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Highlights

Please indicate how your work links to systems science via your contributions to systems

practice, theory, and/or methodology.

* An MBSE-driven digital twin framework combines a four-layer architecture and a
collaboration-oriented SysML Profile to support structured and traceable
cross-phase management.

* Semantic enhancement enables runtime state synchronization, cross-phase impact rea-
soning, and adaptive decision support under development disturbances.

What are the main findings and/or the implications of the main findings?

* Demonstrates a feasible engineering pathway from perceptive digital twins toward
reasoning-enabled collaborative decision support while retaining human involvement
in management decisions.

¢ Shows that semantic reasoning can propagate disturbance impacts across development
phases and translate them into decision-ready constraints, supporting adaptive cross-
phase collaborative management.

Abstract

Cross-phase collaborative management in complex product systems (CoPS) development
is inherently challenged by heterogeneous organizational coupling and stochastic distur-
bances. Although digital twin (DT) and model-based systems engineering (MBSE) technolo-
gies provide foundations for physical-virtual synchronization and model traceability, exist-
ing approaches remain fragmented in three respects: insufficient requirements-traceable
architectural integration, limited cross-phase semantic interoperability and runtime evolu-

tion, and weak operational links between semantic reasoning and adaptive decision models.
W) Check for updates

To address these gaps, this paper proposes an MBSE-driven digital twin framework with
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distributed under the terms and constraints for adaptive management. A case-based prototype for aero-engine turbofan
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disturbance scenarios. The results indicate a feasible engineering pathway from perceptive
DT functions toward reasoning-enabled collaborative decision support.

Keywords: collaborative management; digital twin; model-based systems engineering
(MBSE); knowledge-driven; systems modeling language (SysML)

1. Introduction

Complex product systems (CoPSs), exemplified by aerospace engines and heavy-duty
gas turbines, represent capital-intensive assets where development management efficiency
attracts critical attention [1]. Unlike mass production, the development of these systems
necessitates intricate collaboration among heterogeneous organizations across design,
manufacturing, and testing phases. However, this coupled process is inherently subject
to stochastic disturbances, including design changes, test failures, and resource shortages,
which often trigger cascading delays throughout the entire value chain [2]. Traditional
management systems lack the capability to autonomously perceive real-time physical
disturbances or dynamically reconfigure cross-phase resources, functioning primarily in an
offline and open-loop mode [3].

Digital twin (DT) technology has emerged as a transformative paradigm for achieving
cross-phase collaboration and whole-process management [4]. By establishing a holistic,
dynamic virtual mapping of physical entities, this technology lays the technical foundation
for real-time perception, virtual-physical interaction, and closed-loop intelligent decision-
making [5]. Nevertheless, the majority of studies focus on isolated technical issues such as
equipment-level monitoring [6] or specific process simulations [7], lacking a layered and
modular design for the overall system architecture [8]. This structural deficiency prevents
integrating isolated modules—from perception to decision support—into a coherent closed
loop, leaving the system unable to adapt autonomously to real-time physical disturbances.
For example, a blade design revision may be recorded in the design environment as an up-
dated CAD model, while downstream manufacturing and testing systems require explicit
information about affected activities, precedence relations, resource states, and execution
conditions. Without a common cross-phase representation and runtime propagation mech-
anism, the implications of the same change may be interpreted inconsistently and may not
be translated into updated scheduling constraints.

To address this structural fragmentation, model-based systems engineering (MBSE)
provides a rigorous foundation for constructing standardized system architectures [9].
MBSE formally represents system requirements, functions, components, interfaces,
and their dependencies within an interconnected model, thereby providing a common
architectural reference for defining module responsibilities, data exchanges, and interface
contracts. This formal integration enables heterogeneous DT modules to be developed
against a consistent system definition and reduces module isolation [10]. Moreover, lifecy-
cle traceability links stakeholder requirements with architectural elements, implementation
artifacts, and verification evidence, allowing design-time changes to be traced across model
artifacts and inconsistencies to be identified during system development and evolution [11].

However, MBSE alone primarily provides architectural coherence and design-time
traceability, while conventional MBSE models remain phase-independent and largely static
during execution. The application to DT-enabled cross-phase collaborative management
still faces fundamental disconnects in both spatial and temporal dimensions. The preceding
scenario reveals these two disconnects. In this study, spatial semantic heterogeneity refers
to inconsistent representations and interpretations of cross-phase collaborative information,
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including tasks, resources, materials, disturbances, and constraints, across organizational
and lifecycle boundaries [12]. It concerns whether heterogeneous participants can interpret
the collaborative implications of the same engineering change consistently. The temporal
semantic gap refers to the inability of static architectural models to remain synchronized
with runtime changes and to use updated model states for decision support. It concerns
whether an identified disturbance can update affected task and resource states, propagate
through cross-phase dependencies, and be converted into constraints that a scheduling
model can process. Existing studies have improved lifecycle information continuity [12]
and runtime adaptation under unexpected conditions [13]. However, the integration of
these capabilities into a cross-phase mechanism that propagates runtime impacts and
generates decision-ready constraints remains insufficiently developed.

Consequently, this work proposes a digital twin framework with semantic enhance-
ment for cross-phase collaborative management in the development of CoPS. Grounded in
the MagicGrid methodology of MBSE, the framework follows a systematic top-down pro-
cess to guide the transition from the problem domain to the solution domain. First, a stan-
dardized four-layer architecture is constructed as the core solution to meet the identified
collaborative requirements, encompassing physical-virtual mapping, semantic reasoning,
decision support, and service interaction. On this architectural foundation, two comple-
mentary mechanisms are introduced. A collaboration-oriented SysML profile standardizes
the representation of cross-phase collaborative information, while a knowledge-driven
adaptive collaboration mechanism synchronizes runtime states, propagates disturbance
impacts, and transforms reasoning results into executable inputs for the decision support
layer. The primary contributions of this work are summarized as follows:

¢ A standardized DT architecture: Based on the MagicGrid methodology of MBSE, we
proceed from the problem domain to design a four-layer architecture within the solu-
tion domain. This architecture integrates physical-virtual mapping, semantic reason-
ing, decision support, and service interaction to overcome structural fragmentation.

* A collaboration-oriented SysML profile: To mitigate collaboration-level spatial seman-
tic heterogeneity, we develop a cross-phase extension of SysML that standardizes
the representation of tasks, resources, materials, disturbance events, and decision
constraints across participating organizations.

* A knowledge-driven adaptive collaboration mechanism: To bridge the runtime model-
decision disconnect, we integrate ontologies, reasoning rules, and decision strategies
to synchronize dynamic states, infer cascading impacts, and generate quantifiable
logic constraints for closed-loop adaptation.

*  System instantiation and verification: We instantiated the proposed framework for an
aero-engine turbofan blade development scenario to validate its feasibility, demon-
strating the capability to operationalize closed-loop adaptation and effectively mitigate
cross-phase uncertainties.

2. Literature Review

This section reviews the theoretical foundations of DT, MBSE, and ontology-driven
reasoning, concluding with a gap analysis that motivates the proposed framework.

2.1. Digital Twin for Product Development

The DT concept, tracing back to Grieves’s proposal in 2002 [14] and formally defined
by ISO 23247 [15], characterizes physical entities and processes through virtual-physical
synchronization [16]. By integrating heterogeneous data and models, DT provides a
technical foundation for lifecycle collaboration, state monitoring, and closed-loop decision
support [17,18].
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Existing studies have investigated DT applications across different lifecycle phases.
In the design phase, DT-driven product design frameworks have been developed to support
iterative design analysis and engineering decision-making [19]. Integrated DT frameworks
have also been proposed to connect complex-product design with manufacturing activi-
ties [20]. In the manufacturing phase, DT workshop architectures provide a foundation
for virtual-physical integration and shop-floor management [21]. DT-enabled job-shop
scheduling and adaptive workflow management have been used to respond to production
disturbances and operation reworking [22,23]. Other studies have explored DT composition
and operational-strategy adjustment under unexpected manufacturing conditions [13,24].
DT-based anomaly detection and predictive monitoring have also been investigated for
manufacturing equipment and processes [25,26]. In the testing phase, DT-based virtual
testing has been applied to autonomous vehicles [27], while DT-assisted state reconstruction
methods have supported the monitoring of complex testing processes [28]. Collectively,
these studies demonstrate the value of DT within individual lifecycle phases or bounded
operational contexts. However, cross-phase collaboration requires information, model rela-
tionships, and disturbance impacts to remain interpretable across design, manufacturing,
and testing boundaries.

To support such connectivity, recent research has explored standardized lifecycle
infrastructures, particularly the Asset Administration Shell (AAS) and Digital Thread. AAS
represents industrial assets through standardized metamodels, submodels, semantic identi-
fiers, and service interfaces, thereby facilitating information exchange and interoperability
among heterogeneous systems and lifecycle applications [29,30]. Digital Thread approaches
establish persistent links among authoritative data, engineering models, and change records
across lifecycle stages, supporting information continuity, traceability, and change man-
agement [31,32]. Recent studies have further connected AAS-based semantic DTs with
scheduling modules, demonstrating that standardized asset representations can serve as
an integration backbone for dynamic production applications [33].

Taken together, AAS and Digital Thread provide important foundations for cross-
phase DT integration through standardized representation, information exchange, and life-
cycle traceability. These infrastructures can support downstream reasoning and scheduling
applications, but they do not by themselves specify the collaboration logic required to
interpret runtime disturbances across design, manufacturing, and testing. It therefore
remains insufficiently addressed how detected changes should update cross-phase task
and resource states, propagate through lifecycle dependencies, and be operationalized as
inputs for adaptive decision-making.

