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ABSTRACT

Numerous studies have focused on digital twins (DTs) and their applications. However, a common
method for evaluating the performance of DTs is lacking. Digital twins performance assessment
mechanism is crucial when improving or monitoring any process or system in a business, such a
strategy could serve as a guide to help researchers and practitioners create more effective digital
twins. Guided by these challenges, we propose a structured method for measuring the performance
and flexibility of digital twins, and our study provides a procedure for quantitative calculation of the
performance of DTs based on four key performance indicators (KPIs). Moreover, we propose a new
KPI, DTflex, for determining the flexibility of digital twins. We evaluated the performance of DTflex as
a KPI to demonstrate its use as a simple tool for designers and practitioners to quickly compare dif-
ferent DT methodologies, which might provide valuable input for the iterative improvement of DTs
to increase their efficiency in future applications. The knowledge provided along with the method
proposed in this paper is expected to help researchers and practitioners working in different fields
to compare DT methodologies and DT performance which will lead to higher efficiency DT solutions
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and increased re-usage of existing DTs.

1. Introduction

Digital twins (DTs) can be defined as virtual replicas of
entities such as processes and systems (Tao et al. 2019a;
Grieves 2014). DTs increase understanding of how these
systems are currently performing and how they will per-
form in the future (Haag and Anderl 2018). DTs are
used in different industries for applications including
real-time monitoring, process design and optimization,
remote access and troubleshooting, quality improve-
ment, and predictive maintenance (Barricelli, Casiraghi,
and Fogli 2019; Liu, Meyendorf, and Mrad 2018a). The
benefits of using DTs are manifold: improved reliabil-
ity of manufacturing equipment and systems, increased
overall equipment effectiveness (OEE) via a decrease in
downtime, increased productivity, reduced maintenance
costs, shorter production times, improved product qual-
ity, and supply chain optimization (Y. Wang et al. 2020;
Errandonea, Beltran, and Arrizabalaga 2020; Grieves and
Vickers 2017; Uhlemann et al. 2017).

The concept with the name ‘digital twin’ first appeared
in the draft version of NASA’s roadmap prepared by
Shafto et al. (2010). The requirements of modern man-
ufacturing combined with the most recent advances

brought by the Fourth Industrial Revolution within the
last decade have led to a significant rise in the number
of interconnected and autonomous smart manufactur-
ing systems (Qi and Tao 2018; Vachalek et al. 2017; Pires
etal. 2019). The huge amount of data generated by these
systems has paved the way for the use of DTs for many
applications in several industries (Psarommatis, Dreyfus,
and Kiritsis 2022; Durio et al. 2018; Tao et al. 2017).
The DT technique has already attracted early adopters
in industry, with numerous studies on DTs and their
applications in different domains (Khan et al. 2022; Yu
etal. 2020; Yang et al. 2019). Important information tech-
nology companies have also created platforms that allow
businesses to use DTs for a variety of purposes, such as
continuously evaluating and forecasting the performance
of industrial systems or assisting in the optimization of
production decisions (“The Digital Twin , Industry, and
Siemens Global” 2022). Furthermore, a growing num-
ber of academic papers are addressing the topic of DTs
(Tao etal. 2019b; Psarommatis and May 2022). Currently,
most DTs lack an appropriate technique and key per-
formance indicators (KPIs) to assess their performance
(Psarommatis and May 2022). Although a few studies
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have discussed KPIs and their role in evaluating DTs
(Mourtzis, Fotia, and Vlachou 2017; Tambare et al. 2021),
the scope of these studies is limited to improving the
administration and implementation of DTs. It is evident
that a suitable method for evaluating the performance of
DTs is lacking (Chen et al. 2021; Abusohyon et al. 2021;
Shangguan, Chen, and Ding 2020; Psarommatis and May
2022). Moreover, although accuracy is one of the most
critical parameters for DTs, few studies have measured
the accuracy of DTs (Jones et al. 2020). A better evalua-
tion of performance through a suitable method as well as
well-defined KPIs could improve the management of the
effectiveness of DTs (Psarommatis 2021; Papacharalam-
popoulos et al. 2020; Hafle 2019). Furthermore, since
a performance measurement method is essential when
improving any process or system in industry, such a
method could serve as a guide to help researchers and
practitioners design and develop better DTs. The man-
agement of the effectiveness of DTs may be improved
with better performance evaluation using appropriate
KPIs. However, few studies have evaluated the preci-
sion of the algorithms they implement (Psarommatis and
May 2022).

Purpose of the Study

Guided by the aforementioned obstacles and gaps, in this
study, we propose a novel structured method for measur-
ing the performance and flexibility of DTs. The novelty
of the current study, in addition to creating a common
procedure for measuring the performance and flexibility
of DTs, is that our approach makes direct comparisons
between DT implementations feasible, straightforward,
and valid, which will lead to better solutions, increas-
ing efficiency and ultimately increasing manufacturing
sustainability.

This paper is structured as follows. We first provide
some key points from the state of the art in section 2. In
section 3, we provide a procedure for quantitative calcu-
lation of the performance of DTs as a function of their
accuracy, accuracy variance, response time, and response
time variance. Next, we present a new KPI for deter-
mining the flexibility of DTs: DTflex. In section 4, we
present the utilisation of the proposed KPI then test it
through a use case. In section 5, the knowledge pro-
vided with the proposed method is presented and dis-
cussed, in particular, how the proposed method would
help researchers and practitioners working in different
fields to measure the performances and estimate the
flexibility of their DTs, hence providing a useful tool
for improving the design process in the development
of new DTs.

