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Abstract. Digital twins have the potential to revolutionize the way we
design, build and maintain complex systems. They are high-fidelity repre-
sentations of physical assets in the digital space and thus allow advanced
simulations to further optimize the behaviour of the physical twin in the
real world. This topic has received a lot of attention in recent years. How-
ever, there is still a lack of a well-defined and sufficiently generic data
structure for representing data-driven digital twins in the digital space.
Indeed, the development of digital twins is often limited to particular
use cases. This research proposes a data structure for developing mod-
ular digital twins that maintain the coherence between the digital and
physical twins. The data structure is based on a hierarchical representa-
tion of the digital twin and its components; the proposed data structure
uses concepts from distributed systems and object-oriented programming
to enable the integration of data from multiple sources. This enables the
development of a digital twin instance of the system and facilitates main-
taining the coherence between the digital twin and the physical twin. We
demonstrate the effectiveness of our approach through a case study in-
volving the digital twin of an industrial robot arm. Our results show that
the proposed data structure enables the efficient development of modular
digital twins that maintain a high degree of coherence with the physical
system.

Keywords: Digital and physical twin - Data structure - Digital coher-
ence.

1 Introduction

In recent years, the industrial sector has been undergoing a revolution that seeks
to exploit the increase in computational power, advances in artificial intelligence,
machine learning, connected devices and availability of data to improve the man-
ufacturing or industrial processes. This revolution, known as industry 4.0, aims
to improve the efficiency of production which reduces the cost and increases the
profit margin for the producers, while also benefiting the customers by allowing
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for a better user experience with customization, selections and improved avail-
ability of products for the customers based on their behaviours. Some technolo-
gies have been developed to achieve the goal of industry 4.0, a notable example
is the internet of things (IoT) or the industrial internet of things (IIoT), which
have allowed devices to communicate with each other, use the data generated
from its operation to optimize them and recognize patterns that can be used for
predictive maintenance, for instance.

One of the concepts that have been developed, which is considered as a key
aspect of the industry 4.0, is the Digital Twin (DT). This is a technological
concept that seeks to create a high-fidelity digital representation of a physical
system, and then connect this digital representation to the physical system [TI2].
This connection allows for communication between the digital representation and
the physical system, remote monitoring of the physical system with the digital
representation and conducting optimization in the virtual space using data from
the physical system.

This paper presents a DT data structure (DTDS) for representing physical
entities in the virtual space. This data structure is built with the aim of being
modular and generic in order to facilitate fast developments of DTs, and also
expanding existing DT's built with the proposed data structure when there is a
modification to the composition of the physical system. The paper is organized
as follows: section 2 reviews literature on industrial DTs and existing DTDS,
section 3 proposes a DTDS, section 4 explains the implementation of the DTDS,
while section 5 discusses the implementation, provides conclusions and future
outlook.

2 Literature Review

There is a consensus that the concept of a DT was introduced by M. Grieves
in 2003, as explained in the white paper [I], however, there is no generally
accepted definition of a DT. Grieves and Vickers defined a DT in [2] as “a set of
virtual information constructs that fully describes a potential or actual physical
manufactured product from micro atomic level to the macro geometrical level”.
Another definition argues that a DT should be understood as a virtual entity that
is linked to a real-world (physical) entity, which describes a planned or actual
real-world object with the best available accuracy [3]. While [4] argues that a
DT is “a comprehensive digital representation of a physical asset, comprising
the system design and configuration parameters, the system state and system
behaviour”.

Despite the different definitions, there are distinct features that are present
in all of these definitions, which are (1) the physical entity, (2) the virtual entity,
and (3) the connection between physical and virtual entities. These features can
be considered the core components of the DT. The physical entity refers to the
physical asset that is to be twinned, while the virtual entity on the other hand
is the digital representation of the physical entity. For the physical entity to
communicate with the virtual entity there needs to be a connection between
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both of them. This connection between the entities is a bidirectional automatic
data connection which allows the physical entity to send data or its state to
the virtual entity, and for the virtual entity to send commands or control the
physical entity.

