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Abstract

As complex system engineering involving multiple stakeholders, multi-objective collabora-
tion, and multi-spatiotemporal scales, the components, logical structure, and functional
mechanisms of production equipment operation management and control (PEOMC) can
be generalized through functional modelling to support dynamic analysis and intelligent
decision-making of PEOMC in the industrial internet environment. To address the di-
versity of scenarios and objectives of PEOMC, a hierarchical construction method for the
functional model of PEOMC based on IDEF0 is proposed. By analysing relevant interna-
tional standards, such as ISO 55010, ISO/IEC 62264, and OSA-CBM, the generic functional
modules for the first and second layers of the functional model are identified and defined.
On the basis of semi-supervised machine learning, topic clustering is used to extract the
components, functional mechanisms, and logical relationships of production equipment
operation management and control from approximately 200 standard texts and to construct
a reference resource pool for the third-layer functional module. On this basis, an interface
matching and recursive traversal algorithm for functional modules is designed, and a com-
position and orchestration strategy of functional modules for specific scenarios is provided
to support the flexible construction of diversified and personalized PEOMC scenarios.
The proposed construction and application method was validated through an engineering
case study in an aero-engine transmission unit manufacturing workshop: the average
process capability index of the enterprise’s production equipment steadily increased from
1.28 to approximately 1.60, the mean time to repair (MTTR) of production equipment
failures significantly decreased from 8 h to 3 h, and the average overall equipment effec-
tiveness (OEE) increased from 56.43% to a stable 68.57%, demonstrating its effectiveness
and practicality.

Keywords: production equipment operation management and control; functional modelling;
IEDF0; topic clustering; combination arrangement

1. Introduction
Production equipment operation management and control (PEOMC) refers to the

systematic planning, organization, coordination, and control of various aspects of pro-
duction equipment, including operation, monitoring, maintenance, and repair, through

Machines 2026, 14, 368 https://doi.org/10.3390/machines14040368

https://crossmark.crossref.org/dialog?doi=10.3390/machines14040368&domain=pdf&date_stamp=2026-03-27
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/machines
https://www.mdpi.com
https://orcid.org/0000-0002-6013-1921
https://doi.org/10.3390/machines14040368


Machines 2026, 14, 368 2 of 23

a series of management methods. Currently, China is accelerating the implementation of
digital transformation in the manufacturing industry and promoting large-scale equipment
renewal projects. Strategic deployments have been made around high-end development,
digital management, and the intelligent application of production equipment. Guided by
various policies and driven by emerging technologies, manufacturing enterprises generally
promote the use of cloud services for industrial equipment based on industrial internet
platforms. These platforms facilitate ubiquitous connectivity, dynamic management and
control, and capacity sharing of production equipment, allowing for the construction of
diversified and personalized operation management and control scenarios. Ultimately,
this improves quality, reduces costs, increases efficiency, and reduces emissions in the
manufacturing industry.

In recent years, with the large-scale introduction of advanced, multifunction, and high-
value intelligent equipment, traditional PEOMC faces new requirements and challenges
in terms of control objects [1], scope [2], methods [3], and subjects [4]. Control objects
have evolved from outdated single-function equipment to intelligent equipment with
complex functions capable of handling multiple manufacturing tasks. The control scope
has expanded from single teams, single workshops, and specific time periods to cross-
regional, full-time-domain, and scaled collaborative management. Control methods have
shifted from decentralized and closed hierarchical management to “end-to-end” open
flat management. The control subjects have transitioned from single professional talent
to multidisciplinary composite talent. This evolutionary trend requires new operation
management and control models for production equipment to possess greater flexibility,
intelligence, and adaptability to support cross-time and cross-space resource sharing,
capacity balancing, and coordinated control of production equipment.

In the context of large-scale equipment renewal, the convergence and access of mas-
sive equipment have imposed a heavy burden on the underlying operation management
and control of production equipment. Moreover, new applications, such as flexible pro-
duction [5], predictive maintenance [6], and networked collaboration [7,8], have posed
severe challenges to the business logic orchestration of PEOMC. It is necessary to con-
nect relevant functional modules for coordinated execution according to business logic
to meet the functional requirements of PEOMC in specific scenarios. Under the tradi-
tional ISA95-based production equipment operation management and control paradigm,
functions related to equipment operation management and control are scattered across dif-
ferent layers of the five-layer ISA95 architecture, forming various independently operating
systems associated with equipment operation control, resulting in difficult collaboration
and interaction between layers. In view of this, this study proposes a functional model
construction and dynamic orchestration mechanism based on standard text topic clustering.
By integrating NLP semantic extraction and the IDEF0 interface specification, an auto-
mated mapping pipeline from unstructured standard knowledge to structured functional
modules is established to guide the flexible construction and implementation of diversified
and personalized business scenarios for production equipment operation management
and control.