2. State of the art

In the last decade, DTs have entered the industrial world
and have been intensively used in industries including
the oil and gas (Wanasinghe et al. 2020), manufactur-
ing (Kritzinger et al. 2018), construction (Opoku et al.
2021), aerospace (Phanden, Sharma, and Dubey 2021),
and automotive sectors (Son et al. 2021). There have
been numerous studies in the field. (Liu et al. 2021)
conducted a comprehensive and systematic analysis of
the literature and concluded that DTs are about to enter
a rapid development phase in which practitioners and
researchers explore real industrial technologies and prac-
tices. Schleich et al. (2017) provided a comprehensive
reference model that served as a DT of a physical prod-
uct in manufacturing and design. Rosen, Boschert, and
Sohr (2018) introduced the concept of next-generation
DTs and highlighted the benefits of using DTs (Rosen,
Boschert, and Sohr 2018). (Tao et al. 2019b) developed
a new DT-driven method for the engineering, design,
manufacturing, and servicing of products and demon-
strated some future applications of DTs (Tao et al. 2017).

DTs have also entered manufacturing applications
and become an essential element of the smart manu-
facturing portfolio. Scholars working on diverse areas
of data-driven smart manufacturing (DDSM) have stud-
ied DTs to improve the overall performance of pro-
duction systems. One of the key topics is zero defect
manufacturing (ZDM) (Psarommatis, Zheng, and Kir-
itsis 2021; Psarommatis et al. 2020c; Psarommatis et al.
2020b). Psarommatis (2021) proposed a new method
to develop DTs for the design and modeling of manu-
facturing systems by considering ZDM as a target per-
formance metric (Psarommatis 2021). Ruiz, Bru, and
Escoto (2021) designed a DT for scheduling job shop
orders in the context of ZDM (Ruiz, Bru, and Escoto
2021). Franciosa et al. (2020) provided an Al-powered
and deep-learning-enhanced DT to improve the qual-
ity of manufacturing (Franciosa et al. 2020). Mourtzis,
Angelopoulos, and Panopoulos (2021) focused on opti-
mizing the design of manufacturing equipment based on
ZDM principles (Mourtzis, Angelopoulos, and Panopou-
los 2021). Another important area addressed in the use of
DTs for overall performance improvement is predictive
maintenance (PdM). Werner, Zimmermann, and Lentes
(2019) illustrated a DT-based approach for PdM to better
estimate the remaining useful life (RUL) of manufac-
turing equipment (Werner, Zimmermann, and Lentes
2019). Aivaliotis, Georgoulias, and Chryssolouris (2019)
proposed a method to calculate the RUL of machines
by using DTs and tested their method with an indus-
trial robot use case (Aivaliotis, Georgoulias, and Chrys-
solouris 2019). Luo et al. (2020) utilised a DT-driven



model for the PAM of CNC machine tools (Luo et al.
2020). In a recent study by Hosamo et al. (2022), a PAM
framework based on DTs was implemented for auto-
matic fault detection and prognosis (Hosamo et al. 2022).
Other important areas focused on in DDSM that bene-
fit from DTs include industrial energy efficiency (Li et al.
2022a; Bermeo-Ayerbe, Ocampo-Martinez, and Diaz-
Rozo 2022; Zhang, Zuo, and Tao 2018; Karanjkar et al.
2019), flexible and customised manufacturing (Fan et al.
2021; Martinez et al. 2021; Guo et al. 2021), and human-
centered manufacturing (Longo, Nicoletti, and Padovano
2022; Li et al. 2022b; Wang et al. 2022; Lv et al. 2021).

Traditionally, DTs are often created and used at the
equipment operation stage. However, a DT might be
applied and created during the equipment design phase.
The design of a physical system may be supported by the
employment of a DT. For example, (Leng et al. 2021a)
provided a Function-Structure-Behavior-Control-
Intelligence-Performance (FSBCIP) framework that
emphasises the role of DTs for the design of intelli-
gent manufacturing systems. (Liu et al. 2021) proposed
an efficient and feasible design strategy for flow-type
smart manufacturing systems based on DTs. (Liu et al.
2018b) proposed a DT-driven technique for rapidly creat-
ing individualised automated flow-shop production sys-
tems. DTs have been highlighted as the next wave in the
simulation domain.

The validation and testing of a DT should be sup-
ported effectively by updating the DT from the stand-
point of system reconfiguration. An essential factor to
be considered while evaluating DTs is their capacity for
semi-physical simulation. In that regard, (Leng et al.
2021b) proposed a remote semi-physical commission-
ing method for open-architecture, flow-type smart man-
ufacturing systems. They showed that commissioning
a new flow-type smart manufacturing system is more
sustainably accomplished by integrating the open archi-
tectural design paradigm with the proposed DT-based
strategy. Moreover, (Leng et al. 2020) presented a new
DT-driven method for quickly reconfiguring automated
production systems. Their method can quickly adjust the
capacity of manufacturing systems and integrate numer-
ous processes into current systems, enabling the rapid
introduction of new product orders.

