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Abstract

In recent years, digital twins have attracted extensive attention and are becom-
ing increasingly complex. Current digital twin implementations are predomi-
nantly confined to specific scenarios, and there remains a lack of methods for
constructing complex digital twins in the face of multi-level and multi-scenario
working environments, as well as model interaction and coupling. This paper
proposes a standardized modeling method for complex digital twin models based
on model decomposition and assembly. First, complex digital twin models are
partitioned into several simple models according to the levels (Composition),
scenarios (Context), components (Component), and code (Code) within the 4C
architecture. Levels and scenarios enable digital twins to focus on effective ele-
ments within specific scales and scenarios. Components and code are employed
to develop simple digital twin models. Second, the simple models of digital twins
are assembled into complex models through information fusion, multi-scale cor-
relation, and multi-scenario interaction. The ontology model constructs a com-
prehensive information repository for entities across different digital twins. The
knowledge graph establishes a bridge for relationships between digital twins at
various scales. Scenario iteration realizes behavioral interaction and enhances
computational result accuracy. This paper provides an implementable approach
for constructing complex digital twin models and supports the reuse of compo-
nents and code to facilitate the rapid development of digital twins.
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Abstract

In recent years, digital twin technology has attracted widespread attention as
a critical enabler of digitalization and intelligence. However, as the demand for
simulating multi-scale and multi-scenario phenomena in reality expands, digital
twins are becoming increasingly complex. Existing digital twin implementations
in the literature mostly concentrate on particular applications, while a system-
atic method for constructing complex digital twins that addresses all elements,
variable working environments, changeable processes, and coupling effects re-
mains lacking. This paper proposes a novel modeling method for such complex
digital twins based on standardized processes for model division and assembly.

First, the complex digital twin model is divided into several simple models
according to the 4C architecture: composition, context, component, and code.
Composition and context enable the digital twin to focus on effective elements at
specific scales and scenarios, while component and code facilitate standardized,
modular development of digital twins. Second, these simple digital twin mod-
els are assembled into a complex model through information fusion, multi-scale
association, and multi-scenario iteration. Ontology establishes a complete infor-
mation library of entities across different digital twins, knowledge graph bridges
structural relationships between different scales, and scenario iterations realize
behavioral interaction and accurate calculation results. This approach provides
an implementable method for constructing complex digital twin models, while
component and code reuse enables rapid digital twin development.

Index Terms—complex digital twin, simple digital twin, digital twin modeling,
smart manufacturing

1 Introduction

The digital twin concept was first proposed by Grieves in 2003 [1], though it did
not attract widespread attention at the time. However, with advances in hard-
ware and information technology—including computers, sensors, big data, and
artificial intelligence—digital twin implementation has become feasible. NASA
formally introduced the digital twin concept in 2012 [2], and subsequently, nu-
merous universities and enterprises have invested in digital twin research. From
2017 to 2019, Gartner listed digital twins among its top ten strategic technol-
ogy trends for three consecutive years. Digital twins can integrate physical and
virtual spaces, making them an effective approach for realizing smart manufac-
turing [3].

In digital twin implementation, modeling methods have consistently represented
a key technology, and scholars have explored various approaches. Grieves
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et al. proposed that digital twins consist of real space, virtual space, and
data/information flow links between them [4]. Tao et al. introduced a five-
dimension digital twin model comprising physical entity, virtual entity, service
system, digital twin data, and connection network, where the virtual entity in-
cludes geometry, physics, behavior, and rule models [5]. Zhuang et al. explored
digital twin concepts and implementation approaches for product digital twins
across different lifecycle stages [6]. Alam et al. proposed a digital twin reference
model consisting of physical things, cyber things, and hybrid things [7]. These
reference models provide fundamental structures for digital twins.

