type: aisle”), which is composed of a crane to move workpieces horizontally and vertically along the
aisle, two single-deep miniload storages, a buffer to input workpieces and a buffer to output workpieces from the storages.
They can be represented by creating individuals of subclasses of the Component class. In particular:



a. Cranel can be represented as an individual of the following class hierarchy: Component, Transporter,
Discrete Transporter, Area Restricted Discrete Transporter, Crane. Its attributes are representing its
physical characteristics, according to the provided description of the case: horizontal and vertical speeds
respectively equal to 6 and 3 m/s, acceleration equal to 2,7 m/s and moving method with “powered”
value.

b. Single-Deep Miniload 11 and Single-Deep Miniload 12 can be represented as two individuals of the
following class hierarchy: Component, Storage, Discrete Storage, Single-Depth Storage, Single-Deep
Miniload. Their attributes are representing the physical characteristics: geometry of the single storage
module (elementary buffer module height equal to 300 mm, length equal to 400 mm, width equal to 600
mm), geometry of the miniload storage (warehouse height: 27 cases, length: 10 cases, width: 1 case),
capacity equal to 1269 cases and weight allowance: maximum 20 kg per position.

c. Buffer-Inl and Buffer-Outl can be represented as two individuals of the following class hierarchy:
Component, Storage, Discrete Storage, Single-Depth Storage. Their attributes are capacity of storing
cases (equal to 3 cases, according to the case description).

2-  'The Aisle 2 (attribute “type: aisle”) is represented in the same way as the Aisle 1, and its components also have a
direct correspondence to the already mentioned in Aisle 1, also because their physical characteristics are the same,
according to the case description, so also the attributes will receive the same values.

a.  Crane2: it has the same representation as Cranel, see description of Cranel.

b. Single-Deep Miniload 21 and Single-Deep Miniload 22: they have the same representation of the Single-
Deep Miniload 11 and Single-Deep Miniload 22, please see description above.

c. Buffer-In2 and Buffer-Out2: they have the same representation of Buffer-Inl and Buffer-Outl, please
see description above.

3-  The Picking Station (attribute “type: picking”), which is composed of a buffer to input workpieces, a buffer to
output workpieces from the station, and of a picking operator:

a. Buffer-In-Ps and Buffer-Out-Ps can be represented as two individuals of the following class hierarchy:
Component, Storage, Discrete Storage, Single-Depth Storage. Their attributes are capacity of storing
cases (equal to 3 cases, according to case description).

b. Picking Operator is an individual of the operator class and has as attribute is “role: picking”.

4-  The Assembly Station (attribute “type: assembly”), which is composed of a buffer to input workpieces, a buffer
to output workpieces from the station, and of an assembly operator:

a. Buffer-In-As and Buffer-Out-As can be represented as two individuals of the following class hierarchy:
Component, Storage, Discrete Storage, Single-Depth Storage. Their attributes are capacity of storing
cases (equal to 3 cases, according to case description).

b. Assembly Operator is an individual of the operator class and has as attribute is “role: assembly”.

The Miniload System is also composed of a Roller Conveyor, which is a component, as it is a basic module of the system.
Its role is to connect the various parts of the system, thus allowing workpieces to be moved along the above-presented
subsystems. For this reason, it has relationships “is after component” and “is before component” with the input buffers of
the assembly and picking stations and with the input and output buffers of the aisles.

The graphic representation with UML notation of the considered miniload system is shown in Figure 8. The domain
knowledge structure is recalled in blue colour (for simplicity only the involved classes), while the individual instantiation
representing the single object of the system is in yellow colour. Also the attributes have been given a value, according to the
description of the above-reported case.

After the UML modelling, the suggested internal logistics system description must be translated into a semantic language in
all its parts (classes, relationships, attributes) by instancing the OWL ontology structure, in order to be able to exploit the
initial purposes and intended uses of the instanced ontology. As an example, reasoning and knowledge inference could be
performed by automated software systems to make use of the explicit and implicit knowledge stored into the ontology. At
this stage, the semantic mapping, the hierarchical relationships, the properties and the functional and symmetrical features of
certain properties should be carefully dealt with in order to employ lower modelling effort, keep the ontology consistent and
ensure the reasoning will produce consistent results and end within a limited time [14,78].

