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Summary
This deliverable addresses the study of the sum total of requirements that a truly autonomous and
sustainable production system may pose. The deliverable encompasses a vast literature study that
analyzes and structures over 20 years of work within the field of adaptable/evolvable/autonomous
production systems. As the volume of work is considerable, the initial single deliverable has been
sub-divided into two:
Phase 1: First of all form a list of all potentially suitable requirements for a given set of expected
characteristics.
Phase 2: Structure, streamline and categorize the requirements in relation to forthcoming social &
industrial transformations.

Team involved in deliverable writing:
KTH
UNINOVA
MONDRAGON
CNR

3 (47)
This project has received funding from the European Union’s Horizon 2020
research and innovation programme under the Marie Skłodowska-Curie grant No.
814078

DiManD Deliverable D3.1
Diman

D

Foreword
DiManD aims to develop a high-quality multidisciplinary, multi-professional and cross-sectorial
research and training framework for Europe with the purpose of improving Europe’s industrial
competitiveness by designing and implementing an integrated programme in the area of intelligent
informatics driven manufacturing that will form the benchmark for training future Industrie 4.0
practitioners.
This will be done in compliance with the industrial requirements such revolutionary production
systems will pose, and will also attempt to crystallize a finite set of system requirements derived from
real-world conditions.

Introduction
Although Industry 4.0 (Ind 4.0 herewith) has become the undeniable leitmotif of current research in
production systems, its roots date back to the turn of the century with publications such as “Visionary
Manufacturing Challenges”1 and the Assembly-Net Roadmap2. The R&D community has developed,
tested and pursued the fundamental objectives of Ind. 4.0 for more than two decades and its current
surge is predominatly due to the pervasiveness of internet, the computational power increases and
miniature sensor technology developments of the past few years. This burgeoning interest for Ind.4.0
has, however, overlooked one of society’s most pressing issues: the need for a sustainable future. This
deliverable will therefore attempt to clarify and structure the requirements a true industrial revolution
may pose: one in which digitalization developments are carried out in full synchronization with
sustainability demands.
The bottom line is rather brutal: Ind. 4.0, as defined at present, does not truly represent a revolution.
It is a further enhancement of an existing paradigm: the electrification of mass production (second
industrial revolution) and the addition of computer technology to it (third industrial revolution) serve
to underline how the real paradigm of mass production has been incrementally optimized; however,
it has not changed in its fundamental objective of creating value out of high-volume production. Most
current Roadmaps and research fail in one incredibly fundamental aspect: the problem definition
and/or context.

Fig.1:- The impact of mass production on all humans do

The world cannot continue operating on the mass production paradigm. In case one would tend to
deny this: all of modern society operations are based on this paradigm: mass production of electricity,
mass production of food, mass production of water supply, etc. It has permeated our mind to the
degree that we no longer question it. But it IS the most destructive approach possible in terms of
sustainability. In view of this, and underscored by the UNESCO publication [1], DimanD will attempt
to detail how the future needs will force a radical and truly revolutionary re-assesment of this
1“

National Research Council. 1998. Visionary Manufacturing Challenges for 2020. Washington, DC: The National Academies Press.
https://doi.org/10.17226/6314.
2

M. Onori, J. Barata, J. Lastra, and M. Tichem, "European Precision Assembly Roadmap," Assembly-Net Project 2002.
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paradigm. In order to achieve this, DimanD will merge the required objectives of sustainability with
those of digitalization.
Sustainability as a driver
The underlying goal of Ind.4.0 is to enable every manufacturing industry to assist in the transformation
of society into digital ones in which societies become ever more advanced and smarter. Virtually all
industries are entering into this digital reality and technologies are changing very rapidly. To enable
this, industrial corporations are moving from hardware to software (digitalization), developing new
business models with support of Artificial Intelligence (AI), deploying Internet of Things (IoT), and
Cloud services. These changes are necessary for creation of new ecosystems with partners both within
the private and public sector creating solutions with new, sharing economies. However, with rising
social and economical imbalances, climate change, environmental/resource depletion, and an
increasing cyber-dependency the underlying industrial paradigm needs to be revised. These global
trends are contributing to various risks, such as social instability and resource depletion [2]. With a
total of 54% of global energy being used for manufacturing purpose, which creates 20% of all
greenhouse gas emissions ([3]-[4]), this equation will end up posing humanitarian threats.
So as to eliminate the causes of the above global trends, industries have to shift towards an ideal
manufacturing concept which focuses on green (sustainable) value creation [5]. Integrating
sustainability into the industrial equation will potentially lead to new growth and profitability and stop
the squandering of resources. By developing technologies with sustainable design, manufacture and
servicing of products, industries may grow profit by accessing new markets and consumers with new
business models. “Product as a service” and “product life extension” are examples of such circular
economy business models, a future with an estimated $4.5 trillion global economic opportunity, but
this will require new technologies like CPS, cloud technologies, and digital twins [6]. Hence the need
to merge sustainability drivers to digitalization requirements.

2.1 Objectives and Framework of Requirement Specification
 In the context of manufacturing the sustainability dimension can be embodied in two main
families of business models: sharing economy and circular economy.
 Achieving sharing and circular economy is a typical “challenge-driven” research effort, while
CPS research is mainly driven by application (application based research). The work will
therefore have to analyze the two approaches and derive an adequate solution.
 In order to allow this major step in production systems, CPS need to be AUTONOMOUS
systems rather than simply Automatic systems (see figure below): the entire chain of events
will need to be re-defined, from product development to re-cycling.
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Fig. 2:- New Business Models

 Autonomy is a major enabler of circular and sharing economy! In this preliminary merged
approach between sustainability & digitalisation, the focus will be on these new economies,
which, in order to develop CPS that targets the challenge of achieving sharing and circular
economies, will require a reference architecture that features this perspective.
 Autonomy can enable efficient business models that allows the leasing of equipment rather
than the ownership. This in turns enables, sharing and circular economies. These statements
will have to be corroborated with validated proof, such that the new paradigm may be
developed step-by-step on existing foundations.
 Features of an autonomous system will be highlighted, primarily with respect to
sustainability aspects: focus will be on which particular requirements of autonomous
systems need to be given priority.
The paradigm shift detailed in the above set of objectives will rely on a foundation of new
characteristics. These characteristics have already been identified by previous research (EPS[7],
Holonic[8], etc) and may be summarised as follows:
o
o

Modular Hardware
Self-X behaviours: which one are the most important self-X behaviours to achieve
autonomous systems?
▪ Self Configuration
▪ Self Organization
▪ Self Diagnostic
▪ Self- Learning
▪ Compatibility with New Economy

Gap addressed by this literature review:
The study detailed in this report will first of all try to identify what the current status of self-x
behaviours in manufacturing is. Subsequently, in relation to the new requirements found for a truly
sustainable production paradigm, the study will list the missing aspects and requirements. The study
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will analyze the five separate sub-topics of Self-X behaviour, as listed below. Modularity will not be
analyzed in depth as modular production systems have been developed and used within industrial
context.






Self Configuration
Self Organization
Self Diagnostic
Self- Learning
Compatibility with sharing&circular economy

Research objective:
Detail the requirements of a reference architecture that supports autonomous production systems
that enable profitable exploitation of new, sustainable economies
o

General Requirement of a reference Architecture

o

Specific requirements for each sub-category▪ Self Configuration
▪ Self Organization
▪ Self Diagnostic
▪ Self- Learning

The second stage of the work will exploit Quality Function Deployment (QFD) methods, and possibly
others, in order to extricate the real-world, industrially viable set of requirements. In order to achieve
this the study will analyze the overall requirements against a set of “real-world conditions” such as:
 Sustainability factor
 Standardisation feasability
 Cost advantage (devt. costs vs utilisation costs); time-bound
 Industrial readiness
 Robustness
 Risk
 User friendliness

2.2 Industrial viability
The second stage of the work, which will be covered in D.3.1b, will exploit Quality Function
Deployment methods, and possibly others, in order to extricate the real-world, industrially viable set
of requirements. In order to achieve this the study will analyze the overall requirements against a set
of “real-world conditions” such as:
 Sustainability factor
 Standardisation feasability
 Cost advantage (devt. costs vs utilisation costs); time-bound
 Industrial readiness
 Robustness
 Risk
 User friendliness
Note, however, that the “industrial viability” will have to be constrained by gornment regulations and
European Commission policies if true sustainability are to succeed. This is by no means a novel
7 (47)
This project has received funding from the European Union’s Horizon 2020
research and innovation programme under the Marie Skłodowska-Curie grant No.
814078

DiManD Deliverable D3.1
Diman

D

concept. In 1974, a group of very senior researchers and scienmtists presented a book titled “Limits
to Growth” [9]. This publication detailed how the world would encounter a shattering crisis if the mass
production paradigm would not change. This publication was heavily criticised and was largely
forgotten until 2008, when a group of researchers decided to examine if the 1974 predictions had
turned out to be true [“Is Global Collapse Imminent? “]: the projections derived in 1974 were proven
to be incredibly accurate, underlining the urgency to seriously adopt their conclusions [10].

DimanD will therefore carry out this work in a stage-by-stage process that precludes all existing
paradigms: the world requires a completely new paradigm that allows for a co-existence of industry
and nature.
This is not absolutely new ground. The literature review points out that several paradigms have
attempted to underline such new needs: Holonic Manufacturing, Evolvable Production Systems, and
more. The goal now is to analyze all known approaches and extricate the industrially viable
parameters, such that a step-by-step approach to the forming of a new paradigm may take place.

2.3 Approach/Methodology
Phase 1: Using Ind.4.0 as the foundation of the research, explore the requirements needed to go
beyond and develop systems with both sustainability and digitalisation as drivers. This is essential
due to the standardisation needs- the development work done to date follows a range of standards
set by industry. These must be adhered to in order to guarantee industrial viability and interoperability.
Phase2: Begin to extrapolate the requirements for the new paradigm. Using a set of “real-world
conditions” as filters, the overall requirements are analyzed in order to select the most important
ones. Validation parameters will be used.
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Phase3: Analyze and validate the final set of requirements with each other, category-by-category, to
ensure full validation of the holistic approach
Phase 4: Develop a plan that details viable ways to achieving these requirements.
The first step in trying to form a clearer set of requirements was done by using the MAPE-K Loop.
Initially developed by IBM, the MAPE-K adaptation control loop was used in autonomic computing
and was later exploited by Brun et al for self-adaptive systems.

