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Abstract. Digital Twins (DT) are proposed in industries to support the entire
lifecycle of services with different perspectives. Lack of systematic analysis of
DT concepts leads to various definitions and services which challenges the DT
developers for data integration and integrated service delivery. In this paper, a
systems engineering approach is proposed to identify the requirements of DT in
order to formalize the DT concepts from a systematic perspective. The concep-
tual architecture of DT is defined based on ISO standard 42010. Several concepts
are captured to recognize DT, to define related terminologies, and to identity con-
cerns and viewpoints in order to provide cues for delivering DT services to in-
dustry. This approach is evaluated by multiple industrial use-cases under the
Innosuisse IMPULSE project, from which one-use case is selected for further
elaboration. It contributes to the development of DT associated to the use-case
by addressing the requirements of DT using a semi-formal approach.

Keywords: Digital Twin, Systems Engineering, Architecture Design.

1 Introduction

With the rapid advancement of Industry 4.0, Digital Twins (DT) are increasingly gain-
ing attention for their potential to support intelligent decision-making for real-time
cyber-physical systems. As an emergent technique, many industries from different do-
mains are developing different DT concepts aimed at establishing cost-effective solu-
tions for product development and maintenance. However, the DT concepts are sepa-
rately defined by different domains, which leads to challenges defining a unified DT
concept. Without unified definitions, stakeholders of DT find it difficult to communi-
cate with the same language and thought structure. This negatively impacts the proper
delivery of DT services and decision-making identifications.

The DT is a digital duplication of entities, with real-time two-way communication
enabled between the cyber and physical spaces [1]. As a DT is developed, four main
perspectives need to be considered: i. DT domains; ii., DT organizations; iii., DT mod-
els; and, iv., DT decision-making. DT domains refers to the disciplines the DT is used
for. DT organizations refer to the group and enterprises providing DT concepts. DT
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models refer to models constructing virtual entities of DT. DT decision-making to the
purposes. These perspectives are difficult for DT stakeholders to identify because the
systematic view of the DT requires more domain-specific knowledge. Thus, a general
architecture description of DT is useful for stakeholders for DT development, imple-
mentation and maintenance.

The contribution of this paper is to illustrate a systems engineering approach to for-
malize architecture descriptions of DT for different domains. Based on ISO standard
42010 as a reference model, DT is defined as a “system” whose architectural entities
are formalized including stakeholder concerns and viewpoints. Through these entities,
requirements are identified which are used for making decisions about DT service de-
livery. Finally, an ontology model is developed to visualize the architectural entities
from the selected use-case in an Innosuisse project IMPULSE, which aims to provide
a unified architecture description of DT.

The rest of the paper is organized as follows. We discuss the related work in Section
2 and introduce the systems engineering approach to identify the architecture descrip-
tion of DT in Section 3. In Section 4, the use case is elaborated to evaluate the approach
to identify each requirement of DT development. Finally, we discuss findings and offer
our conclusions with a summary in Section 5.

Based on the output of this paper an ontology-based approach will be used as a
continuation of this works to formalize the architecture entities of DT and visualize a
DT concept. This, however, remains beyond the scope of this paper.

2 Literature review

The concept of digital twins is an emergent technique aiming at providing a rapid and
effective solution for product development [2]. The DT concept consists of physical
products in real space, virtual products in virtual space and communications between
these two spaces [3]. Different domain specialists provide different definitions and
technologies to construct digital twins [4]. This brings a new challenge to define and
formalize the architecture of DT so stakeholders can make appreciate decisions when
developing DT [1].

In systems engineering aspects, an international standard 1SO/IEC/IEEE 42010 -
Systems and software engineering — architecture description — is officially recom-
mended for describing the system architectures as a reference practice [5]. As R. Capilla
et al., [6] explained, the 1SO 42010 has provided meta-models for describing systems
and software architectures. The specification concluded that most of the key concepts
and meta-models in different architectural knowledge management (AKM) tools are
consistent. E. Kavakli et al., [7] use the proposed architecture model to produce speci-
fications for a smart system for disruption management. They proposed informational,
physical and logical viewpoints to frame the stakeholders’ concerns. P. Obergfell et al.,
[8] used the reference architecture description to specify functional capabilities of mod-
ern automobiles from various aspects including services, software, electronics and elec-
trics. They have applied their so-called Electric/Electronic-architecture (E/E-architec-
ture) description method for identifying the Adaptive Cruise Control (ACC) features.

From the literature review, we found DT has been widely proposed by different do-
mains with specific definitions and concepts [1, 9]. A general architecture concept for



DT is needed to identify domain-specific requirements for DT development. We found
ISO 42010 has been widely used to formalize the architectures of complex systems and
can potentially support DT architecture descriptions from different perspectives.

