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ABSTRACT

Fragile and unreliable supply chains, due to environmental disasters or other
disruptions are a challenge for modern production companies. The concept of
Manufacturing-as-a-Service (MaaS) marks a shift from traditional manufacturing,
focusing on shared, networked infrastructures. In MaaS environments, effective
management of demand for manufacturing capabilities and supply of production
capacity is crucial, while final decisions remain with human operators. The EU
project ACCURATE (Achieving Resilience through Manufacturing-as-a-Service, Digital
Twins and Ecosystems) aims to create a distributed MaaS ecosystem that offers a
collaborative, human-centered Decision Support System (DSS) for robust planning
and resilient operations. A primary challenge is aligning services from suppliers with
the demand for physical goods, which includes transportation, warehousing, and
information, in addition to manufacturing. Semantic approaches and ontologies can
describe these services comparably. This paper introduces a semantic matchmaking
concept in MaaS networks to empower human decision makers in supply chain
management. To support this, related concepts of service-oriented manufacturing
concepts are analyzed and a working definition of MaaS is derived. Based on this, an
approach is presented that matches supply and demand for manufacturing services
while considering product process requirements. Importantly, this is not a standalone
decision-making tool but a foundation for informed choices, enabling users, like
order fulfilment managers, to receive tailored offers from suitable providers based
on recommendations from the semantic matchmaking service.

Keywords: Semantic matchmaking, Manufacturing as a service, Decision support system,
Ontology, Ontology-based, Resilient supply chain

INTRODUCTION

In today’s global economy, the vulnerability of supply chains to
environmental disasters and other unpredictabilities pose challenges for
modern production companies. These organizations aim to build resilience
and sustainability within their value chains. The objective of an ongoing
research project is to ascertain methods for mitigating the impact of supply
chain disruptions, with the aim of enhancing the resilience and sustainability
of these supply chains. In the context of the rapid evolution of industrial
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manufacturing, the concept ofManufacturing-as-a-Service (MaaS) represents
a key innovation, with the potential to reshape the way in which companies
can access and utilize manufacturing capabilities. MaaS is changing the way
how companies access manufacturing capabilities, providing cost-effective
solutions during disruptions and increasing equipment utilization. Despite
digital advancements, finding suitable manufacturing services remains
difficult. It is of great significance to match demand with the existing supply.
Therefore, this paper proposes a matchmaking approach to facilitate the
matching of supply and demand, aiming for an increase of diffusion of MaaS
in the market. The presented matchmaking approach is based on the semantic
representation of information as an ontology, which facilitates semantic
features for matchmaking as well as the extension of the information model
during its usage phase. The ontology is presented in a dedicated article as its
description is beyond the scope of this paper.

The publication is structured as follows: the next section covers the State
of the Art in service-oriented manufacturing and matchmaking concepts.
Next, it presents the Ontology-Based Matchmaking concept for MaaS
providers and customers, including the human decision maker’s role. Finally,
it concludes and discusses further research directions.

ANALYSIS OF CURRENT CONCEPTS AND RELATED RESEARCH

This chapter is aimed at establishing the necessary foundations for the
subsequent work. Consequently, a comprehensive literature search was
conducted. Initially, related service-oriented manufacturing concepts are
presented, followed by the State of the Art of related matchmaking concepts.

Service-Oriented Manufacturing Concepts

The term ‘Outsourcing’ is used to describe the practice of industrial and
service companies contracting out certain products or services to external
companies that are able to provide these products or services in a superior
or more efficient manner (Klein-Schneider & Beutler, 2013). In the so-called
Manufacturing Grid (MGrid), companies engage in collaborative activities
through the coordinated (but not centralized) utilization, integration, and
interoperability of a system of spatially distributed and heterogeneous
manufacturing resources (including design, manufacturing, human, and
application system resources using grid, information, computer and advanced
management, and advanced manufacturing technologies (Tao & Qi, 2019;
Tao et al., 2011; Tedaldi & Miragliotta, 2021).