As shown above, the method allows for a study of requirements based on changing real-world
conditions, and also allows this study to be carried out against a set of control actions (monitoranalyze.etc). The full description of how it was used in DimanD will be detailed later.
The next validation step was to evaluate the “maturity” of the detailed requirements. This was
carried out using the 5C-CPPS approach which maps the architectural requirements against an
Industry 4.0 “maturity Index”. See example below. This step allowed the authors to analyze if the
requirements were still in-line with ruling Industry 4.0 aspects, all the while breaking new
sustainability grounds.
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Finally, the overall solution was then reviewed by a panel of both industrial and academic experts in
order to check on the scientific validity, industrial viability, and overall plausibility of the findings.

Complete set of General Requirements
This section will list all the selected requirements, listed characteristic by characteristic ( see 2.1), as
extrapolated from the in-depth literature review. The overall Reference Architecture will act as the
main characteristic, summing up the total operational requisites. Each characteristic section will be
introduced and the subsequent set of requirements presented.
If we take the definition of autonomic computing, we might say that the system should have selfmanaging properties so that it can self-heal or if we take the definition of M. Onori, we might say the
system needs to self-evolve.
To better understand these terms, we should first of all understand their conceptual definitions.
Below, a list of these terms is described considering some of the previous work as a basis for its
description. Besides, some of these terms have been unified considering that they represent very
similar definitions e.g.: self-awareness, self-knowledge, self-description or self-explaining. In this case,
all of them refer to the fact that a system or their components need to have knowledge of itself or of
its environment.
At this point we will also re-use some of the fundamental concepts proposed in [11], where a hierarchy
of self-X properties is explained based specially in the vision of autonomic computing. The mentioned
work proposes three different levels of self-X behaviors i.e. primitive, major and general which are
differentiated based on the abstraction category of each self-X behavior. For instance, in a higher level
(general) self-adaptation is introduced. Self-adaptation can be referred as the immediate
consequence of self-configuring or self-optimizing processes (major level) and these in turn of a selfawareness (also known as context awareness) capacity of the system or components in a very basic
or primitive level.
In this work we add two additional layers to this hierarchy as an attempt to cover a wider context of
self-X behaviors. First, an organizational layer which is under the hierarchy of the general layer and
because it is an immediate consequence of the self-management process [12] and second a selflearning layer that includes the cognitive characteristics of a system. The learning layer is present in
all categories of the hierarchy because the learning process is introduced from a very basic to a very
general abstraction i.e. systems should learn to self-adapt, learn to evolve, learn to predict, learn to
self-organize [7], etc.

Primitive level

Major level

Self-monitoring: The system is able to track its own state e.g. by the information acquired from sensors [6]. Generally,
the self-monitoring process leads to more elaborated or abstract self-x behaviors e.g. self-diagnosis, self-organization,
etc.
Self-awareness/self-knowledge/self-description/self-explaining: Refers to the idea that systems know themselves
and have the capacity to perceive their characteristics and the characteristics of their environments. So that, it can
act accordingly in certain situations [13], [14].
Self-control: The system and each of these components can autonomously control their actions and behaviors [5].
Self-configuration/tuning: It refers to the capacity of an autonomous configuration of components and systems and
to their auto adjustment [14], or auto re-adjustment if necessary [13]. In manufacturing systems, it refers to modules
that do not need to be programmed to start working [15].
Self-optimization: It refers to the capability of components and systems to change their behavior with the aim of
improving their efficiency [14]. Additionally, refers to reconfiguring with the objective of maximizing the resource
utilization [13] and to the needed strategies that can improve the overall processes performance [17].
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Self-protection: Normally, it refers to the capacity of a system to respond to malicious attacks [14], [5]. which involves
a necessary capacity of awareness [13]. Malicious attacks are normally referred as software or middleware that can
affect a system.
Self-diagnosis/self-testing/self-inspection: In manufacturing if a fail occurs, the system can automatically understand
what is happening with it or why it occurs [16], [13].
Self-compare/ self-predict: It is referred to the capability of the system to compare and predict a certain situation
based on the contrast of the current status and historical data (or simulation) to predict malfunctions on the system
or undesired behaviors [17].

Organizational
level

Self-organize: It implies structural hardware or software changes in the system in response to a perturbation or to an
unexpected event or requirement. Sometimes self-organization is related to an emergent behavior resulting from the
autonomous relation from its components [16] and according to desire properties and behaviors [11].
Self-reconfiguration: Reconfiguration can be described as the property of a modular hardware and software to be
changed. The dynamic reconfiguration or the self-reconfiguration can be associated to the self-organization of the
components of the system [15], [13].
Self-management: This features encompass several self-properties i.e. self-healing, self-configuration, selfoptimization, self-adaptation, etc. [14], [16], [13]. It is widely utilized when referring to autonomic computing. It
covers both systems/sub-systems machines and components (devices).
Self-healing/self-repairing/self-maintenance: This term is referred to the process of detecting a problem, diagnosing
and resolving or repairing it [14]. Additionally, the system can ask for assistance to the user to solve the problem
[16].

General level

Self-evolve: In the context of evolvable production systems, self-evolvability is referred as the process of adaptation
to dynamic events [15]. This concept takes as a basis the natural evolution and in presence of manufacturing modules,
each of their structural and logical behaviors change to overcome adverse situations like malfunctioning, low
performance, etc. or for a continues improvement of the process.
Self-adaptation: The system or component is aware of its own state and it are also able to adjust or change its
behavior with the aim of maintain certain conditions [18]. The term self-adaptive software has been used widely in
autonomic computing as the result of the monitoring, analysis, plan and execution loop [14].

Learning Level

Self-learning: It examines the idea that the system can learn from past experiences to improve future actions with
machine learning for example[19]. Also learning techniques can improve additional conducts; for instance, learning
to adapt or learning to self-organize.

Table 1.0- Levels of Properties

What is clear is that these abstract concepts are the result of less complex self-X behaviors that can
be discerned from the highest level of abstraction (general level). Therefore, these less abstract and
objective behaviors can be considered as the most important because their joint action will lead to
have general levels or self-X behavior and these in turn highest levels of autonomy. For example, the
self-awareness, self-monitor, self-control, self-diagnosis and self-organization can lead to have a selfevolvable or self-adaptive process.
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Fig.3.- Hierachical levels of autonomy

General Requirements: Reference Architecture
Autonomy in manufacturing systems has acquired a huge interest in the scientific and industrial
community. However, it was only a few years ago that it gained greater attention as a result of several
initiatives e.g. Industry 4.0 and circular and shared economies. Earlier manufacturing approaches were
more concerned with holding automatic processes rather than self-governing operations. Several
ideas and concepts of adaptability, reconfiguration, evolvability and self-organization of processes
were already introduced several years ago as a result of the introduction of the mass customization
paradigm [20] e.g. Holonic Manufacturing Systems[21], Reconfigurable Manufacturing Systems [22],
Evolvable Production Systems [23]. Nevertheless, previous work has failed to address the general
conception and requirements of autonomous systems with then vision of self-governing and
autonomy that cyber physical production systems entail. It is therefore imperative to introduce a
framework or architecture that based on current research challenges and opportunities can abstract
main functional and non-functional requirements of autonomous cyber physical production systems.
Such architecture will formalize the structure of the data integration and interoperability of the digital
and physical entities in the cyber-physical ecosystem [24] and would consequently improve current
concerns in the introduction of a circular economy in a manufacturing environment, reducing waste,
optimizing processes and reusing resources.
Considering previous context some of the important requirements are defined in Table 1, and will be
later asses taking into account some of the significant research efforts in previous years.
Table 2. Requirements
N
AR1

AR2

AR3

AR4

Requirement
Decentralized control [25]: The concept of decentralization refers to the level of autonomy that individual
entities or modules have to control themselves or to take individual decisions. In [25], D. Trentesaux stablish four
classes of centralized or non-centralized control: Class 0: Centralized control systems, Class I: Fully hierarchcial
control systems, Class II: Semi-heterarchical control systems, Class III: Fully heterarchical control systems. The
descentralization level is highly related to the needed of a centralized control unit
Robustness: It is defined as the "ability to remain working on a stable and high performance level despite the
given risks"[26]. Therefore, robustness provides systems the ability to keep working in limited conditions and
with acceptable tolerance values (KPI's)
Learning: The concept of learning refers to the capacity of the system to learn from past experiences to improve
future actions. [27]. Also, learning techniques can improve additional conducts; for instance, learning to adapt or
learning to self-organize. Learning may also be stablished in different levels as exposed in [28] e.g. learning from
operator decisions (and from optimal parameters), system learning, etc.
Self-organization: It implies structural hardware or software changes in the system in response to a perturbation
or to an unexpected event or requirement. Sometimes self-organization is related to an emergent behavior
resulting from the autonomous relation from its components [29] and according to desire properties and behaviors
[27].
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AR5

AR6
AR7

AR8

AR9

AR10

Self-configuration: It refers to the capacity of an autonomous configuration of components and systems and to
their auto adjustment [30], or auto re-adjustment if necessary [31]. In manufacturing systems, it can refer to
modules that do not need to be programmed to start working [32].
Self-diagnosis: In manufacturing if a fail occurs, the system can automatically understand what is happening
with it or why it occurs [29], [31].
Self-optimization: It refers to the capability of components and systems to change their behavior with the aim of
improving their efficiency [30]. Additionally, refers to reconfiguring with the objective of maximizing the
resource utilization [31] and to the needed strategies that can improve the overall processes performance [33].
Scalability: The ability of a system to adapt its operation when resources are added or removed without an
engineering or programming effort. The addition or removal of modularized resources should be automatically
self-organized aiming to improve the efficiency in the system.
Stability: In presence of high decentralization, the self-organization of individual components can lead to
conflicting policies since each component tend to maximize its own objectives. A stabilization mechanism might
prevent these conflicts and improve the ability to overcome unexpected events [29].
Modularity: Autonomy in manufacturing and specifically in assembly systems means independence from a
physical and from a control system perspective [34]. This independence in physical systems (hardware level) is
achieved by applying a high re-configurability i.e. high hardware modularization. A high modularization is related
to a high granularity level [25]. The level of granularity in engineer design is related to the level of abstraction or
level of modelling or engineering detail [26]. Therefore, a high granularity (also called finer granularity) implies
also a high level of autonomy as state by [34]. This shows that highly autonomous systems should be capable to
manage finer levels of granularity in a production system.