The remainder of this paper is organized as follows: Section 2 reviews the related
literature; Section 3 presents design method of the PEOMC functional reference model;
Section 4 describes combination method for PEOMC functional modules in specific scenarios;
Section 5 reports the practical application, implementation process, and comparison analysis;
and Section 6 concludes the paper and discusses implications and future directions.
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2. Related Works
2.1. Functional Architecture for PEOMC

PEOMC is an integral component of manufacturing operations and plays a crucial role
in the actual manufacturing process. In the late 1990s, academic and industrial communities
conducted significant theoretical research and practical explorations to promote effective
integration between enterprise business management and manufacturing processes. This
led to the formation of the ISA95 reference architecture for the integration of enterprise
and control systems [9], as shown in Figure 1. ISA95 divides manufacturing operation
management and control activities into five layers: field operation, perception and trans-
mission, process monitoring, manufacturing execution, and business management. Each
layer involves business activities related to PEOMC [10–15], which can be used to support
the implementation of a hierarchical PEOMC model.

 
Figure 1. ISA95 layers and associated PEOMC systems complying with international standards.

The PEOMC mode based on ISA95 has deficiencies, such as control decision delays,
inadequate cross-layer collaboration, and poor interoperability, when dealing with massive
equipment control. Therefore, exploring a new type of PEOMC mode that is more efficient
and flexible and can adapt to the needs of massive equipment access and complex control
to maximize the effectiveness of the collaborative operation management and control of
production equipment is necessary.

2.2. Construction Method for the PEOMC Functional Model

At present, for the description, construction, and application of PEOMC, both
academia and industry mainly adopt the IDEF0 functional modelling language to construct
graphical descriptions and comprehensive analyses of PEOMC function models. In terms
of functional modelling, the IDEF0 functional modelling method is predominantly applied
in the field of structured design for complex systems [16]. It typically adopts a top-down,
step-by-step decomposition approach. Through graphical means, it provides a standard-
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ized expression of the specific operations and content elements of functional activities, as
well as the interaction relationships between various detailed functional activities, thereby
constructing a functional model of complex systems. This model serves as a tool for system
decision-making, organization, and activity modelling. The United States National Institute
of Standards and Technology (NIST) constructed the System Integration for Manufacturing
Application (SIMA) [17] using the IDEF0 functional modelling language. In this architec-
ture, production equipment is regarded as a manufacturing capability unit, and a universal
functional activity model is provided. Therefore, this study uses the IDEF0 functional
modelling method to construct a functional reference model for PEOMC to support the
dynamic collaboration and lean control of various heterogeneous production equipment in
manufacturing workshops.

2.3. Challenges for PEOMC in Industrial Internet Environment

Production equipment is evolving toward intelligent equipment characterized by
advanced technology, integrated functions, and high value [18]. In the industrial internet
environment, frequent interactions occur between the underlying production equipment
and upper-layer control systems. Currently, three main theoretical innovation strategies and
application practice paths have emerged, which aim to overcome the constraints imposed
by the traditional hierarchical control mode based on the ISA95 five-layer architecture.

One is to comprehensively consider the integration of equipment into the entire pro-
duction system from the bottom up and to revise and develop relevant standards for
equipment communication and automatic control with the goal of business collaboration
and system interconnection [19–22]. However, overcoming the challenges of integrat-
ing equipment control with business processes, system integration, and business logic
processing, as well as the shortcomings in compatibility and adaptability, is necessary.

Second, it incorporates cross-regional heterogeneous production equipment into a
unified resource allocation system from top to bottom, supporting the realization of capacity
balance in equipment clusters and the precise configuration of equipment resources in
flexible and complex scenarios [23]. However, in practical applications, the collection of
multi-source heterogeneous data from equipment, over-abstraction of business ontologies,
and significant differences between business logic and industrial control data models still
face difficulties.

The third is based on the bidirectional expansion of the manufacturing execution layer,
which deeply explores and integrates the functional elements originally scattered in various
equipment operation management and control-related systems, encapsulates them into
standardized, modular, and widely reusable service units, and publishes them on a unified
manufacturing service platform. This can empower the efficient integration and interactive
sharing of supporting functional services and support ubiquitous access to and precise
control of equipment.

In summary, Strategy 3 starts from the manufacturing execution layer to construct a
unified manufacturing service platform compatible with various functional services and
adaptable to diverse equipment types, thereby enabling two-way penetration from top-level
PEOMC scenarios to the connection and control of underlying heterogeneous equipment.
Therefore, guided by Strategy 3 and aiming at the rigid limitation of the preset control logic
in the traditional ISA95 architecture, this study adopts the IDEF0 modelling method and
NLP topic clustering technology to construct a functional reference model for production
equipment operation management and control and proposes a functional module composi-
tion method for specific scenarios to bridge the semantic gap between high-level business
logic and underlying control systems. This approach transforms the construction mode of
the equipment control model from manual customization to knowledge-driven automatic
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orchestration. Finally, the effectiveness of the proposed method in supporting functional
interactions, business collaboration, and resource sharing among heterogeneous equipment
in specific scenarios is verified through PEOMC engineering practices in an aero-engine
transmission unit manufacturing workshop.

3. Design of the PEOMC Functional Reference Model from the
Perspective of Standard Text
3.1. Framework Construction of the PEOMC Functional Model Based on IDEF0

On the basis of the IDEF0 modelling method, the PEOMC functional model is de-
composed layer by layer in a top-down manner. Each upper-layer functional module is
described by several lower-layer functional modules, along with their inputs, outputs,
support, and constraints. This hierarchical approach facilitates precise descriptions and
standardized representations of the PEOMC functional model, as shown in Figure 2. Layer
0 is used to describe the overall functional module in the most abstract way; layer 1 is used
to describe the main functional modules and their interactive relationships; layer 2 is used
to further subdivide each main functional module to display its internal functional mod-
ules and interaction relationships; and layer n formally expresses various meta-functional
modules, supporting carriers, constraints, and inputs and outputs during the execution
of PEOMC.

