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Abstract Smart environments can be built by connecting smart devices and control
systems, which coexist as an integrated system that supports everyday activi-
ties. A digital thread gives the necessary support to introduce smartness in socio-
technological systems. Digital threads are not only useful in the development of
these systems, but also to facilitate the development of rich digital models or digital
twins, bringing even more smartness to these systems. This chapter discusses how
Model-Based System Engineering (MBSE) can be applied to design a digital thread
of a Traffic Monitoring System (TMS) for a smart city. A TMS aims at increasing
traffic safety by monitoring vehicles and pedestrians using road infrastructure, with
potential impact on the reduction of environmental pollution and foster economic
development. Designing a digital thread for a smart TMS is a challenging task
that requires a consistent conceptual modelling approach and an appropriate design
methodology supported by integrated tools. SysML (Systems Modeling Language)
has beendesigned to support the specificationof socio-technological (cyber-physical)
systems like a TMS and gives integrated support to applyMBSE. This chapter shows
how SysML can be applied to create a digital thread that defines the traceability
between requirements, design, analysis, and testing. This digital thread represents
both the physical and virtual entities of the system, enabling the development of
digital twins for simulating, testing, monitoring, and/or maintaining the system.
SysML is currently being redesigned, and the new SysML v2 aims to offer precise
and expressive language capabilities to improve support to system specification,
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analysis, design, verification, and validation. This chapter also discusses how SysML
v2 is expected to facilitate the development of digital threads for socio-technological
systems like a TMS.

Keywords Model-based systems engineering · Traffic monitoring systems · Smart
environments · Digital thread · Digital twins

2.1 Introduction

With the introduction of interconnected smart Internet-of-Things (IoT) devices, it
has been possible to create smart environments for different application domains,
like, e.g., smart cities and smart industry. These smart environments have stringent
requirements concerning the safety of their users, so that changes in these environ-
ments should be carefully considered before being applied. For example, in a smart
city, the configuration of (autonomous) vehicles and infrastructure elements such as
traffic lights and boards should be tested thoroughly before being modified, so that
unwanted dangerous situations can be avoided.

To allow new versions or configurations of these systems to be tested before they
are deployed, a digital representation of these systems can be defined, which is called
a digital model [1–3]. In case this representation has a live connection with the actual
system, which is possible by using sensors and actuators, it is called a digital twin
[1–3]. The digital model (digital twin) should be as close as possible to the system it
mimics, i.e., it should have high fidelity. This can be achieved by developing a digital
thread that runs from the original system requirements to its design, implementation,
and operation, providing traceability between these levels. This digital thread can be
developed with Model-Based System Engineering (MBSE) techniques, from which
SysML (Systems Modeling Language) is the most popular. SysML is a language
for system design defined as an UML extension and supports the representation of
requirements and various levels of detail of a system design and implementation.

In this chapter, we discuss the development of a digital thread to obtain a digital
model (and ultimately a digital twin) by using SysML. A Traffic Monitoring System
(TMS) example is used to illustrate this development, where the created digitalmodel
(digital twin) allows the TMS to be analyzed during operation, which may lead to a
reconfiguration.

SysML is currently being redesigned and draft versions of the new SysML v2
standard-to-be are already available.1 This chapter also discusses how SysML v2
is expected to facilitate the task of defining digital threads of socio-technological
(cyber-physical) systems like a TMS.

The main contribution of this chapter is the definition of a MBSE-based method-
ology to define and maintain the digital thread of physical systems and their digital
twins, properly illustrated with a case study.

1 https://github.com/Systems-Modeling/SysML-v2-Release.

https://github.com/Systems-Modeling/SysML-v2-Release
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This chapter is further structured as follows: Sect. 2.2 introduces the concept of
digital thread, discussing how it can lead to digital models or digital twins, Sect. 2.3
discusses theMBSEmethodology considered in this chapter, Sect. 2.4 introduces our
case study, which is a TMS that aims at monitoring an environment with vehicles and
pedestrians by using road infrastructure and information systems, Sect. 2.5 presents
the SysMLmodels that we defined to illustrate the concept of digital thread, Sect. 2.6
discusses how SysML v2 is expected to facilitate the development of digital threads
and Sect. 2.7 draws some conclusions and recommendations.

2.2 Digital Thread

This section introduces the concept of digital thread and discusses how a digital
thread can lead to digital models and ultimately to digital twins of a target system.

2.2.1 Definition

The origin of the term digital thread can be traced back to a report on technological
trends of the US Air Force [4], in which the digital thread was indicated as a tech-
nological game changer, together with digital twins. A digital thread was originally
defined as ‘the use of digital tools and representations for design, evaluation and life
cycle management’ [4].