RAMI 4 :
Within the evolution of several manufacturing systems, the need of having a common adoption of
such requirements has encouraged the creation of several initiatives around the globe with the aim
of promote emerging technologies and scientific research and effort. Such initiatives led to the
creation as part of a German strategy in 2011the Industrie 4.0 initiative. Industrie 4.0 it is a term that
considers a set of technologies and concepts to integrate all actors involve in the creation and
distribution of a product in the value chain. With the introduction of CPS it is possible to monitor,
analyse and take decentralise decisions and create intelligent production systems.
Industry 4.0 is composed of the following components:
 Cyber-Physical Systems
 Internet of things
 Internet of services
 Smart factory
And main design principles can be summarized in [35]):
Interoperability
Virtualization
Decentralization
Real-Time capabilities
Service orientation
Modularity






Cyber-Physical
Systems
X
X
X
-

Internet of
things
X
-

Internet of
services
X
X
X

Smart
factory
X
X
X
X
-

Interoperability: In a smart factory all components are able to communicate with each other
considering internet of services and standards. This will facilitate the communication with
different stakeholders and of all the components that integrate a plant e.g. resources, parts
to be assembled, people.
Virtualization: The possibility of monitor physical process is related to the creation of a
digital plant or simulation model. In other words a difital copy of the physical world can be
created and thus can enhance human activities in manufacturing.
Decentralization: There is no need of having centralized control of the whole plant. Each
module can have control of themselves and just in case of emergence this control can be
delegated to higher levels.
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Real-time capability: The plant can permanently acquire real time data, analyse and respond
accordingly without delays. This is sometimes considering a challenge because of higher
processing capacity need.
 Service-orientation: Services provide the capacity of a higher interconnection and
interoperability. The functionalities of the components of an industry can be utilized inside
easily inside and outside a company. CPS can offer their functionalities as web services and
therefore those can be high scalable.
 Modularity: Modular systems are flexible and reconfigurable. They provide plug and
produce capabilities and based on standardized interfaces (software and hardware) they can
be easily integrated in a manufacturing ecosystem.
In this context it is very important that future implementations take into consideration a reference
architecture based on the best practices of the Industrie 4.0 initiative. In that respect, the RAMI 4.0
(Reference Architectural Model for Industrie 4.0) introduces a tridimentional model to define how to
map Industry 4.0 in a structured manner in 3 Axis:
 Hierarchy through the factory: Defining products, field devices, control devices, stations, work
centres and enterprise level in a distributed way.
 Product life cycle: describing the steps from the development to the, and
 Different architectural layers, from the asset to the integration, communication, information,
functional and business.
Please refer to Table A1 for some of the important control reference architectures/works/projects
that have contributed to the development of industry 4.0 and autonomous systems, represented by
a research publication, year and short description.
Major areas of consideration were subsequently structured, as given in the table below (Table 3.0Discussion of the reviewed approaches ):
Table 3.0- Reviewed Approaches
Formalization of the
architecture

the concept of control architecture should reflect the logical formalization of the components that
integrate a system. However, this level of formalization is sometimes lost because authors centre their
attention in describing conceptual requirements rather than defining the specification of the process
itself, which at the end leaves the formalization in very abstract terms, for example when describing
holonic systems. Therefore, more effort is needed in making this formalization available.

Decentralization

Class II architectures (or hybrid approaches) seem to have better results at the time of combining global
optimization and enough resilience to approach unexpected disturbances. However, this means that it is
necessary to have a central entity with global control and knowledge which somehow breaks the idea of
autonomy and total decentralization. Probably new alternatives could be investigated to break this
paradigm for example knowledge aggregation, etc. Also, the concept of hybrid architectures seems
promising in recent days. This concept promotes global vision in normal situations and an heterarchical
architecture in presence or disturbance similar to ADACOR2 [35]

Self-optimization

Global optimization in a manufacturing system is highly important to improve behavioural changes and
to improve the overall efficiency of the process. Nevertheless, this optimization is highly dependent on
the level of decentralization. Highly decentralized architectures cannot provide adequate optimization
mechanisms since they are constrained by the local vision and understanding of their internal
components. Thus, this should be a factor of consideration for such required characteristic. Naturally this
is totally linked with the level of decentralization of a system

Stability

The problem of instability arises in high decentralized systems. In these systems, local interactions,
policies or rules can interfere between each other causing some type of “chaotic behaviour” and even
contradictions. Thus these type of behaviours must be highly considered e.g. with additional policies or
nervousness stabilizers as proposed by some works.

Learning

The concept of learning is also weak in these control approaches; either they do not include these
techniques, or the learning concepts are not fully exploited. Usually these type of works promote learning
at the local level (parameter optimization) leaving aside learning from user experience, contextual
learning, global learning, behavioural learning, learning from coalitions (partnership), etc. The utilization
of reinforcement learning approach integrated with metrics evaluation will undoubtedly increase
autonomy in such architectures
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Self-organization

The concept of self-organization or self-adaptation in these architectures is normally based on orderproduct-transport-resource requirements and their interrelations (Negotiation based protocol). This
approach limits somehow the process in terms of applicability because such approaches are highly
dependent on the fulfilment of the contract/negotiation process. A relatively different architecture is
presented in BIOSOARM that promotes the concept of emergence and which self-organizing applications
is less linked to a negotiation process. Additionally, aspects like parameter monitoring, diagnosis or
maintenance are normally not considered which are also fundamental triggers of self-organization.
Basically the self-organization is mostly centred in the

ISA 95

In terms of the ISA 95 architecture, the highest level i.e. business planning and logistics is barely reached.
On one hand this might be caused by the objective specific of the work, mostly based on decentralized
control and autonomous and self-organized systems. But it also shows the still lack of integration among
the lowest levels and highest levels of the production which should be also considered.

TRL

Very high decentralized systems with concepts of self-organization, stability and robustness are still far
from having a production implementation. Mostly they are implemented using simulations

Rami 4.0 Alignment

None of the architectures are aligned with Industry 4.0 concept – Rami 4.0 (2011). The alignment of the
proposed concept with RAMI will easy the adaptation of industrial stakeholders and would give best
practices already defined to this work. It is imperative to re-use the architectural requirements and
principles given by the RAMI 4.0 so that we can define:
o
o
o
o
o

Which assets
How to integrate
Communication standards
For of information representation
What functions the architecture is going to have e.g. reconfiguration, diagnosis,
self-organization, etc
o
Is it going to reach business layer.
In addition to that, the administration shell can provide the needed information and standards
required so that they can be easily integrated in the digital environment. The development of
the administration shell can reduce the complexity in developing scalability in the system.

Specific requirement 1: Self Configuration
As previously exposed, self configuration abilities allow higher level behaviours and are allowed by
lower level requirements (see Fig.4). A self configuration system is able to auto rearrange its
hardware and software configuration, without or with minimal external intervention, to meet the
most highly demanding manufacturing requirements.

Figure 4- Requirements pyramid

Self reconfigurable manufacturing systems (SRMS) are characterized by the potential for single-lotsize production, which means individual products will require distinct production plan, schedule and
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process, i.e. multiple products will be manufactured concurrently. This complexity not only
necessitates the use of auto configurable mechanisms, but also distributed coordination ones for
dynamic and autonomous route selection, resource discovery (selection and negotiation), and
scheduling [54]. Note the parallelism with the self organization behaviour. Main challenges of
reconfigurable manufacturing systems arise due to:
- Reconfigurability operations of the controller architecture when the physical machine tool is
reconfigured, or new technology introduced.
- Control of RMTs with different tools working independently.
- Integration of heterogeneous software and hardware components developed by different
vendors and suppliers.
For an agile (re)configuration of a manufacturing system, the concept of plug-and-produce (PnP) has
been presented as an extension of the plug and play technology in the advanced computer technology.
It is aimed at the spontaneous deployment of new manufacturing equipment in the existing
manufacturing system using automatic control program update [55]. In general, installing a new
device in manufacturing systems requires a system manager to re-build a database and reprogram or
re-schedule the whole system. Similarly, when removing a device, the system must be recovered [8].
PnP systems are implemented using distributed control architectures capable of real-time selfreconfiguration on the shop floor without higher-level instructions. A first proposal of a control
architecture is based on holonic manufacturing systems (HMS) as they are defined as system
components with autonomy and cooperation abilities. However, the underlaying complexity of PnP
and SRMS suggests the use of an evolvable system with a more nature inspired approach in the design
and implementation of the system, since spatial arrangement of products and resources change
constantly with time. Therefore, the coordination process must constantly adapt to the problem
dynamics [54]. Multi-agent systems (MAS) are used in the design of SRMS, in which every agent makes
different observations about the production environment. A key issue is the representation that an
automation agent has about itself in the same symbolic way as its environment [56].
Some important works are analysed in Table 4.
Reference
[55]
[57]
[58]
[59]
[60]
[61]

[62]

[7]

Table 4- Foremost Concepts
Description
Framework of a shop floor manufacturing systems, focusing on protocols of agent-to-agent
communication
Concept for autoconfiguration of connected industrial automation systems based on a ProfiNet
device
DT architecture model to design cloud-based cyber-physical systems (C2PS), which dynamically
selects and configures the system to operate in different modes according to the context
DT framework is presented for an automatic product family design
Concept of PnP with a user case
Skill-based Propagation of Present i) a unified abstraction to describe the skills and
"Plug&Produce” (SKILLPRO)
requirements, ii) generation of actions in formal execution,
and iii) the runtime orchestration
Smart
Manufacturing
& Environment implemented by an agent control layer which
reconfigurable Technologies allows the workstation to be dynamically added, removed,
(SMART)
and controlled at runtime with minimal human intervention
Instantly Deployable Evolvable Agent production devices with fine granularity which enable
Assembly System (IDEAS)
a highly responsive and adaptation abilities

Taken from all aforementioned concepts, the most important requirements that enable self
configurable behaviours are described in Table 5.
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Requirement
Self-recognition
Self-description
Modularity
Interoperability

Table 5.0- Self-X definitions
Description
Automatic perception of environment changes (external perturbations or
modifications) and system changes (internal modifications), i.e. context aware ability.
Not only the knowledge of own properties and capabilities (internal representation),
but also the relationship with other agents in the system and their properties and
capabilities (external representation).
Definition of singular and discrete devices and components.
Easy association and dissociation of singular devices and components to the system
(pluggability), i.e. hardware and software compatibility.

Internal
interactions

Integration and communication of devices and components (horizontal and vertical).

System
digitalization

Including system models and algorithms to analyse situations and states, simulation
environments or HMI allowing transparency and operational control and monitoring,
and sensor network allowing data gathering.

Autonomic
computing
Real-time
execution

Distributed and decentralised computing capabilities of the devices and components.
Rapid and deterministic computing and communication capabilities to allow intelligent
features on the fly.