Another critical factor to be assessed in the func-
tioning of a system is the capability of rapid optimiza-
tion or AI algorithms. For this critical aspect, (Liu et al.
2021) proposed a unique joint optimization method
for large-scale automated high-rise warehouse product-
service systems. They created a DT system to collect
real-time data from product-service systems in physi-
cal warehouses and then map it to a cyber model. The
effectiveness and efficiency of the large-scale automated
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high-rise warehouse product-service system can be max-
imised using the proposed strategy. (Leng et al. 2020)
created a technology for customised manufacturing on a
decentralised network by integrating a blockchain into a
DT. Moreover, they presented a method for assessing the
production efficiency that may be used with the proposed
procedure. Hence, the creation of DTs for the rapid eval-
uation of cyber-physical systems is an important area of
research and development in this domain.

Few studies have focused on developing specific meth-
ods for measuring DT performance. Chen et al. (2021)
proposed a DT maturity model based on Gemini prin-
ciples for managing manufacturing assets (Chen et al.
2021). This proposed model supports the quantitative
evaluation of the flexibility and implementation level of
DTs. Chakraborty and Adhikari (2021), in their attempt
to develop machine learning-based DTs for dynamical
systems, evaluated the performance of DTs on a multi-
time scale dynamical system with stiffness and mass vari-
ations by utilising an efficient framework that exploits
expectation maximisation and a sequential Monte Carlo
sampler. Shangguan, Chen, and Ding (2020) used a pre-
defined threshold approach to evaluate and compare the
performance of their DT for fault diagnosis by focus-
ing on the three concepts of accuracy (ACC), specificity
(SPE), and sensitivity (SEN) (Shangguan, Chen, and Ding
2020). The DT studies in the literature thus do not have
a common method of evaluating the performance and
flexibility of their developed models.

DT studies have focused on one metric: accuracy. A
performance measurement method that integrates other
important factors such as accuracy variance, response
time, and response time variance has not yet been pro-
posed. Moreover, there is no assessment method or indi-
cators available for evaluating the flexibility of DT mod-
els. Accordingly, in this study, we identified a research gap
to be addressed as the development of a new method for
measuring the performance and flexibility of DTs and the
provision of a guide for academics and practitioners to
design and develop better DTs.

3. Dt performance and flexibility KPls

DTs are becoming an industry standard, and an increas-
ing number of industries are utilising DT technologies
and exploiting the numerous advantages of DTs. Because
DT utilisation and technologies are fairly new to the
industry, there is no standardized approach for evaluating
the performance of DT implementations. The develop-
ment of many DT models whose performance is not
evaluated has been reported. Furthermore, to increase
the sustainability of DT development, it is necessary to
reuse DT methods and models in different applications,
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rather than create a new DT model in each case. For
this purpose, the flexibility of DT methodologies requires
quantification. Section 3.1 presents a structured method-
ology for calculating the performance of a DT model,
whereas in section 3.2 the methodology for quantifying
the flexibility of DTs is presented and analyzed. Finally, in
section 4 a flexibility KPI is calculated for an existing DT
to demonstrate the use of the proposed KPI in practice.

3.1. Calculation procedure of DT operational
performance

Calculating the performance of DT models is a critical
process for identifying the true benefits from implement-
ing DT models. However, calculating the performance is
not a straightforward procedure, and the absolute global
accuracy of a DT model is impossible to calculate. DTs are
data-driven models that emulate different systems, and
the more data available, the more accurately the perfor-
mance is calculated. However, there is a tradeoft between
the number of data points used to measure the perfor-
mance of the DT and the resources and time required
to acquire the required data points. Figure 1 illustrates
the difficulty of acquiring new data points in terms of
the time and cost required. According to the literature,
a sample size of 10% of the initial training data points
is sufficient to calculate the performance of a DT model
(Liu et al. 2011; Sargent 2010; Riedmaier et al. 2021). As
mentioned earlier, the more data points available for the
calculation of the performance, the higher the accuracy
of the measurement, and 10% of the training data is the
minimum required to ensure accurate evaluation and this
mainly applies to the use cases in which it is difficult to
acquire new data points (Figure 1). It is critical to mea-
sure the performance of a DT model prior to its actual
deployment to identify the effect of the DT model on the
system and to develop corresponding KPIs.

Table 1 presents generic KPIs used to measure the
operational performance of DT models. These KPIs are
identified as the most critical for evaluating the perfor-
mance of a DT. The most important performance is the
accuracy of the DT model. Returning to the definition
of a DT, a DT is a digital representation of a system.
DTs have input parameters and also output parameters.
The goal of DT models is to estimate the output param-
eters for a given set of input parameters. The difference
between the estimated output parameters and the values
taken from the actual system is defined as the DT accu-
racy. In the current study, two different accuracies are
defined: the accuracy of each output parameter (AOP),
which is calculated using equation (1) (y: DT output
parameter, Y: total number of output parameters), and

Data points acquisition difficulty

Difficult

ececcccccccccccccccteccccccccccnccncaa

Data point Cost required

Data point Time required

Figure 1. Difficulty of acquiring data points.

the global DT accuracy, which is the average of the accu-
racies of all individual output parameters (GDTA) and
is calculated using equation (2). If a DT model has only
one output parameter, then equation (2) is simplified to
equation (3) where xy g ; is the value of output parameter
y for the i" validation data point from the actual sys-
tem and x,,pr,; is the same value from the DT model. In
general, the accuracy demonstrated by a KPI is how well
the DT model fits the deployed use case. Although global
accuracy is an important KPI, the repeatability of the DT
model in terms of accuracy is also important. For this rea-
son, the accuracy variance is defined and is calculated for
each output parameter (ACVAR) using equation 4, and
the global accuracy variance (GAVAR) is the average of
the variance of all the output parameters (equation 5).
The next two KPIs in Table 1 are related to the compu-
tational time required by the DT model to estimate the
output parameters. The response time (ART) is defined
as the actual time required by the DT model to calcu-
late the output parameters (equation 6), and the response
time variance (RTVAR) (equation 7) indicates whether
the computational time of the DT model is affected by
the input parameters.