 

Figure 2. Schematic diagram of the overall framework of the PEOMC functional model.

In the PEOMC functional model, the functional modules are connected and interact
on the basis of the interfaces. In this section, these common characteristics of PEOMC
activities defined in ISA95 are integrated to analyse the interfaces of the PEOMC functional
modules. On the basis of the results of the analysis of the activities and external business,
the bottom-layer equipment interaction interfaces in Li et al. [24] are derived, as are the
interfaces of the functional modules, as well as the corresponding input, output, constraint,
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and support types, which are divided and formed. On the basis of the IDEF0 syntax rules,
the interfaces were designed in a standardized manner, as shown in Figure 3.

Figure 3. Standardized design of the interface for the PEOMC functional module based on IDEF0.

3.2. Identification of General Functional Modules in the First and Second Layers of the PEOMC
3.2.1. Identification of Functional Modules in the First Layer and Analysis of Their
Interactive Relationships

Industrial and academic communities have conducted extensive research on pro-
duction equipment and its related management activities, resulting in the formation of a
series of international standards or reference architectures, which are categorized into three
main types:

The first type focuses on the asset management of production equipment, such as IEC
63278 [22], ISO 55001 [25], and ISO 55010 [26]. These standards provide specifications for
the relevant functional activities of production equipment asset management.

The second type focuses primarily on the application management of production
equipment, involving the scheduling, allocation, and execution of tasks based on pro-
duction equipment. Examples include international standards and reference architec-
tures, such as IEC 62264 [9], IEC 61512 [27], and SIMA Reference Architecture [17], which
provide specifications for functional activities related to production equipment applica-
tion management.

The third type focuses on the maintenance management of production equipment.
International standards, such as IEC 62264 [9], IEC 63082-1 [28], and ISO 13374 [29,30],
mainly provide specifications for the relevant functional activities of production equipment
maintenance management.

Accordingly, the first-layer PEOMC functional module is divided into three mod-
ules: equipment asset management, equipment application management, and equipment
maintenance management.
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3.2.2. Identification of Second-Layer Functional Modules and Analysis of Their
Interaction Relationships

On the basis of relevant international standards or reference architectures, an in-
depth analysis is conducted on the boundary scope, operating mechanism, and internal
logical relationships of each functional module, including asset management, application
management, and maintenance management of production equipment. Furthermore,
the sub-functional modules of each functional module in the second layer are identified
and acquired.

Identification of sub-functional modules for the management of production equipment
assets. ISO 55010-2019 outlines a series of activities undertaken in the asset management
life cycle, as shown in Figure 4. Specifically, the activities of “requirements definition,”
“asset planning,” and “asset creation” involve primarily the definition and creation of pro-
duction equipment. The activities of “operation and maintenance” and “asset monitoring”
involve mainly the monitoring and operation of production equipment. The activities of
“renewal/rehabilitation” and “disposal” primarily involve the renewal and disposal of
production equipment. On the basis of the above analysis, the first-layer production equip-
ment asset management functional module can be decomposed into three sub-functional
modules: asset definition and creation, asset monitoring and operation, and asset renewal
and disposal.

Figure 4. Identification of sub-functional modules for asset management of production equipment [26].

Identification of sub-functional modules for production equipment application man-
agement. ISO/IEC 62264 defines four major types of manufacturing operation management
activities: production operation management, maintenance operation management, quality
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operation activities, and inventory operation management (identified by shaded areas),
as shown in Figure 5. Production equipment application management is an important
component of manufacturing operation management activities and involves three main
functional modules related to production operation management activities: production
scheduling, production control, and material and energy control. Production scheduling in-
volves mainly the task management activities of production equipment. Production control
involves mainly the process management activities of production equipment. Material and
energy control involves mainly allocating the supporting resources required for the opera-
tion of production equipment. On the basis of the above analysis, the first-layer production
equipment application management functional module can be decomposed into three
sub-functional modules: equipment task management, equipment process management,
and production resource allocation.

 

Figure 5. Identification of the sub-functional module for production equipment application manag-
ement [9].

Identification of sub-functional modules for production equipment maintenance man-
agement. In addition to PEOMC activities, ISO/IEC 62264 defines maintenance operation
management activities, which involve receiving maintenance requests for equipment, tools,
and related assets; developing maintenance plans; and carrying out corresponding mainte-
nance operations. This mainly refers to the daily maintenance function of equipment. In
OSA-CBM, two additional functions are specified for equipment maintenance management:
equipment condition monitoring and equipment fault diagnosis. Therefore, in this study,
the first-layer production equipment maintenance management functional module is de-
composed into three sub-functional modules: equipment condition monitoring, equipment
fault diagnosis, and equipment maintenance, as shown in Figure 6.