Specific requirement 2: Self Organization
Self-organization is an evolution mechanism where, new, and complex global structures are triggered
by local interactions [36]. Hence, it is defined as the ability of a system to undergo structural changes
in response to unexpected environmental changes, without any central command or external
interference [37].
In this context, decentralized systems such as Multi Agent Systems (MAS) and Holonic Systems (HS)
have been widely adopted in Self Organizing Manufacturing Systems. On one hand, a holon, as
Koestler coined the term, is focused on the organizational structure of a system [37]. It is an
autonomous whole that turns part of a larger whole. On the other hand, Multi Agent Systems (MAS)
are developed based on the agent technology, in which is derived from distributed artificial
intelligence (DAI) [32].
Table 6 sets out MAS and HS architectures adopted in the literature, focusing mainly on manufacturing
systems.
Ref
[31]
[33]

Industrial
case
No
No

Reference
architecture
PROSA
ADACOR

[6]

No

[37]

No

[38]

Yes

[39]

Yes

ADACOR2:
based on
PROSA
ARTI: based
on PROSA
Production
2000+
project
IDEAS
project

Table6: Self Organization literature review
Control
MAS/HS Description
system
Hybrid
HS
Staff holons give advice to the basic holons
Hybrid
HS
Local driving forces (autonomy and learning
capability), global driving forces (interaction
between local individual holons)
Hybrid
HS
Behavioural self-organization (micro-level),
structural self-organization (macro-level)
Hybrid

HS

Decentralized

MAS

Decentralized

MAS

Intelligent beings (digital twins), decision
making components
The West auction mechanism automatically
diverts the material flow to other machines,
balancing the machines work in progress
Skills define the process capabilities offered
by the agents (equipment units) to complete
the required assembly process steps.
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[40]

No

Decentralized

MAS

Yes

IDEAS
project
-

[41]

Decentralized

MAS

[42]

prototype

-

Decentralized

MAS

[7]

prototype

EAS: based
on CoBASA

Hybrid

MAS

[43]

No

SO-EAS

Decentralized

MAS

It dynamically handles the local scheduling or
routing based on available resources
Transmission of tokens among the agents
where self-organization techniques are
embedded into the agent’s behaviour
Automatically matching tasks with the
manufacturing resources based on the realtime machine status
Creation of a new layout (a new organization
of the resource agents) when a new generic
assembly plan is given or when a failure has
occurred
Modules select suitable partners to form
dynamic coalitions which have the skills to fulfil
the assembly plan of incoming product orders,
and coalitions choose their position in the
shopfloor layout

In addition, self-organization requirements were extracted from the literature review. The following
table shows the most important requirements found in the literature.
R1

Decentralized
control

R2

Dynamic
collaboration
Adaptability

R3

R4

Global
Optimisation

R5

Cognitive
capabilities

R6

Scalability

R7

Stability

Table 7.- Requirements on self-organization
Level of autonomy that individual entities have. Decentralized solutions are
mostly used in the literature. However, some authors have presented hybrid
architectures: as decentralized as possible and as centralized as necessary.
Ability to cooperate, form coalitions and share knowledge among individuals.
Holonic and multi agent approaches are used in the literature.
Capability to react and change rapidly as the environmental conditions
change unpredictably. The system should dynamically adapt without causing
disruptions in the system.
Decentralized systems require global optimization as heterarchical
architectures persuade local optimisation or local decision making. Some of
the authors have proposed bio-inspired designs or hybrid approaches to
address this issue.
Ability to perceive, reason, learn and decide among others. This enables
human or bio-inspired cognitive autonomous behaviours, in which intelligent
behaviours (learning, decision making) are mostly AI driven [36].
Ability to expand or scale down resources (holons, agents) with minimal effort
and time
Capability to overcome the chaotic unstable regime and remain the system
under control. Self-limitation or nervousness stabilizers are common practices
used in the literature.

Specific requirement 3: Self Diagnostic
R1

Table 8.- Self- Diagnosis Requirements
Integration- Elements and modules present in process should be are easily integrated with
each other.

R2

Robustness- Robustness to identify and reaction to faults and error which are present in the
system and according to the continuous changing conditions.

R3

Fault Identification-Architecture should support various disciplines that are present in the
system to identify each error and fault in every components in the system.

R4

Virtual representation- It should support virtual representation of the system for the real time
controlling and monitoring of the faults.
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In addition to above requirements, past articles which describe some of the characteristics that aid to
set some sub requirement for the self-diagnostic features. These are the few sub requirements that
represents nature of self-diagnostic approach [44]
Self- Diagnosis sub requirements (SR)
SR 1

Connectivity, Storage and computational requirements - Connectivity between all the
different equipment’s is necessary. Also, the algorithm provides the in-time solutions but they
require high storage and computation.

SR 2

Visibility for the quick detection and diagnosis - Capability of the system to quickly visualise
and diagnose errors.

SR 3

Isolation - Isolation is the capability of which differentiate between various errors and fault.
The important problem in isolation requirement is the uncertainties in model the production or
equipment in system.
Learning and predictability - Diagnosis system should be capable to learn and understand in
the dynamic environment. By learning the system it should predict the future errors and faults
in the system.
Identification -Architecture should support various disciplines that are present in the system
to identify each error and fault in every components in the system.

SR 4

SR 5
SR 6

Self-explanatory results –It is the capability of the production unit to share data on how the
faults are created with an explanation that aid to validate self-diagnosis.

SR 7

Evolvability – Diagnosis system should evolve according to the disturbances and fluctuations
in the environment and reprogramming should be avoided as it is a cost intensive practice in
dynamic systems.

Autonomous response to
eliminate fault and errors

Error and Fault
detection in system

Value
What will
happen?

Why is it happening?
“Context awareness
and understanding”

What is
happening?
“Monitoring”

+
Connectivity

Visibility

+

Learning

+

+

+

Predictability Fault identification Evolvability

Fig 5.- Requirements for the self-diagnostics

In addition to above requirements, following sub requirements are very important to realise selfdiagnosis.
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Past articles which describe some of the characteristics that aid to set some requirement for the selfdiagnostic features. These are the few features that represents nature of self-diagnostic approach
[44]:
 Connectivity, Storage and computational requirements- Connectivity between all the
different equipment’s is necessary. Also, the algorithm provides the in-time solutions but
they require high storage and computation.
 Visibility for the quick detection and diagnosis – Capability of the system to quickly
visualise and diagnose errors.
 Isolation – Isolation is the capability of which differentiate between various errors and
fault. The important problem in isolation requirement is the uncertainties in model the
production or equipment in system.
 Learning and predictability – Diagnosis system should be capable to learn and understand
in the dynamic environment. By learning the system it should predict the future errors and
faults in the system.
 Identification- Architecture should support various disciplines that are present in the
system to identify each error and fault in every components in the system.
 Self explanatory results –It is the capability of the production unit to share data on how
the faults are created with an explanation that aid to validate self-diagnosis.
 Evolvability – Diagnosis system should evolve according to the disturbances and
fluctuations in the environment and reprogramming should be avoided as it is a cost
intensive practice in dynamic systems.

Specific requirement 4: Self- Learning
An important prerequisite for autonomous systems is the ability of self-learning, a process based on
knowledge discovery and growth [45]. Those systems with learning capabilities are capable of
adapting themselves to unstructure environment: emerging situations and changing conditions [46].
Furthermore, self-learning capabilities exploit a large volume of real-time operational data, which is
enabled by IoT devices (e.g sensors, actuators), to use the insights gained to support adaptive process
control and optimization.
The development and implementation of computerised information systems have realized Big Data
concepts in manufacturing under the context of industry 4.0, challenging the traditional statistical
methods and tools that are not capable of analysing such large volumes of data [47]. Hence, numerous
studies have been conducted using advanced techniques.
Those advanced techniques carry out prediction tasks whose main goal is to forecast and/or classify a
specific set of outcomes of interest (e.g., presence or absence of a machine failure), which is different
from the terminologies used in traditional statistical approaches as described by Table 8. In contrast
to supervised learning where all data are labled by a human (e.g. as “defect” or “good”), semi and
unsupervised learnining exhibit learning tasks that captures patterns from limited labled data and
untagged data respectively [48, 49]. The selection on one of these learning techniques will depend on
the available domain knowledge of human used to lable data: knowledge on the state of an entity at
different conditions.
Table 9: Different terminologies between traditional statistics and machine learning (Jiang et al., 2020)

Traditional statistics

Machine learning

Prediction

Supervised learning

Predictors/covariates/ independent variables

Features
20 (47)

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under the Marie Skłodowska-Curie grant No.
814078

DiManD Deliverable D3.1
Diman

D

Outcome/dependent variable

Output/target

Prediction of categorical outcomes

Classification

Prediction of continuous outcomes

Regression

Number/overlap of predictors

Dimensionality

R-squared

Coefficient of determination

Sensitivity

Recall

Positive predictive value Precision

Contingency table Confusion matrix

Those learning techniques are denoted as data mining: a combination of concepts and algorithms
from machine learning, statistics, artificial intelligence, and data management. Data minining is
defined as a step in knowledge discovery that functions two main objectives in databases.

Fig.6.- Learning approaches

Knowledge discovery can be further comprehended as “prediction”—extracted knowledge enabling
automatically forecast of the contextual behaviour of interest represented in the classes of
unclassified data—and into “description”: extracted knowledge aiming to identify interesting patterns
and cluster the data into meaningfull information of interest [50] .
Figure 1 describes the framework between knowledge discovery and data mining, enabling selflearning in autonomous manufacturing systems or processes (e.g machining processes, extrusion
processes).

Specific requirement 5: Compatibility with sharing&circular economy
From the starting age of industrialization, the machine features have evolved from simple mechanical
engines under the manual control of human to be equipped with sharpening computerized cognitive
capabilities and further developed in full of automation for repetitive programmed processes [51].
Todays, in the emerging age of Industry 4.0, these machines have continuously evolved and integrated
in the system called intelligent autonomous systems which are implanted with autonomous features.
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Those features are varied from different manufacturing contexts. Specifically, when it comes to cyber
physical systems (CPSs), such systems are capable of dealing with uncertain and emerging situations.
The system not only control the operation of CPSs, but also be Self-awareness, context-awareness,
and goal-awareness [52]. Such concept is also adapted in the context of pedagogical learning tools
used to design and test an automated tool capable of adapting itself to the real activities of human
drivers on rail flow control [53].
Not only are smart machines present, but they are possibly connected with collaborative robots and
humans to form a smart assembly line consisting of modular production systems equipped with
modular components for the flexible production in the context of plug-and-produce production line.
To deploy such autonomous features, different technologies and data architectures are required,
which is also summarized in Table 9 (below) in accordance with different contexts of use. Even though
diverse autonomous features are well studied in literature, they can be compressed to describe briefly
autonomous features as ´´dynamic capability to respond to any aware situations and learn
continuously to adapt unaware situations for making independent functional actions´´. The description
is incomplete, but it emphasizes two key abilities: respond to any aware situations and learn
continuously to adapt unaware situations.
Table 10.- Features and related details

One should notice that the utilization of those advanced features requires multidisciplinary
perspectives taking into account not only short-term business results but also long-term sustainability.
There will be a strategic balance to be achieved between short-term and longer-term goals under the
business environment governed by agreed values and policies, and the interests of stakeholder
networks, otherwise, the organization’s very existence is threatened. This new paradigm of
technology-based manufacturing is still underdeveloped in literature and one of key research areas
is the question of participation and ´´human-centred´´ culture , which is further reinforced by the well22 (47)
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known term of socio-technical systems capturing three dimensions in the model development:
people, technology and organization.

