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Abstract: Integrating prognostics and health management
(PHM) with the existing maintenance support system of systems
plays an important role in implementing reliability-centered main-
tenance (RCM). However, the increasing complexity and integra-
tion of civil aircraft systems pose challenges for conventional
document-based systems engineering (DBSE) practice. Aiming
at the specific problems of poor modeling degree, weak trace-
ability between problem and solution domains, and insufficient
integration in civil aircraft PHM development, a model-based
systems engineering (MBSE) approach is adopted to overcome
the limitations of DBSE method. This paper proposes a struc-
tured integrated modeling method to facilitate PHM functional
integration with other aircraft systems. An MBSE modeling
method based on traceable requirements, functional, logical,
and physical models, is applied in the integration process. Addi-
tionally, a multi-viewpoint analysis method within the Depart-
ment of Defense Architecture Framework (DoDAF) is introduced
to illustrate the modeling elements and processes from a multi-
dimensional perspective. The modeling logic and architecture
are subsequently presented, followed by examples of require-
ments, functional flows, and resource flows models using the
systems modeling language (SysML). Finally, a preliminary logic
simulation verification is conducted as a case study of typical
PHM functional integration with maintenance support. The case
study results demonstrate that the proposed method enhances
information traceability and consistency, which can offer theoret-
ical support and technical reference for the development of
maintenance support system.
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1. Introduction

Prognostics and health management (PHM) is a crucial

Manuscript received July 15, 2024.

*Corresponding author.

This work was supported by the National Natural Science Foundation
of China (52372433) and the Key Research and Development Projects
of Shaanxi Province (2024QYZGJHX-01).

technology for enhancing the safety and reliability of
complex systems, widely applied in the aerospace and
defense industries [1-5]. While retrofitting PHM capabil-
ities into existing aircraft systems presents implementa-
tion limitations, functional integration may offer a poten-
tial solution for achieving some level of PHM [6]. The
overall integration of PHM represents a complex systems
engineering (SE) practice, involving interactions between
various system of systems (SoS), such as operational sup-
port, customer service, and maintenance support. A
robust SE approach can facilitate efficient functional inte-
gration of PHM with maintenance support, attributed to
its generalized logical framework and greater focus on
the goals to be achieved. Recently, scholars have recog-
nized the importance of integrating PHM information and
conducted exploratory studies on the structure, capability,
and behavior of civil aircraft maintenance support based
on PHM [7-10]. However, overall integration methodolo-
gies for PHM remain limited [11-13], and there is a need
to focus more on the efficient integration of hybrid PHM
applications [14,15].

As civil aircraft maintenance support trends toward sci-
entific maintenance and logistics based on diagnostics
and prognostics information [16], conventional mainte-
nance methods are gradually being phased out [7]. PHM
technology can significantly enhance maintenance effi-
ciency and influence maintenance support resources and
decision making [17,18]. Integrating PHM with the exist-
ing maintenance support SoS plays an important role in
implementing reliability-centered maintenance (RCM),
thereby reducing support costs and enhancing safety and
reliability [7-9]. However, the increasing complexity and
integration of civil aircraft systems pose challenges for
conventional document-based systems engineering
(DBSE) method, particularly in maintaining information
consistency and traceability throughout the lifecycle [19].
Model-based systems engineering (MBSE) has emerged
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as a promising and powerful approach that uses models to
support requirements analysis, function definition, archi-
tecture design, and other activities [20,21]. The depart-
ment of Defense Architecture Framework (DoDAF)
serves as the synthesized framework and conceptual
model [22], ensuring standardized development, descrip-
tion, and integration of system architectures [23]. The
visual accessibility of DoDAF viewpoints facilitates
effective participation and communication among stake-
holders (e.g., implementers, developers, and customers),
enhancing the traceability of models, architectures, and
viewpoints [24,25]. Therefore, we propose an integrated
modeling method based on DoDAF and MBSE to
enhance the integration of civil aircraft PHM with main-
tenance support from five different perspectives of mis-
sion, operation, function, logic, and physics [26,27].