In recent years, digital twins have been widely applied across various fields, in-
cluding aerospace [8,9], machinery manufacturing [10,11], medical care [12,13],
shipbuilding [14], and urban construction [15,16]. Scholars have conducted fur-
ther research on digital twin applications. Zhao et al. developed a digital twin
workshop prototype system based on the Unity3D platform for visual monitor-
ing of real-time data [17]. Ritto et al. employed physics-based computational
models and machine learning classifiers for structural damage detection [18].
Lv et al. proposed a digital twin-driven human-robot collaborative assembly
framework based on image recognition and deep reinforcement learning to im-
prove assembly efficiency and safety [19]. Lai et al. used an improved finite
element method and analytical models to monitor strain, stress, and load of a
boom crane [20]. In summary, digital twin realization typically follows these
steps: determine application contexts, analyze functional requirements, develop
the digital twin (including hardware deployment and software development),
commission, and implement. However, digital twins in the literature typically
simulate behavior in only one or limited scenarios, which can be considered sim-
ple digital twins. Furthermore, even when digital twins share similar elements,
their components are developed differently. Indeed, in practice, developers use
different tools and platforms, leading to difficulties in model interaction.

Currently, facing multi-scale, multi-scenario, and multi-dimensional digital twin
applications—which we term complex digital twins—it is challenging to initiate
modeling of the whole elements, entire process, and complete business at once.
This difficulty arises partly because modeling from macro to micro composi-
tion at full scale is virtually impossible with current modeling capabilities and
computing power, let alone for multi-scenario, multi-dimensional applications.
Some scholars are attempting to construct new standardized methods for com-
plex digital twin modeling to simulate, predict, and optimize behavior across
multiple scales and contexts. Rosen et al. proposed achieving digital twins
through Modularity-Autonomy-Connectivity-Digital Twin [21]. Wang et al. in-
troduced a new industrial internet model based on hierarchical multi-granularity
digital twins, where different model types have different perception and control
objects, and same-layer models cooperate to complete production tasks under
higher-layer model control [22]. Pan et al. divided production logistics systems
into three levels and employed a cloud-fog-edge control framework for real-time
monitoring, decision-making, and control [23]. However, these works simply
propose dividing digital twins into different layers, lacking clear interfaces. Con-
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sidering that software is the ultimate carrier of digital twins, the development
process for complex digital twins remains unclear.

Another emerging question concerns how to integrate, interact, expand, and
reuse digital twin models. Information technology development has opened
gates for value-added innovative services. Ontology provides a semantic model
understandable by computers, enabling integration of complex model informa-
tion. Bao et al. used ontology-based models to describe resources and processes
for assembly workshops [24]. Dai et al. divided as-fabricated data into geomet-
ric and non-geometric information and built ontology-based information models
for as-fabricated parts [25]. Singh et al. constructed an ontology model and
proposed a methodology including map, define, create, convert, and populate
to manage databases for digital twins [26]. Lu et al. created digital twins for all
manufacturing resources of an international company by developing ontology
[27]. Knowledge graphs are typically used to describe physical entity attributes
and their relationships. Liu et al. built a quality knowledge model based on
knowledge graphs to express product quality factors from three different scales
[28]. Sun et al. used assembly-commissioning task knowledge graphs to extract
action sequences [29]. Ontology and knowledge graphs can reorganize and in-
voke modules, providing possibilities for constructing scalable complex digital
twins.

In summary, this two-part study investigates complex digital twin modeling
and application. Part I proposes a novel modeling method for complex digital
twins. The remainder of this article is organized as follows. Section 2 analyzes
complex digital twin characteristics and presents the modeling process. Section
3 discusses dividing complex digital twins into simple digital twins through layer
and context division, and building simple digital twins through functional com-
ponent division. Section 4 introduces ontology models and knowledge graphs to
assemble simple digital twins into complex digital twins, including information
fusion, multi-scale association, and multi-context interaction. Section 5 con-
cludes this study. Part II will illustrate complex digital twin implementation
using a multi-scale and multi-scenario workshop example.