Cloud manufacturing (CMfg) enables the transformation of the
manufacturing industry from production-oriented manufacturing to service-
oriented manufacturing (Ren et al., 2017). Henzel and Herzwurm (2018)
conducted an extensive literature review on CMfg and identified the
following seven characteristics: Networked environment and collaboration
among users (I); Service and requirement orientation (II); Interoperability
among systems (III); Effective realization of intelligence by Knowledge
and Data (IV); Virtualization principle (V); Scalability/Pay-as-you-go (VI);
Highly reliant on Trust and Security (VII). Often mistakenly considered as
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a synonym for MaaS, MaaS is rather an integral part of CMfg (Bulut et al.,
2021). The term ‘Production as a Service’ (PaaS) is also frequently used
as a synonym for MaaS, for example in Balta et al. (2017) or Hermann
et al. (2020). The focus is mainly on small-batch production, which,
in our opinion, is not incompatible with the MaaS approach. From a
terminological perspective, MaaS can be considered a subset of PaaS, given
that manufacturing constitutes a sub-area of production (Groover, 2020;
Heizer et al., 2017).

In the context of MaaS, CMfg has been described by Liu et al. (2019)
as follows: “A model for enabling aggregation of distributed manufacturing
resources (e.g. manufacturing software tools, manufacturing equipment, and
manufacturing capabilities) and ubiquitous, convenient, on-demand network
access to a shared pool of configurable manufacturing services that can be
rapidly provisioned and released with minimal management effort or service
operator and provider interaction”. The characteristics of CMfg (Tedaldi &
Miragliotta, 2021) aimed at realizing MaaS can be summarized as follows: 1.
centralized management of resources by the cloud operator (i.e. conversion
of user requests into tasks, allocation and scheduling); 2. intensive exchange
of information between resource provider, user and cloud operator; 3. on-
demand availability of resources; 4. service orientation and flexibility (high
adaptability for the user in terms of product, delivery date, volume, mix,
fast response time, flexible contractual relationships); 5. resources are pooled
and the user generally has no control or knowledge of the exact location of
the resources provided; 6. services are available everywhere and accessible
via standard devices (e.g. smartphone, laptop); 7. dynamic with uncertainty,
rapid elasticity and scalability. For the remainder of this publication the
following working definition for MaaS will be used: “MaaS represents a
service-based manufacturing concept enabled by CMfg and thus managed via
a centralized CMfg platform. A distinguishing characteristic of this concept
is the capacity to disperse manufacturing services across both geographical
and logical boundaries. Primarily demand-oriented, MaaS is characterized
by short-term collaboration. MaaS provides both individual manufacturing
services and combinations of such services (service bundles).” A detailed
examination of the derivation of this definition and a comparison with the
other manufacturing concepts will be presented in a subsequent publication,
as this is beyond the scope of the present work.

Matchmaking of Manufacturing Services

Jang et al. (2008) define manufacturing services as activities using
physical equipment for material processing. The discovery of services
involves matching orders with advertised services (Zhang et al., 2007).
In their research, Yu’an et al. discover that keyword-based service
discovery and matching in MGrids is not ideal, which is why semantic-
based matching approaches emerged mid-2000s (Yu’an et al., 2009).
Ameri and Dutta (2008) propose a matchmaking algorithm to connect
buyers and sellers of manufacturing services based on their semantic
similarities regarding manufacturing capabilities using Manufacturing
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Service Description Language (MSDL) to compensate for the lack of a
complete vocabulary for describing manufacturing services in other semantic
description languages. They develop an optimization model to maximize
similarity andminimize the number of suppliers in a supply chain. Yu’an et al.
(2009) introduce a three-layer matching method, consisting of requirements
of service function or methods (Method), constraints of object properties
of the task (Objects), and requirements of Quality of Service (QoS),
using Web Ontology Language for Services (OWL-S). Cai et al. (2011)
develop ManuHub for modelling distributed manufacturing services with
Web Ontology Language (OWL) and Semantic Web Rule Language (SWRL),
proposing a simplified and efficient semantic matchmaking algorithm
building upon the feature-based approach proposed by Ameri and Dutta.
Other authors (Liu et al., 2012; Sun et al., 2008; Yu’an et al., 2009)
use fuzzy approaches to describe semantic similarity matching. In a further
development of the approach originally set forth by Cai et al. in 2011, Zhang
et al. (2015) employ anOWL-based ontology for personalized manufacturing
service recommendations using a collaborative filtering method to automate
the semantic annotation of manufacturing service capabilities. Lartigau
et al. (2015) present a CMfg approach based on QoS evaluation extending
it with geo-perspective correlation from one cloud service to another for
traffic impact analysis. Järvenpää et al. (2017, 2018; 2023) elaborate on
an OWL-based capability matchmaking which supports rapid configuration
and reconfiguration of production systems. As this is a fundamental
prerequisite for a matchmaking to find suitable service providers for potential
service consumers and vice versa at a meta level, our work will take
this preliminary work as a basis. Zhao et al. (2017) propose multi-level
matchmaking comprising feature matching based on semantic similarity,
numerical matching based on rules, and feature matching based on task
decomposition. Siltala et al. (2019) introduce a method to check the
connectivity of manufacturing resources in addition to the capability-based
matchmaking by Järvenpää et al. They focus on interface connectivity of
resources and develop an interface ontology, which is queried with SPARQL
for the interface matchmaking. Vennesland et al. (2019) develop a semantic
matching algorithm for capacity exchange that, based on the formally
described supply chain resources returns a ranked list of relevant suppliers
given a customer query. The matching is based on various parameters to
find suppliers whose offered resources match a consumer query: process,
material, machine, certifications, capacity, and calendar availability. Delaram
et al. (2021) model resource allocation as a matching game in a public cloud
manufacturing environment, while Sparr et al. (2021) use a Multi-Agent
System for auction-based service provider selection in CMfg.