To bridge the gap between the potential of PHM func-
tional integration and its practical implementation, a
structured integrated modeling method is presented. The
main contributions of this study are summarized as fol-
lows:

(1) An MBSE modeling method is introduced based on
traceable requirements, functional, logical, and physical
(RFLP) models to support the PHM integration process.
This model-based integrated method defines the process
from the perspectives of vision, capability, operation,
resource flow, and systems interface.

(i1) The RFLP integrated modeling process is realized
to design a maintenance support system based on PHM in
an iterative manner. This applied modeling process, based
on a multi-viewpoint analysis method within DoDAF,
enables a multi-dimensional and clear description of inte-
grated elements and logic.

(ii1) Engineering information is transmitted through
system models described in system modeling language
(SysML) instead of natural language, enhancing consis-
tency and traceability between design and requirement
domains. The case results demonstrate that a model-based
integrated method applying DoDAF viewpoints can
effectively fulfill the design requirements of complex air-
craft systems.

The remainder of this paper is structured as follows:
Section 2 reviews the relevant literature; Section 3
describes the proposed model-based integrated method
based on DoDAF; Section 4 presents a case study on
maintenance support based on PHM and the results of
logical simulation; and Section 5 concludes the paper.

2. Literature review
2.1 Civil aircraft PHM and maintenance support

The Industry 4.0 paradigm is boosting the relevance of

predictive maintenance [28], which utilizes condition
monitoring information to detect anomalies, identify and
diagnose occurring abnormal states, predict future evolu-
tion of degradation to failure, and estimate the remaining
useful life [29-32]. In recent years, PHM research efforts
have focused on algorithms, models, and methods for
tracking the health state of monitored operating systems
[32,33]. However, with increasing integration and com-
plexity, PHM is no longer an isolated auxiliary for main-
tenance support [30], but has become an integral system
that interacts closely with almost all other functional sys-
tems and subsystems [34]. Indeed, the PHM value chain
extends further, with its information potentially influenc-
ing logistics and maintenance driven by PHM outcomes
[35]. As discussed by Mohammadreza et al. [36], the next
generation of intelligent maintenance systems needs to
focus on developing an integrated PHM system. Guillen
et al. [37] reviewed the role of PHM in maintenance sys-
tems and analyze how PHM techniques and methods can
be integrated into RCM. Rath et al. [38] also emphasized
that predictive maintenance is pivotal within Industry 4.0
and significantly impacts the successful implementation
of RCM.

Recently, substantial research efforts in PHM techno-
logy have enabled civil aircraft health management and
preventive maintenance at both component and system
levels [39]. Conversely, only a few methods incorporate
PHM information into maintenance and operational pro-
cesses to support maintenance management, with some
presenting only preliminary concept [30,40]. Guillen et
al. [37] pointed out that advanced maintenance systems
design has not been adequately studied after considering
the potential of PHM solutions. Alaswad et al. [41] stated
that maintenance decisions based on PHM information
play an important role in the effectiveness of any indus-
trial system’s operation. Liu et al. [7] developed a civil
aircraft PHM maintenance support system model in the
system tool kit, which presents only part of the static
structure and dynamic behavior without considering
requirements analysis. In another effort, Chen et al. [42]
adopted a service-oriented architecture to build an equip-
ment maintenance support information system focused on
sharing maintenance information and knowledge, but do
not integrate PHM information.

Most PHM research has concentrated on maintenance
strategies, ranging from reactive to preventive and condi-
tion-based maintenance [39,40,43]. However, most of
these studies lack integration with traditional civil air-
craft maintenance tasks, leading to difficulties in apply-
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ing PHM to maintenance support [44]. It should be
emphasized here that a preventive maintenance strategy
can help minimize random failures but may also increase
the consumption of spare parts and materials [39]. There-
fore, it is essential to synchronize maintenance strategies
and inventory management policies [45].

To bridge the gap between PHM information and
maintenance support, this paper introduces the concept
of a maintenance support system based on PHM.
On the basis of traditional civil aircraft maintenance
tasks and PHM potential, developing such a system is
part of the complex systems integration process from
a systems engineering view. As a result, several key
elements should be considered. Among these elements
are multi-level requirement analysis and decomposi-
tion, multi-viewpoint capability decomposition and allo-
cation, and multi-dimensional structured model descrip-
tion [19]. A systematic approach is crucial for the effec-
tive management of the integration process [46]. Thus, a
structured system engineering approach from multiple
perspectives is recommended to support effective deve-
lopment of the maintenance support system based on
PHM.