The defined KPIs presented in Table 1 are generic and
can be applied to any DT application. A specific method-
ology should be followed to correctly and consistently
calculate these KPIs to ensure that the results can be
compared. Figure 2 illustrates the steps that must be fol-
lowed to calculate the defined KPIs. The first step is to
develop the required DT model. Then, the KPIs must be
calculated before the model is deployed. To calculate the
defined KPIs, the sample size must be calculated. Then,
validation experiments can be performed. The DT accu-
racy and response time can be calculated in parallel as
depicted in Figure 2.
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Accuracy of the DT

Defined as the relative difference between the estimated value provided by
the DT model and the actual value produced by the modeled system. The

ZN [Xy,Ri—Xy,0ril
i=1

accuracy is measured to determine the precision of the DT output parameters.

Accuracy variance

Indicates the repeatability of the DT model. More specifically, i denotes the
variance of the DT accuracy in the testing sample. The DT model might

perform better in a certain range of input parameters than in another range.

Response time
the testing sample.

Response time variance  Variance of the response time of the testing sample for evaluating the

repeatability in terms of computational time.

Average time required for the DT model to estimate the output parameters for

Equation 1 AOP, = #2 100%
¥, 08,
Equation 2 GDTA = ———
: [Xgi — Xoril
Equation 3 AOP = —F——-—= + 100%
RET] 2
N .
Z:N=1 (Xy,DT,i - w>
Equation 4 ACVAR, = m
y
ACVAR
Equation 5 GAVAR = 2y ACVARy
N
N RT;
Equation 6 ART = %
N 2
i1 (RT; — ART
Equation 7 RTVAR = 2=i=1 (R — ART)”

N

The first step is to calculate the average global accuracy
of the DT as well as the response time. If either of these
metrics is not acceptable, then the design of the DT model
should be revised until an acceptable result is achieved.
This is when the accuracy and the response time have
been calculated and returned acceptable variances of the
accuracy and response time. Again, if either of the vari-
ances has an unacceptable value, the design of the DT
should be revised. Once the KPIs have been calculated,
the DT model is ready to be deployed. The proposed
approach for measuring the KPIs of a DT model can be
considered as use case specific, meaning that the same DT
methodology may give different KPI results in different
use cases.

3.2. DT flexibility measurement (DTflex)

This subsection presents a structured methodology for
evaluating the flexibility of DT methodologies. In con-
trast with the previous section, where the KPIs were use
case specific, the current approach for evaluating the DT
flexibility refers to the DT methodology and is indepen-
dent of the use case. The evaluation of the DT flexibility
is critical for comparing different DT methodologies and
for deriving interesting results by studying the flexibility
of DT approaches.

The flexibility of a DT method is defined as its abil-
ity to be used in different applications and the ability
to vary the initial methodology with as little interven-
tion as possible. The quantification of the DT flexibility
is a complex and difficult challenge. In the current study,
we propose a simple approach that utilises a structured
questionnaire to evaluate the flexibility of a DT method.
The proposed questionnaire is presented in Table 2 and

includes nine questions, some of which have condi-
tional sub-questions. Each question is analyzed in detail
in the following subsections, along with some exam-
ples required for the explanation and full comprehen-
sion of questions. Each question has only two possible
answers, Yes and No, to avoid subjectivity. Such Yes/No
surveys have been used successfully for decades in dif-
ferent research domains, especially in biomedical and
health sciences (Raphael 2018; Haasz, Ostro, and Scolnik
2018; Ivanoft et al. 2017; Patel et al. 2012), manufacturing
(Tregerman et al. 2019), and education research (Cotos
2011). Psarommatis and May (2022) proposed a design
methodology that includes some fundamental informa-
tion that should be considered and provided in every
DT development. The following list presents the basic
information required for DT development as identified
by Psarommatis and May (2022):

Industry for which the DT is developed

Purpose of the DT

Process or asset described by the DT

Type of use of the DT (continuously, when needed,
both, etc.)

Technologies used for the DT

Input parameters of the DT

Output parameters of the DT

Using this information as a basis, we developed the pro-
posed questionnaire, which covers the design of a DT
methodology. In the questionnaire, we also included
information that covers the operational side of a DT. Hav-
ing information from both the design and operational
levels increases the completeness and accuracy of the
measurement of the flexibility of a DT methodology. We
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Developed DT

Define the sample size for
the performance
measurement

Calculate the average
accuracy of the DT

Calculate the variance of
the accuracy of the DT

Figure 2. Steps for calculating KPIs.

particularly focused on two categories, the input and out-
put parameters, which constitute the most critical aspects
in a DT method and significantly affect its flexibility. Our
goal was to create questions that cover most aspects of the
information characterising a DT methodology.

