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Abstract 

The Dahua Lou loom, pivotal to Nanjing Yunjin weaving, constitutes an integral part of global intangible cultural herit-
age. Its intricate weaving technique remains unmatched by modern machinery, marking it as a vital cultural arte-
fact warranting protection. However, current virtual interactive systems grapple with adequately demonstrating its 
craftsmanship due to limitations like system iteration, multi-system integration, and data interoperability. To address 
these challenges, this study proposes a method that synergizes knowledge ontology, virtual reality technology, 
and data-driven design.Knowledge ontology enables enhanced management, reuse, and wide-ranging dissemina-
tion of domain knowledge, improving system interoperability. This methodology is utilized in constructing the loom 
model, animation demonstration, and in integrating it into the virtual interactive system. This multifaceted application 
of knowledge ontology significantly bolsters the system’s efficiency and optimizes its development, maintenance, 
and integration processes.This research provides crucial advancements in domain knowledge modeling, 3D visualiza-
tion, and virtual reality interactive systems, playing a significant role in preserving cultural heritage. Despite certain 
limitations, it offers an immersive, intuitive, and enriched design experience. The study concludes with a critique 
of the developed system, discussions on the encountered challenges, and future research directions include improv-
ing and expanding the knowledge ontology based on the opinions and practical experiences of domain experts, 
enhancing system compatibility, and conducting broader evaluations.
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Introduction
The Nanjing Yunjin weaving is a valuable Intangible 
Cultural Heritage (ICH) of the Chinese nation and even 
the world. The Yunjin adornment weaving technique 
presented by the Dahua Lou loom shows complex 
patterns of “individual flower varying color” and 
“common warp broken weft”, which is one of the weaving 
techniques that modern machines have not yet been 
able to replace [1]. The complex structure and superb 
craftsmanship of the Dahua Lou loom have attracted 

widespread attention from scholars of cultural heritage 
protection.

Currently, users can better understand and appreciate 
the craftsmanship and historical value of the Dahua 
Lou loom through virtual reality(VR) technology [2, 
3], but traditional Virtual Interaction System (VIS) 
face problems such as iteration and multi-system 
integration [4]. Among them, VR technology is not 
ideal in terms of intelligent and interactive expression 
of domain knowledge. Secondly, traditional virtual 
interactive systems require manual processing of a large 
amount of data and associated relationships, making 
system maintenance costs relatively high. Moreover, 
virtual systems may encounter problems such as low 
data interoperability and difficulties in information 
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exchange when integrating with other systems, limiting 
the effectiveness of VR technology in conveying Yunjin 
culture to Yunjin enthusiasts and researchers. Lately, 
a novel concept, Galleries, Libraries, Archives, and 
Museums laboratories (GLAM Labs), has started 
playing a significant role in the field of cultural heritage 
preservation. GLAM Labs advocate the establishment 
of laboratory environments in libraries, archives, 
museums, and similar venues worldwide to explore the 
use of emerging technologies, such as VR and ontology 
technologies, for the digitization and reuse of cultural 
heritage.GLAM Labs emphasize collaboration with users, 
researchers, and communities, realizing more profound 
and diversified cultural heritage utilization through 
shared data and tools, as well as innovative projects and 
activities. In addition, GLAM Labs pay special attention 
to enhancing the accessibility and utilization of ICH, 
such as the Da Hua Lou loom that we are studying.
Consequently, the objectives of this research are closely 
aligned with the mission of GLAM Labs. We will employ 
the methods and philosophies of GLAM Labs to optimize 
our Virtual Reality system, aiming to better protect and 
display ICH.

In recent years, the collaborative design of knowledge 
ontology (KO) and VR technology has provided new 
possibilities for the protection and display of cultural 
heritage [5]. The application of KO in the field of cultural 
heritage protection mainly focuses on the management 
of complex resources and data, and effective information 
retrieval [6, 7]. KO development has cross-platform 
interoperability, and logical capabilities for concept 
integration and mapping [8], playing a crucial role in 
promoting collaboration and information exchange in 
the cultural field and advancing the development of 
cultural heritage protection. At present, VR systems 
developed based on KO are widely used in fields such 
as architecture [9], aerospace [10], and clothing design 
[11], providing immersive interactive environments 
for design, simulation, and training. However, 
research on integrating KO and VR technology for 
the interactive development and optimization of ICH 
is still relatively lacking. Therefore, this study aims to 
propose a collaborative method based on KO to address 
the problems in the current Dahua Lou loom virtual 
interactive system.

The main objectives of this study include

1. Constructing the Dahua Lou loom KO to promote 
the inheritance and digitalization process of Yunjin 
culture by optimizing knowledge management, reuse, 
and sharing in the field. As a general knowledge 
representation method, KO is easy to integrate 

with other knowledge systems to achieve data 
interoperability and the dissemination and sharing of 
domain knowledge.

2. Application of KO in loom modeling and animation 
demonstration: ensuring the accurate and consistent 
representation of complex relationships between 
entity parts, weaving steps, and other elements 
through knowledge mapping, thereby achieving 
accurate guidance and optimization of KO for loom 
modeling and animation demonstration.