The classification above is mainly based on relevant international standards that
describe a certain aspect of PEOMC. It is a summary of the practical experience of experts
during a specific historical period. It is difficult to further refine the cognitive framework,
division logic, and expression methods of PEOMC in the current situation. Therefore,
it is urgent to conduct in-depth exploration on the basis of a vast amount of practical
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engineering experience, focusing on the functional modules summarized and condensed in
the second layer, and propose more reasonable division and expression methods.

 
Figure 6. Identification of the sub-functional module for production equipment maintenance man-
agement [9].

3.3. Reference Resource Pool Construction for the Third Layer Functional Module of the PEOMC
Functional Model

Domain knowledge, practical experience, rules, and conventions related to the op-
eration management and control of production equipment are generally accumulated
in massive amounts of standard text. To this end, this study adopts natural language
processing (NLP) methods to conduct an in-depth analysis of standard texts concerning
the operation management and control of production equipment. Specifically, through
vector transformation, topic clustering, and thematic semantic extraction of standard texts
for production equipment operation management and control, the functional modules
at the third layer of the production equipment operation management and control func-
tional model are identified, and a reference resource pool of production equipment opera-
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tion management and control functional modules comprising atomic functional modules
is constructed.

The BERT-pretrained semantic model [31] possesses bidirectional encoding, deep
contextual understanding, and transfer learning capabilities and exhibits significant advan-
tages in high-dimensional semantic feature vector extraction tasks. Therefore, considering
the application scenarios of textual semantic mining and resource constraints under conven-
tional environments, this study adopts the BERT-based pretrained semantic model to mine
standard texts in the field of production equipment operation management and control.

For the selected BERT pre-trained semantic model, general-domain semantic knowl-
edge, such as semantic information, syntactic structure, and contextual logical relations,
learned from massive texts is transferred to the standard text training set in the field of
production equipment operation management and control. An extended training approach
is employed to obtain a semantic model suitable for the semantic representation of standard
texts in the equipment operation management and control domain, and the subdivided
functional modules required for production equipment operation management and control
are mined and extracted using the standard text topic clustering method.

(1) Construction of a standard sample pool for PEOMC

A search was conducted on the standards related to the PEOMC at the National Li-
brary of Standard (https://www.ndls.org.cn/, accessed on 24 March 2026), from which
180 international, national, and industry standards in the field of the PEOMC were ob-
tained. The retrieved standard texts were processed through word segmentation, stop
word removal, text cleaning, and feature extraction, and a word term sequence set for the
clauses of PEOMC standards was constructed, which served as the benchmark sample pool
for the text mining of PEOMC-related standards.

(2) Text vector conversion for PEOMC-related standards based on BERT

Considering words as the minimum unit, the standard text corpus in the field of
PEOMC is encoded as the training sample set for the BERT pre-trained semantic model.
Low-rank adaptation (LoRA) [32] was adopted for model fine-tuning to iteratively optimize
the network structure and connection weights of the pre-trained model. The domain
knowledge of PEOMC was embedded to generate a semantic model adapted to the function
clustering tasks of equipment operation management and control, which provides technical
support for the sentence vector conversion of standard texts in the PEOMC field.

In this study, the general-domain BERT semantic model released by Technische Uni-
versität Darmstadt is adopted. For the constructed standard sample pool of production
equipment operation management and control, the five-fold cross-validation method is
used to sequentially extract part of the standard texts as training samples for supervised
learning. Furthermore, the LoRA model fine-tuning method is employed to update the
network structure and connection weights of the BERT pre-trained model to generate a
semantic model suitable for the functional clustering task of equipment operation manage-
ment and control.

On the basis of the fine-tuned BERT semantic model, the multi-head attention mech-
anism is adopted to process different parts of standard clause sentences for equipment
operation management and control and capture the semantic relationships between differ-
ent sentences combined with context, thereby converting the standard texts of production
equipment operation management and control into fixed-length vector representations that
can characterize the semantic information of the entire text.
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The text vector transformation method based on the multi-head attention mechanism
is expressed as follows:

attentionSDPA(Q, K, V) = softmax

(
QKT
√

dk

)
V (1)

where Q, K, and V denote the target word matrix, keyword matrix, and standard text,
respectively, and dk is the normalization parameter.

(3) Topic clustering of PEOMC-related standards based on HDBSCAN

Aiming at the sentence vectors of standard clauses related to the production equipment
management function constructed above, this study employs the HDBSCAN density
clustering algorithm integrated with domain knowledge [33] for topic clustering analysis.
The core principle of this algorithm assumes that a densely distributed sample set in the
sample space forms a topic cluster; different types of topics are identified by quantifying
the density of the sample space, thereby completing the clustering operation on the feature
data of standard text sentence vectors. The specific method design is as follows:

Step 1: Domain knowledge loading. With respect to the nine functional modules of
the second layer of the PEOMC functional model, namely, asset definition and creation,
asset monitoring and operation, asset renewal and disposal, equipment task management,
equipment process management, production resource allocation, equipment status moni-
toring, equipment fault diagnosis, and equipment maintenance, this study combines expert
experience to set up a guide word set for each functional module, as shown in Table 1.

Table 1. Setting of guiding words for the PEOMC functional modules.