2.2 MBSE and DoDAF for complex systems
modeling

To achieve full deployment of condition-based and pre-
dictive maintenance in practice, it is essential to integrate
PHM information within maintenance and operational
loops to maximize PHM potential [29,30]. However,
implementation is in fact complex and, to effectively
manage this complexity, SE approaches can provide valu-
able insights into how PHM interacts with maintenance
support activities. As interactions and complexity
between elements in engineered systems continue to
increase, the SE community has turned to MBSE to man-
age complexity, maintain consistency, and ensure trace-
ability [47,48].

The International Council on Systems Engineering
(INCOSE) defines MBSE as a formal application of mode-
ling to support requirements definition, design, analysis,
verification, and validation [49]. As described in “Sys-
tems Engineering Vision 2035”, SE will largely be model-
based, utilizing integrated descriptive and analytical digi-
tal representations of the systems [50]. Wang et al. [51]
outlined that MBSE elevates complex product develop-
ment to a modern, digital, and systematic level. McMil-
lan et al. [52] stated that MBSE is proliferating in the
aerospace industry as a method for managing the deve-
lopment of complex cyber-physical systems. Hu et al.

[30] also explained that MBSE has become a promising
and powerful method for addressing the issue of “unclear
requirements”. Li et al. [26] investigated issues of com-
plex systems integration in aircraft assembly and pro-
posed a structured approach to support functional integra-
tion using RFLP models.

The RFLP approach provides an opportunity for sys-
tems engineering activities, including requirements ma-
nagement, functional analysis, logical architecture defini-
tion, and physical design, to better understand each other
through traceable information [53,54]. These activities
can be effectively linked to aircraft system development
process, following a classical SE “V” model based on
ARP4754B “Guidelines for Development of Civil Air-
craft and Systems” [55,56]. It is important to note that the
RFLP approach takes explicit system requirements as
input but does not consider the process of identifying
stakeholders and capturing their needs, goals, and objec-
tives. Stakeholder engagement and information reusabi-
lity (e.g., knowledge, architecture, and models) are
becoming critical aspects of MBSE [57]. Borky et al. [58]
emphasized that a major payoff from systematic applica-
tion of MBSE results from cost and schedule savings
achieved through architecture frameworks, which enable
design reuse and commonality.

Architecture frameworks are very known in enterprise
architecture (EA) development and SoS engineering
(SoSE) [59]. DoDAF is identified to be more suitable for
the SoS or EA modeling, while MagicGrid or Har-
monySE is utilized as the system architecture modeling
method [60]. The DoDAF viewpoints and models facili-
tate collaboration with various stakeholders in transform-
ing needs into verifiable requirements and designing
architectures that define the functional, allocated, and
product baselines [61]. Civil aircraft maintenance sup-
port based on PHM is a typical SoS, which integrates key
elements of man, machine, material, method, and envi-
ronment (e.g., aviation materials and spare parts, mainte-
nance organization and personnel, ground support equip-
ment, technical publication, technical support, and main-
tenance engineering) [62,63].

Consequently, the DoDAF viewpoints are introduced
to define the domains of integration, interoperability, and
interfaces between constituent systems in such an SoS
[61,64]. Wang et al. [23] focused on issues occurred in
traditional development process, including incomplete
identification of design requirements and inconsistency
between development plan and design requirements, and
they conduct research on the MBSE development pro-
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cess for urban rapid train based on DoDAF. Chris [24]
stated that an MBSE methodology utilizing the guidance
offered by DoDAF viewpoints can enhance communica-
tion and accelerate iterations of systems engineering prac-
tice.

