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Fig. 3. Development trend of the DT research.

resents the physical entity; VE represents the virtual entity; Ss
represents the services for both PE and VE; DD stands for the
DT data; and CN means the connection of different parts [12],
[74]. The five dimensions are equally important for DTs. The
physical part is the basis of building the virtual part. The virtual
part supports the simulation, decision making, and control of the
physical part. Data lie in the center of DTs, because it is a pre-
condition for creating new knowledge. Furthermore, DTs lead to
new services that can enhance the convenience, reliability, and
productivity of an engineered system. Finally, the connection
part bridges the physical part, virtual part, data, and service.

B. History of DTs

The history of DTs is rather brief, which is largely due to
the technological limitations during its early development. The
theoretical development of DTs went through three stages: for-
mation, incubation, and growth. The first appearance of DTs
could date to the presentation made by Grieves in 2003, which
was deemed to be the origin of DTs [6]. Few articles were pub-
lished in this period. Hence, it is classified as the formation stage.
From 2003 to 2011, the rapid development of the communica-
tion technology, Internet of Things (IoT), sensor technology,
big data analytics, and simulation technologies contributed to
the rise of DTs. In 2011, the first journal article was published,
which elaborated how DTs were useful for predicting the aircraft
structural life [13]. In 2012, the NASA formalized the definition
of DTs and envisioned its prospects in the aerospace industry
[7]. More and more efforts were devoted to the DT research since
then. Therefore, this period is regarded as the incubation stage.
In 2014, the first white paper was published, which reflected the
growth of DTs from one conceptual idea to numerous practical
applications [6]. The finding that DTs would be applicable to
many different industries beyond the aerospace industry further
promoted its development. In 2017 and 2018, Gartner classified
DTs as one of the top ten most promising technological trends
in the next decade.

Fig. 3 illustrates the number of conference and journal pa-
pers on DT since 2011, which reflects the history of DTs. At
first, the concept was proposed in 2003. From 2003 to 2011, the
technological foundations were far from mature to support the
development of practically viable DTs. On the other hand, how-

ever, cloud computing, big data, IoT, and sensor technologies
experienced a rapid growth. In other words, the revival of the
DT research was triggered by the technological advancement in
other areas. Moreover, the significance of DTs was underesti-
mated at the time largely due to the lack of long-term visions
of how DTs would influence, if not revolutionize, industrial ap-
plications. Because of the aforementioned reasons, there were
few publications on the DT from 2003 to 2011. In 2012, the
NASA showed the superiority of DTs and gave a more specific
definition. More and more DT applications have appeared since
then. As illustrated in Fig. 3, the research on DTs is drawing
increasing attention in the academia. Considering the current
momentum, it is expected that the research and application on
DTs will experience another surge during the next 3–5 years.
Therefore, it is argued that the DT research now enters the rapid
growth stage.

III. CURRENT DEVELOPMENT OF DTS IN INDUSTRY

A. Theoretical Foundations of DTs

The theoretical foundations of DTs come from different dis-
ciplines such as information science, production engineering,
data science, and computer science. The most relevant theories
are reviewed as follows, which are divided into following four
parts: DT modeling, simulation, verification, validation, and ac-
creditation (VV&A); data fusion; interaction and collaboration;
and service.

1) DT Modeling, Simulation, and VV&A: DT modeling in-
volves physical modeling, virtual modeling, connection model-
ing, data modeling, and service modeling. Theories of physical
modeling are useful for extracting, defining, and describing the
key features of a physical entity. Theories of virtual modeling
are useful for building a virtual representation of a physical en-
tity, which will depict the same features and behaviors in the
virtual space. The virtual model should be a mirror reflection of
the physical model. Theories of connection modeling are use-
ful for maintaining a constant connection between the physical
model, virtual model, data model, and service model. A typi-
cal connection model includes data transmission, data format
conversion, data source protection, etc. Theories of data model-
ing are useful for data definition, operation procedure definition
(e.g., security checks), data storage, etc. Through data mod-
eling, data are stored according to certain criteria and logic,
which can facilitate data processing. Theories of service mod-
eling are useful for the identification, analysis, and upgrade of
services. Simulation theories are useful for operation analysis
(e.g., structural strength analysis and kinetic analysis) in a simu-
lation environment. VV&A can validate the veracity of a virtual
model and provide a confidence level by checking the model
error, algorithm error, and hardware error.

2) Data Fusion: Data fusion involves three processes—data
preprocessing, data mining, and data optimization. First, DTs
must handle a massive volume of data, including physical data,
virtual data, and fusion data between them. Therefore, it is
necessary to perform a data preprocessing that includes data
cleaning, data conversion, and data filtering. Next, the prepro-
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