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Abstract.

This paper investigates the concept of the digital twin.as an enabler for smart
services in the context of the servitization of manufacturing. In particular, a con-
cept is developed and proposed for the derivation of appropriate simulation mod-
els starting from the model of the service ecosystem. To do so, smart industrial
services are analyzed from the point of view of their value proposition. Next, the
role of the digital twin as an enabler for these services is analyzed and structured
in a multi-layer architecture. Hybrid simulation approaches are identified as suit-
able for building simulation'models for this architecture. Finally, a procedural
end-to-end approach fordeveloping a simulation based digital twin departing
from the service ecosystem is proposed.

Keywords: Smart Services, Servitization of Manufacturing, Digital Twin.
1 Introduction

The goal of this paper is to elaborate a concept for creating service value using a digital
twin. The aim is to design and engineer services derived from the customer needs that
leverage the potential of the digital twin. The approach discussed in this paper starts
with the concept of “Service-Dominant Logic” (SDL). With the transition from prod-
ucts to services, the economy moves from the concept of “Goods-Dominant Logic”
(GDL) to SDL. In SDL, service is considered the fundamental purpose of economic
exchange (foundational premise 1, FP 1). The focus of value creation is moved from
the manufacturer as creator to co-creation through customer interaction [1]. Here the

quality of the service is determined by the customer’s perception, rather than by the



engineering on the side of the provider: hence, the value is always co-created by the
customer (FP 6). Value is deployed over a period of time which exceeds the discrete
moment of sales and distribution and is created in ecosystems through actor-generated
institutions and institutional arrangements (FP 11).

SDL also states that operant resources - knowledge and skills - are the fundamental
source of competitive advantage for the actors in the ecosystem (FP 4). Service provid-
ers apply their knowledge and skills for the benefit of another entity or the entity itself
[1]. In the context of industrial services, the ability to use a digital twin based on data-
based models and analytics represents an operant resource. The concepts of SDL are
translated into practical procedures by, e.g., service design approaches. According to
[2], service design [3] can be considered an operationalization of SDL. When designing
a new service, it is essential to first define and understand the target customers and to
explore their needs for service in the specific context., The benefit for the customer
depends strongly on the customer himself and on‘his individual situation and context

(FP 10).

2 Smart Industrial Services

The service sector is continuously growing and makes up a substantial part of employ-
ment and the gross domestic.product [4]. On the transition from products to services,
companies start to move from the concept of GDL to SDL, and the concept of industrial
companies asservice providers has emerged [5]. The focus of firms’ value creation,

thus, shifts from the manufacturer to co-creation by firm and customer [1].
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Fig. 1. Input- vs. output-based services (adapted from [7])

The shift to services is driven by saturated markets and high competitive intensity
[6], as well as by customer demand for the values and benefits provided by services [7].
In particular, there is an evolution for customers tordemand and pay for some agreed
performance output instead of the resourceinputs the provider offers. Therefore, the
transition from goods to services and the'addition of services to products is considered
essential for manufacturing firms [8].-Forthe development of this service economy, the

omnipresence of information‘and communications technology is a major driving force

[9].

The literature:provides a-classification of industrial services based on the value pro-
vided to the customer;-who is guaranteed either an input or some output performance
[7, 10]). There is a differentiation between services that are oriented towards the sup-
plier’s goods-or towards the customer’s processes (Fig. 1). According to the figure,
traditional service models are located in the PLS (product life-cycle services) quadrant.
Examples are the installation of new equipment, maintenance, repair or spare parts de-
livery. When the provider moves to new service models around its products, the PLS
services are complemented or replaced by output-oriented asset efficiency services
(AES), such as customization, condition monitoring, predictive maintenance, perfor-

mance optimization, or consulting for the customer along the end-to-end journey. New



service models that focus on output performance are also referred to as “advanced ser-
vices” [8]. This is in line with the concept of moving from value in exchange to value
in use with the good becoming a distribution mechanism for the service value (FP 3).
Assessing and quantifying the fluctuations and risks inherent to the output provided as
well as the production costs to achieve the promised level of output quality, therefore,
becomes a key capability for a provider when moving to output-based advanced ser-
vices.

The provider needs to understand and manage the risk of failing to provide the guar-
anteed performance. It is evident that the ability to manage, process, and analyze data
of the installed base is essential to do this. Therefore, with the increasing.degree of
servitization of manufacturing and in order to move to advanced services, leveraging
data for the development and the provision of services becomes a key prerequisite, and
at the same time it is a key challenge for the providers:.In this perspective, the ability
to process and analyze data is considered an operant resource according to SDL. The
intention to move from basic services in the area of product life-cycle services to ad-
vanced asset efficiency services was confirmed in case studies with several manufac-

turing companies [11, 12].