NO. Name Guiding Words

1 Asset definition and creation [“Inventory”, “Type”, “Name”, “Quantity”, “Model”]
2 Asset monitoring and operation [“Sale”, “Lease”, “Change”, “Value”]
3 Asset renewal and disposal [Upgrade, Install, Debug, Transform, Scrap]
4 Equipment task management [Delivery Time, Delay, Order, Dispatch, Scheduling]
5 Equipment process management [Parameters, Procedures, Tolerances, Processes, Steps]
6 Production resource allocation [“Delivery”, “Warehousing”, “Planning”, “Raw Materials”]
7 Equipment status monitoring [Status, Monitoring, Monitoring, Running]
8 Equipment fault diagnosis [“Fault”, “Identification”, “Localization”, “Risk”]

9 Equipment maintenance [“Processing”, “Replacement”, “Point Inspection”,
“Inspection”, “Disposal”]

Step 2: Similarity calculation. The similarity between the standard sentence vector of
the device management function and the vector of the guiding word was calculated on
the basis of the mutual reach distance, which guides the direction of topic clustering. The
calculation method for the mutual reach distance is as follows:

dmreach−k(a, b) = max
{

d
(

a, Nk(a)
)

, d
(

b, Nk(b)
)

, d(a, b)
}

(2)

Nk(x) represents the kth nearest neighbour point of the current sentence vector x, and
d(a,b) represents the distance between sentence vectors a and b.

Step 3: Cluster tree construction. A minimum spanning tree is constructed on the basis
of the weighted distance graph, a hierarchical cluster structure is built on this basis, and
the hierarchical cluster tree is compressed with the minimum cluster size.
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Step 4: Generate the clustering results. Each sentence vector is labelled with a topic
type by calculating node stability. The node stability is calculated as follows:

scluster = ∑
p∈cluster

((
1

distance
)

p
− (

1
distance

)
death

) (3)

( 1
distance )p represents the reciprocal of the length of the disconnected edge when

sample point p is split away from the node, and ( 1
distance )death represents the reciprocal of

the length of the disconnected edge when the current node is split into two sub-nodes.

(4) Semantic extraction of the standard text for PEOMC

For the refined functional topics under different management function types of equip-
ment obtained by clustering, the C-TF-IDF algorithm was applied to condense the topic
semantics [34], and the maximal marginal relevance (MMR) algorithm was adopted to
control the diversity of topic terms. A total of 33 categories of standard text topics for
production equipment operation management and control were mined, which exhibited an
obvious mapping relationship with the nine second-layer functional modules identified
in Section 3.2. These topics are the refined decomposition and constituent units of the
second-layer functional modules. Combined with expert experience, the 33 mined third-
layer functional modules were matched with the nine second-layer functional modules. A
reference resource pool for production equipment operation management and control func-
tional modules, consisting of nine groups and 33 sub-functional modules, was constructed
for the third layer. It can support the matching, extraction, and combined invocation of
production equipment operation management and control functional modules in specific
scenarios, as shown in Figure 7.
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Figure 7. The reference resource pool of the third layer of the PEOMC functional module.

4. Combination Method for PEOMC Functional Modules in
Specific Scenarios

The element definitions are as follows:
FM, PEOMC is a functional module FM = {FM_In, FMOut, FMCon, FM_Sup}, where

FM_In is the set of input interfaces, FM_Out is the set of output interfaces, FM_Con is the
set of constraint interfaces, and FM_Sup is the set of support interfaces.
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SE: PEOMC scenario SE = {se_sFM, e_I}, where se_sFM = {se_FM1, se_FM2, . . . , se_FMm}
is the set of scenario-related functional modules and e_I = {e_In, e_Out, eCon, e_Sup} is the
set of external interfaces.

GP: The functional module reference resource pool GP = {FM1, FM2, . . . , FMn}, where
n is the number of functional modules in the GP.

SP: The requirement adaptation resource pool SP = {sp_sFM, c_I, uc_I}, where
sp_sFM = {sp_FM1, sp_FM2, . . . , sp_FMm} is the set of functional modules adapted to the
scenario SE requirements; c_I = {c_In, c_Out, cCon, c_Sup} is the set of paired interfaces,
which is mainly used for saving the interfaces in the scenario-related functional modules
sp_sFM that have a clear connection object; uc_I = {uc_In, ucOut, ucCon, uc_Sup} is the set
of unpaired interfaces, which is mainly used for saving the interfaces in the scenario-related
functional modules sp_sFM that do not yet have a clear connection object.

p_I: The process interface set p_I = {p_In, p_Out, pCon, p_Sup}, which is mainly used
to temporarily store the set of interfaces generated during each matching process.

4.1. Initial State Configuration

The set of external interfaces, e_I = {e_In, e_Out, e_Con, e_Sup}, in the PEOMC
scenario SE is known; in contrast, the set of scenario-related functional modules, se_sFM,
is unknown.

The functional module reference resource pool GP is known.
In the requirement adaptation resource pool SP, the set of scenario-associated func-

tional modules sp_sFM is set to empty, the set of paired interfaces c_I is set to empty, and
the set of unpaired interfaces uc_I is set to the external interface set of the scenario; that is,
uc_I = e_I;

The process interface set p_I is set to empty.