2 Characteristics and Modeling Process of Complex Digital
Twins

2.1 General Characteristics of Complex Digital Twins

A digital twin represents the mapping of physical entities in virtual space. Digi-
tal twin characteristics can be considered as features that make them better re-
flect reality. Schleich et al. proposed four important characteristics for the ideal
digital twin reference: scalability, interoperability, expansibility, and fidelity
[30]. Scalability provides insight at different scales. Interoperability enables con-
version, combination, and establishment of equivalence between different model
representations. Expansibility allows integration, addition, or replacement of
digital twins quickly. Fidelity means being very close to physical entities.
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Therefore, complex digital twins have connotations of more functions, more
composition scales, more dimensional data, and more scenarios. The spatial
span of complex digital twins may be huge, making it impossible to express
all information on the same scale. Thus, complex digital twin scalability is
the ability to present correct data and hide irrelevant data at corresponding
scales. Complex digital twins may comprise many simple digital twin models,
so their interoperability involves not only converting and combining different
model representations of the same object, but also converting and combining
models of different objects. Complex digital twin expansibility is the ability
to integrate, add, or replace models of different objects. Limited by current
modeling methods and computing power, constructing a complex digital twin
completely equivalent to a physical entity is very difficult. Therefore, complex
digital twin fidelity is the ability to remain as close as possible to the physical
product in required functions or behaviors.

2.2 Special Characteristics of a Complex Digital Twin Shop Floor

Taking a digital twin shop floor as an example further illustrates complex dig-
ital twin characteristics. A shop floor is a multi-scale system, and its digital
twin data usually need presentation at different scales. For example, when the
research object is the entire workshop, key data typically include production
scheduling, product qualification rate, and energy consumption. When the re-
search object is a machine tool, key data change to spindle speed, feed rate, and
motor current. Thus, shop floor scales (layers) could include production, unit,
and equipment.

Additionally, different shop floor layers include multiple contexts. For example,
the shop floor layer includes contexts such as production scheduling, power
consumption statistics, while the equipment layer includes contexts such as data
monitoring, remote control, and fault diagnosis. As shown in Figure 1, numerous
scales and contexts constitute a shop floor, which is indeed a complex system.
Its digital twins should have the following characteristics:

Figure 1. Complex Digital Twin Shop Floor

1. Scalability: Content and data expressed in complex digital twin shop
floors can adaptively change as the research object changes. When the re-
search object is the shop floor, the digital twin shows production schedule,
production efficiency, etc. When the research object is a production line,
the digital twin shows machine tool status, AGV position, etc. When re-
search focuses on certain equipment, the digital twin shows actions, health
status, etc.

2. Interoperability: Digital twin shop floors contain virtual models of many
objects, and each virtual model may comprise several models such as ge-
ometric, physical property, behavior, and rule models to realize complex
functions. Interoperability means models can interact with each other,
whether belonging to the same object or different objects. For example,
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machine tool behavior model data can drive geometric model movement,
and interaction between AGV behavior models and robotic arm behavior
models can enable their cooperation.

3. Expansibility: On the shop floor, equipment number, type, and even
location layout may be adjusted along with overall planning. Therefore,
expansibility means that when physical space or functional requirements
change, the digital twin can be reconfigured through simple operations to
maintain synchronization with physical entities.

4. Fidelity: Although making virtual models identical to physical entities is
currently impossible, some methods can improve model fidelity as much
as possible, such as constructing models that consider more influencing
factors and using more advanced algorithms.

2.3 Modeling Process of Complex Digital Twins

From the above analysis, directly constructing a complex digital twin at once
is difficult partly because it covers different scales and contexts. Therefore, a
division-assembly based modeling approach is proposed, as shown in Figure 2.
First, a complex digital twin is divided into several simple, implementable digi-
tal twins. The initial problem is how to divide a complex model. Since complex
digital twins cover different scales and contexts, they can be divided into differ-
ent layers according to scales, then into different contexts. Next, these simple
digital twins are assembled into a complex digital twin with more sophisticated
functions. How to assemble them is another important question, as these simple
digital twins may be independent. Here, ontology models can provide suitable
containers to fuse related information of research objects. Knowledge graphs can
describe physical entity attributes and relations, making them effective tools for
describing scale associations of simple digital twins. Context interaction is also
a key issue that can be realized through behavior interaction and calculation
iteration between simple digital twins.

Figure 2. Modeling Process of Complex Digital Twins

3 Division of Complex Digital Twins in 4C Architecture

This paper proposes a 4C architecture for dividing complex digital twins, rep-
resenting a hierarchical division method. The 4C architecture contains compo-
sition, context, component, and code. Composition divides digital twins into
different layers (scales), context defines specific application scenarios, compo-
nent represents the functional unit for building simple digital twins, and code
provides specific component implementation. The detailed structure is shown
in Figure 3.