3. Integrating KO with the loom virtual interactive 
system: based on KO data parsing and mapping, 
integrating the KO and the virtual loom interactive 
system into a Unity-based [12] platform to 
achieve real-time, interactive simulation and 
optimization, while improving the efficiency of 
system development, maintenance, iteration, and 
integration.The rest of this paper is organized as 
follows: “Related work” section describes three 
main related fields of this study: virtual interaction 
in museums, the construction of intangible cultural 
heritage knowledge ontology, and the methods 
and techniques for integrating knowledge ontology 
with virtual reality models. These fields provide the 
theoretical basis and technical foundation for this 
study.  “Methodology” section describes in detail 
the method structure and process of this research, 
including the KO construction, 3D modeling, 
knowledge mapping, and virtual interaction 
processes used in this research. “Assessment and 
discussion” section discusses the results of the 
developed system and its effects in promoting the 
design and optimization of the Dahua Lou loom 
virtual interactive system, and analyzes and discusses 
some of the problems and limitations encountered 
in the research. “Conclusion” section summarizes 
the main findings and contributions of this research, 
and proposes suggestions and prospects for future 
research on the Dahua Lou loom development in the 
field of VR systems based on KO.

Related work
This chapter delves into the three major areas relevant 
to our research: virtual interactions in museums, the 
construction of knowledge ontologies for ICH, and 
methods and technologies for integrating knowledge 
ontologies and virtual reality models. Each section 
will focus on how these technologies and methods are 
applied to the protection and exhibition of Dahua Lou 
loom, aiming to explore their potential display forms in 
future museums.
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Restoration and display of Dahua Lou loom through virtual 
interactions
Modern museum-goers increasingly seek an active 
involvement in acquiring knowledge and information 
rather than passively receiving it [13]. As the use of virtual 
reality technology in museums becomes more prevalent, 
future museums are expected to evolve towards 
digitalization and cloud technology. ICH, like Dahua 
Lou loom, can be displayed in future museums through 
a new exhibition format that combines knowledgeability, 
entertainment, and interactivity, overcoming limitations 
related to space and maintenance personnel. For 
example, HTC Vive’s collaboration with the Louvre 
Museum in France enabled viewers to appreciate and 
interact with “Mona Lisa” in a virtual space, as if having 
a temporal dialogue with Mona Lisa, unlocking various 
mysteries and legends about her.1 The immersive art 
exhibition “FLOWERS BY NAKED” in Japan combined 
elements of flower arrangement, innovative technology, 
light and shadow, music, and olfactory experiences, 
significantly enhancing the audience’s immersive 
experience. These cases demonstrate the enhancement 
and transformation of museum experiences through 
virtual reality technology and provide useful references 
for our research.

Significant progress has been made in research on 
the application of virtual reality and augmented reality 
technologies in museums. For example, Carrozzino 
M and others proposed a classification of VR devices 
for cultural heritage applications based on their 
characteristics in interaction and immersion [14]. Hu 
QW and others used Unity 3D and network services 
to create a real-time virtual 3D scene of the Jinsha 
archaeological site museum composed of georeferenced 
sequential panoramic images and 3D models [15]. L 
Errichiello and others studied the role of virtual reality 
in improving visitors’ experiences at destinations 
and cultural attractions [16]. These studies reveal the 
extensive application and potential of virtual reality and 
augmented reality technologies in the field of cultural 
heritage and museums.

As for the integration of loom models with modern 
technology, some studies have been done in academia. 
For instance, Portales C and others conducted research 
on the design and implementation of SILKNOW’s 
virtual loom, an interactive tool that records, preserves, 
and displays historical weaving and knitting techniques 
[17]. Yuma Taru and others studied the cultural object 
unique to the Atayal weaving machine—the weaving box, 
providing valuable references for designing successful 

cross-cultural products and the intertwined experience 
of design and culture during the design process.

Although current studies have explored the possibility 
of integrating loom models with modern technology, 
little research has focused on ancient textile machines, 
especially Dahua Lou loom. Therefore, this research 
aims to apply virtual reality technology to the restoration 
and display of Dahua Lou loom. With the continuous 
development of virtual reality and computer technology, 
we may be able to combine traditional textile cultural 
heritage virtual experiences with museum exhibitions, 
providing audiences with a unique and appealing cultural 
experience.

Construction of ICH knowledge ontology
In order to accurately display the knowledge of the 
Dahua Lou loom in a virtual environment, this research 
constructs a thorough and specific knowledge model. It 
explicitly articulates various concepts and reveals their 
relationships to support the mapping of 3D models in a 
virtual space. Compared to product design knowledge 
models like Function-Behavior-Structure, our Dahua 
Lou loom knowledge model places more emphasis 
on systematic integration and knowledge guidance. 
Ontology, as a method of knowledge representation, 
can express structural concepts and relationships 
in knowledge, transcending traditional knowledge 
representation methods such as dictionaries and 
taxonomies. Therefore, we chose ontology knowledge 
tree to map the knowledge model to the 3D model of the 
Dahua Lou loom, realizing the 3D visualization of Dahua 
Lou loom knowledge.

In the field of ICH, many scholars have extended the 
CIDOC CRM model according to different application 
scenarios. For example, some scholars have built 
corresponding ICH knowledge bases based on domain 
ontology, taking drama elements [18], Indian classical 
dance [19], and bronze artifacts [20] as examples, 
providing semantic search, mobile program development, 
and information dissemination services. Based on a 
deep consideration of the resource characteristics of the 
traditional weaving machine field and existing ontology 
construction standards, we have drawn on the research 
results of the previous project team in constructing 
ontology in the field of cloud brocade to construct the 
KO of the Dahua Lou loom.