4.2. Module Selection and Combination Strategy Design

Step 1: Adapt the unpaired interface set uc_I = {ucIn, ucOut, ucCon, ucSup} from
the resource pool SP to the requirement. In accordance with the identification order of
specific functional modules in the functional module GP ={FM1, FM2, . . . , FMn}, each
interface in the unpaired interface set uc_I is matched with the interface set {FMi_In,
FMiOut, FMiCon, FMiSup} of a specific functional module by interface type. That is, the
intersection between the unpaired interface set uc_I and the interface set of the functional
module FMi is calculated, and the matching results are assigned to the process interface set:

p =
{

uc_In
⋂

FMi_In, uc_Out
⋂

FMi_Out, uc_Con
⋂

FMi_Con, uc_Sup
⋂

FMi_Sup
}

Step 2: If the process interface set p_I generated in Step 1 is nonempty, then

(a) Add the functional modules FMi that are successfully matched in the GP to the SP;
that is, sp_sFM = sp_sFM

⋃
{FMi}.

(b) Add the process interface set p_I to the paired interface set c_I according to the interface
type; that is, c_I = {c_In

⋃
p_In , c_Out

⋃
p_Out, c_Con

⋃
p_Con, c_Sup

⋃
p_Sup};

(c) For the newly added functional modules FMi that successfully matched in SP, add
their interfaces that did not match with c_I to the unpaired interface set uc_I in
the SP, according to the interface type, and remove the paired interfaces p_I gen-
erated in Step 1 from uc_I = {uc_In

⋃
FMi_In − p_In, uc_Out

⋃
FMi_Out − p_Out ,

uc_Con
⋃

FMi_Con − p_Con, uc_Sup
⋃

FMi_Sup − p_Sup}.
(d) After completing steps (a), (b), and (c), the process interface set p_I.

Step 3: If the process interface set p_I generated in Step 1 is empty, indicating that
the matching was not successful, then return to Step 1 and continue to match the interface
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set of the functional modules FMi+1 according to the identification order of the functional
module collection {FM1, FM2, . . . , FMn} in the GP.

Step 4: Repeat Steps 1–3 by continuously adding the functional modules FM that
satisfy the matching conditions from the GP to sp_sFM in the SP until the number of
interface elements in the unpaired interface set uc_I of the SP reaches zero.

Step 5: Assign the scenario-related functional module set sp_sFM generated in
step 4 from SP to the functional module set se_sFM in the PEOMC scenario; that is,
se_sFM = sp_sFM. At this point, the matching selection of the functional module set
se_sFM in the PEOMC scenario is completed.

Step 6: For the set of functional modules se_sFM related to the PEOMC scenario
obtained in Step 5, it is necessary to establish corresponding interactive connections between
the input, output, constraint, and support interfaces of each functional module in se_sFM
on the basis of expert domain knowledge, according to the interface type and content.
This completes the matching selection and logical combination of the PEOMC functional
modules in specific scenarios.

The selection and combination strategies for the PEOMC functional model in specific
scenarios are presented in Figure 8.
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Figure 8. Schematic diagram of selection and combination strategy principles for PEOMC func-
tional modules.
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5. Practical Application in an Aero-Engine Transmission Unit
Manufacturing Workshop
5.1. Problem Overview

A company introduced a set of high-performance, high-value CNC equipment with
composite machining functions for the production of aero-engine transmission units, includ-
ing more than 20 key pieces of equipment, such as 5-axis vertical turning-mill machining
centres, CNC worm wheel grinders, CNCs from grinders, CNC cylindrical grinders, CNC
internal grinders, CNC surface grinders, CNC gear hobbing lathes, and CNC gear hob-
bing machines, as well as auxiliary equipment, including robots, stackers, and automated
warehouses. An analysis reveals that although these machines are equipped with intelli-
gent functions such as remote control, data transmission, and performance analysis, and
warning signals are issued prior to failures, there is a delay in the platform’s reception and
response to these early warnings. However, no effective measures are taken in a timely
manner, resulting in the interruption and stagnation of the production line. Currently, key
performance indicators, such as the equipment load rate, raw material utilization rate, and
equipment cloud connectivity rate in the workshop, have all met the targets. However, the
OEE has been hovering at approximately 55%, significantly below the preset target of 70%.
Further investigation revealed the following issues:

(1) The current process capability index of the workshop equipment is only 1.28, which
falls short of expectations, indicating insufficient stability and consistency in the
processing performance of the production equipment.

(2) The fault warning function of intelligent equipment is not effectively utilized; the
industrial internet platform fails to receive warning signals before equipment failure
and takes timely response measures.

(3) Unified expression standards for the operation and maintenance information of var-
ious types of heterogeneous equipment are lacking. Significant differences in the
expression formats and interaction methods of operation and maintenance informa-
tion across multiple models and brands of equipment prevent unified management
and interactive analysis on the industrial internet platform.

5.2. Design and Implementation of Equipment Predictive Maintenance Solutions Based on
Industrial Internet Platforms

The engineering issues of PEOMC reveal deficiencies in current enterprise equipment
maintenance management. Although the current workshop equipment is fully loaded and
fully connected to the cloud, timely detection and disposal have not been achieved because
of frequent unexpected shutdowns of equipment, such as five-axis vertical turning-milling
compound machining centres and CNC gear hobbing machines. To address these issues,
an overall solution for the predictive maintenance of production equipment in an engine
transmission unit manufacturing workshop is designed in accordance with the technical
route of “scenario external interface design-functional module extraction and combination
arrangement-information model design-industrial APP development and deployment” to
realize condition monitoring, fault early warning, and predictive maintenance of work-
shop equipment.