To be effective, a digital thread should be supported by modelling tools that not
only allow models to be produced in each phase of the lifecycle of the system,
but also support traceability throughout the lifecycle. This is enforced by the term
‘thread’, which carries the connotation of a sequence of related (connected) items.
For example, considering a simplified lifecycle with requirements capturing, high-
level design, detailed design, implementation and operation, the modelling tools
should allow the requirements described in requirements models to be related to
the high-level design decisions and constructs of the high-level design and down to
the implementation details of the implementation model. Some software tools are
available in the market today that support this concept of digital threads (see, e.g.,
Syndeia2 and Aras3).

Another connotation of the term digital thread that has been implicitly conveyed in
[5], is to denote the ‘integration of systems and communication channels that transfer
digital twin data from sources to consumers’, which focuses on how data flow in a
system-of-systems containing a system on interest and its digital twin. Although this
connotation is equally important, it is a completely different concept altogether, so
confusion should be avoided.

2 https://intercax.com/products/syndeia/.
3 https://www.aras.com/en/why-aras/digital-thread.

https://intercax.com/products/syndeia/.
https://www.aras.com/en/why-aras/digital-thread.
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2.2.2 Digital Representations

The definition of digital thread considered in this chapter refers to different represen-
tations of a target system,which should bemadefit for some specific purpose.Consid-
ering, for example, the purpose of analyzing different configurations (versions) of
the target system without any runtime connections to this system, this representation
can be simply denoted as a digital model [1–3]. Tools can be used to perform static
analysis or even simulate different versions of the target system until a satisfactory
version is found, which can be deployed later.

Recent advances in sensing technology in the scope of the Internet of Things
(IoT) have enabled the acquisition of large amounts of real-time data, which can
be used to enrich the models of a digital thread. A digital shadow is defined as a
digital representation that uses real-time data to fulfil its purpose. For example, a
smart city may be able to sense the number of vehicles in circulation and its digital
shadow may represent these data by plotting the vehicles on a map for the purpose
of visualization.

2.2.3 Digital Twins

In addition to sensing, some mechanisms may be available that allow the digital
representation to actuate on the actual system, for example, by changing its config-
uration or installing new software versions. A digital twin is defined as a digital
representation that uses real-time data from the target system and has mechanisms
to actuate on the target system at real-time [1–3]. Therefore, the digital twin can be
considered as a specific digital representation in a digital thread, in which a real-time
digital representation of a system is used to mimic the actual behavior of the system,
for the purpose of analysis, behavior prediction, simulation, etc. Therefore, the digital
twin can be obtained by combining the models produced in the digital thread with
the data obtained from sensors, and actuating on the system itself, allowing possible
corrective measures to be applied more quickly.

A digital twin is generally defined as a representation of a specific system, possibly
but not necessarily at real-time, for some specific purpose (usage), like simulation,
prediction, analysis, visualization, etc., so it is necessary to delimit this system. To
fulfil the purpose of the digital twin, we may have to consider not only the system
but also its (physical) environment and its users (agents). For example, in a digital
twin of a plane, we may have to consider the air conditions (humidity, temperature,
pressure) but also the pilot(s). We call the system, its environment, and users (agents)
the physical twin, as the counterpart of the digital twin.

The digital twin requires data from the physical twin to fulfil its purpose. These
data are obtained from the physical twin through IoT devices (sensors) that are
connected to the digital twin through a network. In addition, the physical twin may
give access to usage data (user interactions) and data on its internal state that is



2 Model-Based Digital Threads for Socio-Technical Systems 31

Fig. 2.1 Digital and physical twins

necessary for the digital twin to fulfil its purpose. A digital twin may be physically
separated from or integrated with its physical twin, as discussed in [5].

Figure 2.1 shows a digital twin, its physical twin, and the elements necessary for
them to operate properly.

2.2.4 Digital Twin Dimensions

Digital models, digital shadows, and digital twins are different types of digital repre-
sentation that differ according to their data exchange. According to [5, 6], a digital
representation contains up to five dimensions (see Fig. 2.2), and the digital twins are
the most complete of these representations, as shown in Table 2.1.