CONCEPT FOR A MATCHMAKING APPROACH IN A MaaS SCENARIO

The objective of this chapter is to advance the State of the Art by proposing
a conceptual framework for a three-stage matchmaking approach. This
framework is designed to facilitate the involvement of a human decision-
maker in the evaluation process, thereby enabling the selection of a MaaS
service or provider that meets the desired criteria.
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Involved Parties in Matchmaking

To enable MaaS, two parties must be involved. These must be a service
provider and a service customer, representing at least two contracting
parties. A MaaS provider offers services that encompass one or more
manufacturing steps, or even assume the role of a supplier. This can leverage
existing capabilities, including infrastructure, machinery, software, and
skilled personnel (Figure 1a). The establishment of organizational structures
and measures, such as standards, certifications, and process descriptions,
serves to further enhance these offerings. The motivation for becoming
a MaaS provider is diverse and can be driven by a variety of factors,
including the presence of excess capacity, underutilized machinery, or the
identification of new business opportunities. Irrespective of the rationale, the
services in question must be delineated in a manner that enables customers
to evaluate their suitability. This can be realized by utilizing characteristics to
describe manufacturing service capabilities (Figure 1a). The characteristics
are employed to ensure compliance to the customers’ specification, which
may be multifaceted. The aforementioned characteristics may be classified as
technical, encompassing quality, performance, and process-related attributes.
In the context of MaaS, customers may occasionally encounter temporal
disruptions, underscoring the importance of timely delivery. This includes not
only the time required for transport but also the scheduling of that transport.
In addition, the organizational characteristics must be taken into account, as
they may pertain to certification, the fulfillment of specific regulations, or the
provision of relevant documentation.

Figure 1: (a) Characteristics describing manufacturing service capabilities required
to provide a MaaS service, and (b) requirements describing manufacturing service
demands.

A MaaS customer represents the demand side of the supply perspective.
They require a service that can either be a part of an offering or the entirety
of the offered service. The reason that service customers are looking forMaaS
are various:

Disruption of Internal Production Processes
Unforeseen machine or production line breakdowns can reduce or eliminate
manufacturing capacity. In addition, production capacities cannot be
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achieved if quality and tolerance requirements cannot be met. Quick
replacement of this capacity is essential to meet delivery agreements
(Katsaliaki et al., 2022), which can be filled by a suitable MaaS offering.

Disruption in the Supply Chain
The COVID-19 pandemic highlighted supply chain fragility (Shishodia
et al., 2023). Analyzing risks allows for strategy development, but some
interruptions are costly or difficult to address. Disruptions include supplier
breakdowns or transport issues. MaaS can temporarily replace a supplier
until reliable supply is restored (Herold & Marzantowicz, 2023).

Short-Term Increases in Demand for Capacity
Volatile demand can lead to mismatches between capacity and customer
needs, causing losses. When demand exceeds capacity, manufacturers can
use MaaS to increase capacity.