2.2. MBSE and Its Application for Digital Twin

MBSE is the formalized application of modeling to support system requirements,
design, analysis, verification, and validation activities from conceptual design through later
lifecycle phases [34]. Compared with text-based systems engineering, which relies heav-
ily on documents and may introduce ambiguities and traceability difficulties [35], MBSE
organizes requirements, functions, structures, behaviors, and interfaces through intercon-
nected models. This integrated representation improves model consistency and reduces
ambiguity [36]. It also supports information traceability and model reuse during complex
system development [37]. In practice, MBSE is implemented through the coordinated
use of methodologies, modeling languages, and modeling tools to support the systematic
construction of complex system architectures [38]. An MBSE methodology defines the
principles, processes, and modeling steps used to address an engineering problem [39]. It
generally guides system development from requirement elicitation and definition through
architecture design and detailed design to verification, following a logic consistent with
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the V-model [8]. MagicGrid provides one representative methodology for structuring this
progression and maintaining relationships among requirements, architecture, and imple-
mentation models [40]. Within an MBSE methodology, SysML serves as a general-purpose
systems modeling language for formally representing system requirements, structure,
behavior, and parametric relationships [41]. Its standardized syntax and explicit model
relationships help stakeholders maintain a consistent understanding of the system.

Existing MBSE-DT research can be organized around three main functions: lifecycle
framing, systematic DT construction, and runtime model operation. Madni et al. framed
DT as an overarching extension of MBSE and emphasized the role of formal models in
maintaining lifecycle consistency and supporting simulation and analysis. However, their
work primarily established a conceptual vision rather than an implemented mechanism
for disturbance-driven process adaptation [42]. At the methodological level, MBSE has
been used to organize DT requirements, functions, architectures, and implementation
models [8], while standards-informed approaches have guided the systematic engineering
of manufacturing DT systems [43]. These studies reduce model fragmentation and im-
prove architectural consistency, but mainly focus on DT definition and construction. Other
studies have extended MBSE-DT integration toward model heterogeneity, reconfiguration,
verification, and runtime operation. Zhang et al. introduced heterogeneous model inte-
gration, variant management, and model reconfiguration for industrial robot DTs, thereby
providing configuration-level dynamism [44]. Collaboration between system and multi-
physics DT models has supported requirements verification and architecture trade-off [45].
Executable MBSE specifications have further enabled digital continuity, runtime simulation,
system monitoring, and operational-state feedback [46], while bidirectional connections
between SysML models and physical systems have supported runtime model updating
and model-based testing [47].

Taken together, existing MBSE-DT studies have progressed beyond static architec-
tural definition by supporting model configuration and reconfiguration [44], as well as
executable models and physical-virtual synchronization [46,47]. However, these capabili-
ties primarily concern the construction, execution, and updating of DT models; they do
not by themselves specify how synchronized runtime information should be represented
as collaboration-level states, interpreted against cross-phase dependencies, and opera-
tionalized for adaptive decision-making. Consequently, a unified and MBSE-traceable
mechanism linking runtime state updates with disturbance interpretation, impact prop-
agation across design—-manufacturing—testing processes, and decision-ready constraint
generation remains insufficiently developed.

2.3. Ontology-Driven Reasoning for Product Development Management

In DT-enabled complex product development, ontology-driven reasoning provides
machine-interpretable representations of tasks, resources, materials, requirements, and run-
time states, enabling engineering models and operational data to be connected through
explicit semantic relationships and rules. One research stream operationalizes engineering
models by translating semantic knowledge into executable or reconfigurable logic. Ontol-
ogy reasoning has been used to map SysML designs to IEC 61499 control implementations
for automatic control-code generation [48]. OWL-based representations have supported
the dynamic reconfiguration of IoT control software [49], while SPARQL-based reasoning
has enabled manufacturing-control reconfiguration under environmental disturbances [50].
Semantic descriptions of products, resources, skills, and environments have also been used
to generate assembly plans and executable robot programs [51].

A second research stream applies semantic relationships and rules to dependency
and impact reasoning. SysML-linked knowledge graphs have been used to identify fault-
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propagation paths and reliability risks [52], while semantic rules have supported the analy-
sis of requirement-change impacts on downstream architecture elements [53]. Semantic
capability models have further matched changed manufacturing demands with resources,
supply-chain alternatives, and business constraints, supporting coordinated responses to
disruptions [54]. These studies extend semantic reasoning from knowledge representation
toward runtime state assessment, impact identification, and response-option generation.

A third research stream couples semantic models with scheduling, optimization,
and industrial decision support. An AAS- and ontology-based semantic DT has been
connected with a simulation-based scheduler for dynamic production scheduling [33].
A knowledge-driven DT that uses semantic knowledge to drive geometric and deci-
sion models has been implemented in an aircraft manufacturing company [55]. Man-
ufacturing knowledge graphs and graph-neural-network reasoning have also supported
machining-process decisions [56], while NGSI-LD-based semantic models have been con-
nected with agent-based optimization modules across machining, assembly, and inspection
processes [57].

These studies confirm that semantic reasoning can support adaptive planning, schedul-
ing, and industrial decision-making. However, the reviewed implementations are predomi-
nantly designed for specific production processes or bounded decision scenarios, and the
mapping from semantic inferences to decision variables and constraints remains tied to
the target application. A reusable and MBSE-traceable interface for propagating runtime
impacts across design—-manufacturing—testing dependencies and transforming them into
executable decision inputs therefore remains insufficiently developed.

2.4. Knowledge Gaps and Motivations

Despite progress in DT, MBSE, and knowledge engineering, their capabilities remain
fragmented when applied to cross-phase collaborative management. Table 1 compares the
representative approaches reviewed above and summarizes the remaining requirements.

As summarized in Table 1, phase-specific DT applications have established monitor-
ing, simulation, diagnosis, and adaptation capabilities within individual lifecycle stages,
while AAS and Digital Thread approaches have improved standardized representation,
information exchange, lifecycle connectivity, and traceability. MBSE-based DT studies have
further supported systematic architecture definition, model integration, reconfiguration,
execution, and physical-virtual synchronization. Ontology- and knowledge-graph-based
methods enable semantic inference and impact analysis, and semantic scheduling ap-
proaches demonstrate that such knowledge can support optimization and decision-making.
However, these capabilities are commonly distributed across separate solutions rather than
integrated into a continuous cross-phase management mechanism.

Three connected gaps therefore remain. First, an architectural integration and traceabil-
ity gap persists because physical-virtual mapping, semantic reasoning, decision support,
and service functions are not generally organized within a common requirements-traceable
system definition. Second, a cross-phase semantic interoperability and runtime evolution
gap remains because standardized connectivity and model synchronization do not au-
tomatically ensure consistent representations of collaborative tasks, resources, materials,
disturbances, dependencies, and evolving runtime states. Third, a reasoning-to-decision
operationalization gap remains because inferred states and impacts often require process-
specific or solver-specific mappings before they can be expressed as decision variables,
boundaries, objectives, and constraints. The first two gaps make the third more difficult by
depriving downstream decision modules of traceable architectural context and consistent
cross-phase semantics. Nevertheless, resolving architectural and semantic fragmentation
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alone is insufficient, because an explicit interface is still required to transform inferred
impacts into executable decision inputs.

Table 1. Comparison of related approaches.

Approach

Main Contribution

Remaining Gap for
Cross-Phase Collaboration

Required Advancement

Phase-specific DT
applications [19,22,25]

Monitoring, simulation,
diagnosis, and adaptation
within individual lifecycle
phases

Cross-phase dependencies
and propagated
disturbance impacts are
typically not the primary
focus

A requirements-traceable
architecture for
design-manufacturing-
testing collaboration

AAS-based integration
[29,30]

Standardized asset models,
semantic submodels,
identifiers, and interfaces

Standardized
representation does not
automatically support
collaboration-specific
reasoning and decision

mapping

Collaboration-specific
semantics and cross-phase
dependency reasoning

Digital Thread approaches
[31,32]

Lifecycle information
continuity, model linkage,
traceability, and change
management

Lifecycle connectivity is
not necessarily
operationalized for
runtime reasoning and
adaptive decisions

Operationalization of
lifecycle links for runtime
impact propagation and
decision support

Existing MBSE-based DT
frameworks [8,42-44,47]

Architecture definition,
model integration, variant
management, traceability,
and physical-virtual
synchronization

Runtime functions mainly
address model updating,
verification,

or reconfiguration within
specific systems

Runtime semantic
evolution and cross-phase
impact reasoning within a
traceable architecture

Ontology- and
knowledge-graph-driven
reasoning [50,52-54]

Semantic representation,
rule-based inference, state
assessment, and impact
analysis

Inferred results often
require application-specific
mappings for use in
decision models

A typed interface between
semantic inference and
decision models

Semantic scheduling and
optimization [33,55-57]

Semantic support for
disruption response,
dynamic scheduling,
optimization, and
decision-making

Decision variables and
constraints are often
predefined or
process-specific

Runtime derivation of
decision inputs and
constraints from
propagated impacts

Accordingly, this study is motivated to develop an integrated approach that closes
these gaps in a coordinated manner. Such an approach should provide a requirements-
traceable architecture linking physical-virtual mapping, semantic reasoning, decision
support, and service interaction. It should also establish consistent representations and
runtime evolution mechanisms for cross-phase collaborative information, including tasks,
resources, materials, disturbances, dependencies, and states. Finally, an explicit reasoning-
to-decision interface is needed to transform inferred states and propagated impacts into
executable decision inputs and constraints. These requirements provide the motivation
and design basis for the framework introduced in the following section.

3. Proposed System Architecture and SysML Profile
3.1. The MagicGrid Methodology and V-Model Alignment

To ensure the rigorous development of the DT architecture, this study adopts the
MagicGrid methodology. As depicted in the systems engineering V-model in Figure 1,
the development of the system requires a symmetrical process of top-down decomposition
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and bottom-up verification. MagicGrid operationalizes this philosophy by structuring the
modeling process into three hierarchical layers: problem, solution, and implementation,
as shown in Figure 2. By leveraging this formalized derivation, the proposed approach
replaces ambiguous textual descriptions with standardized SysML models, effectively
transforming the system architecture from a conceptual sketch into a computable blueprint.
This alignment ensures complete traceability, guaranteeing that the instantiated system is
strictly verified against the initial stakeholder requirements.