A different weight has been assigned for each question
depending on its importance. The weights are based on
the importance of each question using a scale in the range
(0, 0.8], where 0 is of no importance and 0.8 is extremely
important. This weight assignment was inspired and
adopted by the Scale of Relative Importance used in the

Calculate the average
response time of the DT

\ 4
Calculate the variance of
the response time of the
DT

Q Back to DT design

analytical hierarchy process (Saaty 1987). Additionally,
we added some conditions while assigning the weights.
For a question with conditional questions, the sum of the
weights of the sub-questions should be less than or equal
to the weight of the parent question, otherwise there will
be information loss and the contribution of each ques-
tion will be unbalanced and the flexibility measurement
will be inaccurate. The values of the YES/NO answers
are given in the third column of Table 2. After answer-
ing all the questions, DTflex is calculated using equation
8. In order for DTflex to take only positive values, a



Table 2. Questionnaire for calculating DT flexibility.
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QNo. Question

Answer

Q1 Can the DT methodology be used in other use cases without any changes?
Q2 Does the DT methodology require specific experiments to collect the data required to develop the DT (Specific)

Yes(+-0.8)/No(—0.8)
Specific(—0.5)/Non-specific (4-0.5)

or can it be developed using real-time or historical data from a repository (Non-specific)?

Q3 Can the number of input parameters be increased?

Q3.1 Are there any limitations on increasing the number of input parameters? (if Q3 is YES)
Q3.2 Does increasing the number of input parameters beyond a certain point require additional data/experiments?

(ifQ3.1s YES)

Q3.3 Does increasing the number of input parameters require modification of the DT method? (if Q3 is YES) Yes(—0.2)/No(+0.2)
Q3.4  Does increasing the number of input parameters affect the output parameters? (if Q3 is YES) Yes(—0.2)/No(+0.2)
Q4 Can the number of input parameters be decreased? Yes(+0.4)/No(—0.4)
Q4.1 Does decreasing the number of input parameters affect the output parameters? (if Q4 is YES) Yes(—0.2)/No(+0.2)
Q4.2 Does decreasing the number of input parameters require modification of the DT method? (if Q4 is YES) Yes(—0.2)/No(+0.2)
Q5 Can the DT methodology handle more than one output parameter at the same time? (No need for aggregation  Yes(+-0.6)/No(—0.6)

of multiple parameters into a single value)
Q6 Can the number of output parameters be increased?

Q6.1 Are there any limitations on increasing the number of output parameters in the DT method? (if Q6 is YES)

Q7 Can the DT adapt to new operational conditions?

Q7.1 Is the adaptation of the DT model performed automatically or manually? (if Q7 is YES)
Q7.2 Does the adaptation of the DT model require additional data/experiments? (if Q7 is YES)

Yes(4-0.6)/No(—0.6)
Yes(—0.2)/No(+0.2)
Yes(—0.1)/No(+0.1)

Yes(+-0.5)/No(—0.5)
Yes(—0.2)/No(+0.2)
Yes(4-0.8)/No(—0.8)
Automatically (+0.3)/ Manually (—0.3)
Yes(—0.3)/No(+0.3)

Q8 Can the DT model be executed using a conventional hardware desktop computer? Yes(+0.3)/No(—0.3)
Q9 Does the use of the DT require special training? Yes(—0.3)/No(+0.3)
Qnum

DTflex =48+ Y Q;,0 < DTflex < 114
j=1

Equation 8

constant of 4.8 is added to the sum of the question weights
of equation 8, since the minimum sum of the question
weights is 4.8.

3.2.1. Q1:can the DT methodology be used in other
use cases without any changes?

The development of a DT model requires a certain
methodology. Q1 concerns the applicability of the DT
methodology to other use cases without any changes.
Each DT methodology considers some input parameters
and has at least one output parameter. In other words,
Q1 determines whether the DT methodology is use case
specific. For example, if a DT methodology is developed
to emulate the chatter during the milling of aluminum
parts, can the same methodology be applied with the
same input parameters to give the same output param-
eters to study the chatter during the milling of titanium
or turning steel parts? If the DT methodology can adapt
to different use cases, then the answer to Q1 is YES, and
otherwise the answer is NO.

3.2.2. Q2:does the DT methodology require specific
experiments to collect the data required to develop
the DT (Specific) or can it be developed using real-time
or historical data from a repository (Non-specific)?

DT models are developed utilising data collected from
the system emulated by the DT. Different DT technolo-
gies require different types and amounts of data. Fur-
thermore, some technologies for developing DT mod-
els require structured real-time data or historical data.
On the other hand, other DT methodologies require the
conduction of specific experiments to develop the DT

model. For example, if a DT is developed using machine
learning, then historical data is required to train the DT
model. In other words, Q2 checks whether organizations
already have the required data integrated into their repos-
itories or whether they can easily acquire them. Other
methodologies based on statistical methods such as the
design of experiments require the conduction of specific
experiments to acquire the data required to train the DT
model.

3.2.3. Q3 (and sub-questions): can the number of
input parameters be increased?

It is important that a DT methodology has the ability
to increase the number of input parameters to produce
a more complete and accurate DT model. Therefore, to
ensure a flexible DT methodology;, it is critical to be able
to increase the number of DT input parameters. Other-
wise, if the number of input parameters is fixed, then the
DT methodology can only be applied to the use case that
it was designed for.

3.2.4. Q3.1: are there any limitations on increasing
the number of input parameters? (if Q3 is YES)

If the reply to Q3 is YES, which means that the num-
ber of input parameters can be increased, Q3.1 must
be answered. Q3 covers the scenario that the number
of input parameters can be increased, but it does not
cover the scenario of some limitations on increasing
the number of input parameters. For this reason, Q3.1
is included to cover this scenario. Although many DT
methodologies can handle an arbitrary number of input
parameters, others have certain limitations. For example,
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DT methodologies based on the design of experimental
methodologies, particularly the Taguchi approach (Klin-
gaaetal. 2021; Sedighiani et al. 2020; Psarommatis 2021),
are strongly dependent on orthogonal arrays for conduct-
ing the required experiments to acquire the necessary
data to develop the DT.