Thus, this study will further explore the interactive 
experience of the Dahua Lou loom in future museums 
by applying virtual reality technology based on the 
systematic knowledge ontology of the Dahua Lou loom.

1 http:// vr. sin a.com.cn/news/hot/2023–07-08/doc-ihxvchpr4253956.shtml.

http://vr.sin


Page 4 of 14Lu and Li  Heritage Science          (2023) 11:178 

Methods and techniques for the integration of ontology 
and virtual reality
Many studies in the field of ontology and virtual 
interaction focus on the application of ontology. Among 
them, some research uses ontology to describe entities 
and their relationships in virtual reality, to support the 
reasoning and search functions of VIS. Other researches 
use ontology to describe user behavior and interaction 
in virtual reality, to support the personalization and 
recommendation functions of VIS.

In this study, we choose to use MongoDB as the storage 
and interacti “specially Dahua Lou on tool for KO, to 
achieve efficient operation and update of KO. MongoDB 
is a flexible and scalable NoSQL database that has been 
widely used for the storage and interaction of KO. Due 
to its high performance, ease of use and scalability, 
MongoDB has become an effective tool for handling 
complex data, ensuring data security and integrating with 
other systems. For example, in the field of construction, 
researchers have found that embedding MongoDB into 
Building Information Modeling in the form of NoSQL 
can effectively manage and retrieve project experience 
information [21]. In the field of biomedicine, MongoDB 
is used to explore effective methods for managing VCF-
based genetic variations and OWL-based biological 
ontologies [22]. In the field of intelligent transportation 
systems, researchers have combined MongoDB and 
distributed ledger technology Multichain to create 
a vehicle-centered information system, providing 
an effective method for balancing credibility and 
performance [23]. In the issue of information system 
security, researchers have developed a method to 
introduce security mechanisms into MongoDB 
databases, which can automatically generate solutions for 
security issues including permission modification, new 
roles, and view combinations [24]. In the field of health 
data management, MongoDB is used to store and process 
large-scale health data, and researchers have designed a 
MongoDB data storage pattern based on ontology, which 
has a significant improvement compared to the relational 
model [25].

In summary, MongoDB has demonstrated its 
advantages in handling complex, large-scale data and 
integrating with other applications in the fields of 
architecture, biomedicine, intelligent transportation, 
information security, and health data management. These 
researches provide a solid foundation for us to achieve 
efficient operation and update of the Dahua Lou loom 
KO in Unity.

Overall, the discussion in this chapter provides 
theoretical and technical foundations for this study, 
demonstrating the new trends and possibilities in future 
museum display formats. This study will explore the 

display formats and interactive experiences of the large 
flower tower loom in future museums based on these 
theories and technologies, and in combination with the 
characteristics of the large flower tower loom.

Methodology
In this section, the process of integrating the KO of the 
Dahua Lou loom into the VIS is described in detail.

Construction of Dahua Lou loom knowledge ontology
Building an appropriate Dahua Lou loom KO can 
effectively express related concepts, reveal intrinsic 
relationships between knowledge, guide the construction 
of 3D models of the loom and the production of 
animation demonstrations, and lay the groundwork 
for the mapping of knowledge data in the VIS. This 
comprehensive and structured domain knowledge 
representation facilitates efficient acquisition, processing, 
and accumulation of Dahua Lou loom domain 
knowledge, enhancing the potential for knowledge reuse 
and sharing.

Knowledge sorting of Dahua Lou loom
The Dahua Lou loom is a textile device suitable for weav-
ing large adornment fabrics, created by ancient Nanjing 
craftsmen. The Dahua Lou loom is one of the largest and 
most ingenious machines in the world’s hand-weaving 
industry. Its wooden frame is 5.6 m long, 4 m high, 1.4 
m wide, and composed of 1,924 parts, including bamboo 
parts and a small amount of iron products. The structure 
of the Dahua Lou loom can be roughly divided into five 
major parts: the body, flower tower, opening mechanism, 
weft beating mechanism, and warp delivery and take-up 
mechanism. Each part contains a variety of parts, such as 
the parrot rack, duckbill, dog brain, pig foot, and sheep 
horn, etc. During the weaving process of the Dahua Lou 
loom, it usually requires two weavers to operate at the 
same time. They need to sing according to specific chants 
and coordinate operations according to this rhythm: 
threading, leading filaments, picking flowers, and throw-
ing the shuttle, while singing and weaving. Two workers 
can only complete 7–8 cm of Yunjin in a day, hence the 
phrase “inch Jin, inch gold” is the best interpretation of 
this ancient traditional craft. This study attempts to build 
a KO in the field of the Dahua Lou loom, structurally rep-
resenting elements such as the mechanical principles of 
the loom, parts assembly, and raw materials, revealing 
their relationships to form an interconnected and inter-
communicative knowledge network to support under-
standing and simulation of the Dahua Lou loom VIS. By 
summarizing and analyzing literature, consulting expert 
opinions, and referring to existing resources (for exam-
ple, “Chinese Classified Thesaurus”, national standards, 