3 The Digital Twin as an Implementation Form of Smart

Services

3.1  Actors’ Jobs-and Needs over the Product Lifecycle

Eachractor within a firm’s business ecosystem will have different jobs, pains, and gains
and these are dependent on the situation in question; in effect, the actor’s problem. The
digital twin needs to match closely with “the actor’s problem” in a systematic approach,
so the resulting services are centered around the specific needs of the actor in that par-
ticular situation. This fosters a close relationship and co-creation of value between the
different actors (e.g., the providers and the customers), which contributes to long-term
relationships and loyalty. There is no single applicable value proposition but rather,

many value propositions that are based around individual actors and their situational



problems. In particular, the digital twin lends itself to contribute to the value proposi-
tions by supporting all of the actors around the product service system, in particular by
relieving the pains and increasing the gains of the actors. As discussed before, the dig-
ital twin is based on a combination of data, analytics, and the visualization of the in-
sights to support decision-making by providing advice. Depending on the phase of the
product lifecycle (beginning, middle, end of life, i.e., BOL, MOL, EOL), different com-
ponents of the twin and different data are required.

When designing and applying the digital twin, the provider applies its knowledge
and skills in analyzing the needs of the different actors in the ecosystem and conceiving
appropriate service value propositions based on data, modelling the physical equipment
and combining this with domain specific knowledge to provide a service benefit. There-
fore, the approach discussed in this paper considers the digital twin as a data-driven
operant resource for the design and provision of services.. The twin is structured accord-
ing to technical and business hierarchies. The product, which is the carrier of the indus-
trial service, on the one hand consists of sub-components and on the other hand is part
of a larger system. Therefore, the objects considered in these layers may range from
physical components and integrated machines;up to shop floors, factories, and systems
of factories [13].

The research question in'this study requires framing within the context of data-driven
product service systems so that the complexities of the B2B (business to business) en-
vironment and digital twins can be investigated in the industrial world. Around this
framing the résearch question is: “In a complex data-driven product service system,
what service value.can the digital twin provide, who is the provider, who is the benefi-

ciary, and how can this service value be implemented by data and simulation models?”

3.2  Layered Approach for Service Value Creation using the Digital Twin

In this section, we discuss a structure of the digital twin that lends itself to the design
of industrial services along the product lifecycle. From the perspective of the product
life-cycle management phases (BOL, MOL and EOL), systematic service design deliv-
ers customer value in all these phases (Fig. 2). The actors in the ecosystem, i.e., the

diverse actors along the product lifecycle, require value propositions that fit their jobs,



pains, and gains. These diverse instances of value propositions are generated by the
family of digital twins, consisting of several sub-twins each serving a specific sub-set
of jobs, pains, and gains, and using specific elements of data and models.

According to [14], value creation based on data and analytics is very similar to that
based on the digital twin. Data and analytics can be considered as an enabling part of
the digital twin. Although technical discussions of the digital twin predominate in lit-
erature, there are also sources that illuminate the object from the perspective of services
and value contribution. According to [15], the integration of the digital twin and service
represents a promising research direction which should be addressed in future para-
digms. [16] as well as [17] and [15] discuss the application of thedigital twin-along the
product lifecycle. It can provide value in the form of services in product design and
engineering, in the design and optimization of the shop floor, in product operations and
usage monitoring, and in after-sales services and prognestics and health monitoring of

the product. [18] discusses the digital twin as a basis of a decision support system in

manufacturing.
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Fig. 2. Data enabled value creation framework of the simulation-based digital twin



Given the wide range of interpretations of the term “digital twin”, it becomes evident
that further dimensions are required to get a differentiated perspective on the value
contribution. A hypothesis for a layered approach adapted from [19] is shown in Fig.
3.

Asset management optimization within market conditions
(e-g., opening new factories/lines, upgrading existing lines, mothballing lines, closing lines/factories)

Many factories /
business o __
ecosystem ERP, CRM, SCM, logistics, market relevant indicators

System Dynamics (SD) Modelling

Design product and module, optimization for | p, ion line optimization, machine R ” g
application performance, manage machine health, e:l eu nt :; e ;Zyig:} nl:g?or: e;:gzponems,
Lessons for next generation machines machine configuration ’
Product / machine
(o] i data, busil pl , machine status, static and live machine parameters, location
Physical sil ion (FEM, dif i i machine learning)
Design of the component based on past A Refurbish, recycle, upgrade components,
experience D WD Gl G eNeDth (T I EED extend life, design improvements

Component i i ) ) K )
Material properties, dimensions, environmental data, operation data, maintenance data

Physical si ion (FEM, di i i machine learning)

Beginning of life (BOL) End of life (EOL)

Fig. 3. Architecture of the digital twin.in several layers with design objective, data used, and

simulation technique applied

In this respect, the digital twin can be considered a data-driven enabler and support for
providing services. The structuring of the twin along the phases of the product lifecycle
as well as i the hierarchy of the technology and the business decisions leads to the
concept of the family of twins. In each of the phases BOL, MOL, and EOL, a digital

twin can provide service value to specific actors in the product service system.