2.1 Digital Twins in Industry

The concept of DT is used in different sectors. This work focuses on the appli-
cation of the DT in the industrial sector. The function of DTs in the industrial
sector can be classified into three categories: (1) process monitoring, (2) process
control and (3) process optimization, simulation or planning [6].

Process monitoring is the most common or in some cases the default ap-
plication of DTs in the industrial sector. As the name implies, this application
involves the use of the DT to track the real-time status of specific parameters or
attributes of the physical twin. In [5] a DT was capable of obtaining the real time
information of the manufacturing system using the internal sensors of a CNC
machine as well as external sensors used to instrument other parts of the system,
and relaying the information to the end user of the DT. Fang et al [7] developed
a DT for a mobile phone manufacturing system, which is used to monitor the
real-time status of the production using CAD models for 3D visualization.

The process control application involves the use of the DT to control the
physical twin. This application seeks to replicate any change made to parameters
of the DT in the physical twin. Fonseca et al changed the position and direction
of a model naval vessel using the DT of the vessel [10], and Fen Yepeng et al
used a DT to control selected production parameters of an automotive camshaft
production line [5].

In the process simulation, optimization or planning application, the data
obtained from the physical twin is used for computation in the DT to simulate the
behaviour of the physical twin when certain parameters change [8]. For example,
a DT was developed for a CNC milling machine to calculate the residual lifetime
of the ball screw actuator for determining when preventive maintenance should
be carried out [9].

2.2 Digital Twin Data Structure

Data structures are an organization of data in a logical or mathematical model
that is simple enough so that one can effectively process the data when necessary.
In the context of DTs, the digital twin data structure (DTDS) refers to the
organization of the data of the physical twin in the virtual space.

In the literature surveyed, there is a noticeable lack of DTDS in the different
implementations of DTs. In the DTs’ implementations which have a DTDS,
the DTDS acts as a central data aggregator for the multi-source data from the
physical entities for DT services to utilize, and to maintain the coherence between
the physical twins and the DT services as shown in Fig. [I} The DTDS can be
implemented with XML [I4/9], python [I2] or OWL [I5]. The data structure in
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some cases can be developed using an object-oriented approach where different
classes are created for components of the physical twin [T2IT5].
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Fig. 1. Digital twin data structure in the DT concept.

Weichao Luo et al developed a data structure for the DT of CNC machine
tools [9]. This data structure allowed for representation of the different compo-
nents of the CNC milling machine in a hierarchical manner as well as representing
the relationships between the components. In another implementation, discrete
event system (DES) modelling theory was used to create a data structure for the
DT of manufacturing shop floor [11]. This data structure was able to represent
the flow of a manufacturing system, but lead to a complex relational structure
because of the multiple components. Similarly, a DT data structure was used in
the development of a DT for a mobile log crane [I3], this data structure repre-
sented the different components in the system and the data state in a detailed
manner. However, it had a high level of complexity due to the numerous types
of classes.

The DTDS allow for the development of digital twin instances (DTI) [I6],
which allow for faster development of DTs of complex systems that are made
up of multiple instances of the same physical entity. DTIs enable the creation of
isolated instances of the DT which can be used to conduct experiments based on
a test data without affecting the principal DT instance. Another benefit of the
DTDS is that it allows for scaling of the DT services without having to carry
out a one-to-one connection with the components in the physical entity.

Building upon the layer axis of the Reference Architectural Model Industrie
4.0 (RAMI 4.0) framework [I7], the DTDS proposes an implementation for the
integration and communication layers. Within the integration layer, the DTDS
facilitates the digital availability of the physical twin, allowing the data exchange
by various digital services that reply on them. Concerning the communication
layer of RAMI 4.0, the DTDS establishes a standardized interface that enables
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manufacturers, customers, or third parties to communicate with the physical
twin in a manner that is independent of the underlying communication protocol
[18].

