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Abstract. This paper summarizes the development and evolution from digital
mock-up (DMU) to digital twin (DT) by clarifying the connotation of DT from
prospective of digital product definition (DPD). Firstly, taking Airbus as example,
the evolution of DMU is introduced, with the detailed analysis of configured DMU,
functional DMU, and industrial DMU. Secondly, based on the literature review of
DT, the definition, purpose and several applications of DT concept are clearly ex-
pounded. Finally, the augmentation for DT and DPD’s relationship are deduced.
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1. Introduction

Since 1950s, the digital manufacturing concept has emerged with the rapid development
of various supporting technologies. Digital manufacturing is an integrated computer sys-
tem supported by simulation tools, three-dimensional visualization tools, and various
collaborative tools, which realizes the DPD and process definition simultaneously. It can
be seen that DPD provides the data foundation for digital manufacturing. To achieve full-
element and full-process digital manufacturing, the DPD have to be done accurately and
precisely.

Based on the motivation above, the digital manufacturing concept has experienced
a development from two-dimensional to three-dimensional. The industry has proposed
DMU, virtual prototypes (VP) and other concepts that focus on product design, leading
to the improvement of the definition and expression of product information.

Recently, the experience of domestic and foreign manufacturing industries has
shown that the product model defined by three-dimensional digitalization has matured
and its benefits have been verified repeatedly. However, there are still some challenges
in digital manufacturing:

* From the point of view of its connotation, DPD mainly focuses on the designing
information and always ignores the data of manufacturing, operation, and main-
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tenance stages. As a result, there is a gap in terms of representing middle- and
end-of-product lifecycle-related semantics [1].

* There is a lack of connection between product definition and process definition.
For example, DMU defines the assembly relationship of parts/components, but it
cannot accurately describe the assembly process.

* The definition of product information is the “idealized description” given by the
CAD (computer-aided design) software. Thus, the simulation based on the “ideal-
ized description” has limited guidance for real physical objects.

All in all, to meet the needs of intelligent manufacturing and mirror the actual status
of the physical objects, the digital twin concept was introduced by Grieves in 2011 [2]. It
is suggested that DT can reflect the dynamic mapping of physical product and its digital
counterpart and it is the technical core of cyber-physical system (CPS) [3].

The remainder of this work is organized as follows: Section 2 reviews the literature
in the evolution of DMU concept. The connotation of DT concept is presented in Sec-
tion 3 with detailed discussions. The relationship between DT and DPD is discussed in
Section 4. Finally, discussion is provided in Sections 5.

2. The evolution of DMU in Airbus

With the development of the CAD software, the connotation of DMU has undergone
great changes. Take Airbus company as an example, DMU has gradually evolved into
CDMU (configured DMU), FDMU (functional DMU) and iDMU (industrial DMU), as
shown in Figure 1.
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Figure 1. The evolution of DMU in Airbus.

It is believed that a complete DMU should be composed of a three-dimensional
model, product structure and product attributes in Airbus. The product structure describes
the hierarchical dependence and organizational relationship of the digital model, and the
attributes describe the state. This data organization is called configured DMU (config-
urable DMU) [4], as illustrated in Figure 2.

On the other hand, in order to enrich the functions and behaviors of the DMU in the
designing stage, Airbus proposed the functional DMU [5]. FDMU uses the DMU as a
carrier to extract components and support requirements and functional analysis, and com-
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Figure 2. The CDMU concept.

prehensive simulation. The emergence of the FMI standard has profoundly affected the
research of FDMU. The FMI standard was first proposed by Daimler AG. The ITI com-
pany developed the SimulationX software based on the FMI standard. Dassault Systémes
acquired Dymola software that supports FMI standard.