3 Systems engineering approach to identify the
requirements of a digital twin

In this paper, a systems engineering approach is proposed to formalize the requirements
used for making decisions on DT development. DT developers make use of 1ISO 42010
to identify the architecture of DT and propose questions to represent views of DT. Then
based on an Easy Approach to Requirements Syntax (EARS) [10], requirements are
formalized referring to answers to the proposed questions. Fig. 1 shows how the re-
quirements are captured in order to make DT development decisions.

O O Design questions
N 4

DT developers Questions

EARS
approach

Requirements

Fig. 1. Workflow of the proposed systems engineering approach

3.1 Identify questions using 1SO 42010

From literature reviews, we used the international standard ISO/IEC/IEEE 42010 as the
reference model, aiming at defining the key architectural concepts and system bounda-
ries for DT from domain-specific perspectives, particularly for the Swiss Innovation
Project IMPULSE.
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Fig. 2. Reference Architecture in 1ISO 42010 [11]

To focus on the DT requirements, we simplified the model to investigate the core
conceptual elements of the DT architecture; System-of-interest, Stakeholder, Concern,
Acrchitecture Description, Architecture Viewpoint, and View — as shown in Fig. 2.



The System-of-interest refers to the collection of physical and virtual entities in a
DT. Stakeholders interested in the DT (System-of-interest) each have their concerns,
for example, DT system developers want to obtain the structure of the physical entities.
The architecture description identifies the system-of-interest, the stakeholders and their
concerns. It is comprised of more than one architecture view addressing a set of stake-
holders’ concerns and more than one architecture viewpoint. An architecture viewpoint
is a work product that provides a framework for a set of concerns by presenting con-
ventions for constructing, interpreting and using architecture views. An architecture
view is a product addressing a (set of) concern(s) raised by the identified stakeholders.

In this paper, the system-of-interest is defined as the collection of physical and vir-
tual entities of the DT which is being developed. The boundary is identified by consid-
ering the main stages of the DT system’s lifecycle: concept, development, implemen-
tation, utilization, support, and retirement [12]. Stakeholders are identified within that
boundary while envisioning the phases of the DT’s lifecycle. The term ‘actor’ (with
defined roles) is used within Service Dominant logic [13]) and ‘beneficiary’ identifies
where value accrues; these terms are complementary to the Systems Engineering term
of stakeholder: stakeholders are actors directly involved with, or one-step-removed
from the focus. Stakeholders are identified by the classification of different actors
(roles). They provide concerns in order to identify the viewpoints and views. The onion
diagram of product stakeholders [14] clearly details the taxonomy of stakeholders and
their relationships. The concerns of the Digital Twin’s stakeholders can be categorized
based on various viewpoints such as performance, asset safety, etc. These viewpoints
and views construct an architecture description of DT. Finally, questions for DT devel-
opment are followed by answers (given by the use case owner) in a semi-formal format
and proposed as views to DT developers to identify requirements for DT development.

3.2 Define Requirements using an EARS approach

The EARS approach is proposed to formalize the requirement syntax using a semi-
formal approach. The requirement is defined as a statement as following:

1. What a system must do (Functional Requirements).
2. A known limitation or constraint on resources or design (non-Functional Req.).
3. How well the system must do what it does (non-Functional Requirements).

The functional requirement is defined as a general syntax for functional requirements:
RegF={[Trigger], [Precondition], System, System behavior, [Object]} Q)

Where square brackets (e.g., []) refers to the elements which can be removed. Trigger
refers to when a System or others implement actions. Precondition refers to the condi-
tions when a System or others implement actions. System refers to the target system
implementing some actions (System behavior) to Objects.

In the EARS approach, requirements are defined as:

1. Ubiquitous refers to the system behavior always occurring.
2. Event-driven refers to the requirements for certain system behaviors.



3. Unwanted behaviors refer to the system behaviors under unwanted conditions.
4. State-driven refers to the system behaviors while in its own states.

5. Optional features refer to the system behaviors under specific conditions.

6. Complex refer to requirements constructed by collections of the above.

Table 1. EARS approach for formalizing requirements

Requirement type Format rules

Ubiquitous The <system or component> shall <system behavior> ([Object]).

Event-driven WHEN <trigger> <optional precondition> the <system> shall <
system behavior > ([Object]).

Unwanted behaviors IF <unwanted condition or event>, THEN the < system or compo-
nent > shall < system behavior> ([Object]).

State-driven WHILE <system statement>, the < system or component > shall <
system behavior> ([Object]).

Optional features WHERE <feature is included>, the < system or component > shall
< system behavior> ([Object]).

Complex Combination of the above requirements using first order logic[1].

4 Use case

In order to evaluate the proposed approach, an industrial use case is investigated. First,
stakeholders across the lifecycle of Digital Twin (from Developer, Implementer, User,
and Maintainer/Supporter) are identified. By interviewing them, their concerns are col-
lected. Then, four main architecture viewpoints are proposed to frame those concerns.