Fig. 2.2 The five
dimensions of digital twins
(adapted from [7])
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Table 2.1 Digital representation and the 5-dimension framework

Dimension Digital model Digital shadow Digital twin

Physical entity X X X

Virtual entity X X X

Services model X X X

Data model X X X

Connection model X (PE → VE) X (PE ↔ VE)

The physical entity (PE) or physical twin implements the basic functionality of
the actual system and collects original data related to environments and operations.
The virtual entity (VE) is a model of the element of the physical entity including
structure, function, and environment, such as geometric and physical models. The
services model (Ss) or tools include the business services for users and the func-
tional services to support the digital twin itself. Digital twin data (DD) are driving
factors of the model including data from other modules, knowledge, and fusion data.
The connection model (CN) defines the connection between all the other dimen-
sions, which allows real-time interactive communication between modules. These
dimensions stress that by having only models to represent the reality, even if they are
connected and exchange data with the physical twin, we still do not have a digital
twin since services are necessary to fulfil to the purpose of the digital twin. These
services are supported by the tools depicted in Fig. 2.1

A digital twin model represents the system according to its primary purpose.
Normally a digital twin is created to estimate or keep track of the reliability, perfor-
mance, or maintenance needs of the physical twin [5]. In this sense, the digital
twin model does not necessarily have to represent the full real system, but only the
system’s aspects of interest. Therefore, this model must include both requirements,
behavior, and structure from the real system and from the digital twin, as shown in
Fig. 2.3. Knowledge of the requirements, behavior and structure of the digital twin is
required for interfacing with the actual system, allowing the digital twin to perform
performing its functions, which means that sometimes the hardware (i.e., sensors) or
software of the physical twin (system under consideration) may have to be extended
or adapted.

Fig. 2.3 Requirements, behavior, and structure of a digital twin and their impact with on the
physical twin
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2.3 Development Methodology

A digital thread can bring benefits to system development, and especially when
introducing smartness in a socio-technological system like a smart city. However,
a digital thread (as well as a digital twin) can be quite complex and expensive to
produce. Furthermore, the exact purpose of a digital threadmay not be known before-
hand, which calls for generality and open-endedness [5]. By definition, a digital
thread involves many representations of the system, related to different phases of
a system life cycle, and produced by (and for) different stakeholders, so it is often
multidisciplinary and rather complex.

2.3.1 Model-Driven System Engineering (MBSE)

INCOSE (International Council on Systems Engineering) defines Model-Based
System Engineering (MBSE) as ‘the formalized application of modeling to support
system requirements, design, analysis, verification and validation activities begin-
ning in the conceptual design phase and continuing throughout development and later
life cycle phases’ [8]. MBSE is a discipline to develop systems in which models play
a central role from requirements engineering (generation and validation) to system
synthesis (design and implementation) and system verification [5, 9]. In principle,
MBSE does not prescribe any specific language, notation, or technique for the elab-
oration of these system models. However, when assuming that these models are
applied to create a digital thread, this means that they should be integrated in a
common framework so that they consistently can refer to different aspects of the
system under consideration.

General-purpose languages like SysML and UML (Unified Modeling Language)
have capabilities to represent structural and behavioral aspects of systems in an
integrated form through interrelated diagrams, so they are natural candidates for being
used to supportMBSE. In this chapter, we concentrate on the use of SysML (Systems
Modeling Language [10]), which is a graphical language for system design based
on UML. SysML offers support to specify systems, in terms of their requirements,
structure and behavior at different levels of abstractions. It is also quite common
to use SysML to represent system structure and behavior in general terms, and use
a more elaborate tool like, e.g., Simulink to perform a more detailed analysis by
extending (enriching) the SysML model. SysML (structural) models in this case are
used as the basis to provide an overview of the requirements and structure of the
systems under consideration, while other techniques and their supporting tools can
be used for more elaborate (specific) analysis tasks. For example, SysML models
can be connected to models in, e.g., Simulink / MATLAB [11], CPN Tools [12] and
SolidWorks [13], which give further details and analysis (simulation) capabilities to
the SysML model elements.
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In the literature, a digital twin is often defined as a physics-based, trustworthy
model of the system [14], which can give the impression that SysML is not a suitable
language for developing a digital twin. However, the main argument for applying
MBSE and a general-purpose system design language as SysML, is that the digital
twin is also a component in a (complex) system of systems, with its own digital
thread. In [5], a development methodology for digital twins is defined based on
MBSE, but this methodology is still neutral with respect to the languages that are
used throughout the development life cycle. In this chapter, we show how some steps
of such a methodology can be applied using SysML.