4 Simulation Approaches for the Digital Twin

4.1 Literature Review for Simulation Approaches for Multi-Layer

Manufacturing Systems

Implementing a family of digital twins for the architecture shown in Fig. 3 requires the
development of different elements of simulation models on a different level of granu-
larity, which are then combined. The family of twins in a specific case may comprise
elements covering different phases of BOL, MOL, or EOL, as well as different layers
of the architecture, e.g., a machine layer as well as a factory layer.

Simulation across several layers in manufacturing environments is‘referred to as
“hybrid simulation” in the literature [21, 22, 23, 24, 25]. “Hybrid simulation” is also
methodologically further elaborated in [26, 27, 28]. Under this term, the three model-
ling approaches “agent-based simulation” (ABS), “discrete event simulation” (DES),
and “system dynamics” (SD) are considered in a systematic and combined approach.
According to [21], simulation in manufactuting systems today mainly focuses on DES,
while the potential of ABS and SD are rather under-utilized. In [23], a comprehensive
overview of eight issues in productionplanning and control is provided, together with
an indication which of the simulation modelling approaches of ABS, DES, or SD is
suited to each. These eight.issues are: facility resource planning, capacity planning, job
planning, process planning, shop floor scheduling, inventory management, production
and process design, purchase and supply management. In [25] a hybrid approach of
ABS and DESis elaborated for the modelling of a product-service-system and com-
pared to an approach based only on DES. The study reveals that the hybrid approach is
more usefulformodelling the customer interaction in a service system. [24] elaborates
on the specific challenges imposed by the high variability inherent in services systems.
This is due to the co-creative involvement of a variety of customers as well as the pro-
vider resources in the process, which may be a cause of the “service paradox”, i.e.,
companies suffering from poor return on their service business. Both [24] and [29] ar-
gue that simulation approaches are a suitable means to cope with these challenges of
increased variability. They compare different hybrid approaches of ABS, DES, and SD,
and conclude that the combination of ABS and DES is well suited for the modelling of



manufacturing issues, where ABS makes modelling of customer variability easier and
also allows the detection of phenomena as they emerge in the system. SD lends itself

to, e.g., modelling sustainable cause-effects loops.

4.2  Hybrid Simulation Concept for the Family of Digital Twins

Given the simulation concepts available in the literature, it becomes obvious that a hy-
brid simulation approach comprising SD, DES, and ABS is adequate to support deci-
sion-making by the family of digital twins in industrial environments. Thus, the simu-
lation models represent an operant resource that is integrated by the actors for providing

a benefit for decision support.

System Dynamics (SD) Modeling:

e SD modeling is focused on the observation on the system level and used for strate-
gic-level modeling. SD modeling uses the laws of physics to describe and investigate
the dynamics of economic and social systems, whereby individual entities are not
specifically modelled, but are represented as a continuous quantity in a stock. The
mechanisms behind DS modeling are-feedback loops and stock and flow models
(e.g., for stocks of products or jobs or for flows of purchases).

o The target objects of the models in manufacturing systems are, for example: demand
forecasting (on an aggregated level), estimation of total cost and revenues, network
and supply chain planning, logistics and inventory planning, ecology modeling, sup-

ply, corporate planning, etc. [21, 23].

Discrete Event Simulation (DES) Modeling:

e DES modeling is used for process-oriented modelling of the behaviour and impact
of actors or items in their ecosystem on an operational-tactical level. DES models
can be considered as an interacting set of entities that evolve through different states
while internal or external events happen. The system is frequently modeled as a pro-

cess, i.e., a sequence of operations performed across entities and resources.
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e Discrete event simulation is the most common simulation methodology used for
manufacturing systems. Target objects of the models are, for example, capacity plan-
ning, quantity planning, job-shop management, shop floor scheduling, order time

planning etc. [21, 23].