5.2.1. Standardized Definition of Interfaces for Predictive Maintenance Scenarios of
Production Equipment

With respect to the predictive maintenance scenario of production equipment in
the manufacturing workshop of aeroengine transmission units, in accordance with the
engineering practice requirements for the predictive maintenance of equipment in the
enterprise’s shaft and gear processing workshop, on the basis of the common elements of
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the interfaces of the PEOMC functional modules given in Section 3.1 and with reference to
the syntax specifications of IDEF0, this study standardizes the definition and description of
the supporting carriers, constraint conditions, input–output, and other external interfaces of
the equipment predictive maintenance scenario. These serve as the basis for the subsequent
extraction and combination of equipment operation management and control functional
modules, as shown in Figure 9.
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Figure 9. A-0 diagram of the predictive maintenance scenario for production equipment in the
aero-engine transmission unit manufacturing workshop.

5.2.2. Construction of a Functional Model for Predictive Maintenance Scenario of
Production Equipment

On the basis of the combination method of PEOMC functional blocks for specific
scenarios given in Section 4 and on the basis of the known external interfaces of the pre-
dictive maintenance scenario for production equipment in the manufacturing workshop
of aero-engine transmission units, functional modules that match the predictive mainte-
nance scenario are selected from the reference resource pool of production equipment
operation management and control functional modules provided in Section 3.3 of this
study. Specifically, these include seven functional modules: asset value evaluation, task
execution tracking, production process planning, operation status optimization, equipment
fault detection, equipment health assessment, and equipment maintenance disposal. These
modules are combined and arranged according to the business logic interaction relation-
ships between them to further complete the construction and function realization of the
equipment predictive maintenance scenario, as shown in Figure 10.

5.2.3. Construction of an Information Model for the Predictive Maintenance Scenario of
Production Equipment

On the basis of the idea of constructing an information model for production equip-
ment operation management and control in [24], we constructed information models for
each functional module in the scenario of predictive maintenance of production equipment
in a targeted manner. We then combined, deduplicated, and merged the seven constructed
information models of functional modules and finally constructed the overall information
model for the scenario of predictive maintenance of production equipment. Taking the
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“CNC gear hobbing lathe” as an example, the constructed information–entity relationship
network is shown in Figure 11.
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Figure 10. Functional model for predictive maintenance scenarios of production equipment in
aero-engine transmission unit manufacturing workshops.

5.3. Deployment and Performance Comparison Analysis of a Predictive Maintenance APP for
Production Equipment

On the basis of the results of the logical combination design of the functional model for
production equipment predictive maintenance scenarios described above, the enterprise
developed a predictive maintenance application (APP) for production equipment in an
aero-engine transmission unit manufacturing workshop and deployed it on the enterprise’s
industrial internet platform, realizing online monitoring of operation status, fault prediction
and early warning, as well as predictive maintenance of the production equipment in
the workshop.

To objectively evaluate the effectiveness of the aforementioned predictive maintenance
solution and clarify the attributes of performance improvement, this study designed a rigor-
ous comparative verification procedure. In terms of the comparison method, the workshop
management mode based on “traditional manual inspection and passive response” prior to
the application of the app was taken as the baseline method for before-and-after comparison.
In terms of experimental control, external environmental variables were strictly controlled
to ensure that conditions such as processing tasks, equipment scheduling schemes, core
process parameter requirements, and operator allocation in the workshop were consistent
during the comparative statistical period, thereby eliminating the interference of other
external factors.
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Figure 11. Information entity attributes of the equipment health assessment functional module (partial).

Under the above strict experimental control, in this study, a definite time window
for statistical verification with respect to three key indicators, namely, the production
equipment process capability index, MTTR, and OEE, was selected, and an attribution
analysis combined with the operation mechanism of the functional model was conducted.

Comparison of the production equipment process capability index: Based on the
production characteristics of the aero-engine transmission unit manufacturing workshop,
“day” is generally adopted as the statistical cycle to calculate the production equipment
process capability index, a key performance indicator. Seven consecutive working days be-
fore and after app deployment were selected for statistical comparison. The data show that
the average value of the production equipment process capability index in the workshop
increased steadily from 1.28 to approximately 1.60 after deployment. As shown in Figure 12
and supported by the functional model for equipment predictive maintenance scenarios,
especially the “equipment fault detection” functional module, the enterprise identified
abnormal equipment states in advance, which effectively improved the continuity and
stability of the production process.

Comparison of the MTTR of Production Equipment: To eliminate the impact of short-
term fluctuations, three-month periods before and after APP deployment were selected
as long-term statistical windows. As shown in Figure 13, the mean time to repair of
production equipment decreased significantly from 8 to 3 h. This is directly attributed to the
system-level linkage of the “equipment health assessment” and “equipment maintenance
disposal” functional modules in the functional model for equipment predictive maintenance
scenarios, which eliminates the previous pain points of isolated early warnings and delayed
platform response.
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Figure 12. Comparison of the process capability index of production equipment before and after the
implementation of the industrial APP for equipment predictive maintenance.
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Figure 13. Comparison of the average repair time for equipment failures before and after the
implementation of the industrial APP for equipment predictive maintenance.