3.2.5. Q3.2:does increasing the number of input
parameters beyond a certain point require additional
data/experiments? (if Q3.1 is YES)

Q3.2 is included to analyze the consequences of further
increasing the number of input parameters if the answer
of Q3.1 is YES, which means that there are limitations on
further increasing the number of input parameters. If it
is possible to increase the number of input parameters,
then how easy is to increase them? Simply adding some
existing data to the DT methodology concerning the
new input parameters or increasing the number of input
parameters may result in the need for additional exper-
iments or, in some cases, the entire series of DT model
training experiments to be reconducted. Methods with
such a limitation on the input parameters include those
based on the design of experimental methodologies, par-
ticularly the Taguchi approach described before. Such
approaches are based on orthogonal arrays that contain
a fixed number of parameters. If the number of param-
eters is increased beyond a certain point, changes are
required in the DT methodology and a different orthogo-
nal array should be used, which also changes the number
of experiments required to train the DT model.

3.2.6. Q3.3:does increasing the number of input
parameters require modification of the DT method? (if
Q3is YES)

The ability to increase the number of parameters is criti-
cal for a DT methodology to be flexible. If the number of
input parameters of a DT methodology can be increased
without the need to modify any aspect of the DT method-
ology, then the DT methodology is flexible. If changes
to the DT methodology are required, as described in the
example in subsection 3.2.5, then the flexibility of the DT
methodology are limited.

3.2.7. Q3.4:does increasing the number of input
parameters affect the output parameters? (if Q3 is
YES)

Increasing the number of input parameters is important,
but what are the effects of this increase on the output
parameters in terms of the DT methodology for ana-
lyzing the training data? Q3.4 aims to cover this topic.
In more detail, the number of input parameters can be
increased for three purposes: a) to increase the accuracy
and detail of the DT model, b) to study extra output

parameters, and c) to study a different use case with
different requirements and control parameters.

3.2.8. Q4: can the number of input parameters be
decreased?

Different use cases might have different requirements in
terms of input parameters. Therefore, it is critical that a
DT methodology can be utilised in other use cases. Q4
takes into this aspect into consideration when evaluating
the total flexibility of the DT method.

3.2.9. Q4.1:does decreasing the number of input
parameters affect the output parameters? (if Q4 is
YES)

If the answer to Q4 is YES, then Q4.1 is required to estab-
lish whether decreasing the number of input parameters
in the DT methodology affects the output parameters.

3.2.10. Q4.2:does decreasing the number of input
parameters require modification of the DT method? (if
Q4is YES)

If the answer to Q4 is YES, then Q4.2 establishes whether
the DT methodology is fixed or allows modifications,
enabling its application to other use cases.

3.2.11. Q5:can the DT methodology handle more
than one output parameter at the same time?

Most industrial systems that can be modelled using a
DT are multiparametric systems having multiple input
and output parameters. Therefore, it is critical that the
DT methodology can handle more than one parameter
at the same time for the same DT model. This question
(Q5) is added because, for example, some DT methods
are based on the design of experiments that can handle
only one parameter per DT model. For these cases, all
the output parameters must be aggregated into a single
value using, for example, a weighted sum formula, then
the DT model is trained using this value. However, using
a weighted sum formula is a single-direction procedure,
meaning that once the output parameter have been aggre-
gated you cannot go back to the initial values. Therefore,
it is critical to the flexibility of the DT method that more
than one output parameter can be handled at the same
time for the same DT model.

3.2.12. Q6: can the number of output parameters be
increased?

Each DT method is designed and developed for a spe-
cific use case having a certain number of input and out-
put parameters. As mentioned before, different use cases
might have different requirements in terms of output
parameters. Therefore, for a DT methodology to be flex-
ible, it must be able to adapt to the requirements of use



cases. Q6 is included to establish whether it is possi-
ble to increase the number of output parameters without
altering the DT methodology.

3.2.13. Q6.1:are there any limitations on increasing
the number of output parameters in the DT method?
If the answer to Q6 is YES, then Q6.1 must be answered.
If the number of output parameters can be increased,
then are there any limitations to the DT methodol-
ogy that prohibit the number of output parameters
from being increased? If there is at least one limitation
that prohibits the number of output parameters from
being increased beyond a certain point, then the answer
is YES.

3.2.14. Q7:can the DT adapt to new operational
conditions?

A key aspect of the flexibility of a DT method is its abil-
ity to adapt to changes occurring in the modelled system.
An possible example of this is a DT model emulating
the milling process of a metal part with the probabil-
ity of chatter as an output parameter that is dependent
on the input parameters. In this case, since the milling
machine wears out as it is used, the dynamic charac-
teristics are changing, and therefore the point at where
chatter occurs may change. Therefore, it is very impor-
tant for a flexible DT model to be able to adapt to such
changes.

3.2.15. Q7.1:is the adaptation of the DT model
performed automatically or manually?

There are two ways in which a DT method can adapt to
changes (if Q7 is YES): a) automatically, meaning that the
DT method can automatically adjust its training using
data, and b) manually, meaning that the model is adjusted
manually using any form of data source.