Most previous research has focused solely on models,
methods, and algorithms when defining maintenance sup-
port, overlooking the functional interactions of PHM sys-
tem. Additionally, it is recognized that current PHM
information, knowledge, and data supporting aircraft
maintenance planning are not well integrated, posing
challenges for the effective implementation of RCM. To
bridge this gap, we propose a structured systems
engineering modeling method that integrates the benefits
of both multi-viewpoint analysis within DoDAF and
systems model described in SysML. The purpose
of this research is to integrate PHM information within
maintenance support system, thereby maximizing
PHM potential and ensuring effective implementation of
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3. Proposed integrated modeling method
3.1 Integrated modeling architecture construction

During the design of a maintenance support system, it is
crucial to understand its behaviors, structures, integra-
tions, interactions, and communications with other sys-
tems or subsystems. One of the key objectives of this
research is to integrate PHM information within mainte-
nance support system to facilitate the effective implemen-
tation of RCM.

This research aims to develop a structured, model-
based approach that presents essential design information
(e.g., requirements, capabilities, operational activities,
and interfaces) of the maintenance support system in
ways that enhance both understanding and coherence.
Additionally, this approach ensures consistency and
traceability through the introduction of the DoDAF view-
points and RFLP framework. In this section, a modeling
architecture based on DoDAF and MBSE is presented for
integrating PHM information within maintenance sup-
port system, as shown in Fig. 1.

RCM.
> SysML diagram/table > >

DoDAF-described
viewpoints & models

Forward design

>

Requirement diagram §> Overview and summary information (AV-1) }>
___________________________________ Business or mission b
analysis
Vision (CV-1)
. Feedback
Use case diagram = ; =
i : Capability dependencies | [ Capability taxonomy
Block definition diagram §> (CV-4) (CV-2) §> »| Stakeholder needs |—
Traceability matrix analysis and <
Capability to operational activities mapping (CV-6) definition
___________________________________ Feedback
Y
High-level operational Operational activity »| System requirements [~
Use case diagram concept graphic (OV-1) model (OV-5b) | analysis and <
Bloc};gﬁﬁtﬂ; t(li(i):g(ri;argram §> Organizational Event-trace §> definition
Sequence diagram relationships chart (OV-4)| | description (OV-6¢) Feedback
Internal block diagram : — - -
Operational resource flow description (OV-2) »| Functional & logical |-
analysis
___________________________________ ] i <
: and allocation
Systems interface Systems-systems
L description (SV-1) matrix (SV-3) Feedback
Activity diagram = -
Internal block diagram §> Systems functlonallty System§ OIS flow §> ,| Develop candidate | |
Traceability matrix description (SV-4) description (SV-2) physical architecture
Operational activity to systems function traceability models
matrix (SV-5)

Fig. 1 Integrated modeling architecture based on DoDAF and MBSE

The primary elements of the proposed modeling archi-
tecture are the RFLP framework and DoDAF viewpoints.
Within the RFLP framework, a common systems model
described in SysML ensures that the information related

to maintenance support system is consistent and trace-
able across multiple teams and perspectives [65]. The
advantages of adopting the RFLP modeling approach lie
in its ability to establish clear traceability links from
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stakeholder requirements through physical elements,
while also providing a clear understanding of the system
through both functional and logical decomposition [65].
Throughout the modeling, the traceability of require-
ments is emphasized by creating traceability matrices
linking requirements, functions, and physical elements
across multiple viewpoints.

In practice, it is rarely necessary to develop all DoDAF
viewpoints, as this may be redundant. The overall con-
ceptual design of the maintenance support system is an
important part of top-level design in systems engineering.
The DoDAF-described models for the maintenance sup-
port system are organized into four different viewpoints:
the all viewpoint (AV), capability viewpoint (CV), opera-
tional viewpoint (OV), and systems viewpoint (SV).
These viewpoints support the major SE processes (e.g.,
requirements analysis, functional analysis, and architec-
tural design) by providing a structured approach that
ensures information and models can be shared with a
common understanding across multiple perspectives [66].
The DoDAF-based MBSE approach presented in this
paper can help clarify and understand key elements of the
maintenance support system from multiple perspectives
and establish traceability links through the modeling per-
formed with these viewpoints.