Problem ' ¢ \ Stakeholder Needs Analysis\ / Requirement validation /
. [¢)
domain Sy 8§
’%- Requirement analysis \ / System verification / 3
2 S
® . ; ; . &
) ) Logical Architecture Design Integrated verification
Solution & .-1
domain Y - - \.o / P g
A Detailed Design Component verification S
o, \/ g
> <)
mpl on & g
mplementation . S
pic ° \ Implementation of software and hardware / ~
domain
Figure 1. Methodological alignment between MagicGrid and the systems engineering V-model.
[ Behavior ] [ Structure ]
B2: B3: B4: Measurement
Problem Black box B1-W1: Usecase | ------ > | System context of effectiveness
. Stakeholder
domain White box needs W2: W3: W4: Measurement of
Functional analysis Logic subsystem effectiveness for subsystem
2
Subsystem SS1: Subsystem SS2: Subsystem SS3: SS4:Subsystem
Solution level requirements behavior System structure parameters
domain Component C1: Components C2: Component C3: Component C4: Component
level requirements behavior structure parameters
State synchronization .
Tmple jon [ Physical :> . ' Fr?mework archlte(?tgre '
q Physical-Virtual Semantic Decision Support Service
domain world <— - : _ _ r
. Gateway Layer Reasoning Layer Layer Interaction Layer
Decision support

Figure 2. Adaptation of the MagicGrid methodology for the proposed framework.

3.2. Stakeholder Needs and Requirements

In the problem domain, the operational boundaries and performance goals are defined
based on stakeholder needs. As the primary stakeholder, the overall project manager
requires a system capable of managing cross-phase uncertainties and maintaining systemic
adaptability. Figure 3 synthesizes the high-level stakeholder needs.

To operationalize these needs, the system context is modeled in Figure 4. The target
collaborative system functions as a centralized hub, interacting with three heterogeneous
physical phases: design, manufacturing, and testing. However, the integration of these
disparate sources faces a critical challenge: the lack of a unified system structure to manage
data flow from physical perception to closed-loop decision support. Consequently, a stan-
dardized layered architecture is first established to define the functional skeleton of the
system, followed by the construction of tailored engineering semantic models to support
its cross-phase implementation.
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req [Package] 1. Requirement [ [Es|Overall project manager] J

«requirement»
Requirement of Overall Project Manager

id="1"
text="The global controller and primary decision-maker
managing cross-domain complexity for the entire project”

T D

«requirement» «requirement» «requirement»
Unified Process Visibility Dynamic State Synchronization Closed-loop Decision Support
id="1.1" id="1.2" id="1.3"
text="Establish a unified, real-time text="Dynamically synchronize text="Orchestrate interdependent
observational window across design, virtual models with physical changes cross-domain constraints to generate
manufacturing, and testing silos." to ensure strict temporal fidelity." adaptive management strategies."

Figure 3. Stakeholder needs analysis definition (B1-W1).

bdd [Package] 3. SystemContext [ OveralIDevelopmentManagementProcess] J

«block»
Overall Development Management Process

Ti}

«block» «block» «block» «block»
Physical Development Process Data Collector Collaborative System Overall Project Manager
[}
«block» «block» «block»
Physical Design Process Physical Manufacturing process Physical Testing Process

Figure 4. System context and operational boundary definition (B3).

3.3. The Layered Logic Architecture

In the solution domain, a four-layer architecture is established to organize the capabili-
ties required for an end-to-end cross-phase collaboration loop, including physical-virtual
mapping, semantic reasoning, adaptive decision support, and service interaction. As illus-
trated in the SysML block definition diagram in Figure 5, the architecture formally defines
the system composition and the specialized modules within each layer.

bdd [Package] 2. Structure [ CoIIaborative System] J

«block»
Collaborative System
DTCS
PVG SRL DSL SIL
«block» «block» «block» «block»
Physical-Virtual Gateway Layer Semantic Reasoning Layer Decision Support Layer Service Interaction Layer
parts parts parts parts

FMM : FormalMappingModule KM : KnowledgeModule SPM : StatePredictionModule VM: VisualizationModule
DIM : DatalngestionModule RM: ReasoningModule PAM : ProactiveAdaptationModule QM: QueryingModule

SyM : SynchronizationModule RAM : ReactiveAdaptationModule

(OCM : OntologyConstructionModule SiM : SimulationModule

Figure 5. SysML BDD of the framework’s layered logic architecture (SS3-1).

Compared with generic Edge-PaaS-Saa$S architectures that primarily organize device
connectivity, platform capabilities, and user applications, the proposed four-layer archi-
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tecture is organized according to the management process required to respond to runtime
disturbances across design, manufacturing, and testing. The comparison is summarized
in Table 2. Its MBSE-driven characteristic is reflected in the derivation and formal defi-
nition of layer responsibilities, internal modules, and interfaces through the MagicGrid
process and SysML models. Its semantic-enhanced characteristic is reflected in the use of
collaboration-specific information representations, ontology-based state synchronization
and impact reasoning, and the explicit transformation of reasoning results into decision
inputs. The distinction is therefore reflected in both the specialized functions within the lay-
ers and the interaction mechanism between them, particularly the continuous connection
from physical information and semantic interpretation to adaptive decision-making.

Table 2. Comparison between generic Edge-PaaS—SaaS architectures and the proposed four-layer
functional architecture.

Comparison Aspect

Generic Edge-PaaS-SaaS
Architecture

Proposed Four-Layer Functional
Architecture

Primary organizing concern

Device connectivity, platform
capabilities, and application-service
delivery

End-to-end collaborative management
across design, manufacturing,
and testing

Layer responsibilities

Data acquisition and preprocessing,
platform computing and data services,
and user-facing applications

Physical-virtual mapping, semantic
state synchronization and impact
reasoning, adaptive decision support,
and service interaction

Inter-layer information

Device data, platform messages, API
requests, and application results

Typed task, resource, material, event,
semantic-state, decision-constraint,
and decision-result objects

Reasoning-to-decision connection

Defined according to the requirements
of individual applications

Inferred states and propagated impacts
are explicitly transformed into
LogicConstraint inputs for

decision models

Engineering traceability

Determined by the modeling and
implementation method adopted for
the target system

Stakeholder needs, requirements, layer
functions, internal modules, interfaces,
and validation evidence are linked
through the MagicGrid and

SysML models

Adaptive collaboration loop

Constructed within individual
applications when required

Physical mapping—semantic
reasoning—constraint
generation—adaptive
decision—service interaction

3.3.1. Hierarchical Structural Definition

The physical-virtual gateway functions as the bottom-level data foundation, enabling
the connectivity required by upper-level requirements. By employing a data ingestion
module to handle heterogeneous protocols and a formal mapping module to execute the
synchronization mechanism, this layer transforms raw signals into standardized instances.
This data standardization process is a prerequisite for achieving unified process visibility
and provides the necessary real-time input stream for the upper layers.

Above the gateway, the semantic reasoning layer constructs the DT context that bridges
data and decisions. The ontology construction module maintains static knowledge, while
the synchronization module updates entity states based on real-time data streams. This
layer does not function in isolation but collaboratively supports dynamic state synchro-
nization by ensuring semantic consistency. Furthermore, the reasoning module provides
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the inferential basis required to identify hidden logic constraints, such as implicit resource
conflicts, which are invisible to traditional monitoring systems.

The decision support layer serves as the computational core, leveraging the semantic
state provided by the reasoning layer to execute the predictive and adaptive management
loop. The state prediction module assesses probabilistic risks such as potential delays,
while the proactive and reactive adaptation modules generate cross-phase management
strategies. The effectiveness of these decision models relies on the high-fidelity state data
from the lower layers, ensuring that collaborative decisions are grounded in physical reality.

Finally, the service interaction layer functions as the integrated interface where the
functionalities of all underlying layers converge. Through the visualization and querying
modules, the layer aggregates raw data, semantic states, and scheduling schemes into
user-friendly dashboards. This design culminates in the realization of unified process
visibility and provides the human-in-the-loop interaction capabilities necessary to validate
and enact the collaborative scheduling results.

3.3.2. Inter-Layer Interaction Mechanism

To formalize the information exchange that drives the adaptive collaboration loop,
the SysML internal block diagram is presented in Figure 6. The diagram defines the ports,
information flows, and interface objects connecting the four layers. The collaboration-
specific information types shown in Figure 6 are formally specified through the SysML
Profile in Section 3.4.

ibd [Block] Collaborative System [ Collaborative System]

J

MappedDataOut MappedDataln
PVG : Physical-Virtual Gateway Layer SRL : Semantic Reasoning Layer
>
TaskPacket,
RawData ResourceState, -
RawDataln EventOut MaterialPacket twinSceneOut

VisaulizationResult

Eventin $

ContextEvent

DigitalTwinScene,
LogicConstraint

DSL : Decision Support Layer
DecisionResult

iy <

DecisionOut

SIL : Service Interaction LayerlJ_‘

visualizationOut Decisionln twinSceneln

Figure 6. SysML IBD defining cross-layer data interactions and flows (SS3-2).

Regarding physical data ingestion and mapping (PVG — SRL), the Data Ingestion
Module receives heterogeneous operational records and event streams from the design,
manufacturing, and testing phases and performs basic protocol and format processing.
The Formal Mapping Module then organizes and validates the processed records according
to the SysML Profile. The resulting task, resource, and material instances are transmitted to
the SRL through the MappedData interface, while detected disturbances are transmitted as
ContextEvent signals.

Within the SRL, the MappedData received from the PVG enters the Ontology Con-
struction Module through the ProcessedInitialData port. The OCM transforms these inputs
into EntityData, including ontology individuals, properties, and relations, and transmits
them to the Synchronization Module. The SyM maintains the current runtime states and
passes the relevant IndividualData to the Reasoning Module when attributes or depen-
dency relationships change. The ReM applies the rules retrieved from the Knowledge
Module and returns the resulting ReasonedData to the SyM, as detailed in Figure 7.
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Figure 7. IBD of the SRL (C3-1).