The DTDS in the literature surveyed lacked sufficient genericity which makes
them mostly suitable for only developing DTs for the specific use case under
study or the family of systems under study in the literature. This limits the ap-
plication of the DTDS in the industrial section; this paper introduces a generic
DTDS that allows for modular development of DTs for various industrial sys-
tems.

3 Proposed Digital Twin Data Structure

For the development of a modular and sufficiently generic DT, it is important
to develop a data structure for the virtual entity that reflect these properties
as well. With this in mind, we propose a DTDS that is hierarchical, allows for
multiple data connections, has standardized operations through an application
programming interface (API), and implements abstraction and encapsulation to
ensure data safety.

The digital twin data structure consists of four hierarchical classes: attribute,
component, system, and environment. Each of these classes is discussed in detail
below. This digital twin data structure idea is developed from a combination
of systems programming concepts and Object Oriented Programming (OOP)
principles, this approach allows for the reuse of pre-configured classes by in-
stantiating a new instance of the class. These hierarchical classes can be used
to build more complex systems, and the relationships between these classes are
illustrated in Fig. 2]

The attribute class represents physical properties in the virtual world and
functions as an abstract class. This ensures a standardized and generic design
in all classes that implement it, despite any unique implementation details. The
attribute class can be defined as a set A = {I, N,V, R, T} where I is a unique
identifier, IV is the name of the attribute, V' is the value of the attribute, R is the
list of relationship of the attribute and T is the last update time of the attribute.
The relationship R is a set of Ids I of the different attributes, components or
systems associated with a particular class; it can be defined as R = {I4, .., I, }.

The component class consists of a collection of attribute classes that define a
component in the physical twin. Standardization enables the creation of reusable
component classes that can be used repeatedly. The class includes functions for
accessing other classes within it. The component class consist of the following
properties C = {I, N, F, A.,Cs, R} where I is the unique identifier of the com-
ponent, N is the name of the component, F is the path to the CAD file of the
component, A, is the component attributes where A, = {A.1, .., Aecn}, Cs is the
list of sub-components in the component with Cs = {Cs1,..,Csn}, and R is a
list of relationships of the component.

The system class is composed of component and attribute classes, enabling
the creation of systems that consist of multiple components and attributes. It
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Fig. 2. Digital twin data structure classes and relationships.

features a collection of sub-systems, supporting a recursive design approach. The
system class is described as S = {I, N, F, A;,C,Ss, R} where I is the unique
identifier of the system, N is the name of the system, F'is the path to the CAD
file of the system, A; is the system attributes where A; = {41, .., Asp}, C is the
system components where C = {C1,..,C,}, S is the sub-systems of the system
with Ss = {Ss1, .., Ssn}, and R is the relationships of the system.

Lastly, the environment class serves as a wrapper for all other classes in the
system, providing the starting point for accessing the digital twin data structure.
It is implemented as a singleton class. Similarly, the environment class is defined
as S ={I, N, A., S, R} where I is the unique identifier of the environment, N is
the name of the environment, A, is the set of environment attributes with A, =
{Ac1,..,Acn}, S is the set of systems in the environment with S = {Si,.., S},
and R is the relationships of the environment.

The standardized nature of the DTDS allows for algorithms to be developed
for accessing the data in the data structure and sending commands to the phys-
ical twin using the DTDS. Fig. [3] presents the flow chart of an algorithm for
reading the data of a specified attribute in the digital twin data structure; the
algorithm consists of multiple search operations that try to find and return an
attribute with the specified name in the DTDS. Similarly, other algorithms can
be developed to control the physical twin using the DTDS.
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Fig. 3. Flow diagram for reading data of attribute in the DTDS.

These four classes can be used to build digital twins of complex systems if
the systems have been decomposed into attributes, components and systems of
interest. This approach allows for modelling a heterogeneous industrial environ-
ment made up of different systems while allowing the digital twin services access
to the same parameters regardless of the implementation details of the system.
This allows for a generic approach in the development of DTs.