Figure 3. Modeling Architecture of Complex Digital Twins in 4C
Architecture
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The 4C architecture implementation process is as follows: First, the complex
digital twin is divided into several layers with different scales, determining effec-
tive expression elements and negligible details at each layer. Then it is divided
into different application contexts so that each divided simple digital twin fo-
cuses on a specific function. Afterward, each simple digital twin is divided into
several functional components according to specific implementation processes.
Appropriate programming languages or platforms develop and encapsulate com-
ponents, forming components with clear inputs, outputs, and associations. Fi-
nally, components in the same context are integrated to construct the simple
digital twin.

3.1 Division of Complex Digital Twins in Composition and Context

Composition: Physical entities in complex digital twins usually belong to dif-
ferent contexts. Moreover, different contexts have such large spatial spans that
they cannot be displayed simultaneously, making division into different scales
necessary. Complex digital twins can be divided into several layers at different
scales, such as system, unit, part, or subpart. Elements requiring expression
differ across layers. The system-layer contains all objects and their environ-
ment in the complex digital twin, expressing elements including overall system
operating conditions, operating rules, resource consumption, and product out-
put. The unit comprises several equipment pieces to achieve certain goals, with
unit-layer elements mostly related to functions such as task progress, production
efficiency, and product accuracy. The part-layer is the smallest task execution
unit, containing important movable parts related to equipment function that
usually require monitoring or control, such as servo motors and spindles. Part-
layer elements concentrate on key geometric and physical attributes like size,
position coordinates, operating status, and static or dynamic attributes. The
subpart-layer can include entities below part size that constitute the part, such
as gears to the spindle, or microscopic effects occurring on the part, such as de-
formation, stress, and fluid dynamics. Therefore, modeling elements and data of
the entire complex digital twin are selectively expressed at different layers, with
required data obtained through sensors, equipment controllers, or additional
edge controllers.

Context: Even at the same layer, digital twins cover multiple contexts, making
multi-scenario digital twin construction challenging. Therefore, multi-context
division is essential beyond different scale division. After layer division, digital
twins may still contain many physical entities, and even specific physical entities
may have many application contexts. With context division, digital twins can
be simplified accordingly. In a specific simple digital twin, usually only a single
or limited context is considered, and parameters not belonging to the current
context can be hidden or treated as constants, simplifying the mathematical
expression of mechanism models. After context division, a digital twin focusing
on a single scale and single context becomes many simple digital twins. For
each simple digital twin, specific implementation steps can be determined, in-
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cluding input data and output results, structure, functional composition, and
implementation flow.

Figure 4. Division of Different Scales and Contexts

The division of digital twins in scales and contexts is shown in Figure 4. This
two-tier division method obviously transforms a complex digital twin into many
simple models, enabling complex digital twins to have certain scalability. It
allows different elements and data to be expressed at corresponding layers and
contexts, providing insight at different scales. However, dividing a complex dig-
ital twin into many simple digital twins has disadvantages. Physical entities
such as equipment, materials, and persons are individuals containing multi-
dimensional information, but division into different scales and contexts sepa-
rates them into many discrete parts, each recording only partial information
and unable to represent the complete physical entity. Specifically, although dif-
ferent scale division allows data expression across four layers, it also separates
attributes of some cross-scale physical entities into different layers. Addition-
ally, after multi-context division, since only parameters of a single context are
considered, mechanism model accuracy is reduced. Section 4 will discuss solu-
tions to these problems. The following continues discussing simple digital twin
implementation.

3.2 Constructing Simple Digital Twins in Component and Code

After dividing the complex digital twin, the next step is constructing simple dig-
ital twins. Digital twin development and implementation methods are diverse,
with different developers using various software and platforms, leading to poor
portability and scalability. However, many similar tasks exist when construct-
ing digital twins for different application contexts. Considering that software
is the carrier of digital twins, program and code reuse is also important. To
reduce repetitive development work, similar tasks should be abstracted into sev-
eral independent, standardized components according to function, constructing
a digital twin component library that can effectively improve portability and
scalability.

Figure 5. Classification of Components

Component: As shown in Figure 5, digital twin components can be divided
into basic components, visualization components, and service components ac-
cording to function. Basic components are mainly data-related, such as database
operations (including reading and writing) and data preprocessing. Visualiza-
tion components build human-computer interaction interfaces and visualize in-
terface content. Service components analyze real-time collected data based on
mechanism models and data models, realizing simulation, prediction, and opti-
mization functions.