Regarding reasoning-to-decision interaction (SRL — DSL), the synchronized scene
generated by the SyM is exposed at the SRL boundary as the DigitalTwinScene. In addition,
restrictions and propagated impacts identified by the reasoning process are packaged as
decision-constraint objects, denoted as LogicConstraint and formally defined in Section 3.4.
The DigitalTwinScene describes the current task, resource, material, and dependency
states, whereas the decision constraints specify the affected subjects and the corresponding
operational restrictions. The DSL therefore receives a decision problem that has already
been updated according to the semantic reasoning results, rather than directly processing
raw physical data.

Finally, regarding decision execution and service interaction (DSL — SIL), the DSL
invokes the appropriate proactive or reactive adaptation strategy based on the Digital Twin-
Scene and the reasoning-derived constraints. The generated scheduling and simulation
results are encapsulated in a unified DecisionResult, which is transmitted to the SIL through
the ResultVisualization interface for visualization, querying, and human confirmation.

3.3.3. Structural Requirement Traceability and Verification

A critical tenet of MBSE is the verifiable alignment between the problem domain and
the solution domain. To strictly validate the logical consistency of the proposed framework,
a traceability analysis was performed, as presented in the satisfaction matrix in Figure 8.
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Figure 8. Requirement satisfaction matrix for architectural verification.
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Regarding the requirement for bridging information silos (Req 1.1), the architecture
establishes the necessary foundation as indicated in the first row. Specifically, the matrix
demonstrates that the physical-virtual gateway achieves data normalization through the
TaskPacket definition, while the service interaction layer enables interactive data retrieval
via the querying module. Furthermore, the traceability links validate the event-driven
nature of the system (Req 1.2). The design explicitly maps physical disturbances to Con-
textEvent signals, which are captured by the formal mapping module and subsequently
propagated by the synchronization module to update the DigitalTwinScene in real-time.
Finally, the matrix confirms the realization of closed-loop decision support (Req 1.3). The de-
sign grounds the decision support layer in tailored engineering rules. By feeding the
decision models with semantically derived LogicConstraint objects rather than raw data,
the framework ensures that the generated DecisionResult is both computationally derived
and semantically valid.

3.4. Collaboration-Oriented SysML Profile

To resolve the spatial semantic heterogeneity among participating units, we construct
a tailored cross-phase SysML Profile. The Profile extends selected SysML metaclasses
through stereotypes, tagged values, and constraints, thereby providing a common rep-
resentation of the information exchanged across the design, manufacturing, and testing
phases. Rather than attempting to represent every domain concept throughout the complete
lifecycle of a complex product system, the Profile defines a core set of five stereotypes
according to their roles in the cross-phase collaboration loop. These stereotypes are or-
ganized into two functional groups: collaborative entity representations and dynamic
interaction mechanisms.

As summarized in Table 3 and formally specified in Tables 4 and 5, TaskPacket,
ResourceState, and MaterialPacket represent the three primary types of managed infor-
mation required for collaborative task execution: process activities, execution capabilities,
and material inputs. They provide normalized representations of task properties and
dependencies, heterogeneous resource states and capabilities, and material availability
and quality conditions. The other two stereotypes define the dynamic interaction mecha-
nisms of the collaboration loop. ContextEvent represents runtime disturbances that trigger
state updates, impact propagation, or dependency changes. LogicConstraint encapsulates
reasoning-derived restrictions as explicit and machine-processable inputs to the decision
support layer, thereby allowing decision models to use the reasoning results without di-
rectly querying the complete ontology graph. Together, the five stereotypes cover the core
information chain from cross-phase state representation and disturbance perception to
reasoning-to-decision interaction.

The five stereotypes are considered functionally sufficient for the scope of this study
because they support the information required for cross-phase task execution, resource and
material readiness, disturbance representation, semantic impact reasoning, and reasoning-
to-decision interaction. This sufficiency refers to the mapping-synchronization-reasoning—
decision loop demonstrated in this study; the Profile is not intended to constitute an
exhaustive lifecycle metamodel for all complex product system domains.

Quality- and risk-related information is partially represented in the current core
Profile. Material quality conditions are captured by MaterialPacket.qualityStatus, while
task uncertainty and event criticality are represented by TaskPacket.uncertaintyFactor and
ContextEvent.severityLevel, respectively. More detailed quality standards, risk states,
cost parameters, configuration versions, or compliance requirements may be introduced
as domain-specific stereotypes and linked to the existing core types when required by a
particular application.

https:/ /doi.org/10.3390/systems14091041


https://doi.org/10.3390/systems14091041

Systems 2026, 14, 1041

14 of 34

Table 3. Coverage of cross-phase information requirements by the core SysML profile.

Cross-Phase Information
Requirement

Profile Stereotype Representative Attributes

Role in the Collaboration Loop

Task identity, duration, priority,

taskID, plannedDuration,

Process-topology representation,

and dependency TaskPacket priorityLevel, predecessorID task St.a te synchromzat} on, and
delay-impact propagation
- . . . Resource-feasibility evaluation,
Resource availability and execution resourcelD, category, isAvailable, . .
- ResourceState . capability matching, and
capability healthIndex, capabilitySet ) T .
disruption-impact analysis
Material availability and quality . materiallD, arrivalStatus, Mate?lgl rgadlness evaluation and
MaterialPacket . . identification of downstream
state qualityStatus, quantity .
supply constraints
. . . . Triggering runtime state updates,
Runtime disturbances and their eventID, eventType, impactScope, . .
ContextEvent . . . impact propagation, or
affected scope validDuration, severityLevel
dependency-topology changes
. . .. triggerEvent, targetSubject, Transferring inferred restrictions to
Reasoning-derived decision . . . . . . .
LogicConstraint boundaryExpression, policyType,  scheduling, simulation,

boundaries

penaltyFactor

and optimization models

Table 4. Formal specification of core collaborative entities.

1.

TaskPacket (Process standardization)

stereotype TaskPacket extends Action {

)
2

tag taskID : String [0..x];

tag plannedDuration : Real [1..1] {unit = “Hour”; pattern = “val > 0.0”;};

tag priorityLevel : Integer [0..1] {defaultValue = 3; range = [1,5];};

tag predecessorID : String [0..x];

tag uncertaintyFactor : Real [0..1];

constraint ValidTime {context TaskPacket inv: self.plannedDuration < 200.0};

. ResourceState (Capacity standardization)

stereotype ResourceState extends Block {

}

3.

tag resourcelD : String [1..1] {pattern = “RES-\d{4}";};

tag category : Enumeration {literals = {Human, Equipment, Space};};
tag isAvailable : Boolean [1..1];

tag healthIndex : Real [0..1] {description = “0.0=Failure, 1.0=Perfect”;};
tag capabilitySet : String [1..x];

MaterialPacket (Supply standardization)

stereotype MaterialPacket extends Block {

tag materiallD : String [1..1] {pattern = “MAT-\d{6}";};
tag arrivalStatus : Enumeration {literals = {Arrived, InTransit, Delayed};};
tag qualityStatus : Enumeration {literals = {PendingInspection, Qualified, Defective};};
tag quantity : Integer [1..1] {pattern = “val > 0”;};
constraint InspectionStateConsistency {
context MaterialPacket inv:
(self.qualityStatus # PendingInspection) implies
(self.arrivalStatus == Arrived)

¥
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Table 5. Formal specification of control logic interfaces and contextual mechanisms.

4. LogicConstraint (The decision boundary interface)
stereotype LogicConstraint extends ConstraintBlock {
tag triggerEvent : String [1..1] {
allowedValues = {“OnDelay”, “OnMachineFailure”, “OnUrgentInsert”};
7
tag targetSubject : String [1..*];
tag boundaryExpression : String [1..1];
tag policyType : Enumeration literals = HardBoundary, SoftPenalty;
tag penaltyFactor : Real [0..1];
)
5. ContextEvent (The macro disruption)
stereotype ContextEvent extends Signal {
tag eventID : String [1..1] {
pattern = “EVT-\d{4}”;
7
tag eventType : Enumeration {
literals = {
DesignChange, // Technical disruption
PolicyChange, // Managerial disruption
UrgentOrder // Commercial disruption
7
7
tag impactScope : String [1..1] {
description = “Target ID (Task/Resource) or ‘Global”’;
b
tag validDuration : Real [0..1] {
unit = “Hour”;
description = “Estimated duration of the impact”;
7
tag severityLevel : Integer [1..5]; // 1=Minor, 5=Critical

3.5. Formal Mapping Mechanism for Physical-Virtual Synchronization

This section formalizes the mapping function M, which transforms heterogeneous
data from the cross-phase physical development processes into the strictly typed SysML
profile instances.

We formalize the physical development space as a tuple Py, = {A, R, M, E, L}, repre-
senting the sets of development activities, resources, component supplies, environmental
events, and management policies. The mapping M : Py — Viyoger defines how each
physical element is transformed into a Profile-aligned virtual representation.

For any development activity a; € A, the function generates a TaskPacket instance via
Equation (1).

M(a;) = (idi ti, pi,di, ui) ey

id; ensures system-wide traceability. t; populates the plannedDuration attribute based on
historical cycle data, while p; quantifies the strategic importance for priorityLevel. d; maps
to predecessorID to reconstruct the collaborative project topology, and u; captures the R&D
stochasticity within the uncertaintyFactor attribute.

Resources r; € R are mapped to ResourceState instances via Equation (2).

M(rj) = {idy caty s, b, capy) ?
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The binary variable s; corresponds to the isAvailable tag. h; normalizes sensor data
into the dimensionless healthIndex, representing capability saturation rather than simple
mechanical wear. cap; populates the capabilitySet to list specific cross-phase qualifications.

Component supplies m; € M are transformed via Equation (3).

M(my) = (idy, ask, qsx, 9k) 3)

This mapping directly populates the arrivalStatus and qualityStatus enumerations
through variables as; and gsi. This enables the reasoning layer to identify potential starva-
tion risks where downstream tasks lack certified inputs.