2.3.2 Models and Data

In Sect. 2, we stressed the importance of data when applying a digital thread to define
digital twins, mainly because data can be related to the models of digital thread in
different ways. The Models and Data (MODA) conceptual reference framework has
been proposed in [15], which starts by identifying three different kinds of models,
namely engineering models, scientific models and machine learning (ML) models,
and defining their purposes as descriptive, predictive and descriptive, similarly to
[16]. In addition, the authors have defined the different models and data can play in
sociotechnical systems like the Traffic Management Systems we are considering in
this chapter. Figure 2.4 shows the different types of models and data, and how they
relate to each other in the scope of sociotechnical systems.

The relationships between models and data in Fig. 2.4 should be clarified before
we can talk about the more specific roles played by models in the digital thread of a
system like the TMS.

In a sociotechnical system, a descriptive model describes the sociotechnical
system and/or the software system (e.g., themonitoring and control software). Data to
produce these models are typically domain knowledge, in the case of an engineering
model, but these could also be runtime data that can be used to tune (synchronize)
the model with reality. A descriptive model can be transformed into a predictive
model, for example, in case machine learning is used for analysis or prediction.
We also assume that a descriptive model can be refined into a prescriptive model,
for example, in a top-down development process. For the same reason, prescriptive
models can be refined by adding implementation details. Assuming that software
code is a special type of prescriptive model that prescribes what processors (or
virtual machines) are supposed to do, software code can be seen as a prescriptive
model that can be deployed on a software system. Finally, a prescriptive model can
be enacted in a software system, for example, in case a digital representation of some
spatial environment is rendered by a 3D software application. In this sense, a digital
twin includes a descriptive model (virtual entity) and either (or both) prescriptive
and predictive models (services), depending on the purpose of the digital twin.

Since a digital twin requires a descriptive model, in this chapter we concentrate
on SysML, which is a language to represent both structural and behavioral aspects of
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Fig. 2.4 Models and data relevant to a sociotechnical system (adapted from [15])

the system of interest. To draw a parallel, in conceptual modelling, many approaches
use descriptive models to represent the multilevel and multi-perspective high-level
abstraction of reality. Some of these approaches target the need for the evolution
(changes) of suchmodels, either because of the identification of semantic problems or
because of the changes in the perception (point of view) of the designer. In this sense,
the concept of an active conceptual model [17] can be compared to the concept of the
digital thread, since the active conceptual model requires time and space modeling
constructs, and should allow the traceability not only among the different model
levels but also among the changes made (provenance), which can be a challenging
problem for tracking objects (instances) that suffered changes over time.

2.3.3 Life Cycle Support

Figure 2.3 shows the life cycle phases that we are considering in this chapter, together
with some concerns related to each phase, inspired by [5]. Below we briefly discuss
the modeling needs of each of these phases, but in the remainder of this chapter,
we concentrate on the first three phases, which are the most relevant to build the
foundation for a digital thread. Although in [5] a top-downmethodology is presented
that is quite general, this methodology was mainly defined taking in mind a so-called
‘fielded system’ (in that case an unmanned surveillance vessel). In contrast, we target
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Fig. 2.5 System life cycle phases

a smart environment like a smart city, considering capabilities for traffic control.
These differences are highlighted in the discussion below (Fig. 2.5).

2.3.3.1 Concept Exploration

In this phase, the scope and purpose of the system (or system-of-systems) being
considered needs to be defined, as well as the system requirements. Although UML
offers only use case diagrams for this purpose, SysML also supports a so-called
Requirement Diagram, which allows its users to define requirements, relationships
between requirements, and with other model elements. In addition, we can define
use case diagrams and assign activity diagrams to them, to give more detail to the
definition of the expected system behavior for some requirements. For a digital twin,
the concept exploration phase aims at understanding the requirements, which lead
to the definition of the system architecture in the preliminary design.

2.3.3.2 Preliminary Design

In this phase, the general structure of the system under consideration should be
defined. In the case of a digital twin, the sensors and connections to the physical
system should be defined in this phase at a high level of abstraction. In SysML, this
can be accomplished with Block Definition Diagrams, but also with Internal Block
Diagrams, which are meant to give more details about the internal structure of the
high-level system components.

For traceability purposes, it is advisable to define how the requirements influence
the modelling choices at this level, by defining relations between requirements and
model elements of these block diagrams.

2.3.3.3 Detailed Design

In this phase, some more details of the system under consideration are given in
terms of specific hardware and software models that have to be created. In some
systems-of-systems, existing systems play the role of components and are integrated
through well-defined interfaces, but other components may have to be implemented.
A typical situation is in the development of a digital twin architecture, in which
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sensors generate data about a system or environment (e.g., in the case of a smart
city), and a digital twin model must be defined and implemented to manipulate these
data. Models produced in this step should also allow analysis, for example, through
simulation.