Although component types vary, they are basically organized according to two
structures, as shown in Figure 6. The first structure, shown in Figure 6(a), is
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data operation-centered, including “data input—data processing—data output,”
where data processing is the core of required functions. Data input sources in-
clude raw data in databases and outputs from other components. Data output
includes other components in virtual space and entities in physical space. The
second structure, shown in Figure 6(b), is digital twin modeling-centered, in-
cluding “geometry—physics—behavior—rule.” Geometry represents CAD models
of physical entities. Physics includes physical attributes that can be simulated
by software such as ANSYS. Behavior is the response of physical entities un-
der internal and external factors, constructable through Markov chains, neural
networks, etc. Rules are mined from data, often generated through machine
learning or other algorithms.

Figure 6. The Structure of the Component

Component interfaces for changeable parameters should be reserved in advance
to enable parameter modification. Component interfaces mainly include name,
ID, IP, composition, context, data input, data output, other changeable pa-
rameters, and description. Name generalizes component function. ID provides
unique identification in the digital twin system. IP enables communication
with equipment within the network. Composition and context represent the
layer and scenario of the simple digital twin in the 4C architecture, respectively.
Data input and data output are interfaces for component interaction. Signifi-
cantly, components have other changeable parameters, such as data acquisition
frequency for data acquisition components and data dimension for data analysis
components, which also require interfaces. Additionally, an interface is reserved
for recording detailed component function descriptions, which can be used to
analyze component correlations through artificial intelligence technologies such
as text recognition in the future.

Code: Code is the final step in developing simple digital twins. Component
development processes usually depend on multiple programming languages or
platforms, so code in a broad sense includes not only programming language
codes but also development platforms and software tools. Appropriate pro-
gramming languages or platforms are chosen according to actual requirements.
Based on the component structures described above, code helps develop compo-
nent functions such as data input, data processing, data output, or geometric
shape, physical attributes, relationship rules, and behavior, finally encapsulat-
ing component interfaces.

Componentization of functions enables complex digital twins to have certain
expansibility. In the 4C architecture, components are the smallest functional
units making up simple digital twins, so digital twin evolution and updates are
achieved through component creation, modification, and deletion, with detailed
operational processes shown in Figure 7. When creating a new digital twin,
according to functional analysis and component division results, determine se-
quentially whether components realizing the function exist in the component
library. If a component exists, it can be used directly. If not, the component
should be developed and synchronized to the component library. Finally, digi-
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tal twin functions are realized by connecting different component types. When
modifying a digital twin, offline or online functional testing of components is
required. Only components passing tests can replace original components. Si-
multaneously, modified components need updating to the component library,
distinguished by adding version numbers and descriptions. When deleting a
digital twin, because functional dependencies may exist between components,
component correlation analysis is necessary to ensure component deletion will
not affect system function.

Figure 7. Digital Twin Creation, Modification, and Deletion Process

4 Assembling Simple Digital Twins into a Complex Digital
Twin

Simple digital twins have been divided into specific scales and contexts in the
above analysis. Assembling the complex digital twin requires considering infor-
mation fusion, multi-scale association, and multi-context interaction. The ontol-
ogy model provides a computer-understandable semantic description that can
serve as a container to fuse related multi-dimensional information. Knowledge
graphs build semantic relation networks between nodes, making them effective
tools for describing scale associations. Multi-context interaction can be realized
through behavior analysis and iteration of related simple digital twins, though
specific interaction and iteration modes need selection according to actual situ-
ations.

4.1 Information Fusion Based on Ontology Model

In Section 3, complex digital twin data could be placed into different scales, for
example in four layers: system, unit, part, and subpart. Then it is divided into
different scenarios according to context. After division, the same physical entity
may exist in several application contexts simultaneously, with physical entity
attributes scattered across many simple digital twins. However, in complex con-
text applications, simple digital twin data and attributes need integration into
a whole database to achieve high-fidelity mapping of physical entities. There-
fore, a container that can fuse information from simple digital twins at different
scales and contexts is needed.