Page 5 of 14Lu and Li  Heritage Science          (2023) 11:178  

and industry standards), the scope of the Dahua Lou 
loom field has been defined, and a professional termi-
nology system has been established.To further refine the 
domain knowledge concepts, this study obtained five 
representative Dahua Lou loom weaving videos from the 
Nanjing Yunjin Research Institute and used Labelme [26] 
to annotate them. By annotating videos, the correspond-
ing components of each weaving step can be identified. 
Finally, the collected multi-source heterogeneous data 
are processed structurally, and the domain knowledge of 
the Dahua Lou loom determined by this study is shown 
in Fig.  1. The data collection and integration process 
involves the combination of video resource process-
ing and domain expert knowledge integration to create 
a comprehensive and accurate dataset representing the 
Dahua Lou loom domain knowledge. This dataset serves 
as the foundation for building a KO and developing a VIS, 
ensuring the system accurately reflects the complexity 
and precision of loom operation and weaving technology.

Defining the hierarchical structure and properties 
of the knowledge ontology
Through the above work, this study collated and 
integrated the core concepts of the Dahua Lou loom 
field, determining the six core categories that constitute 
the basis of the Dahua Lou loom KO: Dynasty, Modern 
Exhibition Places, Textiles, Raw Materials, Physical 
Components, and Weaving Steps. This study established 
a top-down hierarchical structure by grouping concepts 
into classes and subclasses to reflect their relationships 
and dependencies within the field. The six core classes 
represent the main elements and relationships in the 
field, providing a structured framework for organizing 
knowledge. Each core class is further divided into 
subclasses, which represent more specific concepts 
within the field. For example, the “Weaving Steps” class 
can be subdivided into various steps involved in the 
weaving process, such as “Threading”, “Picking Flowers”, 

and “Throwing Shuttles”. In addition to the hierarchical 
structure, the construction of the KO also needs to 
define object properties and data properties to represent 
relationships between concepts. Object properties are 
used to represent relationships between entities, while 
data properties represent relationships between entities 
and data values. Different classes contain corresponding 
properties and relationships. For example, the Weaving 
Steps class has relationships with Physical Components 
(usesPart), Textiles (producesProduct), and Raw 
Materials (requiresMaterial). The properties of each class 
include name, description, type, source, function, order, 
etc. These properties provide additional information 
about the entity, which is crucial for capturing the 
complex interrelationships in the KO. The main 
relationship properties in the KO are shown in Table 1. 
By constructing the structure of domain knowledge, a 
clear, hierarchical expression of Dahua Lou loom domain 
knowledge is provided. This structure captures the main 
elements and relationships within the field, providing 
strong support for the visualization of the KO and the 
integrated application of virtual interaction.

Implementation and management of knowledge ontology
To construct the conceptual architecture of Dahua Lou 
loom domain knowledge, this study used the ontology 
modeling tool Protégé to gradually establish a hierar-
chical structure of categories [27]. Solid lines indicate 
the relationship between subclasses and instances, 
while dashed lines indicate attribute relationships. 
The ontology relationship diagram clearly displays the 
framework structure of the constructed ontology, as 
shown in Fig.  2. After completing KO modeling, it is 
stored in the form of Web Ontology Language (OWL) 
[28]. OWL files are based on XML syntax and pro-
vide a rich array of elements and attributes to describe 
concepts, attributes, and relationships in the ontology.
To realize the virtual visualization of Dahua Lou loom 

Fig. 1 Sorting of domain knowledge in Dahua Lou loom
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knowledge, this study used the dotNetRDF2 ontol-
ogy parsing library to parse the OWL file, converting 
it into computer-readable and executable C# code. The 
ontology parsing program acts as a bridge between the 
ontology file and the development of the VIS, parsing 

the Dahua Lou loom ontology text into a computer-
executable program for implementing subsequent 
virtual interaction development. The entire ontology 
parsing process is divided into three steps: (1) loading 
the OWL ontology file using the dotNetRDF library, 
extracting information such as types, instances, and 
attributes from the ontology; (2) building C# classes 

Table 1 Main relationship properties in the knowledge ontology

Core category Attribute Relationship Domain Range

Dynasty -name -hasDynasty Dynasty Fabric

Modern Exhibition Venue -name -displayedIn Modern Exhibition Venue Fabric

Fabric -name
-type
-origin

-hasDynasty
-displayedIn
-producesProduct
-madeFrom

Fabric Dynasty/modern exhibition venue/
weaving process/raw material

Raw Material -name
-type
-source

-requiresMaterial
-madeFrom

Raw Material Weaving process/fabric

Physical Component -name
-function

-usesPart Physical Component Weaving process

Weaving Process -name
-order

-usesPart
-producesProduct
-requiresMaterial

Weaving Process Physical component/fabric/raw material

Fig. 2 The Knowledge ontology relationship diagram of Dahua Lou loom

2 http:// dotne trdf. org/.