Environmental events ¢; € E are formalized into ContextEvent signals via Equation (4).

M(e;) = (id;, type;, scope;, dury, sevy) 4)

The function categorizes the disruption source into eventType via type; and defines
the impact boundary through scope;. dur; and sev; provide the quantitative basis for impact
analysis by populating the validDuration and severityLevel attributes.

To bridge physical directives and the virtual reasoning engine, management policies
I, € L are formalized via Equation (5).

M(1y) = (trign, poly, refy) 5)

This mapping defines a baseline policy-to-rule specification for the subsequent deriva-
tion of LogicConstraint objects, rather than directly producing a complete constraint in-
stance. Specifically, trig, corresponds to triggerEvent, pol,; determines policyType, and ref;
identifies the associated SWRL rule. During runtime reasoning, this rule is evaluated
together with the current ontology state and event context to derive targetSubject, bound-
aryExpression, and, where applicable, penaltyFactor, thereby forming a complete Logic-
Constraint for downstream decision support.

At the software level, Equations (1)—(5) are implemented as declarative field-level
mapping specifications rather than SWRL reasoning rules. The FMM operationalizes them
through field extraction, data-type conversion, Profile-constraint validation, and typed-
object construction. Validated objects are subsequently converted by the OCM into ontology
individuals and property assertions; for example, TaskPacket is represented as an Activ-
ity individual, plannedDuration as hasDuration, and predecessorID as hasPredecessor.
A ContextEvent remains a typed trigger input, while Equation (5) supplies the policy-
to-rule association. These validated facts and relations provide the structural inputs for
the reasoning mechanisms in Section 4.2: the mapping specifications generate ontology
facts, whereas the SWRL rules infer state propagation, topology changes, and decision
constraints. A lightweight executable demonstration is presented in Section 5.2.

4. Knowledge-Driven Adaptive Collaboration Mechanism

The structural framework established in Section 3 effectively ensures spatial syntactic
interoperability through standardized data profiles. However, static data mapping alone
remains insufficient for dynamic control under stochastic disturbances. To bridge the
temporal gap between the static model and the time-varying physical process, this section
proposes a knowledge-driven adaptive collaboration mechanism. Its theoretical core is the
knowledge metamodel (K), formally defined as a tuple:

K=(0,R,S) 6)
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where O denotes the ontological knowledge, R denotes the procedural knowledge, and S
denotes the strategic knowledge. Building upon O, SRL maintains the synchronized
static DT model. Meanwhile, through R, it reasons about the model’s dynamic evolution,
and guided by S, it generates adaptive management strategies.

4.1. Ontological Knowledge Structure (O)

The ontology O constitutes the semantic backbone of the framework. It transforms the
standardized but flat data packets from the PVG into a multidimensional semantic graph.
We define O as a 6-tuple:

O =(C,I,Ry, Ry, Ax, %) (7)

The constituent elements of Equation (7) are defined as follows:

(1) Classes (C): C denotes the set of class definitions acting as the schema for domain
entities. To ensure strict structural consistency, elements in C are derived directly from the
collaboration-oriented SysML profile, as specified in Equation (8).

Class = (Activity, Resource, State, Skill, Condition) 8)

The architectural logic seamlessly translates communication packets into semantic
states. The classes Activity and Resource provide the fundamental schema for digital in-
stances, where materials are structurally subsumed under the Resource class to maintain a
streamlined semantic taxonomy. Crucially, dynamic disruptions (transmitted from physical
development space as ContextEvent signals) do not generate isolated event individuals.
Instead, these signals trigger real-time state mutations—such as fluctuations in availability
or health indices—within the corresponding Activity or Resource individuals. The ontol-
ogy then autonomously infers the semantic implications of these state changes. Finally,
lightweight profile attributes are elevated into semantic concepts; for instance, elements
in a capability set are instantiated as individuals of class State, enabling logical inference
rather than simple data storage.

(2) Individuals (I) and Properties (R,, R;): I represents the set of individuals instan-
tiated from the validated Profile objects generated by the formal mapping mechanism
(M) in Section 3.5. The OCM converts the resulting M (a;) and M(r;) objects into indi-
viduals asserted to the Activity and Resource classes, respectively. Similarly, the material
mapping M (my) is represented as a supply individual subsumed under the Resource
taxonomy. During this transformation, plannedDuration is represented through the data
property hasDuration, while predecessorID values are converted into hasPredecessor
object-property assertions.

To articulate the multidimensional semantic network between these individuals,
two property types are utilized: object properties (R,) and data properties (R;). R, es-
tablishes logical dependencies between two individuals, while R; binds literal values to
specific individuals. Crucially, the environmental event mapping M (e;) (Equation (4))
does not create standalone event individuals within I. Instead, the validated ContextEvent
object is supplied as a trigger input to the procedural rules, which determine whether and
how the corresponding R, or R; of the affected activity or resource individuals should
be updated.

(3) Axioms (Ax) and Constraints (X): Ax governs the foundational TBox logic, estab-
lishing fundamental rules such as class disjointness and property domains. In addition, X
represents the set of validity rules used to enforce data integrity. Crucially, these rules are
not arbitrary but are mapped directly from the validation constraints defined in the SysML
profile (Section 3.4), ensuring that any instantiated individual violating the original design
specifications is automatically flagged as invalid.
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4.2. Procedural Knowledge (R) and Event-Driven Reasoning

While the ontology (O) defines the static graph structure, the procedural knowledge
(R) governs the dynamic logic of state transitions. In this framework, R encapsulates the
SWRL-based implication rules that process physical disruptions and ultimately generate the
LogicConstraint instances (Section 3.4) for downstream decision support. It is formalized
as a set of state-transition rules:

R=A{r|r:¢(Onet) = P(Or1)} ©)

where ¢ denotes a precondition predicate evaluated against the current state O; and a
detected physical disruption e; (mapped via ContextEvent), while ¢ represents the conse-
quent state update. The antecedent facts evaluated by R are supplied by the mapping and
ontology-instantiation process described in Sections 3.5 and 4.1, including entity individu-
als, data-property assertions, dependency relations such as hasPredecessor, and validated
ContextEvent inputs. Thus, the mapping specifications generate the factual and structural
graph inputs, whereas the procedural rules infer new states and relations from these in-
puts. To support adaptive process control, the execution of R drives two distinct graph
evolution mechanisms:

(1) Parametric State Propagation: This mechanism addresses disturbances where the
process structure remains invariant, yet data attributes require synchronization, such as
execution delays or equipment efficiency drops. The reasoning engine executes a recursive
update function that modifies the data property set (R;) while maintaining the structural
stability of individuals (I) and object relations (R,). The dependency relations used by this
function are instantiated from the predecessorID mappings defined in Section 3.5. The logic
is formalized as Equation (10):

Vx,y € I : (hasPredecessor(y, x) € R, A AState(x) € Ry)

(10)
= UpdateState(y) € R},

By generating the updated property set R/, this mechanism maintains state consistency
across the dependency network and supports the inference of qualitative states without
reconstructing the graph. For example, a numerical delay can be transformed into a
State_Blocked status for an affected downstream activity.

(2) Topology Reconfiguration: Unlike traditional static management approaches, this
framework supports dynamic structural evolution necessitated by macro-disturbances
such as rework loops, task insertion, or cancellation. Upon detecting a structure-altering
event e, the reasoning engine fundamentally modifies the population of individuals (I) and
their logical connections (R,). The transformation to the new ontology state O’ is strictly
aligned with the tuple defined in Equation (7) and is formalized as Equation (11):

freconfig(O,€) — O" = (C,(I1U Inew) \ Liet, (Ro U Rew) \ Ry, Ry, Ax, Z) (11)

where I,;.,p and I, represent the sets of individuals to be added or removed, respectively,
and Ryew/ R}, denote the corresponding mutation of object property relations. This struc-
tural reasoning enables the DT model to autonomously synchronize its semantic topology
with the changing physical process.

4.3. Strategic Knowledge (S) and Adaptive Decision Loop

Strategic knowledge (S) functions as a library of adaptive management strategies
designed to decouple the decision logic from the core framework execution. We formalize
this knowledge as Equation (12):
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S ={(sq.Tg)} (12)

where s, represents an executable decision model, such as a heuristic rule set or a global
optimization model, and I'y denotes its applicability context. In addition to computational
complexity and latency characteristics, I'; records the supported disturbance type, severity
range, and structural impact scope. These metadata provide the basis for selecting an ap-
propriate strategy at runtime. Driven by the reasoning results from Section 4.2, the adaptive
decision-making process executes through three coordinated phases:

(1) Context-aware strategy selection: Triggered by a detected state divergence
(O # O'), the system first identifies the disturbance type and evaluates its severity and
impact scope against the applicability context I'; of each decision model.

For a parametric disturbance represented by a predicted activity delay, the relative
delay ratio is defined as Equation (13):

At
04 = t pred (13)
planned

where At} .4 denotes the predicted delay duration and #pjanneq denotes the planned du-
ration of the affected activity. Given a configurable switching threshold 6, the strategy-
selection rule is defined as Equation (14):

SRules Pd < 04
sga,  Pd = bq

8g = (14)

Accordingly, locally manageable deviations are handled by the low-latency heuristic
strategy, whereas disturbances exceeding the configured severity threshold activate the
global optimization model to support broader task and resource coordination.

For a topological disturbance, the strategy is selected according to its structural impact
scope rather than the delay ratio. A local insertion affecting a single activity or dependency
relation without project-wide resource reallocation is handled by sgyje. In contrast, a struc-
tural disturbance involving multiple process branches, shared resources, or project-wide
rescheduling activates sga.

The threshold 0, is treated as a configurable engineering parameter rather than a
universal constant. Depending on the application context, it may be calibrated using
historical project records, organizational control rules, expert elicitation, or an explicit
trade-off between decision quality and computation time. The case-specific threshold used
in the validation is specified in Section 5.2.