AMaaS customer has specific demands from two perspectives (Figure 1b).
The first is the magic triangle of business: balancing quality (form, volume,
material, tolerances), cost, and time. The second perspective involves
technology, people, and structure. Technology requirements are product-
specific, people drive processes and impact organizational sustainability, and
structure includes regulations, certifications, and external conditions.

Human-Centered Ontology-Based Matchmaking

Matchmaking should support the human decision maker by leveraging the
beneficial performance aspects of both parties – machine and human (Wilson
& Daugherty, 2018). To enable an accurate and efficient matchmaking of
manufacturing capabilities with the demand perspective, semantic product
requirements and process attributes are crucial, as the matchmaking
process involves comparing the product requirements with the capabilities
of available manufacturing services to ensure compatibility and optimal
resource utilization. Based on a calculated pre-evaluation, the human
decision maker can evaluate different constraints according to the current
situation and strategic perspective (Ozkiziltan & Hassel, 2020). To support
the matchmaking between products and manufacturing services, a related
ontology class ProductServiceMatching, is developed using Ontology-Based
Matchmaking (OBMm). The comparison of matching attributes is advanced
by relating the customer perspective (service requirement) and offering
perspective (characteristics), based on the conceptual ideas of Järvenpää
et al. (2017). Both, requirements and characteristics may or may not be
quantifiable, but they have reference values for the comparison. If they
are quantifiable, they refer to a quantity, which at least has a value and a
measurement unit and can be derived from the National Aeronautics and
Space Administration (NASA) ontology for Quantities, Units, Dimension and
Types (QUDT, 2019). If they are not quantifiable, they refer to an arbitrary
instance of a class of the ontology. The OBMm procedure is designed to
facilitate a significant role for the human operator, comprising two distinct
steps, followed by a final human-inclusive decision (Figure 2).
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Figure 2: Conceptual visualization of the OBMm procedure aiming to realize a MaaS
scenario.

Firstly, the available services are filtered by the must requirements based
on their characteristics, as the MaaS customer has the ability to classify must-
requirements. All these requirements need to be fulfilled to be evaluated in the
second step. For quantified comparisons, requirements can require equality
but may be based on a minimum or maximum condition with included or
excluded boundary values (so they can be closed or open as intervals). Thus,
to define quantified requirements which are based on an interval, users must
define two requirements, one for the minimum and one for the maximum
condition. Non-quantifiable requirements are fulfilled, if the characteristic
‘has’ an arbitrary instance of the ontology class which is defined by the
reference value of the requirement.

In a second step, the remaining services are ranked according to their
fulfillment of the requirements to support the decision maker. Two measures
are taken to take account of different scales. Firstly, the weightings of the
requirements are defined on identical scales and normalized subsequently.
Secondly, the normalized weightings are scaled to compensate the order of
magnitude of the quantity of the characteristic. Possible product-service-
matchings are then provided in a ranking based on their matching degree
as the sum of the fulfillment degrees of the requirements fulfillments of the
product-service-matching to the user, who may then select a service based on
his preferences.

Finally, the decision maker can analyze details about the manufacturing
service and the providing organization to evaluate the compliance to strategic
objectives and organization conditions. This provides an additional lever for
controllability of the matching results and the service provider.

CONCLUSION AND OUTLOOK

This paper proposes an Ontology-Based Matchmaking concept for the
realization of MaaS to overcome current difficulties in matching the
demand of MaaS customers with the existing supply. To achieve this,
it was necessary to derive a working definition of MaaS from a
combination of literature analyses and comparisons of related service-
oriented manufacturing concepts, which will be described in detail in
a subsequent publication. The matchmaking approach was deliberately
selected to afford a human user the greatest degree of decision-making and
intervention power, thereby ensuring that the resulting recommendations are
solely indicative.
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Further research is required to provide a comprehensive description of
the characteristics associated with both MaaS offerings and requirements
for a MaaS service. It is essential to validate the approach by examining its
functionality across a range of use cases and the technical implementation
within a CMfg platform. It is intended to realize the matchmaking supporting
MaaS applications as a service unit within a GAIA-X ecosystem. By doing so,
the Ontology-Based Matchmaking must be technically further detailed.
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