Business Models
So as to eliminate the causes of the above global trends industries have to shift towards a ideal
manufacturing concept which put importance on green (sustainable) value creation. Integrating
sustainability into towards the 4thIR discover new growth and increases profitability. By developing
new fourth industrial revolution enabled technologies with the sustainable design, manufacture and
servicing of products, industries can grow profit by accessing new markets and consumer with new
business models. “Product as a service” and “product life extension” such as circular economy
business models, can aid to manufacturers tap into a $4.5 trillion global economic opportunity but
require new technologies like CPS, cloud technologies, and digital twin.
The best sustainability opportunity and possibility of Industry 4.0 is identified in the more flexible
production. Research argues that the opportunities from fourth industrial revolution and information
and communication technologies should not just be used for a better competitiveness but also built
upon the concept of sustainability for the production of the future and a long-term economic
prosperity. Additionally, his hypothesis adduces that only those organization will be competitiveness
in the long period, which are going to combine a sustainable use of Industry 4.0 technology in their
manufacturing system.
In summary, by the above literature review, we can conclude that Industry 4.0 can be play vital role
to relationships of sustainable value creation networks throughout the life cycle of a product. The
product life cycle is mainly characterized by specific life cycle phases covering the BOL (beginning of
life- manufacturing), MOL (middle of life- use and services), and EOL (end of life) of a product’s [14].
Business models are the main driver of sustainable value creation and of the information flow
between the modules. Business model defines the activities of organisation and lead to cooperation
in the value creation network of a products life cycle. Industry 4.0 can be used to realise a seamless
flow of data and planning among the various levels and entities of industrial value creation :
 The horizontal integration means the seamless networking and sharing of data between
organisation for the complete value creation network by integrating all sustainability value
creation module.
 The vertical integration refers the connectivity between the different levels of a sustainable
value creation module. It solves the hierarchically organized control of the automation
pyramid architecture by supplying access to planning data from the machines up to the
enterprise software level (ERP).
 Connectivity in all phases of a products life (For example manufacturing, use time of products,
and the products EOL (end of life). This connectivity will provide high opportunities and
business models by applying the data of the complete life.
The sustainable value creation elements in I4.0Business Models- Updated advanced business models which based on intelligent information to
offer functionality and access rather than the product ownership to the customer. Thus, new
concept of terms like new PSS (Products Service Systems) and IPS (Industrial Product Service
Systems) are required.
Value Creation Network and Product Life Cycle- Value creation modules for example organization,
manufacturing industry can be interconnected in the entire value network in the products life cycle,
which can help to realize real time value creation networks.
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Machines- Self -X behaviours machines which is adaptable to according to continuous changes from
surround environment and systems.

Description of the QFD analysis
Autonomy in manufacturing systems has acquired a huge interest in the scientific community.
However, it was only a few years ago that it gained greater attention as a result of several initiatives
e.g. Industry 4.0 and circular and shared economies. Earlier manufacturing approaches were more
concerned with holding automatic processes rather than self-governing operations. Several ideas and
concepts of adaptability, reconfiguration, evolvability and self-organization of processes were already
introduced several years ago as a result of the introduction of the mass customization paradigm
(Mourtzis & Doukas, 2012) e.g. Holonic Manufacturing Systems(Van Brussel et al., 1998),
Reconfigurable Manufacturing Systems (Bi et al., 2008), Evolvable Production Systems (Mauro Onori
et al., 2012). Nevertheless, previous work has failed to address the general conception and
requirements of autonomous systems with the vision of self-governing and autonomy that cyber
physical production systems entail. It is therefore imperative to introduce a framework or architecture
that based on current research challenges and opportunities can abstract main functional and nonfunctional requirements of autonomous cyber physical production systems. Such architecture will
formalize the structure of the data integration and interoperability of the digital and physical entities
in the cyber-physical ecosystem (Chen et al., 2008) and would consequently improve current concerns
in the introduction of a circular economy in a manufacturing environment, reducing waste, optimizing
processes and reusing resources.
A collection of works from academic databases e.g. Web of science, Scopus and Google scholar has
been included in this study, considering key words like ´self-adapt´, ‘evolve’, ‘organize’ and
‘manufacturing’, being main interest of such effort to extract and discuss their main general
characteristics and requirements. This work has been already analyzed and discussed in the first stage
of the deliverable; thus, interested readers can refer to the “DiManD Deliverable D3.1a”. to have a
deeper understanding of such requirements. A summary of their important definitions and
characteristics is shown in Table 11:
The description of these requirements will serve as a baseline to further analysis.
Table 11. General requirements and characteristics
Requirement
Decentralized control (Trentesaux, 2009): The concept of decentralization refers to the level of autonomy that individual entities or
modules have to control themselves or to take individual decisions. In (Trentesaux, 2009), D. Trentesaux stablish four classes of centralized
or non-centralized control: Class 0: Centralized control systems, Class I: Fully hierarchcial control systems, Class II: Semi-heterarchical
control systems, Class III: Fully heterarchical control systems. The descentralization level is highly related to the needed of a centralized
control unit
Robustness: It is defined as the "ability to remain working on a stable and high performance level despite the given risks"(Stricker &
Lanza, 2014). Therefore, robustness provides systems the ability to keep working in limited conditions and with acceptable tolerance
values (KPI's)
Learning: The concept of learning refers to the capacity of the system to learn from past experiences to improve future actions. (Leitão et
al., 2016). Also, learning techniques can improve additional conducts; for instance, learning to adapt or learning to self-organize. Learning
may also be stablished in different levels as exposed in (Neves et al., 2011) e.g. learning from operator decisions (and from optimal
parameters), system learning, etc.
Self-organization: It implies structural hardware or software changes in the system in response to a perturbation or to an unexpected event
or requirement. Sometimes self-organization is related to an emergent behavior resulting from the autonomous relation from its components
(Frei, 2010) and according to desire properties and behaviors (Leitão et al., 2016).
Self-configuration: It refers to the capacity of an autonomous configuration of components and systems and to their auto adjustment
(Kephart & Chess, 2003), or auto re-adjustment if necessary (Frei et al., 2013). In manufacturing systems, it can refer to modules that do
not need to be programmed to start working (M Onori et al., 2011).
Self-diagnosis: In manufacturing if a fail occurs, the system can automatically understand what is happening with it or why it occurs
(Frei, 2010), (Frei et al., 2013).
Self-optimization: It refers to the capability of components and systems to change their behavior with the aim of improving their efficiency
(Kephart & Chess, 2003). Additionally, refers to reconfiguring with the objective of maximizing the resource utilization (Frei et al., 2013)
and to the needed strategies that can improve the overall processes performance (Lee et al., 2015).
Scalability: The ability of a system to adapt its operation when resources are added or removed without an engineering or programming
effort. The addition or removal of modularized resources should be automatically self-organized aiming to improve the efficiency in the
system.
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Stability: In presence of high decentralization, the self-organization of individual components can lead to conflicting policies since each
component tend to maximize its own objectives. A stabilization mechanism might prevent these conflicts and improve the ability to
overcome unexpected events (Frei, 2010).
Modularity: Autonomy in manufacturing and specifically in assembly systems means independence from a physical and from a control
system perspective (Scholz-Reiter & Freitag, 2007). This independence in physical systems (hardware level) is achieved by applying a
high re-configurability i.e. high hardware modularization. A high modularization is related to a high granularity level (Koren et al., 1999).
The level of granularity in engineer design is related to the level of abstraction or level of modelling or engineering detail (Maier et al.,
2017). Therefore, a high granularity (also called finer granularity) implies also a high level of autonomy as state by (Scholz-Reiter &
Freitag, 2007). This shows that highly autonomous systems should be capable to manage finer levels of granularity in a production system.

4.1 QFD-General requirements
The Quality Function Deployment (QFD) analysis presents a systematic method to identify critical
customer attributes and its relation with design parameters. By using this methodology companies
ensure they bring products to market that customers actually want. The House of Quality is an
effective tool used to translate the customer wants and needs into product or service design
characteristics utilizing a relationship matrix. It is usually the first matrix used in the QFD process. The
House of Quality demonstrates the relationship between the customer wants or “Whats” and the
design parameters or “Hows”. The matrix is data intensive and allows the team to capture a large
amount of information in one place.

Figure 7 Quality function deployment

The QFD analysis is used in this work to understand the relevance of each of the general requirements
(HOWs) against a set of demanded quality factors defined in advance (WHATs). These demanded
quality factors define some of the current industrial challenges to implement CPPS. Those are
described and defined in the Table 12.
Table 12 Demanded quality factors and their definitions
Sustainability factor [1]: sustainability refers to maintaining a well-being covering environmental dimensions , specially resources which
are needed for the survival. In terms of production engineering, sustainability is more specific and considers the reutilization of production
resources e.g. mechanical and electrical components and the energy and process optimization.
Standardization feasibility [2]: It includes the attempts of organizations to create standards among stakeholders. Additionally,
standardization represents a codification of an element in terms of industry or technology. They are “a set of specifications to which all
elements of products, processes, formats, or procedures under its jurisdiction must conform
Cost advantage (devt. costs vs utilization costs): A company has a cost advantage when it can produce a product or provide a service at
a lower cost than their competitors. With this advantage companies can produce in higher quantities and benefit from:
-Access to low cost raw materials
-Efficient processes and technologies
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-Low distribution and sales cost
-Efficiently managed operations
Cost advantage is one of the 3 ways a company can create competitive advantage
Industrial readiness (Manufacturing readiness level): It is used to assess the readiness of a manufacturing readiness. It is used to provide
decision makers at all levels with a common understanding of the relative maturity and attendant risks associated with manufacturing
technologies, products, and processes being considered. Manufacturing risk identification and management must begin at the earliest stages
of technology development, and continue vigorously throughout each stage of a program’s life-cycles
Robustness: It is defined as the "ability to remain working on a stable and high performance level despite the given risks"[3]. Therefore,
robustness provides systems the ability to keep working in limited conditions and with acceptable tolerance values (KPI's)
Technological Readiness (TRL): It is a method that describes the maturity of technologies during the acquisition phase of a program. It
enables a consistent discussion uniform discussions of technical maturity across different types of technology. It is based on a scale from
1 to 9. Being the TRL 1 a very conceptual idea while TRL 9 refers to a highly mature implementation.
User friendliness: Can describe a software-hardware that is easy to use for the user. This means that it does not have difficulty to be learnt
or understood. Some of the common and important user friendly characteristics are: simple, clean, intuitive and reliable. One of the goals
of the user-friendly experience is providing a good user experience depending of course on the requirements and abilities of the end user