This type of representation could be the basis for different applications that may allow numerous technical and industrial
benefits. From a technical perspective, the MSO ontology — of which the paper proposes an extension for internal logistics
aspects — is intended to support the service- and CPS-based production systems orchestration, acting as a knowledge
support to the Manufacturing Execution Systems (MES) and control system [81]. The ontology stores all information



needed to control and orchestrate the system: it is then possible to automatically retrieve and update information in the
ontology through services that produce queries reflecting the current status of the system. This enables to support the
typical operations of a system: monitoring the production and logistics system, providing information on either the
technological cycle or logistics routing that a workpiece shall follow in the system, the current status of resources (idle,
working or faulty), or the main production Key Performance Indicators (KPIs) computed from sensor data stored in the
ontology [82]. In particular, the proposed extension of the MSO is offering these potential in the internal logistics field [44].
Moreover, by offering a unique vocabulary to represent the internal logistics concepts, the proposed ontology could be used
to ensure interoperability of the different devices and systems implemented in a logistics system. This leads to several
benefits achievable from an industrial perspective: it supports re-configurability and flexibility of the system, as an up-to-
date ontology can offer the required information (explicitly or implicitly through reasoning). A typical information offered
by the ontology to the various services and devices in the system is about how they should collaborate, exploiting the
technical potential for interoperability and support to control systems; in this way requiring less efforts of human manual
programming, since the automated system could be automatically configured accordingly [6]. This opens the way to faster
commissioning times for both new production and logistics systems and modifications of existing ones, leading to shorter
time to market for new products.
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7. Conclusions

Ontologies for production systems have received a strong research attention in the past years. They have been developed,
proposed and applied to different contexts and scenarios and to different purposes (i.e. simulation, control, design, planning
to name a few). Aspects of the production domain have not been treated equally by previous research contributions. In
particular, many developments have been carried out in the field of discrete manufacturing, while logistics aspects have not
received the same attention so far, despite their key role in industrial systems. Internal logistics, and in particular
warehousing aspects (including storage, picking and handling activities), are usually not treated in the previous works on
ontologies, with very few exceptions. However, ontologies representing the internal logistics field could be extremely
valuable in today’s unpredictably-changing market, because they could act as the knowledge support to allow companies to
achieve higher modularity and responsiveness. In fact, the current industrial situation is now facing a new era where
modularity will play a key role and the challenge will be the effective deployment of modular solutions. Thanks to the
ontology, a machine-readable description of each concept of the system and of the relationships between concepts is
possible, thus supporting a full modularity and adaptability of the information systems connected to the production or
logistics system. This description enables an easier and faster re-configurability of the system when needed.

The paper aims at offering a representation of logistics aspects, to be used as an extension to production systems ontologies
that have been more focused on manufacturing processes so far. In particular, the authors envision this contribution to be
inserted in an already developed ontology, the MSO, developed within the European funded project eScop. This
representation reflects what has become a de-facto standard terminology in industry and among researchers in the field.

The scope of the modelling activity has been the logistics resources and the relationships among them. This has been
motivated also by the fact that the existing literature on the topic usually focuses on the logistics processes, not modelling
the resources that perform them.

The paper presents the structure of the hierarchical relationships among the internal logistics elements, such as Storage and
Transporters, structuring them in a series of classes and sub-classes, suggesting also the relationships and examples of
attributes to complete the modelling.

Finally, the paper proposes an industrial example with a miniload system to show how such a modelling of internal logistics
elements could be instanced into a real case.

The implications offered by this research work are both academic and practical. From an academic perspective, this work
has two implications: on the one side, it offers an internal logistics classification distinguishing from the previous ones for
the focus on the physical resources and elements (as well as relationships among them) rather than on logistics processes, as
it appears from the literature analysis section of this paper. On the other side, this classification is at the basis of the creation
of an internal logistics extension to an existing ontology. This contributes to the research stream of ontologies to support
logistics activities, so far mainly focussed on supply chain issues rather than on internal logistics.

From a practical perspective, the technical and industrial benefits discussed in section 6 have an impact on the economic
and technical performances of the system. In fact, the faster ramp-up and commissioning times in case of new logistics
systems enable new ways for manufacturing companies’ responsiveness, based on the higher flexibility and re-configurability
of semantic knowledge-based systems. From an economic point of view, this leads to both lower costs in terms of software
development and shorter lead-times, improving the customer service and, thus, company profitability.

The described research work also paves the way to interesting future research paths, as it presents the description of the
internal logistics field to be used as an extension to the MSO, the ontology for the manufacturing systems domain. This
joint representation of the logistics and production areas is in line with the most advanced research trends in the context of
smart manufacturing. In particular, the presented representation could be one of the enablers to the recently-formulated
Synchro-push approach to production management, as described in [83]. Besides, it will be relevant to develop advanced
maintenance systems featuring Prognostics and Health Management capabilities, combined with the modularization of
supported functions and information to provide high flexibility for different applications in manufacturing [84,85]. Further
research to better frame the role of manufacturing and logistics ontologies in production environments based on the
Synchro-push paradigm is envisioned, in particular to understand the benefits brought by such an approach through its
application to simulated and real industrial cases.
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