2.3.3.4 Implementation

In this phase, the models produced so far are used as blueprints to create the concrete
artefacts that will compose the final system of systems. For example, a digital twin
design model may be implemented in a software system in a programming language
like Python or Java, possibly making use of libraries for machine learning.

An interesting discussion is in case the system being considered has a software
control component, like in a control room in a Traffic Management System. If this
software component has been implemented in accordance with object-oriented tech-
niques and properly using designmodels, these software components have an internal
representation of the objects that they monitor and/or manipulate, which could be
considered as a rudimentary form of the digital twin. The design models of these
components could then be reused to accelerate the development of a digital twin for
the environment under control, depending on the purpose of the digital thread.

2.3.3.5 Test and Evaluation

In this phase, the system is tested and evaluated. Models in this phase consist of
test suites consisting of test cases, which can be automated and integrated with the
development and deployment process like often used in DevOps. Test cases should
relate to the (functional) requirements, making sure no requirement is left unverified.

In this phase, developers may have then the opportunity to start using the digital
twin, collect test data, and train and evaluate the digital twin algorithms.

2.3.3.6 Operations and Maintenance

In this phase, the system is deployed and used by its end-users. If the purpose of the
digital twin is to increase the availability of the system by improving its maintenance
like in [5], in this phase the digital twin collects real-time data and processes these
data, possibly using machine learning models, to advise the maintenance personnel
about how to maintain the system.

A digital twin can also collect data in this phase that can be used in the earlier
life cycle phases in a new iteration of the system development, in which new system
releases and/or configurations are defined.
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2.4 Traffic Monitoring System (TMS)

The case study of this chapter is a TMS, which is an information system that is an
integral part of an Intelligent Transportation System (ITS) used in trafficmanagement
control centers by transportation agencies [18]. A TMS is a core system for mobility
management that supports traffic analysis for the optimization of roadway system
flows, predict transportation needs, and improve transportation safety. In this chapter,
we consider a smart TMS, which is a key system to enable smart cities by using
Internet-of-Things (IoT) technologies and big data through decentralized approaches
for optimization of traffic on the roads, as well as intelligent algorithms to accurately
manage traffic situations [19]. An excellent example of smart TMS can be found
in the smart city initiatives in Hamburg (Germany) [20], where smart traffic lights
provide data to the TMS, which reacts to congestion situations by offering routing
solutions to control room operators and communicates with buses.

A smart TMS offers situational awareness through real-time efficient monitoring
of traffic-related information, like the number of vehicles within road segments, the
types of vehicles, their flow information (e.g., location and speed), and the road
network infrastructure (e.g., traffic lights, segment direction and capacity, number
of lanes and maximum speed). This information is obtained by collecting data from
diverse sources, like road cameras, Eulerian and Lagrangian sensors, GPS systems,
Intelligent Connected Vehicle systems, as well as non-conventional sources like
social media streams and feeds [18]. Vehicular ad hoc Networks (VANETs) are quite
promising to improve the efficiency of smart TMS. In VANETs, all interactions are
supported by wireless communication links either between vehicles or between the
vehicle and a roadside unit (or central server), where the communication technology
follows the Wireless Access for Vehicular Environment (802.11p) standard, which
uses channels at the 5.9 GHz band, one dedicated to the control channel, and the
others dedicated to service channels [21].

One of the core capabilities of a smart TMS for improved traffic modeling is
real-time vehicle classification to identify the vehicle types in the road, which is
a key feature not only for traffic operation but also for transportation planning.
For example, the geometric roadway design is based on the types of vehicles that
frequently utilize the roadway, e.g., a highway section capacity and the respective
pavement maintenance work plan can be estimated based on the number of large
trucks in the segment [18]. Vehicle classification systems are usually categorized
according to where the system is deployed: in-roadway-based, over-roadway-based,
and side-roadway-based systems. Over-roadway-based vehicle classification can be
implemented with the support of cameras, as well as infrared, ultrasonic and laser
sensors on the ground, and UAV (Unmanned Aerial Vehicles) and satellite systems
on the aerial space. The survey on intelligent TMS [18] also classifies the vehicle
classification systems according to sensor types and how the sensor data are used.

The most common over-roadway-based vehicle classification system is based
on surveillance cameras, which can provide rich information about visual features
of passing vehicles and their geometry in multiple lanes. Digital image processing
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Fig. 2.6 Schematic
representation of our Smart
TMS

technologies together with adequate computational processing resources allow the
classification of multiple vehicles in a quick and accurate way. For example, many
approaches use surveillance cameras for vehicle classification and plate recognition
[22, 23]. In short, a camera-based vehicle classification system captures the image
of a car, extract features from this image, and executes an algorithm to perform the
classification.