The AV DoDAF-described models provide an
overview and summary information (e.g., vision, mission,
need, goal, and objective) of the maintenance support
system. The CV focuses on the set of capabilities that
support the overall mission or vision of maintenance sup-
port system. In particular, capability models provide a
potentially strategic perspective for taxonomies, interde-
pendencies, mapping, and operational requirements. The
OV DoDAF-described models articulate the key activi-
ties that enable particular capabilities, operational items,
and resource flows exchanged between activities neces-
sary for conducting operations. Utilizing operational
models helps to reuse capabilities described in the CV by
putting them in the context of an operational scenario and
identify the functional scope of capabilities. With the
understanding derived from the OV analysis, the SV ana-
lyzes the maintenance support system from the perspec-
tive of systems elements, functionality, and their inter-
connections. Furthermore, the systems models also asso-
ciate systems functions and resource flow elements to
operational activities and capability requirements.

In practice, the relationships between these viewpoints
are generally iterative and recursive, as shown in Fig. 2.
The traceability facilitated by these connections helps
maintain consistency and ensures that the designed and
implemented maintenance support system align with the

overall mission.

AV-1
_———————————

CV-1

CV-2

£
. CV-4 <,
,Q\,« (}}.
¥ CV-6 %
& 74

A Support operational activitie

OV-1 SV-4
OV-4 SV-1
OV-5b SV-2
OV-6¢ SV-3

SV-5

Operational requirements

Fig.2 Opverall view of maintenance support

The AV provides an overview and summary of the
maintenance support system and the context for other
viewpoints. The CV focuses on the capabilities required
to achieve the mission or objectives from a strategic per-
spective. The CV is influenced by the AV as it must align
with the overall context described in AV. The OV trans-
lates capabilities analyzed in CV into operational terms
and describes how they will be achieved operationally.
The OV is dependent on the CV as operational activities
are designed to support and enable those capabilities. The
SV provides a description of the systems, subsystems,
and their interactions necessary to support operational
activities analyzed in OV and meet capabilities analyzed
in CV. Generally, the OV use case analysis treats the
maintenance support system as a “black box”, while SV
DoDAF-described models are then used for “white box”
analysis of the inner operational activities and resource
flows of the system itself.

3.2 Integrated modeling logic analysis

The development process of this modeling logic is the
development of DoDAF-described models mentioned
above. In this paper, the overall modeling process of the
maintenance support system design consists of four major
steps: (i) analysis of the maintenance support mission;
(ii) analysis of the capabilities required to realize the mis-
sion; (iii) analysis of the operational tasks and activities
needed to enable these capabilities; (iv) analysis of the
systems required to support operations and meet capabil-
ity requirements, as shown in Fig. 3.
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Fig. 3 Overall modeling process of maintenance support system design

Initially, the expectations, needs, goals and objectives
of stakeholders are analyzed and described from all view-
point using the overview and summary information (AV-1)
model. This process involves transforming stakeholder
requirements into maintenance support requirements and
establishing traceability links between system require-
ments and stakeholder requirements. SysML diagrams
such as requirement diagrams, use case diagrams, and
traceability matrices will be constructed.

Functional analysis is conducted through multiple
models within the capability viewpoint, e.g., capability
vision (CV-1), capability taxonomy (CV-2), capability
dependencies (CV-4), and capability to operational activi-
ties mapping (CV-6). These above CV models entail the
allocation of capability requirements to functional mo-
dules, as well as the decomposition and derivation of sub-
functionalities. The mapping of requirements to function-
alities is facilitated by SysML diagrams including use
case diagrams and traceability matrices. Furthermore,
these diagrams enable the hierarchical functionalities
decomposition and the mapping of functionalities to
activities. The CV-6 model describes the mapping
between required capabilities and operational activities
that enable those capabilities. This mapping ensures that
operational activities effectively support those capabili-
ties and provides a clear line of sight from strategic mis-
sion objectives to operational execution.

With the operational viewpoint’s multiple models,
including high-level operational concept graphic (OV-1),
operational resource flow description (OV-2), organiza-
tional relationships chart (OV-4), operational activity
model (OV-5b), and event trace description (OV-6c¢), the
logical behavior description between systems and
external/internal elements is carried out. This is achieved
by analyzing the functional flows, resource flows, and task
flows of hierarchical elements as system functionalities are
mapped to the logical architecture level. SysML diagrams
including activity diagrams, sequence diagrams, state
machine diagrams, internal block diagrams, and block def-
inition diagrams will be created to support this analysis.