(2) Semantic constraint injection: This phase bridges the gap between semantic rea-
soning (R) and dynamic decision support (S). Before execution, the selected decision
model s, is initialized with a dynamically formulated problem space derived from the
reasoning outputs. Specifically, restrictive states inferred via Equation (10) are translated
into strict operational boundaries (encapsulated as LogicConstraint objects). In contrast,
structural expansions involving new individuals and relations derived from Equation (11)
are integrated as adaptable decision parameters. This transformation ensures that the
situational awareness of the DT strictly bounds the solution space of the decision model.

(3) Strategy formulation and closure: Finally, the decision model s, executes the
adaptation process utilizing the transformed constraints as boundaries. The resulting cross-
phase management strategy (encapsulated as a DecisionResult) is transmitted to the SIL
for visualization and human confirmation. This step effectively completes the closed-loop
cycle for the collaborative management of complex product development.
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5. Instantiation and Validation

To validate the feasibility and effectiveness of the proposed framework, we instantiated
a digital twin collaborative system (DTCS) for the development of aero-engine turbofan
blades. This component represents a quintessential CoPS, characterized by lengthy de-
velopment cycles and rigorous interdisciplinary coupling across design, manufacturing,
and testing phases.

5.1. Case Scenario Description

The validation scenario simulates a full-cycle development process derived from
historical industrial data. As detailed in Table 6, the workflow consists of 14 coupled
activities (A1-A14) and involves 15 heterogeneous resource types, ranging from human
experts to specialized equipment.

Table 6. Activities in the DTCS-based case scenario.

ID Activity Name Duration (h) Predecessor(s) Resource Required

Al  System Requirement Definition 24.0 - Engineer_Li, Engineer_Wang
A2 Conceptual Design 40.0 Al Engineer_Wang, Engineer_Zhang
A3 Detailed Design & Simulation 72.0 A2 CAEWorkstation_01, Engineer_Liu
A4 Auxiliary Trial Casting 16.0 Al Furnace_01, Engineer_Wang

Material Coupon

CreepTester_01, Metallographic_01,

A5 Benchmark Test 16.0 Al Engineer_Liu
A6 Prototype Preparation 16.0 A3 Furnace_01, Engineer_Wang
. CreepTester_01, Metallographic_01,
A7 Test Rig Setup 16.0 A3 Engineer_Liu
A8 Prototype Casting 24.0 A3, A6 Furnace_01, Engineer_Wang
A9 Precision Machining 12.0 A8 5-axisMachiningCenter, Engineer_Li
A10 Surface Coating 8.0 A9 SprayRoom_01, Engineer_Zhang
All Heat Treatment 10.0 Al0 HeatTreatFurnace_01, Engineer_Wang
. CMM_Machine_01, CT_Scanner 01,
Al2 NDT Inspection 8.0 All, A7 Operator_Zhao
CreepTester_01, Metall hic_01,
Al3 Performance Bench Test 24.0 Al12 reepes e;‘ﬂ gine eeriaLi(;grap -
Ald Qualification Test 48.0 Al3 EnvironmentChamber_01, CreepTester_01,

Engineer_Wang

This process is inherently vulnerable to stochastic disturbances due to its rigid cross-
phase dependency structure. For instance, the Prototype Casting (A8) in the manufacturing
phase cannot commence until both detailed design & simulation (A3) and prototype
preparation (A6) are fully completed. Furthermore, critical resources such as the creep tester
and metallographic analyzer are shared across multiple distributed stages (A5, A7, A13),
creating potential bottlenecks where a single equipment failure can trigger cascading
delays throughout the project network. The primary objective of the instantiated DTCS
is to digitize this complex environment and provide adaptive cross-phase management
capabilities under such uncertainty.
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5.2. Framework Instantiation and Proof-of-Concept Implementation

Following the architectural blueprint defined in the solution domain, this phase
executes the implementation-domain tasks through a case-level instantiation of the pro-
posed framework. The implementation combines scenario-based ontology construction,
a lightweight executable mapping proof of concept, and a web-based visualization demon-
strator to illustrate the relationships among the ontological knowledge (O), procedural
knowledge (R), and strategic knowledge (S). Table 7 summarizes how the responsibilities
of the four layers defined in Section 3.3 are represented in the case implementation and
examined in the subsequent validation scenarios.

Table 7. Case-level realization of the proposed four-layer architecture.

Layer ﬁrchltec’ful:a‘l Case-Level Realization Validation Evidence
esponsibility
Representative task, resource,
material, event, and policy records
PVG Physical data ingestion and formal are processed by the executable Representative valid mappings and
mapping mapping proof of concept and deliberate invalid-input validation

converted into validated
Profile objects

Ontology construction, runtime

Validated Profile objects are
represented as ontology
individuals, properties,

and relations, while the Scenario-based downstream-state

SRL synchronlza.tlon, . SWRL-based state-propagation and 1nfer§nce and deper.ldency-
and semantic reasoning . . relation reconstruction
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decision results

5.2.1. Architectural Instantiation and Data Standardization

The implementation commenced with the instantiation of the four-layer architecture
to bridge information silos. The PVG layer was initialized to ingest the heterogeneous
process data defined in Table 6, which originates from fragmented departments includ-
ing design, manufacturing, and testing. To unify these disparate data formats for global
management, the formal mapping mechanism (M) was executed. Taking the activity A8
as a representative instance, this task originates from the manufacturing sector, and the
raw operational constraints were formalized into a standardized TaskPacket object: the
execution window was mapped to the plannedDuration tag, while its dependencies on A3
and A6 were encoded in the predecessorID tag. Simultaneously, the required Vacuum Fur-
nace was instantiated as a ResourceState object. Its physical nature was explicitly defined
via the category tag as Equipment, while its real-time operational status was normalized
into a quantitative healthIndex. This standardization enforces a unified semantic format,
ensuring that all temporal and capacity constraints are strictly validated against the SysML
profile before entering the reasoning layer.
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To examine the software executability of the formal mapping mechanism, a lightweight
Python proof of concept was developed. The five mappings defined in Equations (1)-(5)
were implemented through field extraction, data-type conversion, Profile-constraint vali-
dation, and typed-object construction. The illustrative batch contained five valid records,
with one representative record for each mapping type, and one deliberately invalid Re-
sourceState record. The valid records produced typed Profile objects, and the applicable
entity records were further serialized into representative RDF assertions. The invalid
resource record was correctly rejected because its identifier did not follow the required
RES- prefix followed by exactly four digits, while the remaining records continued to be
processed. All eight unit tests passed. This proof of concept demonstrates the executable
mapping and validation chain but does not execute SWRL reasoning or constitute an
integrated digital-twin backend.

5.2.2. Ontological and Procedural Knowledge Construction

The ontology defines five core conceptual classes that abstract key elements of the
development process based on Equation (8). On this basis, the semantic structure is
specified by object properties R, and data properties R; based on Equation (7). The
ontology was constructed and visualized using Protégé (v5.6.7) with the OntoGraf plugin.
Object properties capture binary relations between entities, as illustrated in Figure 9. Data
properties represent quantitative attributes associated with entities. To support the adaptive
decisions in the Decision Support Layer (DSL), specific properties are defined as shown in
Table 8.

|6 B8 A4 ad AGIA 8 F B BHE &t

= DesignActivity

= ManufacturingAc
tivity \
’ ‘ \
V +
q\ v = hasPredecessor (Domain>Range)
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‘\
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v = has subclass
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\ Q
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\
/
‘ \ / v hasSubActivity (Domain>Range)

P State l —[*‘ ResourceState ] [' kil l

v| == hasSupportTo (Domain>Range)

Figure 9. Core conceptual classes and semantic relations of the DTCS ontology.

Table 8. Data properties defined in the DTCS ontology.

Data Property Domain Range
hasActualStartTime Activity xsd:dateTime
hasCapabilityFactor Resource xsd:float

hasDuration Activity xsd:float
hasEfficiency Resource xsd:float
hasFailurePredictionTime EquipmentResource xsd:dateTime
hasFailureProbability EquipmentResource xsd:float
hasPlannedStartTime Activity xsd:dateTime
hasPredictedDelayDuration Activity xsd:float
isEmergency Activity xsd:boolean

While the KM provides the static schema, the OCM converts validated Profile objects
generated from PVG data into ontology individuals and property assertions. For the
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representative A8 record, the validated TaskPacket is represented as an Activity individual.
Its plannedDuration is converted into a hasDuration data-property assertion, while the
predecessor identifiers A3 and A6 are converted into two hasPredecessor object-property
assertions. These assertions provide the factual and structural inputs required by the
procedural reasoning rules. Figure 10 presents representative individuals instantiated from
the case scenario.
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(b) An activity individual sample
Figure 10. Representative individuals in the DTCS ontology system.

5.2.3. Strategic Knowledge Instantiation and Prototype Integration

To operationalize the adaptive decision loop, the DSL was configured as a strategy
library (S) in a Python-based case-evaluation environment. Following S = {(s4,I')},
two decision models were configured. The genetic-algorithm-based model (sga) supports
significant parametric disturbances and globally coupled changes requiring project-wide
task and resource coordination. The heuristic rule-based model (sg,e) provides low-latency
responses to locally bounded disturbances, such as a single-activity insertion without global
resource reallocation.

The strategy-selection mechanism follows the switching logic defined in Section 4.3.
For the present case, the relative-delay threshold was configured as §; = 0.20 using an
engineering-rule-based setting. Predicted delays below 20% of the planned activity duration
are handled by sgyje, Whereas delays reaching or exceeding 20% activate sg,. For topologi-
cal disturbances, locally bounded changes activate sg,j., while changes involving multiple
process branches or shared resources activate sga. The threshold is a case-configured
parameter rather than a universal constant and may be recalibrated using historical records,
organizational control rules, risk tolerance, and available computational resources.

