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1  Introduction

With the in-depth research of digital twins in industries, 
especially in manufacturing, digital twins have been gradu-
ally applied in more fields such as e-commerce, e-learning, 
healthcare, virtual office, and remote control of unmanned 
exploration [1–5]. These phenomena show that the concept 
of digital twin is rapidly penetrating into the traditional 
aspects of planning, simulation, prediction, process design, 
and service fusion. Researchandmarkets.com reported that 
the global digital twin market share would have a 31.9% 
annual increase between 2020 and 2030, and the reve-
nue generated would rise from US$3.6 billion in 2019 to 
US$73 billion by 2030. Meanwhile, grandviewresearch.
com reported that the market size value of virtual reality, a 
key supporting tool of virtual world, was US$15.8 billion in 
2020 and would reach to US$62.1 billion in forecast at a rate 
of 21.6% from 2020 to 2027. These indicate a driving force 
pushing digital twins toward virtual worlds.

2 � Challenges of digital twins

A digital twin often refers to a digital representation of a 
physical twin that is a real-world entity, system, or thing [1, 
6]. It implements itself as an encapsulated software object 
or model that mirrors a unique object, process, organiza-
tion, person, and legendary story, no matter whether such 
a thing is concrete or abstract in real world. When multiple 
digital twins integrate together, they become a composite 
digital twin.

Things in the real world are often complex with the 
characteristics of clustering and collaboration. Spatially, 
things group themselves into many different combinations. 

Temporally, things trigger events, produce states, while they 
reach certain conditions. There are interactions of human-
to-human, human-to-thing, and thing-to-thing, which create 
many complex relations and processes. As the mirrors of 
real-world things, digital twins also share the same char-
acteristics and require the modeling of digital objects and 
processes with capabilities of composition, collaboration, 
flexibility, sensing ability, and simulation. To have these 
capabilities, digital twins have to meet some challenges as 
follows.

•	 A digital twin should be able to exactly capture its physi-
cal properties, accurately simulate its behaviors, and 
adjust its size to model both simple objects (e.g., car, 
plane, and a person), and complex objects and relations 
(e.g., an irrigation system, shopping process, store, city, 
and earth [7]).

•	 Digital twins should be able to work collaboratively with 
each other. For example, inside of a composite digital 
twin, digital twins can well work together. Externally, 
a digital twin can cooperatively work and interact with 
other digital twins in different contexts.

•	 A digital twin should be self-conscious about its changes 
of size and functionality in real time, and modify itself 
when needed.

•	 A digital twin should be able to sense the ambient events 
in time and respond with state changes on conditions. It 
should also be able to detect the execution conflicts and 
resolve them for consistent communications.

•	 A digital twin can embody a human user as an avatar to 
interact with other avatars or digital twins immersively.

3 � Supporting technologies of digital twins 
toward future virtual worlds

To meet the challenges of digital twins, recent researches 
are emphasizing on model flexibility, integration & fusion, 
real-time responsiveness, environment sensing, consist-
ent semantics, and immersive interaction. These changes 
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have created many composite digital twins that are closely 
interacting with each other in two levels, in which a future 
virtual world is emerging as a cyber-physically integrated 
world. Specifically, the two levels of the world are as 
follows:

First, a digital twin level is constructed by many con-
nected digital twins. It consists of object digital twins (i.e., 
digital objects such as sky, tree, building, equipment, prod-
uct, and ad board) and process digital twins (i.e., digital 
processes such as shopping, drone patrol, product lifecycle, 
simulation, and experiment) in the sense of interactive rela-
tions between digital objects, which are exactly there in real 
world. The digital twins of this level have unique mappings 
onto their corresponding physical twins that could be real-
world things and relations between things.