The construction of multiple models within the sys-
tems viewpoint enables the mapping of abstract func-
tional and logical architecture to concrete physical techni-
cal solutions. Among these models are systems interface
description (SV-1), systems resource flow description
(SV-2), systems-systems matrix (SV-3), systems func-
tionality description (SV-4), and operational activity to
systems function traceability matrix (SV-5). The key ele-
ments derived from functional and logical architecture
design process, including interfaces, functionalities, per-
formance, and non-functional requirements, are allocated
to system physical elements in a manner consistent with
the functional and logical architecture. Notably, the SV-
5a model provides traceability between system functions
described in SV-4 and operational activities specified in
OV-5b. This ensures that the system functions are
designed to enable the operational activities necessary to
fulfill the identified capabilities.

Finally, a recursive and cross-iterative analysis of the
various DoDAF-described models is performed through
feedback. This feedback ensures traceability and consis-
tency between the physical and functional/logical archi-
tectures, system requirements, and stakeholder require-
ments, thereby reinforcing the integrity and effectiveness
of the maintenance support system design process.

4. Case study

The complete process illustrating the proposed method is
given with an example of a maintenance support system
based on PHM information.

4.1 Requirement modeling based on
requirements and use cases

The initial step involves a meticulous and comprehensive
identification of the maintenance support system integra-
tion workflow through an in-depth analysis of stakehold-
ers’ requirements. The AV-1 model is developed using
requirement diagrams, serving as a strategic blueprint for
the initial phase of designing and developing the mainte-
nance support system based on PHM, as shown in Fig. 4.
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req [Package] Capability [Overview and summary information AV-1] /

<<Requirement>> <<Requirement>> <<Requirement>>
On-board fault management Advance maintenance plan scheduling| Improve maintenance support efficienc;
id="P-0-001" id="P-M-S-003" id="M-S-002"

text="The PHM on-board system real-time
acquires various aircraft status and fault
information and implements comprehensive
on-board fault management. On-board fault
management includes failures detection,

isolation, confirmation, ding, processing,

text="Maintenance support personnel could
accurately acquire the fault information of
the aircraft's typical systems and parts as
well as the remaining useful life of the faulty
parts before the aircraft landed and complete
the preparation of all the resources for

generation of fault reports and other sys
level functions."

troubleshooting, and then carry out accurate
maintenance according to the process and
manuals, etc. after the aircraft landed, so as
to effectively reduce the AOG, MTTR,
MLTD and TPM."

1
<<deriveReqt>> <<der{¥eReqt>> )
A 1 £
<<Requirement>> <<Requirement>>
Data downlink PHM-based maintenance support SoS
id="P-0-002" id="P-M-$-001"

text="The PHM on-board system downlinks
basic aircraft operation information,
configuration reports, event reports, failire
data of key systems and components, and

iGredetiveReqf:

text=""The PHM system organically

cor req to
the ground PHM system through ACARS,
WQAR, or other air-to-ground
communication transmissions to meet the
requirements of the maintenance support
SoS."

Z -
Re <<deriveReqt>>

inteérates and blends information on 4 fext=!

> e o = §<der1 eReél B 8 %

tion monitoring, fault diagnosis an nformation interacting with the PHM ground
ics, fault isolation, ining uesful | | system, including aireraft operation data,

life iction, and mai i fault isolation data, fault prediction data, Life

text="The PHM-based maintenance support
SoS could make full use of PHM's condition
monitoring, fault diagnosis and prognostic
functions to intelligently generate

maintenance decisions, reduce repair out of
plan and aviation spare parts inventory,
determine the most optimal time and mode of
maintenance, so as to significantly improve
the maintenance support efficiency.”

<<Requirement>>
PHM-based intelligent maintenance
decisions
id="M-S-001"
"The maintenance support SoS receives

integration and connection of key elements
such as OEM engineering support, OEM
technical support, aviation spare parts

for typical aircraft systems, structures, and Limited Parts(LLP), maintenance
critical s with mail ions,ete.And it
support systems. It realizes the seamless hensively i aircraft

plan, aviation spare parts, maintenance
resources, fleet status, maintenance
personnel, technical engineering support and