http://dotnetrdf.org/
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and attributes corresponding to ontology concepts 
and attributes. For example, the “Dynasty” class cor-
responds to the C# class Dynasty, whose attributes 
include name, start date, and end date, etc..: (3) travers-
ing instances in the ontology, converting them into C# 
objects, and adding the parsed C# objects to the ontol-
ogy data structure. This process realizes the conversion 
from ontology to object model and provides knowledge 
reasoning, searching, categorization, and communica-
tion functions for subsequent virtual interaction devel-
opment.To ensure the efficient operation and updating 
of KO in the Unity development environment, this 
study adopted MongoDB [29] as the storage and inter-
action measure. MongoDB provides a document-based 
data storage method suitable for storing entities, rela-
tionships, and attribute information. This study used 
the official MongoDB C# driver to connect to the Mon-
goDB database, enhancing query and replication speed 
and reliability through index and replication technol-
ogy, caching, and optimization algorithms. To increase 
the system’s scalability, this study used a distributed 
MongoDB architecture to store the parsed OWL ontol-
ogy. These measures not only facilitate the storage and 
access of parsing results but also greatly improve the 
performance, stability, and scalability of the VIS.

3D modeling and animation production of Dahua Lou 
loom guided by ontology
Under the guidance of KO, 3D modeling tool 3ds Max 
and animation tool Blender were used to realize the 3D 
modeling and animation demonstration of the Dahua 
Lou loom [30].

Mapping relationship between knowledge ontology and 3D 
modeling and animation
The close association between the Dahua Lou loom KO 
and 3D modeling and animation is expressed through the 
knowledge mapping between the loom KO and the 3D 
model [31, 32]. Please see Table 2 for details. Specifically, 
mapping relationships are established between concepts 
such as entity components, weaving steps, and attributes 
in the KO and the 3D model and animation elements 
to ensure the authenticity and reliability of models and 
animations. This mapping relationship enhances our 
understanding of the working principle of the Dahua Lou 
loom. In practice, these mapping relationships not only 
ensure the accuracy, consistency, and logic of 3D models 
and animations but also improve the quality of 3D 
modeling and animation demonstrations of the Dahua 
Lou loom.

Table 2 The knowledge mapping table of the ontology of the Dahua Lou loom

Knowledge ontology: weaving process 3D model elements Virtual animation

Threading the reed Warp Thread Model, Lu Ban’s Seked or Gauge 
Model, Partition Screen Model, Lever Frames Model

The warp thread goes through the heddle, 
the barrier, and the reed

Drawing in the warp Flower Tower Model, Covering System Model, Pig 
Foot Model

The fiber is suspended and fixed between the top 
beam and the top cover

Weaving complex patterns Fine Hemp or Flax Fibers Model, Bamboo Strip 
Support Model, Flower Stem Model

The flowers are connected into a circular shape

Opening for pattern design in the fabric Warp Thread Model, Flower Stem Model, Fine 
Hemp or Flax Fibers Model, Pig Foot Model, 
Partition Screen Model, Foot Bamboo Strip Model

The foot pedal drives the barrier to move down

Opening for loom adjustment Warp Thread Model, Lu Ban’s Seked or Gauge 
Model, Hanging Bamboo Strips for Netting Model, 
Parrot Support Model, Foot Bamboo Strip Model

Step on the foot bamboo to drive the reed upward

Throwing the shuttle Shuttle Model, Warp Thread Model, Base Bar Model Throw the shuttle along the groove into the opening 
of the warp thread

Making dobby patterns Fur Tube Model for Holding Weft Yarn, Warp Thread 
Model, Fine Hemp or Flax Fibers Model, Partition 
Screen Model

Wrap the velvet tube around the opening

Drawing the pattern Pattern Cutter Model, Warp Thread Model, Fine 
Hemp or Flax Fibers Model, Partition Screen Model

Pull out the pattern knife and weave in the gold 
thread

Making the width of the warp Lever Frames Model, Loom Technician Model, 
Beating-up Bar Model

Pull the reed frame and tighten the weft thread

Making the thickness of the warp Warp Thread Model, Di Hua Pattern Model Drive the warp thread to wind the fabric

Taking up shaft of weft or cloth Warp Thread Model, Head of the Loom’s Tensioning 
Device Model, Fabric Model

The winding axis turns to drive the fabric and warp 
thread onto the winding roller
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Implementation of 3D modeling and animation
This study used 3ds Max [33] and Maya skeleton mode-
ling technology [30] to model and animate the Dahua Lou 
loom. After lighting, texture, and particle system render-
ing, the model and animation files containing dynamic 
parameters and static information were exported and 
imported into the Unity development engine for mate-
rial and script processing. During the modeling process, 
each component is an independent interactive object. 
The positioning and accuracy of each part need to be 
considered, modeled separately, without reassembling 
the parts. A 3D model of the Dahua Lou loom was con-
structed based on the entity components and weaving 
step information in the KO. In Blender, an animation 
demonstration was created to show various steps in the 
weaving process and the operation principle and inter-
nal structure of the loom [34]. Ultimately, eight weaving 

animations of the Dahua Lou loom were produced, such 
as threading, wefting, flower collecting, and winding, as 
shown in Fig.  3. This method provides a new perspec-
tive and method for research and application in the loom 
field. In the future, the content of the KO can be further 
expanded to optimize and improve 3D modeling and ani-
mation demonstrations to meet more application needs.