3.2.16. Q7.2:does the adaptation of the DT model
require additional data/experiments? (if Q7 is YES)

If the DT method allows adaptation (if Q7 is YES), can
the model be adapted using existing data, historical data,
or real-time data from the system, or are specific exper-
iments necessary to extract the required data to adjust
the model? For example, experiments may be necessary
for DT methodologies that are based on the design of
experiments.

3.2.17. Q8:can the DT model be executed using a
conventional hardware desktop computer (six-core
desktop)?

DT models are software tools that emulate a system.
These software tools require computers for their execu-
tion. Depending on the principles used to design a DT
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methodology, different amounts of computational power
may be required to operate the DT model. For example, if
a DT method requires a special high-end and expensive
computer setup to operate, then this requirement might
limit its use.

3.2.18. Q9:does the use of the DT require special
training?

Developing and deploying a DT model is one aspect, and
the operation of the DT model is another important fac-
tor. Q9 aims to ascertain whether using the DT requires
special training and knowledge.

4. Example of flexibility measurement

To validate and demonstrate the use of the proposed
approach for measuring the flexibility of a DT method,
we refer to a previous study in which all the nec-
essary information for the DTflex calculation is pro-
vided (Psarommatis 2021). The selected DT model was
developed to emulate a ZDM-oriented scheduling tool
(Psarommatis and Kiritsis 2018; Psarommatis, Gharaei,
and Kiritsis 2020a; Psarommatis, Vuichard, and Kiritsis
2020d; Psarommatis, Zheng, and Kiritsis 2021). Actual
simulations using the ZDM-oriented scheduling tool
require at least 2.5h of computational time to provide
the KPIs. The DT model had six parameters as inputs,
and the KPIs were output in the form of an aggregated
value, meaning that all the KPIs were combined into one
value. Table 3 presents the answers to the questions in
Table 2 along with the corresponding explanations of the
answers. The total DTflex of the selected DT methodol-
ogy is 6.4, which indicates an average flexibility value. We
used equation 9 to convert DTflex of 6.4 into a percent-
age [0%, 100%] of 48.88%. Figure 3 graphically illustrates
this result.

NewValue

. (OldValue — Oldmin)*(Newmax — Newmin)
- (Oldmax — Oldmin)

+ Newmin (9)

5. Discussion

Current state-of-the-art DTs lack KPIs or performance
measurement methods to manage their effectiveness. A
review of the scientific literature in the broad domain
of DTs, as well as industry and consulting reports, high-
lighted the absence of KPIs or other measurements of the
effectiveness of DTs. Although confusion matrixes have
been used in some studies and industrial practices, they
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Table 3. Example of DTflex measurement for DT developed by Psarommatis (2021).

QNo. Answer

Explanation

Q1 Yes: +-0.8

Q2  Specific: —0.5

necessary to train the DT model.
Q3 Yes: +-0.6
Q3.1 Yes: —0.2
Q3.2 Yes: —0.1

The DT methodology is based on design of experiments and the L,s orthogonal array has been utilised. The methodology can be used
unchanged in any case with up to six input parameters.
Because the DT methodology is based on the design of experiments, it requires specific experiments to be performed to acquire the data

If a different orthogonal array is used, the number or input parameters can be increased.
There is a limitation on the orthogonal array that depends on the number of input parameters that can be selected.
If the number of input parameters is increased beyond a certain number, then another orthogonal array must be used that is capable of

accommodating the mode input parameters, requiring more experiments to collect the necessary data for DT model training.

Q33 No: +0.2

input parameters is increased.
Q3.4 No: 4-0.2
Q4 Yes: +0.4
Q4.1 No: +0.2

The number of input parameters can be decreased.

Q4.2 No: +0.2
decreased.
Q5 No: —0.6

The only change is the orthogonal array; the methodology for analyzing the data does not require any modification when the number of

The analysis of the output parameters is not affected by an increase in the number of input parameters.

Decreasing the number of input parameters has no effect on the output parameters of the DT model. The only issue is that the fewer the
input parameters, the less accurate the DT model will be.

In terms of methodological analysis of the input output parameters, no modification is required when the number of input parameters is

The DT methodology used for the DT under investigation can handle only one output parameter. There are ways of studying multiple

output parameters, but they require the development of a set of DT models, with one model for each output parameter, using the same
training data. However, each DT model can handle one output parameter.

Q6 Yes: +-0.5

number of output parameters can be increased.
Q6.1 No: +0.2
Q7 No: —0.8

conducted and a new DT model must be created.
Q8 Yes: +0.3
Q9 No: +0.3
Total flexibility of the DT methodology DTflex = 6.4,0 < DTflex < 12.7

By aggregating all the output parameters using a weighted sum formula or by creating one sub-DT model for each output parameter, the

No limitations on increasing the number of output parameters in terms of the methodology of the DT.
The current version of the DT methodology cannot adapt to changes. If changes occur to the modeled system, new experiments must be

The DT model is a simple mathematical model and can run on any computer system without performance variation.
The DT methodology and model are very simple; the operator enters the input parameters, giving the output parameters as the result.

DTflex =48.88%

60% 80% 100%

0% 20%

40%
DTflex

Figure 3. Conversion of DTflex to percentage for easy
comparison.

simply identify false positives or false negatives, consid-
ering these as two leading indicators of a problem with a
DT. However, these confusion matrixes provide no quan-
titative value to measure and compare the effectiveness of
different DTs, hence enabling only minimal opportuni-
ties for improvement by trial and error. For this reason,
further studies and practices of DTs could benefit from
our proposed method for evaluating their performance
and flexibility.