4.1  Use Case Overview

Company A seeks to add value to its business by offering new asset condition monitor-
ing with control capabilities to its customer (Company C). Company C owns critical
rooms and assets including server equipment where their temperature has to be moni-
tored and controlled with special care. Company A has two partner companies: Com-
pany B and Company D; the former supports Company A in developing, implementing,
and maintaining the DT and the latter in the support phase of the DT lifecycle.

The DT is designed for constant monitoring of temperature profiles in parts of the
room as well as the status of specific artifacts such as servers, door/window (being
open/closed), HVAC systems, etc. The DT will also be coupled with simulation capa-
bilities to run what-if scenarios and offer potential solutions including control command
suggestions to secure proper functioning, and optimal post-failure reaction processes.

4.2 Systems Engineering Analysis

Using the systems engineering approach, we interviewed the stakeholders related to the
use case. Fig. 3 illustrates the dependencies from stakeholders (blocks in blue) to view-
points (blocks in green). Blocks in yellow represent categories of stakeholders, and the
term ‘stakeholder’ refers to all the main people/teams involved across the DT lifecycle.



Each stakeholder has their own concern(s). The developed viewpoints frame multiple
concerns which are raised by one or more stakeholders. By considering all stages of the
Digital Twin from concept to retirement, main stakeholders in the use case are identi-
fied, followed by the various concerns they have — as shown in Fig. 3.

is_a
<€<—has
~<—frames—

Fig. 3. Dependencies between actors, stakeholders, concerns and viewpoints

Based on the concerns in each viewpoint, questions are proposed to identify views,
then the answers are formalized using the ERAS approach. Proposed examples of ques-
tions and answers are shown in Table 2. They are used to capture the requirements of
the DT development in the use case.

4.3 Limitations

In the use case, only one service scenario for one customer (Company C) is explored.
The stakeholders are identified from actors related to the DT. More stakeholders can be
defined in order to capture more complete requirements. However, based on the scope
of the IMPULSE project, several key stakeholders were selected to evaluate the ap-
proach given in this paper. The whole analysis process demonstrates the systems engi-
neering analysis for the DT required by the use case. More detailed requirements will
be analyzed in the future.

This paper is limited to the requirements identifications as one of the earliest efforts
prior to initiating the DT development phase. Nevertheless, based on the output of this
paper, the work is continued further on to identify all the DT’s entities in each use case,
classify those entities in relation with each other using ontology languages and finally
propose a reference architecture for DTs.



Table 2. Questions used for formalizing views

Viewpoints Examples of questions for representing views

Business 1. Would the DT raise customer satisfaction?

decision WHEN <the DT is operational> the <DT> shall < improve system reliability
through failure detection and improving reactions> so that < operations of com-
pany C can carry out their core businesses to a high degree of satisfaction>.
2. Would the DT help Company A reach new customers?
WHEN <DT solution service is offered by the owner> the <DT> shall <provide
further benefits to a previously unidentified group of customers, in a way that
they are willing to benefit from Company A in exchange>.

Organiza- 1. How can twin project development and management lead to the execution of

tional a successful DT solution?
When <service concept consultants and project managers> guide <the project
work, to focus on obtaining the highest value from their activities> the DT solu-
tion <shall meet and fulfil the needs of all actors in the ecosystem so that they
can execute their own business goals successfully>.
2. In case of a failure and detection by the DT, how should responsibilities be

distributed among various actors?

When <the DT is operational> various failure alerts shall guide <facility man-
agers through the reaction process> so that <they can deliver their service level
agreement to the pipeline operators>.

Perfor- 1. Would the DT be able to meet the predefined specifications?

mance & The <sensors> shall <remain continuously operational and functional>.

functional- The <DT> shall <produce automatic periodic reports>.

ity The <DT results> shall <continuously be displaying monitoring data>.
The <DT> shall <alert when data exceeds boundaries and assist with that spe-
cific reaction process>.
2. How can we be sure the critical assets work continuously and reliably?
The <Digital Twin> shall <constantly provide asset operational data to Com-
pany A, Company C and facility managers; additionally, routine physical inspec-
tions are carried out.>

Safety 1. How can this DT system improve asset safety?

WHEN <the DT is operational> it shall <improve multiple process of MEBAG,
various departments of Company C and Company D> so that <all equipment
operates as should that supports the other critical reliant equipment in this sys-
tem to improve overall asset safety>.

5 Conclusion

In this paper, we proposed a Systems Engineering approach to identify requirements,
in order to support decision-makings of DT development. The systems engineering ap-
proach uses I1SO 42010 to identify the architectures of DT and provide questions for
capturing the requirements. Based on such questions, requirements are formalized us-
ing an EARS approach. Finally, a use case from the IMPULSE project is used to eval-
uate the approach. From the results, we find the requirements are identified to support
decision-making for developing the DT with features to monitor and control the tem-
perature in critical areas.
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