Integration of ontology and virtual loom interaction 
system in unity
The system architecture for the integration of ontology 
and the Dahua Lou loom’s VIS includes five key compo-
nents: Unity project, parsed ontology data, User Interface 
(UI) [35] components, 3D models, and event listeners 
and handlers. Ontology data, as the source of system 
knowledge, undergoes a series of parsing and storage 
processes and is responsible for organizing the structure 

Fig. 3 Main Weaving Steps of the Dahua Lou loom

Fig. 4 Architectural Overview of Ontology and Virtual Interaction System Integration
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and behavior of UI components and 3D models. Accurate 
and context-related responses are realized by designing 
event listeners and handlers. Figure 4 provides an over-
view of the architectural integration of ontology and the 
VIS. In this architecture, the Unity project, as the cen-
tral hub, hosts the virtual environment and 3D models, 
while connecting parsed ontology data, UI components, 
and event listeners and handlers [36]. The figure shows 
the relationships and interactions between different com-
ponents and presents the flow of information and control 
among them.

Implementation of interactive functionality
Parsed ontology data plays two key roles in the VIS: 
firstly, it populates the UI components such as info pan-
els, labels, and interactive elements.secondly, it drives 
3D model animations to accurately represent the virtual 
loom and its weaving steps.Utilizing the hierarchical 
structure of ontology knowledge facilitates browsing and 
searching knowledge content in the UI component fill-
ing and provides a reasonable user interaction interface 
in the form of menus and lists. Dynamic assignment and 
content updates for UI components can be achieved by 
scripting logic code. The parsed ontology data structure 
bridges the UI components and ontology knowledge data. 
To establish correspondence and interaction between UI 
components and knowledge elements, this study cre-
ated a Canvas component in Unity3D, which controls the 
presentation of a group of UI elements, where all UI ele-
ments must be subclasses of Canvas. The Canvas struc-
ture is akin to a Jacquard loom instance, placing elements 
such as dynasty, fabric, and entity components on the 
same level within the canvas, and programming control 
functions for them.Additionally, in the VIS, parsed ontol-
ogy data is used to drive and control virtual loom anima-
tion interactive behavior. Ontology data records detailed 
information about weaving steps and corresponding ani-
mations. By assigning accurate properties and behaviors 
to models and animations based on loom knowledge, a 

realistic, accurate representation of the Dahua Lou loom 
and its weaving process is achieved. A close connection 
exists between loom knowledge and animation interac-
tive behavior, which can be implemented through the 
parsed ontology data structure and trigger and control 
loom animation interactive behavior, allowing users to 
explore and experience the loom operation process more 
deeply.

Event listening and response mechanism
The event listening and response mechanism in the VIS 
plays a key role in the interaction process between users 
and models [37]. In close collaboration with ontology, 
the system achieves data referencing and updating, logi-
cal judgment and execution, and feedback generation, 
thereby improving the practicality of the system and user 
experience. Ontology, as the core of the system, contains 
structured information about the Dahua Lou loom and 
its weaving process. The event listening and response 
mechanism is responsible for handling user interaction 
behavior and providing users with real-time feedback 
based on the data provided by ontology. Firstly, the sys-
tem adds event listeners to 3D models and UI compo-
nents based on the data parsed from ontology. These 
listeners monitor user interaction behavior with objects 
in the virtual environment, such as clicking, dragging, 
and hovering. When interaction behavior is captured 
by the listeners, event handlers are triggered, and cor-
responding handling programs are called based on the 
received interaction behavior. In the event handling pro-
gram, ontology data is referenced and logical judgment 
and operation are conducted based on the data. Spe-
cific operations and associations are shown in Table  3. 
For instance, when a user selects a model, the handler 
displays detailed data about the model based on the cat-
egory and attribute information in the ontology. When 
the user adjusts model parameters, the handler updates 
the model state and recalculates the results based on the 

Table 3 Examples of event handling and ontology collaboration in virtual interaction process

Interaction stage User interaction Event handling Knowledge ontology related 
concepts or relationships

Data referencing and updating Adjusting model parameters Updating UI and 3D model status Weaving machine component 
properties, relationships, and operating 
rules

Logical judgement and execution Clicking to execute weaving process 
steps

Controlling animation behavior Weaving process steps and related 
machine actions

Feedback generation Viewing real-time weaving progress Prompting weaving progress Weaving progress information 
and prompts

Feedback generation User error operations Prompting error messages Error type information and correction 
methods
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attributes, relationships, and action information in the 
ontology.

Assessment and discussion
The present study conducted a comprehensive evaluation 
of the KO and the design of virtual interactive experience 
for Dahua Lou loom, based on ISO9241-11 international 
standard [38, 39], with the aim to provide improvement 
guidance for subsequent system design and development.

Assessment of knowledge ontology
We conducted a thorough evaluation of the KO, including 
preprocessing, integrity, consistency, and applicability. 
The Owlready2 library was used for preprocessing, 
loading the ontology through get_ontology("Dahualou_
loom.owl").load(), and preparing for subsequent 
evaluations.

Integrity assessment
The integrity evaluation model for Dahua Lou loom 
KO was designed in this study, which includes defining 
integrity constraint rules, checking ontology instance 
data, and handling abnormal data. These steps are 
performed using the Python library Owlready2. The 
specific integrity evaluation process is as follows: (1) For 
class integrity, the KO successfully covered 93.5% of the 
classes in the source data; (2) In the integrity assessment 
of object properties, the ontology covered 85.7% of the 
object properties; and (3) In the data property integrity 
assessment, the ontology covered 87.5% of the data 
properties. Overall, the integrity assessments of the 
classes, object properties, and data properties of the 
ontology all exceeded 80%, laying a solid foundation for 
subsequent research.