The proposed approach aims to contribute to two
different levels in the process of DT development: the
development of a methodology for measuring the DT
flexibility (DTflex), which applies at the methodology
level regardless of the use case and present a common
set of KPIs for measuring the performance of a DT dur-
ing the operation phase. This means that manufacturers
and researchers can compare different DT methodologies

and select an appropriate DT for each case. However,
for this to occur, DT developers should present their
DTs in detail, providing all the information identified by
Psarommatis and May (2022), with DTflex calculated or
all the information required to calculate it. This will allow
the standardization of DT development, which is a crit-
ical aspect for all the domains where DTs are used. In
contrast with DTflex, which refers to the DT method and
is independent of the use case, the proposed performance
KPIs are use case specific, which means that the same
KPIs for the same method may give different values for
different use cases.

DTflex is not studied together with the other perfor-
mance KPIs because it refers to the method and not the
operational performance of a DT, making it inappropri-
ate to aggregate DTflex with the other defined perfor-
mance KPIs. On the other hand, the performance KPIs
could be aggregated using a weighted sum formula to
give a single value for the performance of the DT, but this
value would be relative and not absolute. For this reason,
we decided not to aggregate the KPIs; the aggregation
should occur when a direct comparison of two or more
DTs is required. Furthermore, the purpose of this paper is
to provide tools for evaluating the flexibility of DT meth-
ods and measuring the operational performance of DTs,
and the comparison of DT implementations is beyond
the scope of the paper. We carefully selected four generic
performance KPIs. We considered other KPIs, such as
the cost of developing a DT, but decided not to include



them because they strongly depend on the use case. To
ensure a valid comparison of DT implementations, DTs
should be developed for the same use case. Comparing
the performance KPIs for DTs developed for different use
cases can only indicate which DT method performs bet-
ter but cannot provide an absolute comparison. As also
mentioned in section 3.1, the same DT method could
have completely different performance KPIs for different
applications.

DT technology providers should consider the pro-
posed approach to track the performance of their DTs
when developing new DT implementations. The use of
such methods would highly benefit manufacturers, espe-
cially in cases where they are used for highly critical
assets. In that regard, having a standardized and com-
mon approach for calculating the performance of DT
models will enable manufacturers to select appropriate
technologies, approaches, and solutions for developing or
implementing a DT in their production settings. The full
potential of DTs in manufacturing settings can only be
exploited with the ability to simulate a complete indus-
trial environment and accurately predict the metrics the
DT was designed for. Hence, our proposed method will
help to better understand whether a DT is perform-
ing its functions and objectives specified in the design
phase.

Furthermore, simulation-based design is an essential
method. A DT directly performs validation and tests that
can rapidly identify the cause of a malfunction or ineffi-
ciency, rule out errors, and assess the viability of a physi-
cal solution when put into practice. As a result, the design
of DTs may be involved in evaluating the effectiveness
and adaptability of DTs.

The proposed methodology for measuring the flexi-
bility of DT methods is lean, straightforward, and easy
to use. One of the purposes of the proposed method-
ology was to create an easy-to-use practical solution
for measuring the flexibility of DT methods. Past prac-
tices in different application domains have revealed that
highly complex methods that are difficult to use are not
desired by industry. For this reason, we used Yes/No
questions because of their easy-to-select options and
to maximise the objectivity of the replies. Yes/No sur-
veys are closed ended and the scale used is considered
nominal. The advantage of this type of survey is that
it allows respondents derive their conclusions rapidly
and efficiently. Since the aim of our proposed method
is to provide an easy-to-use tool for domain experts in
their respective areas, this type of Yes/No survey fits
our purpose. Furthermore, measuring the flexibility of
DT methodologies gives manufacturers an extra criterion
for selecting DT methodologies. The flexibility measure-
ment questions also support the structuring of the design
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of DT methodologies and models by pointing out key
aspects requiring consideration. This will also contribute
to the development of flexible DT methodologies and
the increased reuse of DT methods, leading to higher
sustainability.

6. Conclusion

In this paper, we first identified an important challenge:
in the current scientific literature and industrial prac-
tices and applications, there is no common method that is
accepted and adopted by researchers and practitioners for
measuring the effectiveness and flexibility of DTs and DT
methods. We provided a new quantitative methodology
for performance measurement through the key metrics
of a DT of accuracy, accuracy variance, response time,
and response time variance. These performance KPIs are
associated with the operational performance of a DT.
Moreover, we presented a new KPI, DTflex, which deter-
mines the flexibility of a DT method by using a qualitative
method of evaluation based on a series of questions that
can be used to iteratively improve the design of new
DTs. The testing of the proposed KPI demonstrated its
value as an easy-to-use method for designers and prac-
titioners for the rapid comparison of their DTs that can
provide important feedback for the iterative redesign of
DTs to increase their effectiveness in future applications.
This work is a first step in guiding academics and indus-
try practitioners to facilitate the design and development
phase of their DTs.

Future work should focus on using these new meth-
ods and the KPI in more industrial use cases where DT
applications are utilised. In this context, the performance
method proposed in section 3.1 can be tested further as
a means of evaluating the effectiveness of already used
or newly built DTs. Furthermore, DTflex can be used by
researchers and practitioners in different industry sec-
tors building diverse DT applications to evaluate and
continuously improve the flexibility, and hence the effec-
tiveness, of DTs. Future work will also focus on clarifying
the tradeoft between DTflex and other KPIs that char-
acterize DT methods, such as the cost, for specific use
cases.
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