4.2 QFD-Self-configuration
As previously exposed, industrial specifications or drivers of a new industrial paradigm (i.e.,
sustainability, standardization, cost advantage, robustness, TRL, and user friendliness) must be met by
a series of technical enablers which, in this section, focus on the self-reconfiguration ability. Hence, a
list of functionalities that mainly characterize and define a self-reconfiguration functionality is
extracted from the literature review process (see Table 13).
Self-recognition and self-description mechanisms allow to collect system and context information
which involves the automatic perception of changes regarding the environment (external
disturbances) and the system (internal), representation of own properties and capabilities (internal
representation), and the relation with other agents in the system (external representation).
Representation of knowledge based on ontologies and data structures. Singular and discrete
components are defined by means of modular functions, based on atonomic resources -according to
the system’s granularity-, whose easy association and dissociation are allowed by means of
interoperability requirement. These components should meet a total integration approach and
communication protocols to connect horizontally and vertically through the whole distributed system,
depending on the hierarchy approach. The full digitalization of the processes and the systems based
on multi model approaches will allow effective decision-making processes. For these, computational
resources are needed to analyse multiple possibilities and decide the most suitable one. Real-time
characteristics then allow efficiency monitoring and other deterministic low-level actions on the fly
along the distributed system.
Table 13. Main technical requirements that define a self-reconfiguration functionality.
Description
Automatic perception of environment changes (external disturbances or modifications) and
Self-recognition
changes on the system (internal modifications), i.e. context aware ability.
Not only the knowledge of own properties and capabilities (internal representation), but also the
Self-description
relationship with other agents in the system and their properties and capabilities (external
representation).
Modularity
Definition of singular and discrete devices and components.
Easy association and dissociation of singular devices and components to the system (pluggability);
Interoperability
i.e., hardware and software compatibility.
Internal
Integration and communication of devices and components (horizontal and vertical).
interactions
Including system models and algorithms to analyse situations and states, simulation environments
System
or HMI allowing transparency and operational control and monitoring, and sensor network
digitalization
allowing data gathering.
Atonomic
Distributed and decentralised computing capabilities of the devices and components.
computing
Real-time
Rapid and deterministic computing and communication capabilities to allow intelligent features on
execution
the fly.
Requirement
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4.3 QFD-Self-Organization
This section details the main functional characteristics that define self-organization, which will be
further benchmarked against the general requirements of the presented new industrial paradigm.
Self-organization is defined as an evolution mechanism, in which new, and complex global structures
are triggered by local interactions. This ability is driven by the functional characteristics identified in
D3.1a, and are summarised below:
R1

Decentralized
control

Level of autonomy that individual entities have. Decentralized solutions are mostly used in the
literature. However, some authors have presented hybrid architectures: as decentralized as
possible and as centralized as necessary.

R2

Dynamic
collaboration

Ability to cooperate, form coalitions and share knowledge among individuals. Holonic and multiagent approaches are used in the literature.

R3

Adaptability

Capability to react and change rapidly as the environmental conditions change unpredictably.
The system should dynamically adapt without causing disruptions in the system.

R4

Global
Optimization

Decentralized systems require global optimization as heterarchical architectures persuade local
optimization or local decision making. Some of the authors have proposed bio-inspired designs
or hybrid approaches to address this issue.

R5

Cognitive
capabilities

Ability to perceive, reason, learn and decide among others. This enables human or bio-inspired
cognitive autonomous behaviours, in which intelligent behaviours (learning, decision making)
are mostly AI driven.

R6

Scalability

Ability to expand or scale down resources (holons, agents) with minimal effort and time

R7

Stability

Capability to overcome the chaotic unstable regime and remain the system under control. Selflimitation or nervousness stabilizers are common practices used in the literature.

The requirements defined above will be further assessed with a QFD analysis in section 3. The end
goal of the analysis is to help identify the most functional relevant requirements (HOWs) versus the
main industrial drivers (customer requirements) of the new paradigm detailed below:
Functional Requirements
(HOWs)
Decentralized control

Customer Requirements
(WHATs)
Sustainability factor

Dynamic collaboration

Standardisation feasibility

Adaptability

Cost advantage

Global Optimisation

Industrial readiness

Cognitive capabilities

Technological readiness

Scalability

Robustness

Stability

User friendliness
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4.4 QFD-Self-Diagnosis
Quality Function Deployment (QFD) first used in Japan on 1972 by Mitsubishi Industries [6]. QFD
approach used in manufacturing industry to help in achieve good balance between customer needs
and manufacturing industry’s real capability to realise those needs [7]. In this study, QFD approach is
used to guide and serve as easiest decision-making method to prioritize the self-diagnosis
requirements in the autonomous production systems. As shown in the figure 1, in this study
quantitative approach to find the correlations which is based on an Analytic Network Process (ANP)
technique are used with the help of super decisions tool [8]. In order to extract the real world actual
industrial requirements, drivers [Requirements (WHATs)] such as the sustainability factor,
standardisation, cost advantage, robustness, technical readiness, and user friendliness are used in
this method. All these Industrial viable set of requirements linked with requirement of self-diagnosis
[Functions (HOWs)]. These are the requirements that represents nature of self-diagnostic approach
[5].
Connectivity- In-time connectivity between all the different equipment’s is necessary.
Integration- Elements and modules present in process should be are easily integrated with each
other.
Learning and predictability – Diagnosis system should be capable to learn and understand in the
dynamic environment. By learning the system, it should predict the future errors and faults in the
system.
Fault identification- Architecture should support various disciplines that are present in the system to
identify each error and fault in every components in the system.
Self-explanatory results –It is the capability of the production unit to share data on how the faults
are created with an explanation that aid to validate self-diagnosis.
Evolvability – Diagnosis system should evolve according to the disturbances and fluctuations in the
environment and reprogramming should be avoided as it is a cost intensive practice in dynamic
systems.

Figure 8 -ANP for self-diagnostics [Enriches the connection between Industrial viable set of requirements
(WHATs) and self-diagnosis requirements (Functions-HOWs)]
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4.5 QFD-Self-Learning
One of the challenges for the deployment of self-learning is to equip the substantial amounts of
investment and considerable power consumption to execute its functions: data-parallel processing;
intelligent mining methods, such as compressing, classification, data cleaning (Azeem et al., 2021).
Therefore, the requirement is to develop more robust and fast data analysis infrastructure. One of
technical characteristics can be a cloud-based intelligent processor that is fitted with multiple highperformance chips performing data processing separately or inclusively with several other chips (Raja
Singh et al., 2020; Simeone et al., 2019).
Other requirements can be classified and summarized as: (i) application infrastructure for socialtechnical criteria—relevance, usability, context-awareness, proactiveness, personalization, efficiency,
power consumption, sustainability, third-party services, limitations, (ii) networking infrastructure for
multi-connectivity—indoor and outdoor networking, mobile networking, wireless networking, area
of networks, performance, dependability, location management, bandwidth, resource allocation,
protocols, quality of service, number of users, over provisioning, informing, (iii) access capability for
availability assurance—availability, distribution, decentralization, access-points, transactions,
heterogeneity, complexity, transparency, interaction, feedback, immediacy, (iv) data management
capability for data handling—generating, searching, storage, replication, handling, update,
synchronization, archiving, indexing, structuring, knowledge extraction, servicing, personalization) (v)
security infrastructure for security controlling—strategy, intensiveness, confidentiality,
authentication, integrity, authorization, non-repudiation, accessibility, standardization, (vi) operating
stability for human centered design—user privacy, information load, unpredictability, obtrusiveness,
discomfort, measuring effects, context switches, task quality and (vii) other technical capabilities for
scalability and robustness—multiple interactions, intelligence, fault tolerance, ease-of-use, multifunctionality, multi-modality, special features) (Horváth & Szabó, 2019; Lyytinen et al., 2004)

Figure 9: Quality function deployment of Self-learning in autonomous systems
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Figure 9 illustrates qualify function deployment (QFD) that enriches the connection between those
development requirements associated with technical (quality) characteristics. The requirements of
self-learning include social-technical criteria, such as personalization, power consumption and
sustainability. This requirement enables the autonomous system to go beyond the oriented-technical
solutions toward sustainability. Besides, multi-connectivity is also required to enhance interoperability
of the autonomous system (Estrada-Jimenez et al., 2021), which needs to be strongly facilitated by
networking infrastructure, access capability and operating stability. The assurance of availability also
plays important roles in the self-learning whereas the data handling and security controlling are the
most important, which can strongly be enabled by the application infrastructure, networking
infrastructure, access capability, data management capability, security infrastructure. Besides, human
factors also need to be considered in the self-learning in terms of data management, security, and
operating stability. Finally, scalability and robustness in self-learning are critical for its different scales
of application in various business contexts.
One of the key aspects in autonomous systems is the ability to reflect and react to changes by selflearning environmental operational behaviour in the system they work with. Therefore, the role of
self-learning and its characteristics are worth considering, which is described by Figure 1. However,
the challenges for developers and / designers are also increasing as there are various learning
techniques (Klös et al., 2018): reinforcement learning, stochastic search, probabilistic rule learning,
learning classifier systems, model tree machine learning, or model-based planning to generate
adaptation plan. Each learning technique requires different requirements and characteristics of the
self-learning agent. This needs to be considered during the design, which can be supported by the
model of quality function deployment.

4.6 QFD-New Business Models
This section will not follow the QFD approach as it will conduct a study of the potential future realworld business conditions by deploying a set of possible scenarios.