4 TImplementation of the Digital Twin Data Structure

This section presents an implementation of the DTDS in the development of a
DT for an industrial robot arm. The industrial robot is a URbe 6-axis collabo-
rative robot that has integrated sensors which can be used to obtain data from
the robot.

To create a DT, it is important to first identify the aspects of physical entity
that are to be replicated in the virtual space. In this case, the aspects to be repli-
cated are the joints (Jn) and the tool centre point (TCP) of the robot shown in
Fig. [d The joint attributes of interest include position, velocity, temperature,
voltage, and current while the TCP attributes of interest include tool position
and payload. These attributes were selected based on authors’ preferences, ad-
ditional attributes can be added as needed.

In representing the URb5e robot using the DTDS, a bottom-up approach is
adopted i.e. building the DTDS from the attribute to environment class. The
different attribute of interest are modelled with the attribute class. This allows
for the implementation details for the data exchange of the different attributes
to be implemented independently. As an example, the joint temperature is a
scalar quantity while the TCP position is a vector quantity, despite the different
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quantity types, they can be represented using the attribute class and integrate
seamlessly into the DTDS. Within the DTDS, the joint component is represented
with a component class which comprises the specific attributes associated with
the joint. This facilitates the creation of five similar components for the remain-
ing joints of the URbe robot, with distinct names and ids assigned to each.

Likewise, the DTDS employs a component class to model the TCP of the
URbe. Subsequently, the associated attributes are incorporated into this class,
effectively capturing the essential characteristics of the TCP within the DTDS
framework. Subsequently, the URb5e robot is modelled within the DTDS using
the system class, comprising of the six joints and the TCP components. Finally,
an environment class is instantiated, serving as a container for the UR5e system
within the DTDS framework. The resulting representation of the UR5e robot
with the DTDS is illustrated in Fig. 5]

The process of modelling the UR5e robot with the DTDS shows how it can
be applied to a system by decomposing it into attributes and components. It
also illustrates the modularity of the DTDS, as seen in the modelling of a joint
component with its attributes and the subsequent reusability in the instantiation
of the other joints in the URbe robot.

5 Discussion and Conclusion

5.1 Discussion

The DTDS representation of the UR5e robot facilitates the consolidation of the
implementation details of data exchange between the physical and digital twins
in the respective attribute classes of the DTDS, which minimizes the need for
redundant implementation effort. Consequently, various DT services can seam-
lessly interact with the physical twin by leveraging the DTDS’s API, ensuring
a cohesive and standardized approach. Thus the DTDS serves as a central hub
in the digital space for DT services to interact with the data from the physical
twin.

Additionally, the DTDS enables the creation of multiple DTIs that can be

utilized for various purposes, such as simulating the system’s behaviour using
test datasets, as depicted in Fig. [6] This also ensures the efficient scaling and
modularity of the DT in the event that a new instance of the physical robot or
an entirely new system is introduced.
As of the time of writing this paper, a digital shadow has been developed utilizing
the DTDS framework to acquire real-time data from two physical entities namely
the URb5e robot and a 5-axis CNC machine. The data stored within the DTDS is
seamlessly integrated with a data visualization dashboard developed with Node-
RED [19], alongside a 3D visualization platform facilitated by RoboDK [20].

5.2 Conclusion and Future Work

This article presents a DTDS that is capable of representing a physical entity in
the virtual space. The DTDS is modular, generic and aims to fill the research gap
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by serving as a central point for DT services to interact with the physical twin,
and a generic data structure for developing digital twins of complex system. This
allow for the efficient scaling of the DT services, creation of DT instances and
the easy addition or removal of systems/components/attributes in the DTDS.
This also allows for the development of DT for other systems in an efficient and
modular manner.

The next stage of this work involves the integration of the DTDS with a
decision-making service and the subsequent implementation of an interface for
controlling the physical twin through the DTDS. By incorporating the decision-
making service, the aim is to enable optimal and secure control of the physical
twin from the virtual domain. As an integral part of validating the proposed
DTDS, it will be extended to modelling the digital twins of additional industrial
systems.
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