Comparison of the OEE of Production Equipment: OEE refers to the product of
the equipment availability rate, performance rate, and product qualification rate during
the statistical period and is the ratio of the actual production capacity to the theoretical
production capacity of the production equipment. The production equipment process
capability index is positively correlated with the equipment performance rate and product
qualification rate. An increase in the equipment process capability index indicates that the
processing stability of the production equipment is continuously improved. The MTTR
of production equipment is inversely correlated with the equipment availability rate and
performance rate. A reduction in MTTR indicates that the equipment fault repair capability
is continuously enhanced.

The enterprise monitors the outcome-oriented performance indicator of “overall equip-
ment effectiveness” (OEE) on a daily basis to guide the optimal scheduling of workshop
processing tasks and equipment production arrangements. The OEE values of seven
consecutive working days before and after the deployment of the app were selected for
comparison, as shown in Figure 14. After the deployment and application of the equipment
predictive maintenance app, the average OEE of production equipment in the workshop
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increased from 56.43% to 68.57%. These results demonstrate that the application of the func-
tional model for equipment predictive maintenance scenarios significantly improved the
two key indicators, namely, the production equipment process capability index and mean
time to repair (MTTR), and contributed to a substantial increase in the OEE of production
equipment in the workshop.
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Figure 14. Comparison of the OEE before and after the implementation of the industrial APP for
equipment predictive maintenance.

In summary, the significant improvement in the performance of equipment operation
management and control in the workshop is not accidental but is directly attributed to the
functional model construction method proposed in this study. In particular, the precise cou-
pling of the four core modules—fault detection, health assessment, maintenance disposal,
and state optimization—at the underlying business logic level has successfully driven the
efficient operation of the predictive maintenance mechanism, thereby effectively enhancing
the continuity and stability of the production process in complex environments.

6. Conclusions and Future Works
To address the problems of poor collaboration, insufficient interaction, and inadequate

performance arising from the fact that the traditional operation management and control
functions of production equipment are scattered across all levels of the ISA95 five-layer
architecture, this study proposes an IDEF0-based hierarchical construction method for
the operation management and control functional model of production equipment, a
functional module combination and orchestration method for specific scenarios, and a
predictive maintenance scenario scheme design based on the industrial Internet platform to
support the flexible construction of diversified and personalized scenarios for production
equipment operation management and control. The main contributions of this study are
as follows:

(1) To address the limitation that traditional operation management and control models
of production equipment rely heavily on manual experience, a knowledge-driven
adaptive construction idea for functional models is proposed. Guided by the IDEF0
method, this paper innovatively constructs an integrated reference framework for
the operation management and control functional model of production equipment,
covering equipment asset management, application management, and maintenance
management. Through an in-depth analysis of international standards related to pro-
duction equipment operation management and control, layer 1 and layer 2 functional
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modules are identified and obtained layer by layer in a top-down and hierarchical
decomposition manner. Standard texts are used as engineering practice resources
for domain knowledge mining of production equipment operation management and
control, and a systematic and comprehensive reference resource pool for layer 3 func-
tional modules is constructed through text topic clustering, which can guide the
generalized, standardized, and service-oriented encapsulation of functional activities
for production equipment operation management and control.

(2) Based on the constructed reference resource pool for the operation management and
control functional model of production equipment, in this study, interface matching,
traversal screening, and logical combination strategies for functional modules around
the operation management and control requirements of production equipment in
specific scenarios are designed to support the scenario construction and function
realization of production equipment operation and control and to effectively address
the challenges posed by the diversity of scenarios and control objectives of production
equipment operation and control.

(3) To address low OEE in the aero-engine transmission unit manufacturing workshop
of an enterprise, this study applies the proposed construction and implementation
method of the equipment operation management and control functional model and
designs an overall solution for workshop equipment predictive maintenance based on
an industrial Internet of Things platform. The results of the rigorous empirical com-
parison demonstrate that the research findings significantly improve the production
equipment process capability index and OEE of the enterprise and reduce the MTTR.
These detailed quantitative engineering indicators not only verify the effectiveness
and rationality of the proposed method but also fully demonstrate the great applica-
tion potential and extensive value of the research findings in solving pain points in
complex industrial scenarios and enabling manufacturing enterprises to reduce costs
and increase efficiency.

Because the research method proposed in this study has primarily been applied in
engineering practice within the discrete manufacturing industry, its application value has
not been fully demonstrated. In future work, the method will be extended and applied to
process manufacturing industries such as metallurgy, iron and steel, and petrochemical
engineering, and extensive practical verification will be conducted in more complex sce-
narios, including cross-regional equipment collaborative scheduling, remote equipment
operation and maintenance, and shared manufacturing.

In addition, with respect to the general functional model construction and application
method for production equipment operation management and control proposed in this
study, a set of semantic specifications for production equipment operation management
and control functional models is summarized and refined, which is conducive to large-scale
application, promotion, and supporting modelling tools are developed accordingly.
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