Semantic constraint injection was represented by parsing incoming LogicConstraint
objects and converting them into inputs for the selected strategy. For sga, constraints
such as HardBoundary are incorporated into feasibility checks and fitness evaluation; for
Srules local precedence and topology constraints define rule conditions and adjustment
boundaries. The resulting DecisionResult is transmitted to the SIL, where a web-based
dashboard visualizes the collaborative workflow and management strategy, as shown in
Figure 11.
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Figure 11. Prototype user interface of the DTCS. This figure is a schematic illustration of the prototype
interface; the displayed graphical elements are for illustrative purposes only and do not represent
additional quantitative results.

5.3. Validation of the Knowledge-Driven Adaptive Collaboration Mechanism

Building upon the architecture and SysML interfaces instantiated in Section 5.2,
this subsection evaluates the core knowledge-driven mechanism. Based on the turbo-
fan blade development scenario defined in Table 6, two targeted scenarios are examined
to activate the two fundamental reasoning patterns: parametric state propagation and
topology reconfiguration.

Each scenario is organized according to the four-layer closed loop: PVG mapping, SRL
synchronization and semantic reasoning, DSL adaptive decision, and SIL result delivery.
This organization demonstrates how physical disturbances are transformed into standard-
ized runtime inputs, ontology facts and inferred relations, executable decision constraints,
and human-interpretable management results.

5.3.1. Scenario I: Adaptive Collaboration via Parametric State Propagation

To ensure a controlled comparison, the DTCS-assisted mode and the baseline use
the same activities, activity durations, resource capacities, precedence relations, distur-
bance input, and initial schedule. The baseline represents a conventional schedule-driven
coordination mode without predictive early warning, ontology-based state propagation,
semantic constraint generation, or automatic adaptive rescheduling. Under this mode,
the participating departments continue to follow the original schedule until the delay of
A3 is manually confirmed and communicated. The affected plan is then adjusted by project
managers according to the existing precedence and resource constraints.

(1) PVG Mapping: In the case evaluation, the PVG receives a simulated runtime
update indicating a predicted delay of 24 h for A3. The update represents the output of an
external prediction module and is used as the runtime disturbance input for evaluating the
downstream collaboration mechanism. It is associated with A3 and normalized through
the formal mapping mechanism as a typed runtime-state input, including the validated
activity identifier, delay duration, and data type. The standardized input is then supplied
to the semantic layer.

(2) SRL Synchronization and Semantic Reasoning: Since the A3 activity individual
has already been instantiated through the mapping and ontology-construction process
described in Section 5.2, the OCM converts the validated runtime input into the data-
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property assertion A3 hasPredictedDelayDuration 24.0, where the value is expressed in
hours. This synchronization transforms the physical prediction into a machine-interpretable
ontology fact, as shown in the top-left pane of Figure 12.
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Figure 12. Ontology-based reasoning and delay propagation. The red boxes highlight the relevant
ontology assertions before and after reasoning, while the arrows indicate the propagation of the delay
impact from the predecessor activity to the downstream activity.

The updated ontology fact activates the Delay Propagation Rule defined in the pro-
cedural knowledge R, as shown in the upper-right pane of Figure 12. Since A8 holds a
direct hasPredecessor relation with A3, the rule propagates the impact to A8 and asserts A8
hasCurrentActivityState State_NotExecutable. The lower panels of Figure 12 show that the
parametric disturbance changes the execution state of the dependent downstream activity
without modifying the process topology.

(3) DSL Adaptive Decision: The inferred state evolution activates the strategy-selection
mechanism in §. For A3, the relative delay ratio is calculated as p; = 24/72 = 0.333, or 33.3%.
Because this value exceeds the configured threshold 6; = 0.20, the DSL selects the global
optimization model sga.

To enforce the inferred state within the decision space, the system generates a Log-
icConstraint object whose targetSubject is set to A8 to represent the inferred blockage.
The constraint is incorporated into the feasibility checks and fitness evaluation of sga.
The model then shifts flexible downstream manufacturing activities before the predicted
delay causes cross-phase conflicts and generates the adapted DecisionResult.

(4) SIL Result Delivery: The generated DecisionResult is transmitted to the SIL for
visualization and managerial review. As illustrated in Figure 13, the SIL presents the
adapted workflow and its project-performance indicators. The DTCS-assisted schedule has
a total development cycle of 310 h and consumes 828 resource hours.

Under the conventional manual-coordination baseline, the delay of A3 is not propa-
gated to downstream activities until it is manually confirmed and communicated. Conse-
quently, downstream preparatory activities continue according to the stale initial schedule.
In the examined scenario, the premature executions of A6 (Prototype Preparation) and
A7 (Test Rig Setup) become invalid after the actual delay is confirmed and are therefore
repeated as the rework instances A6-R and A7-R, respectively, as shown in Figure 13. Al-
though the baseline retains the same total project duration of 310 h, it consumes 908 resource
hours because of the redundant executions, compared with 828 resource hours under the
DTCS-assisted mode. Both modes start from the same 14-activity project definition, resource
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Workflow Visualization with DTCS(Proactive Adaptation)

capacities, precedence relations, initial schedule, and disturbance input. The comparison
therefore highlights the benefit of DT-enabled state synchronization, semantic reasoning,
and constraint-driven adaptation in avoiding redundant cross-phase resource occupation.
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Figure 13. Comparison between DTCS-assisted adaptation and the conventional manual-

coordination baseline.

5.3.2. Scenario II: Adaptive Collaboration via Topology Reconfiguration

(1) PVG Mapping: In the case evaluation, the PVG receives a simulated ContextEvent
representing an urgent design-change request during the manufacturing phase. Unlike
the parametric disturbance in Scenario I, this event requires an additional activity to be
incorporated into the existing process. The formal mapping mechanism validates the event
type, impact scope, expected duration, and severity level, and converts the event into a
typed trigger input for the semantic layer.

(2) SRL Synchronization and Semantic Reasoning: Based on the validated trigger input,
the OCM materializes the event-derived individual Activity_EmergencyDesignChange
with the data-property assertions isEmergency = 1 and hasDuration = 8.0. At this stage,
the emergency activity is represented in the ontology, while the existing dependency
relations remain unchanged, as shown in the top-left pane of Figure 14.

The emergency activity and its isEmergency assertion activate the Emergency Prede-
cessor Rule defined in the procedural knowledge R, as shown in the upper-right pane of
Figure 14. The rule identifies eligible common activities whose current state is State_NotStarted
and adds the emergency activity as an additional predecessor. Consequently, the infer-
ence engine asserts the object-property relation Activity_PrecisionMachining hasPredeces-
sor Activity_EmergencyDesignChange. The lower panels of Figure 14 show that Activ-
ity_PrecisionMachining retains its original predecessor Activity_PrototypeCasting while acquir-
ing the additional emergency predecessor, thereby completing the topology reconfiguration.

(3) DSL Adaptive Decision: The topological evolution of O activates the strategy-
selection mechanism in S. Because the disturbance involves a single emergency-activity
insertion and a locally bounded precedence update without project-wide resource real-
location, it is classified as a local topological disturbance. The DSL therefore selects the
low-latency heuristic strategy sgye-
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The inferred precedence relation is encapsulated into a topology-type LogicConstraint
and supplied to sgye as a rule condition and adjustment boundary. The strategy inserts
the emergency cross-phase activity into the affected local workflow while preserving the
remaining project structure and generates the corresponding DecisionResult.
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Figure 14. Ontology reasoning and topology reconfiguration. The red boxes highlight the key
property assertions involved in the reasoning process. The blue arrow indicates the inference
flow from the emergency-event assertion and reasoning rule to the downstream activity, while the
red arrow indicates the topology reconfiguration in which the emergency activity is added as an
additional predecessor while the original predecessor is retained.

(4) SIL Result Delivery: The generated DecisionResult is transmitted to the SIL, where
the revised workflow, the inserted emergency activity, and the updated precedence relation
are visualized for managerial review and human confirmation. The adapted workflow has
a total project cycle duration of 310 h. The SIL presentation supports communication of the
design change and the corresponding local schedule adjustment to the affected design and
manufacturing participants.

5.4. Quantitative Assessment of Computational Performance and Collaboration Effectiveness

To evaluate both the operational feasibility and decision quality of the proposed frame-
work, the quantitative assessment considers three complementary dimensions: system
responsiveness, collaboration effectiveness, and adaptation efficiency under increasing
project complexity. System responsiveness evaluates the latency of physical-virtual syn-
chronization and semantic processing. Collaboration effectiveness evaluates cross-phase
handoff timeliness, shared-resource coordination, and the ability to generate feasible re-
sponses to plan changes. Adaptation efficiency evaluates the computational cost of the
selected decision strategies.

5.4.1. System Responsiveness Analysis

This metric evaluates the latency of the DTCS in reflecting physical changes, formally
defined as the total time cost Ty required to traverse the pipeline from data ingestion
to logic constraint generation. Based on the emergency design change experiment in
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Scenario II, we measured the constituent time costs. Specifically, Tyqpping captures the
time consumed by the OCM to instantiate the new emergency individual and populate its
properties. Following this, Tyeqsoning accounts for the duration required by the inference
engine to execute SWRL rules and assert new relationships. Finally, Tsy,. represents the
latency for encapsulating the reasoning result into a LogicConstraint and synchronizing it
to the Decision Support Layer (DSL).

The measurement results over five independent trials are summarized in Table 9.
The data indicates that the average synchronization delay time (T,) is 18.4 ms. This
validates the preliminary implementation of the framework’s semantic processing and
state synchronization mechanisms, demonstrating their potential to support real-time
DT collaboration.

Table 9. Prototype-level synchronization latency measurements.

Trial Tmapping (ms) Treasoning (mS) Tsync (ms) Tsdt (mS)
1 4 7 6 17
2 5 9 6 20
3 4 9 7 20
4 5 7 6 18
5 4 7 6 17
Avg. 4.4 7.8 6.2 18.4

5.4.2. Collaboration Effectiveness Analysis

For the effectiveness comparison, the DTCS-assisted mode was evaluated against a con-
ventional schedule-driven manual-coordination baseline. The baseline follows the initial
project schedule and does not include DT-enabled predictive synchronization, ontology-
based impact reasoning, or automatic LogicConstraint generation. Disturbances and their
consequences are incorporated only after manual confirmation and cross-phase communi-
cation, after which the affected activities are adjusted using the available precedence and
resource information. Both modes use identical activities, resources, dependency relations,
initial schedules, disturbance inputs, and management objectives; their principal difference
is whether runtime changes are automatically propagated and transformed into adaptive
decision constraints.