Most of the earlier versions of camera-based smart TMSs use simple classification
models (e.g., decision trees) to extract features from the vehicle image, while more
advanced approaches use machine learning techniques (e.g., deep learning) for more
automatic and efficient classification methods. The survey [18] lists some of these
machine learning approaches, comparing their accuracy, key features and which
vehicle classes can be identified, like sedan, SUV (Sport Utility Vehicle), van, bus,
truck, among others. Other vision-based methods that use different types of cameras
besides video systems, e.g., omnidirectional cameras, aerial images, and closed-
circuit television, are surveyed here [24], where neural networks are exploited for
classification, training, and pattern recognition.

For the sake of simplicity, our case study on the TMS modelling consists of
vehicles, roads, surveillance cameras, traffic lights, road sensors and a control system,
as shown in Fig. 2.6. Furthermore, we assume that that traffic lights and road sensors
are connected to the control system through a (wired or wireless) network, which is
reliable enough to guarantee the reliable communication. In this fictional case, the
main purpose of the digital twin is to help guarantee traffic flow performance. This
simplified system has been defined to illustrate the concepts of digital thread and the
use of SysML, which are discussed in Sect. 5.

2.5 The TMS Digital Twin Modeling Case

This section presents our case study, in which we discuss the digital thread of a TMS
and aim at defining a digital twin of the TMS environment. In this section, we apply
and refine the methodology presented in [5] by identifying the SysML diagrams that
can be used in the development of digital twins and applying them to our case study.
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Fig. 2.7 MBSE methodology and related SysML diagrams and MBSE artefacts

Figure 2.7 presents a SysML package diagram, where each package corresponds to
one phase of the methodology and contains the proposed diagrams and other MBSE
artefacts for modelling a digital twin system of systems.

Since the systemmodeling effort and the use of SysML takes place mainly during
the concept exploration and preliminary design, this section focuses on these two
initial phases, because other MBSE techniques and the details on the hardware and
software design are outside of our scope. Modeling was performed using Papyrus
under Eclipse, namely Papyrus SysML 1.6 (4.8.0), Eclipse 2020–06 (4.16.0) and
JDK 11.0.11.

2.5.1 Concept Exploration

Considering the digital twin’s five dimensions, we assume that the SS (Services
Model) andDD (DataModel) requirements determine theDT (Digital Twin) primary
purpose and used data, the VE (Virtual Entity) requirements related to the chosen
digital representation, the PE (Physical Entity) requirements include the subset of
relevant requirements from the actual real/physical system, and the CN (Connection
Model) requirements define the scope of the connections and their expected quality.
These requirement diagrams togetherwith a use-case diagram represent a generalized
concept of operations (CONOPS), often used in (military) command and control
systems. A CONOPS describes the characteristics of a proposed system from the
viewpoint of the individual/actors who will use/interface that system.
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Fig. 2.8 Requirements’
specifications

To organize the requirements set and facilitate their reuse, four specifications were
defined for the PE, VE, SS+DD and CN, respectively. Once requirements in SysML
are also containers, the specifications are themselves requirements (see Fig. 2.8),
which have been further detailed in terms of linked and traceable requirements.

The SS requirements include the DT functionality necessary to fulfil the DT
purpose. Since the TMS DT aims at managing and improving the traffic flow perfor-
mance, the requirements define how this improvement takes place both at the tactical
and the strategic levels, where the former deals with the current operations and the
latter with the planning for further system improvements (see Fig. 2.9).

The PE requirements are a subset from the actual TMS and relate to the avail-
able sensors, displaying information and representing the actual road network (see
Fig. 2.10). CN requirements set the expected quality related to the communication
among the DT dimensions and include expectations in terms of reliability, avail-
ability, capacity, compliance, response time, etc. The implementation of the PE and
CN requirements might lead to adding new or updating the actual system’s hardware
and software. The VE requirements detail the generic digital models’ requirements.
These generic and reusable requirements apply depending on the digital represen-
tation type. When modelling a DT, all the general requirements must be abstracted
according to the specific scenario, which is the case of the TMS example in Fig. 2.11.

A use case diagram completes the concept exploration (see Fig. 2.12) and shows
the relevant system actors (user and data sources) and the functions that allow
their interaction with the system. All the functions must trace to at least one of
the previously identified requirements. Figure 2.12 also shows the requirements of
the “simulate flow alternatives” function.
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Fig. 2.9 Services model requirements

2.5.2 Preliminary Design

While the concept exploration phase focuses on understanding the system require-
ments and functions, the preliminary design defines the system architecture and iden-
tify the interfaces among the systemcomponents. To represent the systempreliminary
design, we show the following diagrams:

• A block definition diagram (bdd) that describes the system structure, which
includes both hardware and software components.