N F x . 5
<<deriveReqt>>7* <<deriveReqt>> \<<deriveReqt>>
1
<<Requirement>> <<Requirement>> <<Requirement>>
Reduce repair out of plan and Condition monitoring and fault [Trend prognostic and health assessment|
maintenance resources diagnostic id="P-G-002"
id="P-0-003" id="P-G-001" text="The PHM ground system conducts

text="The PHM on-board system can

accurately and effectively help the ground

maintenance crew to grasp the operation

status of the aircraft, get the relevant fault

information before the aireraft landing and
L

text="The PHM ground system receives
and processes real-time data from the
airplane during flight, and post-flight data,
including fault data, event reports,
configuration reports, continuous recording
etc. The PHM ground system

make effective mai by
inating the mai and
aviation spare parts."

real-time monitors the operation status of the
aircraft, promptly reflects the aircraft's over-
limit events, abnormal events and faults, and
gives corresponding troubleshooting and

intelligent diagnosis based on aircraft status
information, fault information, etc., and gives
corresponding maintenance

d hile, it combi
massive historical monitoring and
maintenance data to evaluate and predict
aircraft performance, the health status and
remaining service life of typical systems and
key components."

Fig.4 Overview and summary information AV-1

Building upon the AV-1 model, a top-down, use case-
driven, and incremental modeling strategy is employed to
ensure continuous alignment with stakeholder require-
ments. From the perspective of the capabilities required
to achieve the maintenance support mission, a capability

blueprint is crafted, which captures the needs, goals, and
objectives of stakeholders across the entire operational
scenario. These structured definitions are then trans-
formed into system requirements and use cases. The CV-1
model is constructed as shown in Fig. 5.

uc [Package] Operational activity [Vision CV-1]

/

Real time condition
monitoring

Performance trends
analysis

maintenance
decisions

Prepare optimal
imaintenance resources
before aircraft
landin,

<<include>>

PHM-based maintenance and support SoS

Integrate with aviation

Remaining useful life
<<actor>> prognostics spare parts support
Aircraft PHM assessment
system
Information
integration
<<actor>> and interaction
Maintenance
support system|
PP 0 Provide PHM-based

Provide reliability
centered maintenance
strategies

Advance maintenance
plan scheduling

Maintenance and
troubleshooting
in time

Maintenance
personnel

Implement condition
based maintenance
plus

Integrate with rapid
response system

Reduce repair
out of plan

Fig.5 Vision CV-1
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The CV-1 model encapsulates the key elements and sys-
tem behaviors involved in the integration process of the
maintenance support system. Initially, the granularity of a
newly created use case might be overly broad and requires
refinement. To address this, activity diagrams are employed
for flow-oriented behavioral modeling, while sequence dia-
grams are utilized for message-driven behavioral modeling,
enabling a systematic refinement of the scenarios. As the
modeling process progresses, use cases are incrementally
refined through activity and interaction modeling, con-
tributing to a more detailed and concrete definition.

For each capability vision in the CV-1 model, hierar-
chical decomposition is systematically conducted by enu-
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merating various operational scenarios and creating use
cases. This process establishes hierarchical relationships
among capabilities, transforming abstract capabilities into
specific sub-capabilities. The CV-2 model is presented, as
shown in Fig. 6. In CV-2 model, both generalization and
association relationships are used to represent the hierar-
chical and interconnected relationships among capabili-
ties. For example, real-time condition monitoring can be
further decomposed into lower-level sub-capabilities,
including threshold exceedance monitoring, flight opera-
tional quality assurance, anomaly event monitoring, fault
monitoring, parameter monitoring, and fuel consumption
monitoring.
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Fig. 6 Capability taxonomy CV-2

Based on the capability taxonomy relationships
described in the CV-2 model, the CV-4 model can be
developed to depict the dependencies and generalization
relationships between capabilities and sub-capabilities.
Due to space constraints, this paper provides only a sum-
mary of the interconnections between capabilities associ-

ated with PHM-based maintenance decision-making
rather than presenting all the details of the CV-4 model.
For instance, PHM-based maintenance decision-making
relies on fault diagnosis, key component failure predic-
tion, performance trend prediction, and health status
assessment. Furthermore, failure and performance trend
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prediction are critical drivers for health status assessment,
while fault diagnosis, failure prediction, and performance
trend prediction are dependent on condition monitoring.