Servitization, Digitalization, and Sustainable Development
The term “Servitization” was defined for the first time in 1988 as a trend where companies add value
to their core offerings through services as a way to improve their competitiveness [2].
In the road to servitization, Product Service Systems (PSS) is a strategy to integrate products with
specific related services that satisfy the user's needs [3]. PSSs are seen as a way to simultaneously
maximize the value of the product and increase businesses’ profits[4]. However, there are multiple
barriers to tackle, the business implementation complexity, technology gaps, industry maturity, etc.
Digitalization is the use of digital technologies to transform business processes [5]. Digital
technologies can be used to deliver smart and interconnected services that can also interact with the
physical world (IoT devices, sensors, etc.) and perform tasks of data analytics, big data processing,
etc. In terms of manufacturing, cyber-physical production systems may offer several advantages
such as manufacturing productivity, resource efficiency, and waste reduction.
Sustainable Development (SD) is defined by the Brundtland Commission as “a development that
meets the needs of the present without compromising the ability of future generations to meet their
own needs” [6].
Both digitalization and servitization have been related to Sustainability and Sustainable
Development (SD), for the opportunities that they offer to enable such a task [3], [4], [7]–
[9]. However, a radical change won’t come if technologies are only used to improve products and
the overall manufacturing process and not to redefine the market with new business model
innovations and if these three concepts are considered only separated.
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Scenario Description
A scenario can be a “concrete description of some excerpt of reality expressed in natural
language”[10], it involves a context boundary to restrict the analysis to a well-delimited set of
variables, conditions, or a frame of time. [7]
In this report, we propose four scenarios to illustrate business and manufacturing states as seen in
Table 14. Each scenario is described with five characteristics: a description, the investment required,
the variants of products, the impact on resources, and the sustainability factor.
Scenario

Investment
requirement

No. of products &
variants (total
volume)

Impact on
resources

Sustainability
factor

SC1: Status Quo

Predictable but high

Few products, high
volumes

HIGH

LOW

Medium risk, high
marketing cost

High no. of product
variants

HIGHMEDIUM

Medium-low

Medium risk, high
marketing cost; may
decrease over time

Few products, high
volumes

HIGHMEDIUM

Medium

High but decreases
over time

Few products,
high variant flora

LOW

High

Product-Oriented
SC2: Medium-high volumes,
a mix of std sales and new
lease/service
SC3: Service-oriented but
still high volume (targets
new markets)

SC4: Low volume, re-use,
and lease approach

Table 14 Scenarios

PSS has been classified into three main categories: Product-oriented, Result-oriented, and Useoriented [3]. Each scenario is analyzed according to the services they might offer, using the
taxonomy proposed by Cusumano et al. [1] (Table 15).
The taxonomy classifies product-related services into two groups, ´smoothing´ services and
´adapting´ services, the first one, its goal is to ease the sale, the latter can expand the product´s
functionality, bring new uses, or adapt to different situations.
´Smoothing´ services are likely to appear in the mature phase when there is a great knowledge of
the product and to differentiate from the competition. In the case of ´adapting´ services, these
services appear especially in the early stage to add functionality or to personalize existing products
and in the transition to a mature stage in the industry life cycle.
In contrast, ´substituting´ services replaces the ownership of a product by offering a service for a fee,
these services are likely to appear in the ´mature´ phase of the industry life cycle as a way to find
new markets and capture new customers, however in cases of big uncertainty about a product, is
there a possibility that in early stages these products emerge as services with an initial high
investment.
Smoothing Services:
Adapting Services:
Facilitates sale
Add functionality to a product
Product Oriented

Substituting Services:
Substitute the ownership of a product by offering a service
Result Oriented
Use Oriented
(Product as a Service)
Table 15 Taxonomy of Services

The following sections will describe each scenario with further detail, based on terms of services
they offered, use of resources, and digitalization level.

Scenario SC1: Current State of Production
The manufacturing industry is still in their majority on the mass production paradigm that started a
long time ago with the apparition of assembly lines invented by Ford. The main goal of Mass
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Production is to impact productivity by providing low-cost products through large-scale
manufacturing.
At the beginning of mass production, quality was not the focus. For instance, in 1970, US car
manufacturers saw how their sales dropped when Japanese cars arrived in the country, they were
cheaper and had a higher level of efficiency. Japan had included quality management in its
processes. Furthermore, Lean Manufacturing appeared as a management philosophy based on
Toyota Production Systems, which seeks to maximize value for the customer and diminish waste
along the manufacturing process[11].
With the breakthroughs in information and communication technologies (ICT), including the Internet
of things (IoT), the manufacturing industry has evolved to a more intelligent industry.
In this scenario, it is considered that some industries might have some of their operations digitalized,
but the use of technology is focused on the production and they still work onto the same paradigm,
“mass production”.
In the product lifecycle, there is an obvious difficulty to manage the end of life (EoL), when the
product is no longer useful for the customer. In this scenario is usually a non clear strategy to handle
end-of-life, usually going from disposal to recycling of some components (For instance, some cars
companies recycle batteries of their electric cars).
Less evident is the beginning of life (BoL) of products that never get to be consumed. Authors in [12]
argued that the BoL (Figure10) is usually not considered, as an example in the shoe industry, for 100
pairs of shoes, 20 are not sold, which means that 20% of energy and resources in the factory went to
waste. Especially because mass production usually produces more than it requires since markets,
trends and volumes are calculated approximately.

Figure 10- Reproduced from” Product lifecycle management from its history to its new role” [13]

Regarding services in this scenario, there will usually be services that facilitate sales, that can be
manual or with a lower level of digitalization. Well-established companies that have reached
maturity on their manufacturing process and knowledge of their products. (see Table 1, SC1) more
than often are prepared to offer this kind of services (i.e.: warranty, technical support, instructional
apps, etc.)

Scenario SC2: Medium-high volumes, a mix of standard sales and services
In this scenario, many companies are still in a Product-oriented paradigm, with a high number of
product variants that can be related to mass customization (MC) and mass personalization
competitive strategy. Services that can be encountered here are ´Adapting services´ [1], services that
are integrated into the product and that can expand the functionality of use and adapt the product
to new conditions.
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One of the main hypotheses is that MC, can reduce resource consumption and overproduction, due
to addressing individual customer needs, furthermore extend the product usage phase of the life
cycle[14]
However, having many product variants requires a great level of modularization in the
manufacturing process. A modular product is expected to use more resources than a mass-produced
one since modular products cannot be always optimized with regards to weight and size. Assuming
in those cases where mass production is optimized for minimum material resource usage by applying
integral product architecture. Therefore, it is possible that achieving a large variant of products may
have a greater environmental impact during the manufacturing phase due to higher material
usage[15].
Nonetheless, customers may have a product that is more specific to their needs, and this can
possibly reduce the waste and extend the product´s life. Furthermore, many of these customized
products are configured using software and each configuration can be traced to a specific customer
[15]. One example is the company John Deere, a manufacturer of agricultural machinery, whose
engines can be configured into several horsepower levels through software, to serve different
market segments [16]. This implies that the manufacturer can manage the EoL of the product and
propose strategies of remanufacturing, for a product that is no longer useful for customers.
Still, this is a scenario that will require large sales of products and the potential of being ecologically
sustainable will depend on companies’ strategies to manage EoL and efficient use of resources, it has
the potential as well of reducing the waste of products that never get sold in the BoL. All of these
will come with a price that will be higher for customers, hence, it will require high marketing costs
for part of the company.

Scenario SC3: Service-oriented but still high volume (targets new markets)
This scenario can represent a transition phase, where companies still sell products but diversify their
activities by offering services in a product-as-service paradigm. Here, the ownership of the product is
not transferred, instead, customers pay a regular fee for using a product (use-oriented). This
concept delivers new customer value, by providing highly available services [17].
Services that substitute the ownership of the product, might appear as innovations in the early stage
of an industry when the uncertainty and cost of a product are high [1] (i.e. first mainframes were
offered as a lease for their expensive cost). However, they usually appear in the mature phase of the
industry, when companies try to find new markets [5].
For instance, large companies may offer product-as-a-service options in some markets, without
leaving standard selling of their usual products (See Table 3). One example is Philips, a world-known
technology company focused on electronic and health devices to diversify the business, Philips offers
“Light as Service '' focused on the market of offices and buildings. With this service, they offer a full
solution from the design of a customized lighting plan, delivery and installation of lightning, and
maintenance and monitoring included. Moreover, they claimed to reduce electric consumption. In
the case of BMW and Daimler, both companies had their own car-sharing solutions, shortly after,
they merged and formed ShareNow, the service offers free parking, fuel and insurance included, the
benefit for customers is the high availability and paying only for the time they use the vehicle. Right
now, they center their operations in European cities, after trying to position themselves in North
America, but ultimately leaving for ‘low adoption rates’ [18].
Company
Philips

Product-as-service description
Light as a Service [19]
 Design a customized light solution
 Deliver and install new light systems
 Maintenance and monitoring included
 Promise efficiency and reduce
consumption of electricity

Market
Offices and Buildings
medium
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ShareNow-BMW and
Daimler

Car Sharing
 Parking, fuel, and insurance included
 Highly available
 Price per minute
 Electric car available

A regular person in highdensity cities.
medium

Table 15

As shown in previous examples, product-as-service BM would need a careful understanding of the
market to succeed. In contrast, with traditional product-oriented BM, product-as-a-service BM
expects to build an enduring relationship with the customer. It should take into consideration
aspects such as customer demographics (i.e. age of customer, culture, gender, occupation, etc.),
location, and specialized features of the service that can translate to loyalty to the brand and service
over time. Initially, there would be a high initial cost of marketing to make services known. As more
and more companies migrate to these kinds of services it is expected that confidence grows.

Scenario SC4: Low volume, re-use, and lease approach
This scenario represents the convergence of highly digitalized services that bring customer value and
present benefits for business processes, digital technologies are embedded in the products offering
autonomous and connected solutions to receive a certain result or output (result-oriented).
In this case, the ownership of the product remains with the company or customers have the
opportunity to lease the product, this business model (BM) has a highly complex implementation,
not just for the business aspect, but also for the manufacturing process, many of the functionalities
required for the BM needs to be factory integrated into the product.
Tukker [3], argued that result-oriented services have the most potential of reducing the impact of
resources in comparison with other types of PSS. Since the concept of selling a “result” is quite
abstract, the provider will try to do so in the most cost-effective way, which might lead to radical
innovations. Moreover, in contrast with concepts like ´planned obsolescence´ famous in the
past. Now, there is a need to design and manufacture products that are durable and reconfigurable
to maintain the profits of companies.
There are challenges regarding the technological implementation, since it is required highly
adaptable services according to the needs of multiple stakeholders, and physical devices should
adapt to these requirements. In this scenario, technology is not only used to improve manufacturing
processes but also to improve products.
One example is Michelin, the world's leading tire manufacturers, which for fleet vehicles offers the
´Fleet Tire Lease Program´ since 2000, in this business model the rates are per mile or kilometer, the
service includes monitoring and repairment included, using sensor data collected from
tires. Initially, the project suffered some drawbacks, especially for not being able to correctly market
its value proposition to customers. Moreover, organizational and institutional issues appeared. In
2013, Michelin created a separated division Michelin solutions, to concentrate on their service
solutions [20]
Company
Michelin

Product-as-service description
Fleet Tire Lease Program:
 price per mile rates
 monitoring and repairment included

Market
Fleet Vehicles
Scenario 4
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Prioritization of each of the requirements
5.1 General requirements
To prioritize each of the requirements we used the software Super Decisions. Super Decisions
support Analytical Hierarchical Process and Analytical Network process to include intangibles in the
decision-making (Please refer to Fig. 11).

Figure 11. Prioritization of the requirements by using the tool “Super Decisions”

By using this tool, we can compare the nodes of both clusters (requirements and quality factors) and
give a personal evaluation to them to understand which are the more important ones. This is done
by using the tool node comparison and by manually grading their relative level of importance. This
process is shown in Figure 12.