Ontology is commonly used in computer science as a conceptual model describ-
ing individuals (instances), classes (concepts), attributes, and relations. The
ontology model provides a data structure describing physical entities for infor-
mation sharing and fusion. Extensible Markup Language, Resource Description
Framework, and Web Ontology Language are common ontology languages. Pro-
tégé, XML Editor, and other development tools can build ontology models.

Figure 8. Data Composition of Ontology Model

The structure of a complex digital twin ontology model is shown in Figure 8.
The ontology-based data model may come from several simple digital twins.
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Data composition can be categorized into three types: basic attributes, techni-
cal attributes, and state attributes. Basic attributes provide general physical
entity descriptions such as name, ID, and serial number. Technical attributes
describe physical structure and technical performance including geometric size,
weight, and load. Basic and technical attributes constitute static data in the on-
tology model, usually requiring manual entry. State attributes primarily relate
to equipment real-time data, representing dynamic ontology model data such
as overall operating status, position, angle, and speed. Some data can be au-
tomatically obtained by acquisition software, while others may require manual
entry.

A complex digital twin ontology model contains attributes from all related sim-
ple digital twins, which can be extensible or modifiable. During information
fusion, some data is redundant. For example, even across different simple dig-
ital twins, the same equipment’ s name and ID should be identical, requiring
only one recording. Conversely, data unique to each simple digital twin needs
recording in the complex digital twin ontology model. When simple digital twin
parameters change or new ones are created, ontology model data can be updated
accordingly.

Figure 9. Information Fusion of the Simple Digital Twins

The information fusion process based on ontology is shown in Figure 9. How-
ever, the ontology model after information fusion has too many parameters, and
updating all parameters in real-time consumes substantial computing resources,
while not all parameters require real-time updates. To solve this problem, static
and dynamic data are updated differently. Static data is initialized when the
digital twin is created, while dynamic data is updated in real-time during digital
twin operation. This approach can both meet application requirements and re-
duce software load. Additionally, these dynamic attributes should be modifiable
to adapt to new requirements in new application contexts.

4.2 Multi-Scale Association Based on Knowledge Graph

Knowledge graphs were first proposed by Google in 2012 for information re-
trieval in Google Search, improving information retrieval efficiency and quality
through semantic retrieval of target information. Lately, they have been widely
used in natural language processing, intelligence analysis, recommendation sys-
tems, and other areas. The essence of a knowledge graph is a semantic network
revealing relationships between physical entities. Knowledge graph construc-
tion usually requires multiple knowledge-related techniques such as knowledge
extraction and knowledge fusion. Triples are general knowledge graph repre-
sentations including two basic forms: “Entity-Attribute-Value” and “Entity-
Relation-Entity.”

In knowledge graph graphical representation, nodes and lines describe these
triples. Nodes represent physical entities or attribute values, connected by lines
(edges) representing attributes or various semantic relations.

chinarxiv.org/items/chinaxiv-202202.00044 Machine Translation


https://chinarxiv.org/items/chinaxiv-202202.00044

ChinaRxiv [$X]

Complex digital twins should be able to display entities at different scales as
needed, with models, data, and behavior adjusting accordingly as perspective
changes. Knowledge graphs can achieve this function. In Figure 10, the knowl-
edge graph structure can be considered in two categories: class and instance.
Class includes node type, subtype, and subordination. Type is consistent with
digital twin layers such as system, unit, part, and subpart. Subtype details
objects such as spindle, machine tool, and production unit. In subordination,
a parent node usually corresponds to several child nodes, while a child node
corresponds to only one parent node, so parent nodes are recorded to represent
subordination.

Instance refers to specific objects in physical space, with two categories: at-
tributes and relations. Attributes include ID, size, weight, and other basic
object attributes. Relations contain IDs of nodes associated with the current
node and descriptions of relations between these nodes. In this structure, class
and instance attributes are supplied in the ontology model, then relations of
these simple digital twins can be determined according to the knowledge graph.

Figure 10. The Data Structure of the Knowledge Graph

Figure 11 shows a knowledge graph example in a complex digital twin at different
scales. The class structure records the digital twin scale and its parent node,
so a knowledge graph can bridge digital twins at different scales. Additionally,
complex digital twin displayed data can be selected according to the following
strategy: if all child nodes of a node are included in the scenario, attributes and
relations of these child nodes are ignored. Conversely, if a node has only part
of its child nodes included in the scenario, then attributes and relations of the
parent node are ignored.