Agent-Based Simulation (ABS) Modeling:

e ABS is a bottom up approach. The modelers do not need to know the complex struc-
ture and operation of the overarching system. Modeling starts with-designing indi-
vidual agents, defining their characteristics and behaviors. In the.execution of the
simulation models, they interact together their environment. Thus, agents in ABS
are autonomous, heterogeneous and possibly intelligent entities. The evolution of
the agents over time can be modeled by state charts inside agents. The global system
behavior does not need to be defined. It emerges as a-result of the evolution of the
individual agents, each following its own rules.[24].

e Agents may be, for instance, customers, machines, capacities, or goods flowing
across a system. Therefore, in manufacturing contexts, ABS modeling is applied to
job planning, equipment planning, process sequence planning, shop floor scheduling

etc. or, e.g., cooperation and communication within the supply chain [21, 23].

Physical Modeling:

¢ In specific cases, the input data for feeding the digital twin may stem from physical
sensors, e.g.; vibrations, temperatures etc. This data can be used in a physical model
that is combined with the other models, typically based on differential equations /
FEM (e.g., [20]).

e However, in the context of decision support services in manufacturing environments,
physical data can be used for models based on data science applications. The under-
lying methodologies are described in, e.g., [30], with the application for data-driven

services discussed in [31].
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e This can be used, for example, to assess or predict the status of machines by classi-
fication, based on physical input data. The discrete variables describing this status

can then be fed into agents of ABS to factor into the decision-making process.

To conclude, as discussed in the literature about hybrid simulation models, the com-
bined models of ABS and DES are most frequently applied in manufacturing systems.
DES is used to model the work processes on the shop floor, in which raw-materials and
semi-finished products are worked on by humans and machines. Throughput'or waiting
times based on queuing systems can be evaluated and used for the decision-making
process supported by the digital twin. ABS can enhance the DES model by modulating
the behavior of the actors (e.g., customers can change their needs based on contextual
information, which is typical in service systems). Equally, human workers or machines
can change their behavior over time. ABS can also be used for modeling autonomous
material or products moving across the system.

In the architecture of the digital twin according to Fig. 3; SD simulation will be added
at the top of the scheme if the behavior on the'system level needs to be understood for
decision support services. This may-be, e.g., strategic evolutions at the supply chain
level, or the impact of the production schemes on ecological variables. Additionally,
where required, physical models.can.be supplemented at the bottom of the scheme in a

targeted manner to integrate physical measurement points into the model.

5 Integration of Service Ecosystem and Simulation Model

When hybrid simulation models according to section 4.2 and based on the architecture
of Fig. 3 are-implemented, it is important not to start building the entire system in a
GDL approach, which would be followed by traditional simulation approaches (i.e.,
building a simulation model around a product or a physical system and then trying to
get value out of this). According to [16], “The simulation models making-up the Digital
Twin are specific for their intended use and apply the suitable fidelity for the problem
to be solved.”. [28] claims that the goal of a simulation modeling process is not to build
a simulation model, but to build a decision support system. Taking the SDL perspective,

the needs of the actors in the ecosystem and the value in use to be provided need to be
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modeled first. Only then, the application of simulation models to provide the value in
use may be considered.

In the service design perspective, this means that first, the ecosystem of actors and
their jobs, pains, and gains need to be modeled. Digital twins — in particular simulation-
based ones — are only considered if they can add value to the service value proposition
for supporting the actors in their decision processes. In practical cases, it often turns out
that simulation-based digital twins are appropriate only for a specific subset of the cus-
tomer jobs. Substantial components of the service are then based on other—mnot'data or
simulation based - components of knowledge and skill. This also means that the archi-
tecture of Fig. 3 is not implemented in its entirety, but specifically in.individual ele-
ments to achieve the targeted service benefit. These elements then make up the mem-
bers of the family of twins shown in Fig. 2.

Given this SDL perspective, we therefore elaboraterand propose a procedure in six
steps for the development of the digital twin starting from modelling the service eco-
system and leading to the integration of the technical-resources (i.e., the simulation-

based members of the family of twins).
1. First, the ecosystem of actors in the system is analyzed and documented:

— In agreement with the’concept of SDL and in particular of service ecosystems, the
boundaries of the'system need to be determined by including those actors that are
directly relevant for the use case and that may influence the decision to be taken.

— Service ecosystems ‘are typically drawn in the form of a graph with the actors
being the nodes and the connecting edges representing the transactions and the

value flows [2].
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Fig. 4. Mapping the existing service ecosystem with different actors being interconnected by

value exchanges that can be described by the transactions.