• A block definition diagram (bdd) that describes the interfaces among the system
components.

• An internal block diagram (ibd) for each complex system component.
• A state transition diagram (std) for each component controlled or monitored by

the DT.
• An activity diagram (act) for each function identified in the use case diagram

created during the concept exploration phase.

Figure 2.13 shows the system structure bdd in which the TMS is composed by
four major components (road infrastructure, control center, vehicles, and network
infrastructure) and their constituent components. In the TMS example, the VE is the
digital model, which includes virtual representations from the circled components
plus the road infrastructure.
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Fig. 2.10 PE model requirements
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Fig. 2.11 VE model requirements
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Fig. 2.12 System use-case diagram

Fig. 2.13 System’s bdd
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Figure 2.14 includes the same blocks as Fig. 2.13 but shows how they interface
with each other. The monitoring software modeled as a constituent part of the control
center.

The VE includes the digital model internal elements. Figure 2.15 shows the need
for synchronizing both the virtual vehicles and road structure elements with their
physical counterparts.

State machines can help understand the behavior of the vehicles’ and road struc-
ture’s sensors (see Fig. 2.16). By combining these elements together with the road
structure segments, a traffic model can be generated, which can be further used for
simulating the traffic flow and finding better alternatives for absorbing the traffic (see
Fig. 2.17).

Fig. 2.14 System interfaces bdd

Fig. 2.15 Digital Model ibd
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Fig. 2.16 State machines

Fig. 2.17 Simulate flow activity diagram

2.5.3 Remaining Development Phases

During the remaining development phases the system is further detailed into more
concrete hardware, software and service models (the latter in the case of product-
service systems) and the implementation, testing and operations take place. In this
way, a digital thread can be created with the proposed SysML diagrams and all
relatedMBSEartefacts (see Fig. 2.18), The traceability among all elements allows the
expected behavior (requirements) and the actual systemperformance to be compared,
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Fig. 2.18 MBSE and the digital thread

and these elements to be analyzed and reconfigured to come closer to the real system
behavior.

2.6 SysML v2 Improvements

In this section, we discuss some future directions to improve the DT development
methodology, giving emphasis to SysML v1.x problems and opportunities that are in
the SysML v2 Request For Proposal (RFP) context [25]. The SysML development
started over 20 years ago and today SysML is a mature language that is widely
applied for systems engineering, having extensive research that identified its main
issues and improvement points [26]. Thesemain issues can be categorized as a formal
foundation, metamodel, textual notation, and standard interface issues.

One relevant issue with the SysML 1.x formal foundation is that semantic checks
on models can only be made manually by the designer after the specification, for
example, by introducing OCL (Object Constraint Language) constraints to check
semantic correctness, as usually done in UML. Instead of this approach, SysML v2
introduces automated validation checks during specification time, by formalizing the
SysML language with a logic language that allows embedded semantic validation. In
this way the designer can model, for example, a flow assuring that the units assigned
to the ports are compatible, i.e., the types that are involved in the ports’ connection
can be automatically compared.With these definitions, the designer can automate the
constraint checks of the connection, for example, between meter ports and kilogram
ports.
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In terms of metamodel technical issues, SysML 1.x is commonly implemented
as a UML profile and, therefore, is limited by the UML embedded constraints.
To address this issue, SysML v2 is being developed as a proper Domain Specific
Language (DSL), i.e., following the Model-Driven Architecture (MDA) formaliza-
tion practice with OMG (Object Management Group) MOF (Meta Object Facility)
metamodel, making SysML v2 more flexible to address specific language problems.
Furthermore, SysML 1.x has limited constructs to explicitly represent model vari-
ants. Variant modeling is an important technique to increase the variety in a family of
productswhileminimizing development costs [27]. For example, the trafficmodeling
subsystem of a TMS is a variation point associated with a traffic model algorithm,
which is a variation composed of different types of algorithms, where each algorithm
is a variant and can be based on different vehicle classification models. This way,
the DT design of the TMS could include the capability of comparing traffic models
that use the output of in-roadway-based, over-roadway-based, side-roadway-based,
and hybrid-based vehicle classification systems. In addition, variant modeling plays
a major role in the design of TMS DT based on VANET technology due to its highly
dynamic topology.