Figure 11. The Scale Association in a Knowledge Graph

4.3 Multi-Context Interaction Based on Behavior Analysis and Iter-
ation

Actual physical processes usually result from multi-context interactions. In com-
plex digital twin systems, context interaction can make virtual entities more
truly reflect physical entity status. As shown in Figure 12, multi-context digital
twin interaction can be summarized into three types: superposition, transmis-
sion, and iteration. Superposition is direct addition of digital twin outputs. For
independent digital twins without interaction, context interaction is direct addi-
tion of output results. Transmission uses one digital twin’ s output as another’ s
input, suitable for one-way calculation. For example, if context A’ s calculation
needs context B’ s output, context B is calculated first, then its result is used as
context A’ s input to obtain the final result. Iteration means two digital twins’
outputs affect each other. Contexts A and B interrelate, suitable for two-way
interaction. In this case, context A’ s output affects context B, and context
B’ s output also affects A. When two contexts interact, context A’ s output is
calculated first and used as context B’ s input, then context B’ s output is used
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as context A’ s input. This process repeats until final results converge.
Figure 12. The Interaction of Multi-Context Digital Twins

The key to realizing multi-context simulation of complex digital twins is finding
associated intermediate variables of digital twins. List digital twin inputs, out-
puts, and all service component outputs, then compare and analyze variables
from different digital twins to find associated intermediate variables. If associ-
ated intermediate variables are absent, superposition is selected to update both
digital twins’ outputs. If one digital twin’ s output is another’ s intermediate
variable, transmission is selected to update digital twin outputs. If each digital
twin’ s output is the other’ s intermediate variable, interactions are realized
through iteration. To prevent digital twin updates from falling into infinite
loops, iteration termination conditions must be set. For instance, termination
conditions could be adjacent output error less than 0.01 (1%) or iteration count
exceeding a certain number.

5 Conclusion

To establish complex digital twins in multi-scale, multi-dimensional information,
and multi-scenarios, this article proposes a novel modeling method.

The complex digital twin is first divided into several achievable simple digital
twins through composition, context, component, and code in the 4C architec-
ture. Then simple digital twins are assembled to construct a complex digital
twin through information fusion, multi-scale association, and multi-context in-
teraction. The article’ s key results can be summarized as follows:

1) Four important characteristics of complex digital twins were discussed.
Complex digital twin connotation must satisfy scalability, interoperabil-
ity, expansibility, and fidelity. Complex digital twin requirements include:
ability to express information at different scales, interaction between sim-
ple digital twins in the system, easy creation or replacement of digital twin
components, and remaining as close as possible to physical entities.

2) The first step divides a complex digital twin into several achievable sim-
ple digital twins. The 4C modeling architecture (Composition-Context-
Component-Code) is proposed to divide complex digital twins. Composi-
tion constrains digital twin elements within limited scales. Context allows
digital twins to focus on specific behaviors and outputs. This division
transforms complex systems with multiple scales and contexts into several
implementable simple digital twins. Furthermore, components are con-
structed based on standard modularization and reusability, enabling rapid
digital twin construction. Subsequently, code can be developed based on
standard interfaces to realize simple digital twins.

3) Second, ontology, knowledge graph, and multi-context behavior analysis
are introduced to assemble simple digital twins into complex digital twins.
The ontology model integrates basic, technical, and status attributes from
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simple digital twins. Effective data update methods are necessary for in-
formation fusion, treating static and dynamic data differently: static data
is updated only during digital twin initialization, while dynamic data is
updated in real-time during digital twin operation. The knowledge graph
records necessary physical entity attributes and sets relations between
simple digital twins, enabling complex digital twin expression adjustment
according to specific contexts. Additionally, three types of interaction be-
tween digital twins are studied, which can improve complex digital twin
behavior accuracy based on intermediate variable existence.

The modeling method proposed in this paper provides reasonable methodology
and operable guidance for complex digital twin modeling in multi-scale and
multi-dimensional information fusion and multi-context scenarios. Implementa-
tion processing methods for complex digital twins will be explained in Part II,
also providing support for prediction and optimization based on complex digital
twins.
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