Consistency assessment
Protege and its built-in Hermit reasoner were used 
in this study for consistency checking. The checking 
process includes: importing the ontology, setting the 
reasoner, starting the reasoner, and debugging based on 
feedback. The specific consistency evaluation process 
is as follows: (1) Consistency of the class hierarchy: We 
checked whether the class hierarchy in the ontology 
is reasonable, such as confirming that all classes have 
superclasses to ensure that no isolated classes exist. The 
evaluation results show that all classes have superclasses; 
(2) property consistency: We verified whether the same 
property has the same definition and meaning in different 
classes, and whether the domain and value range of 
the property are appropriate to ensure the ontology’s 
consistency and accuracy in describing various concepts. 
The evaluation results found that the domain coverage 
of data properties is complete, and the range coverage 

rate is 85.7%; and (3) relationship consistency: We 
checked whether the relationships in the ontology meet 
expectations, especially the domain and range situations 
of object properties, to ensure that the ontology can 
correctly represent relationships between entities. The 
results show that there is no missing situation in the 
domain and range of object properties. The evaluation 
results show that the ontology demonstrates good 
consistency in aspects such as class hierarchy, property 
definition, and relationship expression.

Applicability assessment
The ontology’s application credibility was evaluated in 
this study by a set of questions and standard answers 
set by experts. Each question is converted into a query 
statement and executed in the ontology. Then, application 
credibility is derived by analyzing matching concept pairs 
and comparing concept relationships. The evaluation 
process includes: parsing the question set, parsing the 
verification set, obtaining query results, and comparing 
results. This study can verify whether the ontology meets 
the actual application requirements from the perspective 
of user-concerned questions or knowledge content, thus 
evaluating the application credibility of the ontology. 
The query questions are transformed into statements 
recognizable by the ontology, mainly including querying 
all properties of a class, the attribute relationship between 
two concepts, and the hierarchical relationship. The 
result verification stage needs to compare the verification 
content and query results and calculate their similarity. 
These query statements can be mainly divided into 
three types: (1) Query all attributes of a certain class; (2) 
Query the attribute relationship between two concepts; 
and (3) Query the hierarchical relationship between two 
concepts. Specific query question examples and their 
corresponding query types are listed in Table  4. The 
result verification stage needs to compare the verification 
content and query results and calculate their similarity, 
which serves as the basis for evaluating application 
credibility. The specific calculation method is as follows: 
For query types (1) and (2), as the results are stored 
in the form of a character array, the credibility of the 
query results of each question can be determined by the 
proportion of successfully matched elements in the result 
set to the number of elements in the verification set. For 
query type (3), since the result is stored in the form of an 
enumerated type, the credibility of the question result 
can be 1 (the same result) or 0 (different results).

Through these steps, we can calculate the credibility 
of each question. Finally, the average credibility of all 
questions is used as the evaluation result of the ontology’s 
application credibility. The final application credibility 
calculation formula is as follows:
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where cred(application) represents the application 
credibility of the ontology, Q represents the question set, 
q represents a certain question in the question set, N(Q) 
represents the number of questions in the question set, 
and S(q) represents the similarity between the query 
result and the verification result of a certain question.

In this study, we referred to the probability interval 
commonly used in fuzzy decision and classification 
problems, set four credibility levels, and evaluated the 
application credibility of the ontology in a more intuitive 
and quantifiable way. The evaluation results are expressed 
in four levels: ‘Highly Credible’ (0.75–1), ‘Credible’ 
(0.50–0.75), ‘Less Credible’ (0.30–0.50), and ‘Incredible’ 
(0–0.30). In this study, the application credibility of the 
ontology reached 0.90, which belongs to the ’Highly 
Credible’ level.

Assessment of the virtual interaction system
A deep analysis of the VIS was conducted in this study, 
with the evaluation system primarily including the 
dimensions of utility, efficiency, and satisfaction.

System performance evaluation
The system performance evaluation is a key part of the 
efficiency dimension of the feasibility assessment, focus-
ing on objective indicators such as system response 
efficiency, animation accuracy, and UI functionality. Mul-
tiple tests were performed, and averages calculated to 
assess the system’s response time during startup, loading, 
and user interaction. The data showed an average system 

cred(application) = (1/N(Q)) ∗

∑
S(q) startup time of 2.1 s, loading time of 3.7 s, and user inter-

action response time of 0.7 s, indicating stable technical 
indicators, acceptable system response efficiency, and 
important technical application value.Secondly, the ani-
mation’s accuracy, fluidity, and visual effects during the 
simulated weaving process were evaluated. Qualitative 
assessments of the animations showed smooth, accurate, 
and aesthetically pleasing animations, improving the vir-
tual weaving experience and quality.Lastly, the effective-
ness of UI components in promoting user interaction was 
assessed by measuring the time and success rate of users 
completing specific tasks. Data showed a high user task 
success rate of 92%, indicating the design of UI compo-
nents in this virtual interactive system meets user needs 
and provides a high level of system functionality.