In addition to relieving SysML from the UML constraints and addressing variant
modelling, by defining SysMLv2 as aDSL appropriate textual and graphical notation
can be defined in a systematic way. SysML v2 gives emphasis to the textual notation,
adopting a clear syntax with emphasis on natural language, which is a trend in
current modelling languages, like the case of Python for data science. This might
be contradictory in SysML because it is usually associated with diagrams, but this
choice allows the creation of alternative graphical notations based on the source
model that is defined as text. This capability is demonstrated by the SysML v2
implementation reference with Eclipse and Jupyter Notebook.4 In this way, different
tools can implement the graphical rendering of the SysML v2 models according to
their preferred notation, which is useful for domain-specific DT solutions, such as
in the case of our TMS block diagram (Fig. 2.13), which could use a car icon for the
Vehicle block, a frame icon for Eulerian sensor and a mobile icon for Lagrangian
sensor.

DT solution providers can also benefit from the standardization of the SysML
v2 Application Programming Interface (API), which adopts the Service-Oriented
Architecture (SOA) principles and specifies a Platform Independent Model (PIM)
that is used to define services and their operations to interact with the system and
the models. For example, this approach allows the models to be queried to extract
specific components and perform operations among different tools. Among different
SysML v2 API implementation references, we highlight the API implementation
based on RESTful web services that conform to OpenAPI specification and use a
W3C semanticweb standard (JSON-LD) to encode objects.5 This capability is partic-
ularly interesting for DT solution providers to allow reliable and seamless integration

4 https://github.com/Systems-Modeling/SysML-v2-Pilot-Implementation
5 https://github.com/Systems-Modeling/SysML-v2-API-Services

https://github.com/Systems-Modeling/SysML-v2-Pilot-Implementation
https://github.com/Systems-Modeling/SysML-v2-API-Services
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of PLM (Product Lifecycle Management), CAD (Computer-Aided Design), require-
ments management and ALM (Application Lifecycle Management) tools, which is
a new trend in Digital Thread platforms, like, for example, the Intercax Syndeia
platform.6

2.7 Conclusion

This chapter brings further insights into the systematic development of digital threads
to yield digital twin models based on SysML. Key concepts and practices are
exploited, such as the difference among the concepts of the digital thread, digital
model, digital shadow, as well as a digital and physical twin. These different types
of digital representations are defined according to the connections among the phys-
ical and virtual entities, which vary from non-implemented, unidirectional and bidi-
rectional. A digital twin is composed of five dimensions (physical entity, virtual
entity, services, data and connections) and is more than just a set of models that are
connected to a physical twin through IoT devices. A digital twin should also have
a clear purpose and specific services to achieve their purpose, where these services
can also determine the aspects and level of detail in which the physical entity needs
to be represented in the virtual entity.

This study analyzes an existingMBSEmethodology for digital twin development,
highlighting the importance of how the three different types of models (prescrip-
tive, descriptive, and predictive) can interact among them and with data from soft-
ware systems. We investigated how a general-purpose systems design language like
SysML can be used as a core standard to support this methodology, which only
covers a high-level system engineering lifecycle support. The smart TMS case study
was used to illustrate how this MBSE methodology with SysML is useful for the
development of a digital thread towards a digital twin.

The results obtained from the TMS example confirm the insights reported in the
literature and provide initial evidence of positive effects. For example, the SysML
diagrams convey the necessary information for the concept exploration and prelimi-
nary design phases, which are leveraged by the reuse of the requirement definitions
of the actual system performance. It is possible to compare the systems’ actual results
and initial requirements and trace how the different artefacts contributed to the result
and get insight on improvement points to better fulfil the initial requirements. In
addition, the reuse of these requirements is fostered by splitting the requirements
according to the 5-dimension framework introduced here.We expect that themethod-
ology presented in this chapter can be generalized and is applicable to other smart
environments and that our case study provides enough guidance for elaborating the
necessary models.

As a threat to validity, this research is limited since it provides one simplified
example that covered only the first two development phases of the methodology.

6 https://intercax.com/products/syndeia/

https://intercax.com/products/syndeia/
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To obtain definite evidence, further work on the complete digital twin and digital
thread development is required. Future work also includes the exploitation of the new
features of SysML v2, which address some of the existing issues in SysML, such
as the lack of formal semantics. SysML v2 also offers new opportunities to smart
industry solution providers, such as the API for tools’ integration. In this context, we
foresee a new trend of digital thread platforms for digital twin development that are
possibly based on MBSE methodologies, and implemented on top of IoT platforms,
providing seamless integration of PLM and ALM with other engineering systems
such as CAD, simulation, requirements management, and service management tools.
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