Figure 12 Manual grading of the relative level of importance of each node

With this information, we can acquire the relationship matrices between each cluster and thus
obtain the level of importance of the requirements (see fig. 13). These values are obtained by
choosing the options Unweighted and Weighed Super Matrix in “Super Decisions”.
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Figure 13 Values from Unweighted and Weighed Super Matrix in “Super Decisions”

Considering previous results, the relative importance of the general requirements of autonomous
production systems are:
1. Descentralization
2. Robustness
3. Modularity
4. Self-organization
5. Learning
6. Stability
7. Scalability
8. Self-configuration
9. Self-optimization
10. Self-diagnosis,
Conclusions from this exercise reveal the importance of characteristics like decentralization of the
decision-making i.e. increasing local intelligence of units and reducing the dependency of external
control. Modularity and robustness are also highly relevant. The higher the level of modularity the
higher the level of abstraction of engineering design and thus the level of process composability. This
means more processes diversity with the same physical resources. On the other hand Robustness
ensures continuous working conditions, even in presence of failures of the equipment. Finally, we
believe that self-organization of resources is imperative to achieve high levels of autonomy. However,
self-organization should be considered from its fundamental enablers i.e. artificial life and biological
inspiration; so that; truly levels or self-organization and autonomy can be achieved.

5.2 Self-configuration
After the collection of multiple requirements that define a self-reconfiguration mechanism, the
prioritization of the technical functionalities (HOWs) and industrial drivers (WHATs) is performed by
setting their internal correlations (see Table 16) under the design and development outlook.
36 (47)
This project has received funding from the European Union’s Horizon 2020
research and innovation programme under the Marie Skłodowska-Curie grant No.
814078

DiManD Deliverable D3.1
Diman

D

Table 16. QFD/HoQ analysis of industrial drivers (WHATs) and technical functionalities (HOWs) for the self-reconfiguration
abilities.
Technical functionalities
(HOWs)

Techni
cal
functio
nalitie
s
(HOWs
)

Atomic computing

0,218

0,087

0,145

0,175

0,23
7

0,172

0,166

0,208

Internal
interactions

0,037

0,175

0,061

0,040

0,05
7

0,039

0,035

0,041

Interoperability

0,113

0,232

0,203

0,156

0,070

0,092

0,103

Modularity

0,118

0,164

0,169

0,271

0,111

0,094

0,097

Real-time

0,162

0,107

0,052

0,102

0,151

0,141

0,183

Self-description

0,069

0,050

0,178

0,060

0,248

0,075
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As outcome of the analysis, the distributed and decentralised computation capabilities stand out as
the main enabler for self-reconfiguration abilities, follow by the full digitalization of the system though
models and advanced algorithms. Both functionalities enable the optimization and improvement of
autonomous systems in terms of efficiency to reach auto-reconfigurable abilities.
As previously defined, real-time functionalities focus on the efficient analysis and communication
which might limit system capabilities to perform reactive changes on the fly. However, it should be
further studied where this functionality is strongly required and the level of real-time (hard, firm or
soft real-time). From the vision of the development, the definition of singular components or modular
mechanisms may limit system’s scalability, then narrowing system’s reconfiguration.

5.3 Self-Organization
The aim of this section is to identify and prioritize the most important self-organization requirements
with respect to the overall customer needs defined in section 2.2. Hence, the following QFD analysis
has been carried out:
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Figure 14: Self Organisation QFD analysis
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Sustainability factor: sustainability is strongly driven by the scalability and adaptability of the
production system. Existing resources must have the ability to respond to continuously
changing environment or customer needs through its adaptive behaviour, and consequently,
scale up/down systems overall capacity. Decentralized control might help in self-organizing
resources in case of changes as individual entities acquire their own autonomy. This
intelligence or level of autonomy can be further boosted with AI driven cognitive capabilities.
However, these requirements require standardisation to be environment agnostic.
Standardisation feasibility: standardisation is necessary to adapt the system easily to new
environments. CPSs must be interoperable with other CPSs of the production system through
the whole value chain to exchange information and enable collaboration.
Industrial and technological readiness: decentralized control applications have been
Implemented in Industry based on MAS systems (i.e. IDEAS project). Dynamic collaboration is
also mostly driven by MAS applications. However, industrial practices are still scarce
compared with its technological readiness. Along with decentralized control systems, bioinspired global optimization practices have been also studied in the literature to mitigate local
optimization. Industrial readiness is still not fully addressed, although cognitive capabilities
are quite advanced in terms of AI driven bio-inspired techniques.
Robustness: self-organising requirements should be robust to seamlessly adapt the system
without causing any disruptions on it. Robustness is mainly addressed by stability, cognitive
capabilities, and decentralized systems. Cognitive capabilities bring the capability to perceive
and react in case of changes in the system, whereas stability aims to mitigate chaotic regimes
over frequently changing environments. Furthermore, decentralized control systems
eliminate single points of failure.
Cost advantage: cost advantage is an important metric to measure the development cost
versus utilisation cost when implementing a new development in industry. Self-organization
requirements are mostly driven by software, in which the end goal is to reuse existing
resources by enabling sustainable business models (further detailed in section 3.6).
User friendliness: technologies should be user friendly i.e. easy, simple, intuitive for the end
user.

The results of the QFD analysis regarding the self-organization requirements for building autonomous
production systems are ranked below, in the order of relative weight:








Decentralized Control: 18.3 %
Adaptability: 17.4 %
Cognitive capabilities: 16.9 %
Scalability: 16.5 %
Stability: 13.7 %
Dynamic collaboration: 11.0 %
Global optimisation: 6.2 %

5.4 Self-diagnosis
Analytic Network Process (ANP) are used to prioritization customer requirements by computing the
intangibles. In this study, Analytic Network Process based super decisions method used for the
connecting the industrial viable set of requirements (WHATs) and self-diagnosis requirements
(Functions-HOWs) data in the effectively rank options and predict importance of each self-diagnosis
requirements.
Furthermore, ANP based super decisions tool used as to provide the aid in decision making,
quantifying self-diagnosis requirements, and for evaluating importance of each requirements. Figure
15, represents the comprehensive QFD for the self-diagnosis requirements.
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Figure 15 -QFD for self-diagnostics

Self- diagnosis requirements
Fault identification

Importance (%)
23.76

Integration

18.56

Learning and predictability

17.4

Connectivity (In-time)

15.54

Evolvability

14.7

Self-explanatory results

10.04

Table 17- Importance of self-diagnosis requirements

This method helped to evaluate the importance of self-diagnosis requirements and understanding of
set of industrial viable requirements. Importance of each self-diagnosis requirements are shown in
the Table 17. This evaluation reflects the importance of requirement are as fault identification
(23.76%), integration (18.56%), learning and predictability (17.40), connectivity (15.54%), evolvability
(14.70%), self- explanatory results (10.04%).

5.5 Self-Learning
Instead of applying ANP method, the analysis of QFD shows the requirements are prioritized in order
of importance. Where the “data handling” and “security controlling” are graded at the most
important requirements of self-learning capability in autonomous systems, the “multi-connectivity”,
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“availability assurance”, and “human-centred design” are followed. Whereas the multi-connectivity
plays strategic roles in networks of autonomous systems—to enable reliable and consistent
transmissions, to enrich data rates in, to provide multiple links from source to destination, the
availability assurance guarantees that systems, applications and data are available to autonomous
systems when they need them. The design oriented to human involves the human perspective in all
steps of design to realization of self-learning capability so that human can understand and react as
needed in the various situation of human-machine cooperation. Lastly, the social-technical criteria
need to be taken into account to drive the self-learning mechanism to not only optimize the
efficiency, but also achieve the sustainability in both business, social and environmental aspects.
Therefore, in limited business resources, the company can prioritize the implementation of selflearning capability in accordance with its importance requirements in order as described by Figure
17.

Figure 17: Quality function deployment of Self-learning in autonomous systems

5.6 New Business Models
Analysis of Scenarios and Conclusions
In [5], the authors make a correlation between Digitalization and servitization level (Figure 18). In a
high level of Digitalization and servitization, there is a convergence between technology that serves
business processes and services that are customer-oriented. In a high level of digitalization, we
consider how digitalized is both, the product and the production process. For instance, the
production presents characteristics of data processing, machine-to-machine communication, ICT
infrastructure, and efficiency in equipment infrastructure. In the product, digitalization is considered
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the connectivity, monitoring, and IT services related, data analysis, sensors or actuators integrated
into the product.

Figure 18 Innovation trajectories for Industry 4.0 and Servitization, adapted from [5]

Following the description of scenarios, Figure 19, shows the placement of each according to its level
of Servitization and Digitalization.

Figure 19 Scenario allocation

It is important to mention that for companies the profitability and customer needs are still the main
drivers to bring services into their portfolios. The views on sustainability will vary from large to small
companies. In the mature stage, is considered a business impact aspect whereas for small and
medium companies is something that they are aware of, but consider as a “bonus” or try to follow
practices from other companies at the same level [4].
42 (47)
This project has received funding from the European Union’s Horizon 2020
research and innovation programme under the Marie Skłodowska-Curie grant No.
814078

DiManD Deliverable D3.1
Diman

D

In 2020, the COVID-19 pandemic caused an economical breakdown across the world and the
traditional manufacturing industry was affected. Production and economic activities were partially
or totally interrupted, disrupting supply chains for lockdowns in several geographic areas. In Italy, a
survey effectuated to 177 representatives of several industries, revealed that 66% of companies
expected a high reduction in sales of products whereas only 26% expected a high reduction in their
sales of Advanced services (e.g., remote condition monitoring, predictive maintenance, and databased services) [21].
From this moment of crisis, can emerge opportunities to transform industries, Scenario 3 and 4
presented a description where services are in the main core of the business model, that can present
opportunities to build more resilient and adaptable BM. Furthermore, digitalization is an enabler of
the PSS

Figure 20 Resources, Digitalization and Servitization

Finally, figure 20, according to scenarios and literature, shows graphically the use of resources for
the levels of servitization and digitalization. Considering, that even when PSS can reduce the use of
resources, the benefits are not seen on product-related services, especially on ´smoothing´ and
manual services [3]. Result-oriented services or Use-oriented services are the ones that are more
aligned with the concepts of the circular economy that has been closely linked to sustainable
development, as “an economic system that replaces the ‘end-of-life’ concept with reducing,
alternatively reusing, recycling and recovering materials in production/distribution and consumption
processes.” [22]
However, as mentioned in Scenario 3 and 4, the risks are high, the marketing costs can be also high
when service is not well known, and it will depend on how well defined is the BM. Society pressure,
customer behavior change, governments initiatives are fundamental to see clear changes in
manufactory industries.
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