In order to explore the usage of DMU and optimize the manufacturing process, Air-
bus implemented the collaborative engineering and iDMU concept in the development of
A320neo [6]. In the engineering phase, Airbus reintegrated the functional designing and
process manufacturing, and focuses on the definition of products, processes and manu-
facturing resources from the conceptual stage to mass production. The delivery at this
stage were called iDMU. In the manufacturing phase, real data such as the deviation were
integrated into iDMU. As shown in Figure 3, when the manufacturing works ends, the
output is called as-built iDMU, it is a complete definition of the as-built product.
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Figure 3. The iDMU concept.

As aresult, An iDMU gathers all the product, processes and resources information
to model a virtual assembly line and provides a single platform to define and validate
the assembly line industrial design [7]. From the perspective of reflecting the physical
objects, the as-built iDMU concept is similar with the DT concept. Unfortunately, since
it appeared in the research report in 2013, the detailed method of iDMU is still unclear
as a commercial secret.

3. From DMU to DT

As mentioned above, although the DMU concept in digital manufacturing has been
broadened to express more and more information, it still ignores the data of manufactur-
ing, operation, and maintenance stages. But DT technology is considered to be able to
describe physical products and effectively manage the life-cycle information. Thus, the
DT concept has gradually attracted the attention of academia and industry.
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3.1. The proposal of DT concept

As illustrated in Figure 4, the original assumption of DT was introduced by Dr. Michael
Grieves in 2002, which was named “conceptual ideal for PLM (product life manage-
ment) information mirroring”. Subsequently, “Mirrored Space Model” and “Information
Mirroring Model” had been used to redefine the concept. Finally, the “Digital Twin” was
introduced by Grieves and his partner in 2011.
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Figure 4. The conceptual ideal for PLM.

Later in 2011, United States Air Force research laboratory adopted the DT concept
as a new way to predict the aircraft structural life. In 2012, National Aeronautics and
Space Administration defined DT as “an integrated multi-physics, multi-scale, proba-
bilistic simulation of a vehicle or system that uses the best available physical models,
sensor updates, fleet history, and so forth, to mirror the life of its flying twin” [8].

3.2. The definition of DT concept

After several years, different definitions and explanation of DT came out. For example,
DT was seen as the next generation of simulation [9]. Grieves redefined DT as “a set
of virtual information constructs that fully describes a potential or actual physical man-
ufactured product from the micro atomic level to the macro geometrical level and any
information that could be obtained from inspecting a physical manufactured product can
be obtained from its digital twin” [10].

Recently, DT refers to a virtual representation of manufacturing elements, a living
model that continuously updates and changes as the physical counterpart changes in a
synchronous manner [11]. The role of DT in digital manufacturing is to allow a physical
“thing” to be understood for computers and machines by reflecting its physical status.

3.3. Applications of DT in digital manufacturing

Since the DT concept was proposed, it has been applied in many industrial fields. The
possibility of DT-driven product manufacturing is proposed with an example about the
drive shaft machining process [12]. A DT-based manufacturing execution system is de-
veloped and validated, combining MTConnect data with production data collected from
operators [13]. An approach to modeling product DTs, process DTs, and operation DTs
using Automation Markup Language is proposed [14]. A DT-based process evaluation
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method is developed, including the real-time mapping mechanism, the construction of
DT-based machining process evaluation framework, and the process evaluation [15]. A
generic architecture for cloud-based manufacturing equipment based on DT and big data
analysis is illustrated [16]. A novel DT-driven approach for rapid reconfiguration of au-
tomated manufacturing systems was proposed and key enabling techniques, including
how to twin cyber and physical system and how to quickly bilevel program the pro-
duction capacity and functionality of manufacturing systems to adapt rapid changes of
products were detailed [17]. Zheng et al. introduced a generic CPS system architecture
for DT establishment in smart manufacturing with a novel tri-model-based approach for
product-level DT development and then conducted a case study of an open source 3D
printer DT establishment [18]. Based on the discrete event system modeling theory, a
virtual modeling method at a conceptual level and the implementation mechanisms of the
virtual-physical connections in practice for establishing DT shop floor was given [19].
Zhuang et al. proposed a DT-based assembly data management and process traceabil-
ity approach for complex products and the DT-based Assembly Process Management
and Control System (DT-APMCS) was designed to verify the efficiency of the proposed
approach [20].