Collaboration effectiveness was evaluated using cross-phase task waiting time and
shared-resource utilization. Let A., denote the set of downstream activities having at
least one mandatory predecessor in a different phase. The release time is formalized as
Equation (15) and the average waiting time is formalized as Equation (16).

tl;elease — max tfinish (15)
/ icPred (j)
W 1 2 0, start _ trelease (16)
= Ty L x0T
PljeAqy

This schedule-derived metric represents the handoff interval between the completion
of mandatory predecessors and the actual start of a downstream cross-phase activity. Let R
denote the critical resources shared across development phases. For each shared resource
r € R, its utilization is defined as Equation (17).

busy
Uy = (17)

- Travailable ’
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where Tl’ "% and Tavailable denote the busy time and available time of resource 7, respectively.
The mean utilization of the shared resources is then calculated as Equation (18).

U= — E Uy, (18)

and the corresponding utilization variance is defined as Equation (19).

V, = 1 Y (uy — 7). (19)

|R5| rER;

A lower utilization variance, interpreted together with mean utilization and total
resource consumption, indicates more balanced shared-resource coordination. Table 10
compares the two modes under identical task, resource, dependency, initial-schedule,
and disturbance settings.

Table 10. Collaboration-effectiveness comparison between the DTCS-assisted mode and the conven-

tional manual-coordination baseline.

Metric DTCS-Assisted Mode Manual-Coordination

Baseline
Total development cycle (h) 310 310
Tota.l resource 808 908
consumption (resource h)
Average cross-phase task
waiting time (h) 6.67 8.00
Mean shared-resource
utilization (%) 33.39 36.46
Shared-resource utilization 0.0404 0.0553

variance

The DTCS-assisted mode reduced the average cross-phase task waiting time from
8.00 h to 6.67 h and decreased the shared-resource utilization variance from 0.0553 to
0.0404. Although its mean shared-resource utilization was slightly lower, the simultaneous
reduction in total resource consumption from 908 to 828 resource h indicates reduced
redundant resource occupation and more balanced shared-resource coordination under the
examined case settings.

5.4.3. Adaptation Efficiency, Scalability, and Plan-Change Response

Adaptation timeliness measures the computational efficiency of the DSL in generating
decision support. This metric serves as an indicator of the ability to maintain responsive-
ness as project complexity increases. To evaluate this, we recorded the computation time of
the two strategies under their corresponding disturbance classes. The global optimization
model sgp was evaluated for predictive adaptation under significant parametric distur-
bances, whereas the low-latency heuristic model sgye Was evaluated for locally bounded
topology reconfiguration. To examine structural complexity rather than activity count
alone, the baseline case was extended to synthetic 20- and 30-activity configurations with
progressively more precedence relations, cross-phase dependencies, shared resource types,
and bounded rework branches. The rework branches explicitly represent one-pass feedback
paths from testing to design correction, manufacturing rework, and subsequent verification
without introducing cyclic scheduling dependencies. Four plan-change instances were
evaluated at each scale, covering activity delay, resource unavailability, emergency activity
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insertion, and dependency change. The configurations and results are summarized in
Table 11.

Table 11. Prototype-level scalability under increasing structural complexity.

Dependencies Shared Bounded SGA SRule Feasible
Activities (Total/Cross- Resource Rework Latency Latency Responses
Phase) Types Branches (ms) (ms) P
14 15/6 4 0 11 6 4/4
20 22/9 7 1 18 9 4/4
30 34/15 9 3 27 13 3/4

As the number of activities, cross-phase dependencies, shared resource types, and re-
work branches increased, both strategies exhibited higher decision latency but remained
within the millisecond range for the tested configurations. The lower latency of sgye sup-
ports locally bounded adjustments, whereas sgs remains computationally tractable for
disturbances requiring broader task and resource coordination. These results demonstrate
prototype-level scalability trends under increasing structural complexity rather than full
industrial-scale validation.

In addition to decision latency, the robustness of collaborative adaptation is evaluated
using the feasible plan-change response rate. For Nepange disturbance instances, a response
is regarded as successful when it is generated within the specified decision window, sat-
isfies the precedence, resource-capacity, and inferred semantic constraints, and preserves
workflow executability. The metric is defined as follows:

SRpe = Nsuccesstul 1099y, (20)

change

Across the 12 plan-change instances distributed over the three structural-complexity
configurations, the framework generated 11 feasible responses, corresponding to an over-
all response rate of 91.7%. All four instances were successfully handled in the 14- and
20-activity cases, whereas three of four were successfully handled in the 30-activity case.
The only unsuccessful instance involved an extended CT-scanner outage that prevented
the workflow from remaining executable within the configured case horizon.

5.5. Discussion and Limitations

The instantiation suggests that the applicability of the framework is not limited to the
specific context of turbofan blade development. By leveraging the MagicGrid methodology,
the framework organizes complex development processes through a domain-reusable
core semantic abstraction comprising generic activities, heterogeneous resources, distur-
bance events, and state or decision constraints. These generic concepts and the associ-
ated mapping-reasoning—decision pattern provide a reusable blueprint for DT-enabled
cross-phase collaborative management. When transferred to other CoPS development
contexts, however, domain-specific ontology concepts, reasoning rules, model parame-
ters, and decision strategies need to be configured according to the characteristics of the
target application.

However, the current study is subject to limitations regarding the fidelity of the proto-
type. First, the PVG currently operates through simulated data injection rather than raw
high-frequency sensor streams. This setting supports scenario-level examination of the
downstream semantic integration and decision-support logic while avoiding application-
specific signal-processing requirements. Second, the configured decision models are simpli-
fied relative to industrial multi-criteria decision systems. The modular architecture never-
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theless allows higher-fidelity perception modules and more advanced strategy libraries to
be incorporated without changing the core framework logic. In addition, the 20% switching
threshold is a case-configured engineering parameter used to demonstrate the strategy-
selection mechanism rather than a universal industrial constant. Industrial deployment
should recalibrate it using historical project performance, organizational control rules, risk
tolerance, disturbance-propagation characteristics, and available computational resources.

Compared with the representative approaches summarized in Table 1, the contribu-
tion of the proposed framework lies not in the isolated use of MBSE, semantic modeling,
or optimization, but in their operational integration for cross-phase collaboration. First, it
advances fragmented DT functions toward an MBSE-traceable architecture that links col-
laboration requirements, functions, components, interfaces, and implementation elements.
Second, it advances static information connectivity toward runtime semantic evolution
through state synchronization, dependency-based impact propagation, and topology recon-
figuration. Third, it advances semantic inference toward executable decision support by
translating inferred impacts into inputs and constraints that can be processed by scheduling
and optimization models.

The scalability results should likewise be interpreted as prototype-level trends ob-
tained from synthetic configurations with up to 30 activities, increasing cross-phase de-
pendencies, shared resources, and bounded rework branches. They demonstrate the
framework’s behavior under increasing structural complexity but do not constitute full
validation of industrial-scale CoPS deployment.

These collaboration metrics are interpreted as case-level indicators: cross-phase wait-
ing time is derived from schedule transitions, resource-utilization variance is interpreted
together with mean utilization and total resource consumption, and the plan-change re-
sponse rate reflects the 12 disturbance instances examined in the case-based evaluation
rather than a statistical guarantee for all industrial projects.

6. Conclusions

To address the strong task coupling and stochastic disturbances inherent in CoPS
development, this study proposed and evaluated a semantic-enhanced DT framework
for cross-phase collaborative management. By integrating the MagicGrid methodology
with a collaboration-oriented SysML profile, the framework establishes an MBSE-traceable
architecture connecting collaboration requirements, system functions, interfaces, semantic
models, and implementation elements. The knowledge-driven mechanism further con-
nects runtime disturbance mapping, ontology synchronization, dependency-based impact
reasoning, LogicConstraint generation, strategy selection, and result delivery through the
PVG-SRL-DSL-SIL closed loop. Theoretically, this capability chain provides a feasible
engineering pathway for advancing DTs from physical-state perception toward semantic
reasoning and decision support: the PVG captures and maps runtime changes, the SRL
interprets their semantic implications, the DSL converts inferred impacts into executable
decision boundaries, and the SIL supports human-interpretable confirmation. It therefore
identifies semantic representation, relation-aware reasoning, and constraint generation as
important intermediate capabilities between perceptive and cognitive DTs. The framework
also contributes to Model-Based Collaborative Engineering by extending MBSE models
beyond design-time description and verification, enabling typed model elements, semantic
relations, and executable constraints to support runtime cross-phase collaboration rather
than relying solely on document exchange and manual interpretation.

Despite these contributions, the current implementation remains a case-based pro-
totype with several limitations. The PVG relies on simulated data injection rather than
raw high-frequency signals from industrial assets, and the configured decision models
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are simplified relative to large-scale multi-criteria engineering applications. Moreover,
the framework currently demonstrates semantic reasoning and constraint-driven decision
support but does not yet provide continuous online learning, autonomous knowledge
evolution, or fully automated decision execution; the generated results still require human
confirmation. Accordingly, the study demonstrates a reasoning-enabled pathway toward
cognitive DT capabilities rather than a fully autonomous cognitive twin or a universally
applicable DT maturity model.

Future work will integrate higher-fidelity edge interfaces and industrial data streams,
investigate online knowledge updating and adaptive decision agents, and employ dis-
tributed computing to support larger and more strongly coupled CoPS scenarios. Further
research will also develop capability-assessment criteria for evaluating the progressive
evolution from perceptive and semantic DT functions toward cognitive and autonomous
collaborative capabilities.
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