Second, a virtual twin level is constructed by many con-
nected virtual twins. It consists of non-real-world object vir-
tual twins (i.e., virtual objects such as space warship created 
from fantasies and chatting room digitally created), person 
virtual twins (i.e., virtual avatars constructed from human 
users or softbot users), and process virtual twins (i.e., virtual 
processes such as virtual shopping, virtual class-attending, 
and virtual chatting that might behave differently as in real 
world). This level depicts the virtual behaviors of object-to-
object, object-to-avatar, and avatar-to-avatar. There are no 
mapping relationships between virtual twins and real-world 
things. Contrarily, there is a mapping relationship between 
virtual twins and the things imagined in the mind worlds 
of human users. These imaginations can be realized as the 
virtual twins with no relationship to digital twins. They can 
also be implemented as the virtual twins interactable with 
digital twins to form virtual applications, where digital twins 
and virtual twins work together in a same interactive space. 
The fusion of physical twins, digital twins, and virtual twins 
signifies a big move toward a future virtual world, where the 
core supporting technologies are as follows:

•	 Technologies for digital twin level

Sensor technology collects data from real-world devices and 
systems through digital twins and controls feedbacks.
Digital model construction is the digital modeling by map-
ping the shape and laws of a real-world thing through geo-
metric modeling, white-box modeling, and data modeling.
Digital model interoperability is the fusion of geometric, 
white-box, and data models for digital twins.

•	 Technologies for virtual twin level

Virtual model construction & interoperability: virtual mod-
eling and interoperability as digital modeling.

•	 Technologies for both digital & virtual twin levels

Human–computer interaction enables human users to 
interact with digital and virtual objects, and virtual avatars 
through computing devices.
Process management plans, designs, and manages digital 
processes and virtual processes that satisfy goals.
Data integration seamlessly connects heterogeneous devices 
in real world, heterogeneous digital objects in digital twin 
level, and heterogeneous virtual objects in virtual twin level.
Process integration seamlessly connects heterogeneous 
processes in real world, heterogeneous digital processes in 
digital twin level, and heterogeneous virtual processes in 
virtual twin level.

4 � Technological trends of digital twins 
toward future virtual worlds

While more and more industries introduce digital twins into 
their areas, new technologies, such as Industrial Internet of 
things (IIoT), semantic technology, virtual reality, and arti-
ficial intelligence (AI), are applied in digital twin research. 
This signifies a future technological trend.

Multi-approach based modeling
Multiple approaches [3, 4] are adopted to model digital 

and virtual twins based on geometry, simulation, and data. 
Specifically, techniques such as generative design, 3D scan, 
deep learning, knowledge graph, and mesh-free simulation 
become popular. These techniques improve the digital and 
virtual model construction on precision and efficiency.

IIoT-based sensor technology
IIoT is a “system comprising networked smart objects, 

cyber-physical assets, associated generic information tech-
nologies and optional cloud or edge computing platforms” 
[8]. It supports sensors to be distributed across a wider geo-
graphic locations and different industries with an integrated 
fashion. It allows digital twins to collect abundant data of 
physical objects and give feedbacks. It enables data analytics 
based on data fusion of multi-channel data to enhance the 
ability of real-time simulation and decision making.

•	 Semantics-based digital twin development

Semantic technologies play an important role in digital 
twin research. For example, knowledge representation tech-
niques of collaborative concepts [9], linked data and web 
ontologies [10] support physical, digital and virtual twins 
for model interoperability, heterogeneous data, and process 
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integration. They allow the objects and processes to be digi-
tally threaded and integrated from local to global and from 
past to present to realize interoperation across models, pro-
cesses, industries, and histories [11]. They enable seman-
tic, flexible, and real-time services in all aspects to shape a 
holistic future ecosystem.

AI-based digital twin management
AI technology fused by the methods of machine learn-

ing, big data, service computing, semantic techniques, IIoT, 
and autonomous robot enables digital twins to be flexibly 
constructed, real-time sensed, and deeply learnt for many 
purposes [12]. For example, it allows digital twins to con-
tinuously evaluate data, detect anomaly, automate business 
processes, answer questions, simulate situations, and support 
decision-making and optimization.
Reality-based human–computer interaction

A trend of interactions between human and digital/vir-
tual twins is through augmented, virtual, and mixed reality 
in a 3D space [5]. These technologies provide users with 
immersive interaction ability in all aspects of seeing, hear-
ing, touching, smelling, and tasting.

To sum up, we believe that future digital twins will be 
evolved toward a holistic virtual world, that is, a two-level 
virtual world will be generated by accurately mapping the 
digital twins onto the physical twins of real world and map-
ping the virtual twins onto the imaginations of the mind 
world of human users.
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