In summary, DT concept can be applied to many fields of digital manufacturing, re-
flecting real conditions, accumulating actual data, paying attention to previously ignored
information, mining hidden new knowledge, and optimizing the entire stage of digital
manufacturing.

4. DT and DPD

Normally, DPD is a process that allows the design team to input all their information
into the 3D model, thus eliminating the need to create a 2D drawing. For example, DMU
involves making the 3D CAD product model the authority dataset, only including the 3D
Model and additional information such as parts lists, part coordination documents, etc,
within the 3D viewing area of the model.

On the other hand, with the development of PLM technology, DPD focuses on the re-
search on the unified and consistent definition of product information in different stages.
PLM is proposed to manage all the product life-cycle data, and it contains all the con-
tents of PDM (product data management). It supports related activities including design-
ing, manufacturing, sales, and maintenance and effectively manages the data generated
in these activities. These understandings are not different from the conceptual goals of
DT, so this section discusses the relationship between DPD and DT based on the early
research.

4.1. DMU is the output of design rationale

The original intention of DPD is to express real physical products. However, taking DMU
as an example, the final result becomes “the ideal definition of the product”. Due to actual
factors such as product deviation, it is impossible to fabricate an ideal product in the real
world. Thus, DMU is the output of continuous iteration process of design activities and
reflects human design rationale.
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4.2. DT is the representation of physical product

The realism holds that the world does not depend on our representation of it. no matter
how we describe the world or the description does not exist, the world still exists indepen-
dently. On the other hand, “model-dependent realism” asserts that all we can know about
“reality” consists of networks of world pictures that explain observations by connecting
them with rules to concepts defined in models [21]. The realism also suggests that we
cannot know ‘“reality-as-it-is-in-itself”, but only an “approximation” of it provided by
the intermediary of models.

Therefore, in any case, DT cannot be completely reflect the physical product in the
real world, but a high fidelity approximation. The DT concept is an available form of
representation of the physical product, and it reflects the real world in the virtual space.

4.3. DT expands the meaning of DPD

Based on the discussion above, it is suggested that DPD should not be limited to de-
signing phase, but the digital description of all the stages of product life cycle. In fact,
the connotation of DPD has been expanding with the development of new technology.
When the DMU cannot describe the function and performance of the product, the re-
searchers introduced "FDMU” to describe the functional interface. When the working
mode changes from parallel engineering to collaborative engineering, researchers intro-
duced "iDMU” to describe the digital definition of the entire development phase.

In summary, DMU and DT, as two aspects that define ideal products and physi-
cal products, can be organically unified, as shown in Figure 5. The merge of DMU and
DT reflects the high integration of cyberspace, physical space, and consciousness space.
Therefore, DTs will become the "middleware” for in-depth communication between hu-
man and machine.
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Figure 5. The relationship between DMU & DT.



190 S. Dai et al. / The Evolution from Digital Mock-Up to Digital Twin
5. Discussions

By combing the development trend of DPD, this article summarized the development
from DMU to DT, expanded the DPD concept, incorporated DT into DPD, and improved
the connotation and connection of DPD in the virtual world and physical world.

With the booming growth of information technologies in the manufacturing industry,
remarkable efforts about DT-driven applications are going to challenge the fundamen-
tals of manufacturing systems and operations. Many manufacturing companies nowa-
days believe that the DT concept could improve the utilization of process knowledge for
machining planning.

DTs are the foundation of intelligent manufacturing systems and modeling of DT is
an effective way to realize CPS. At present, the research on DT is still at early stage. How
to build DTs of physical products requires further research. How to realize the product
operation and maintenance based on DTs, and improve the perception feedback, precise
control and precise execution of the product life cycle process is the main problem.
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