User satisfaction evaluation
User satisfaction evaluation is a major part of the 
satisfaction dimension of the feasibility assessment. 
After ensuring the loom’s virtual interactive system 
demo was error-free, 20 volunteers were invited for a 
user experience test to measure their satisfaction with 
the system. The volunteers, a balanced mix of genders 
and academic backgrounds, were assessed to ensure they 
had a similar knowledge base of the Dahua Lou loom, 
preventing gender and background knowledge from 
affecting the results. In a quiet, well-lit environment, 
volunteers completed a series of tasks related to 
the Dahua Lou loom, such as system environment 
exploration, loom component examination, and learning 
weaving steps. Post-test, they filled out a questionnaire 
regarding system usability, interactivity, and 

Table 4 Report on application credibility

Question set Ontology query results Preset results of questions Credibility

What properties does the "fabric" have? #origin#type#displayedIn# 
hasDynasty#madeFrom

#name#origin#type#hasDynasty
#displayedIn#producesProduct#
madeFrom

0.71

What properties does the "Physical Component" have? #function#usesPart #name#function#usesPart 0.67

What properties does the "raw material" have? #type#source# requiresMaterial
#madeFrom

#type#source#name#requiresMa
terial#madeFrom

0.8

What is the property relationship between " Yunjin " (A) 
and "mulberry silk" (B)?

#madeFrom #madeFrom 1

What is the property relationship between the "delivery scroll 
mechanism" (A) and the "weaving steps" (B)?

#usesPart #usesPart 1

What is the property relationship between "Nanjing Yunjin Museum" 
(A) and " Yunjin " (B)?

#displayedIn #displayedIn 1

What is the hierarchical relationship between " Yunjin " (A) and "Ku 
satin" (B)?

# Child-Parent Relationship # Child-Parent Relationship 1

What is the hierarchical relationship between "raw silk" (A) 
and "mulberry silk" (B)?

# Parent–Child Relationship # Parent–Child Relationship 1

What is the hierarchical relationship between "Song brocade" (A) 
and "Yunjin" (B)?

# Peer Relationship # Peer Relationship 1
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comprehensibility. This aimed to collect comprehensive 
feedback on the virtual loom experience system, 
providing direct data about system satisfaction. The 
average user satisfaction score was 4.2 out of 5, indicating 
a generally positive response.

Discussion
After a comprehensive assessment of KO and VIS, the 
results were integrated and analyzed, and an in-depth 
discussion was conducted. The KO showed good 
performance in terms of completeness, consistency, and 
applicability, demonstrating a high level of practicality. 
However, it also exposed issues related to data coverage 
and handling complex relationships, which urgently need 
further optimization. As for VIS, the system performance 
and user satisfaction were evaluated as good, but the 
response efficiency and interface design need to be 
improved. User feedback emphasized the importance 
of intuitive design. In subsequent research, we will gain 
a deeper understanding of user needs and habits, and 
improve and update the interface and KO, to optimize 
user experience and enhance system performance. In 
summary, this study has achieved initial results in the 
construction of KO and VIS. Although there are flaws, 
through continuous iterative optimization, it is expected 
to better serve the research and inheritance of traditional 
crafts such as Dahua Lou loom.

Conclusion
This study proposed and implemented a collaborative 
method based on KO for interactive development of 
the Dahua Lou loom system in a VR environment. By 
integrating domain KO, VR technology, and data-driven 
technology, the efficient and accurate design of the VIS 
for the Dahua Lou loom was facilitated. The experimental 
results showed significant advancements in domain 
knowledge modeling, 3D modeling and animation 
technology development, and the comprehensive 
application of VR interaction systems. Furthermore, the 
positive feedback received from domain experts and 
users demonstrates that this method offers an intuitive, 
immersive, and informative design experience.During 
the design process, this method carefully considered the 
domain knowledge, constraints, and requirements of the 
loom, thus minimizing the chances of errors and sub-
optimal designs. Its interactive nature allows designers 
to experiment with and optimize different configurations 
in real-time, stimulating creativity. Moreover, the 
collaborative aspect of this method enhances effective 
communication and knowledge sharing between domain 
experts, engineers, and software developers, leading 
to more informed decisions and more effective design 
outcomes.Despite the satisfactory results of this study, 

there are some limitations. First, the KO may not cover 
all knowledge in the Dahua Lou loom domain. Second, 
due to hardware and software limitations, the virtual 
reality-based interactive system may not be suitable for 
all potential users. Finally, the evaluation scope of this 
method is limited.To further improve and advance this 
study, subsequent research should focus on the following 
four aspects. First, improving and expanding the KO 
based on the opinions and practical experiences of 
domain experts. Second, enhancing system accessibility 
and compatibility to reduce hardware and software 
restrictions and improve system usability. Third, future 
research should involve larger-scale evaluations, 
including a wider range of volunteers, more diverse 
design scenarios, and more comprehensive evaluation 
dimensions. Lastly, further exploring the application of 
this collaborative method in other areas of the Dahua 
Lou loom (such as manufacturing, maintenance, and 
training), and considering extending this method to 
the design and development of other complex systems. 
This will provide technical support and guidance for 
workers and researchers in related fields and promote the 
protection and inheritance of cultural heritage.
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