2. Next, the problems of the actors are described using service design tools:

— In particular, this means conducting contextual customer insight research and un-
derstanding the jobs to be done [3].
— This leads to documented actors® jobs, pains, and gains (see also Fig. 2), their

customer journey, and their position in the service ecosystem.
3. Next, the moments of truth for decision support are identified:

— As discussed in section 4, hybrid simulation-based models (like physical model-
ling, SD, DES, or ABS) lend themselves to providevalue in the form of decision
support to the actors in the ecosystem. For deciding which simulation elements
(i.e., members of the family of twins) provide most value, the most critical deci-
sion points of the actors are identified.

— In terms of the service design methodology, these are the moments of truth (MoT,

[3D-
4. For these identified decisions, their factors and impacts are analyzed:

— What is driving the decision? Are there capacity constraints (e.g., not enough re-
sources or agents)? Or are there capability constraints (e.g., not the right re-
sources)? Are there other driving factors?

— Whichinformation is required to assist the actor in the decision? How does it have
to be presented to the actor in order to provide a service value?

— Which is the relevant time horizon for the service value? I.e., in which time hori-
zon does the decision have an impact? E.g., an actor responsible for the mainte-
nance of equipment may need to know how it will perform in the next days or

weeks or months, depending on the context.

5. For the required information for decision support, the integrability of the tech-

nical resources is checked:
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— Which data and other technical resources (operant resources) are required to pro-
vide the required value to the actor?

— Are the resources available and can they be integrated? If not, can they be made
available? Can they be simulated or emulated for estimating the potential of the

new service?
6. Build the models for the family members of the digital twin:

— In order to provide the actor-specific service value, the technical models accord-
ing to the concepts described in section 4 are built, thus making up the family of
twins.

— These models then are integrated as resources in service value propositions, i.e.,
combined with other resources (that are typically not.data- or simulation-based).

— Of course, according to the service design procedures (e.g:5[3]), the development
of the service value proposition follows an-iterative approach, i.e., the service
value is developed in a continuous cycle of “design — test — improve” steps until
it provides the relevant value. This also means that the family of twins undergoes

a continuous evolution.

If decision support for several actors.in the system is developed, this means elaborating

several family members of the'twin, which together constitute the digital twin

6 Discussion and Conclusions

In this conceptual paper we derived a concept for modeling industrial service ecosys-
tems based on.the digital twin. We apply SDL to the digital twin concept, which means
that the.development process starts with understanding the business system and the
problem of (all) the actors (e.g., people, things and processes) in the system. Transitions
are identified between actors and then value propositions are derived from this and
translated in appropriate members of the “family of twins”. This results in a multi-layer
approach for the required simulation models. The concepts around the topic “hybrid
simulation” comprising ABS, DES, and SD described in the literature lend themselves

to implementing parts of this architecture in simulation models.
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The application of “agency” is important as the simulation results should be viewed
as advisory and limited by the system boundaries. There are many instances where the
digital twin will have key management information missing. It should provide conse-
quences of the advice and provide alternative options. In effect, we are suggesting that
the data-driven models (“artificial intelligence”, Al) do not hold all the answers but
rather they are supportive to the decision making within the ecosystem. The Al here is
made up of many digital twins and it is possible (or expected) that it may proyvide con-
flicting or unclear advice as it has used different underlying simulation models.’A sim-
ple example of a digital twin providing advisory are the widely used navigation system
apps and their travel services: options are provided both in terms ‘of the‘mode of
transport and routes — the digital twin here provides the consequences.(e.g., travel times
and complexity of journey). Finally, a digital helper theninstructs the traveler.

The simulation based digital twin can be consideredas a service agent when viewed
through the lens of SDL. It should provide advice within the constraints of its bounda-
ries as well as options allowing the human counterparties to take the action as the
knowledge of the digital twin is limited to its bodies. It needs the use cases to be well
understood and described and the sources of'data and the beneficiaries of information
to be defined. Based on this,-we conclude that however the system is simulated, it
should be brought all to the same level: people, machines and other objects as well as
digital twins (including digital helpers) are all actors within the ecosystem.

In the ongoing and future research by the authors, a multiple case study is conducted
to establish which of the modeling methodologies is most suitable to create value in
which specific type of service situation. It is evaluated whether there are typical patterns
and blueprints for selecting this methodology. Additionally, the amount and quality of
the available data may limit the benefit of the services provided by the family of twins,
which needs to be investigated. These investigations need to be conducted against the
background of the business objectives of the actors in the ecosystem. Furthermore, it
remains to be verified whether and how simulation agents in ABS lend themselves to
the modelling of non-human actors in service ecosystems, which opens up new research

questions in the area of the role of autonomous actors in service ecosystems [32].
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