4.2 Functional architecture modeling based on
behavior and use cases

Subsection 4.1 focuses on a detailed analysis and model-
ing of stakeholder requirements and system functional
requirements, highlighting maintenance support capabili-
ties, operations, and functionalities from the perspective
of the problem domain. Moving forward, we now pro-
ceed with a systematic functional and logical analysis, as
well as a behavioral description, within the solution
domain. This process involves the allocation and decom-
position of constraints, interfaces, functionalities, and
performance metrics across each system element, thereby
laying a foundation for detailed architectural design.

The core advantage of PHM system lies in its seamless
integration of on-board health status information with the
ground-based maintenance support SoS. Such integration
is crucial as it enables the generation of autonomous logis-
tic support decisions and rapid maintenance strategies, sig-
nificantly enhancing the system’s proactive and rapid

Aircraft PHM system

* Aircraft maintenance data
» Component maintenance data

*Maintenance operational data
*Repair report

*Completion report

*Support request

% * Historical fault information

* PHM-based maintenance program
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status/logistics information .
* Ground support equipment

information

Maintenance

Aviation spare parts support

Maintenance support
based on PHM information

resource planning ¢ Maintenance release
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response capabilities. These transformative capabilities
drive innovative shifts in traditional maintenance models,
transitioning from reactive to predictive maintenance.

The interaction process primarily involves the trans-
mission of critical data and information from the PHM
system to the maintenance support SoS. This includes
quick access recorder (QAR) data, aircraft operational
data, fault isolation information, and maintenance predic-
tion information. Upon receiving this data and informa-
tion, the maintenance management system considers key
factors such as aviation spare parts availability, mainte-
nance resources, and original equipment manufacturer
engineering technical support. Based on this comprehen-
sive analysis, the system generates rapid, precise, and
high-quality maintenance plans tailored to the aircraft’s
health state. Subsequently, the engineering and technical
departments carry out proactive maintenance support
activities informed by PHM insights. Feedback on main-
tenance data, including data from aircraft and component
repairs, is then provided to the PHM system as historical
maintenance data, achieving a closed-loop management.

To illustrate this integration, this paper develops the
OV-1 model, depicting PHM-based unscheduled mainte-
nance as a typical scenario, as shown in Fig. 7.

Civil aviation regional administrations

* Aircraft operational data

¢ Fault isolation information

¢+ “Maintenance prediction data

* Approval
information

* Maintenance program

+ Technical support request

* Engineering support 1‘equesl

L s ¥
OEM

* OEM support and
customization services

* Airworthiness tag + Repair report
* Maintenance operational

information

Quality and airworthiness

Fig. 7 High level operational concept graphic OV-1

It becomes evident that the OV-4 model is highly suit-
able for guiding the initial design and conceptualization

from a strategic, top-level perspective. This model serves
as a foundational blueprint for defining operational struc-
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tures and mapping out synergies among maintenance sup-
port nodes, organizations, and performers. The OV-4

model of maintenance support system based on PHM is
presented, as shown in Fig. 8.
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Fig. 8 Organizational relationships chart OV-4

The aircraft PHM system, OEMs, maintenance organi-
zation, rapid response platform, maintenance manage-
ment platform, and civil aviation regional administra-
tions are involved in the overall maintenance support
process. Among these entities, the maintenance organiza-
tion can be further divided into specialized depart-
ments, including aviation material support, maintenance
engineering, training, and quality and airworthiness.
The maintenance engineering department, in turn, can be
subdivided into organizational structures such as
the maintenance control center, maintenance base, line
maintenance branch, and overnight outstation. Each
of these units plays a critical and interconnected role
within the overall maintenance support framework, con-
tributing to a cohesive and efficient system by ensuring
seamless coordination and execution of maintenance sup-
port tasks.

Next, under the maintenance support concepts and sce-
narios described in the OV-1 model, the resource flows
transferred between the maintenance support nodes

defined in the OV-4 model are described to further clar-
ify capability requirements and boundaries. Typically, the
OV-2 model is created first, followed by the OV-5b
model, as these two models are complementary and inter-
dependent. The OV-2 model primarily focuses on the
interaction ports or interface information related to
resource flows between internal components of the main-
tenance support nodes or systems. In contrast, the OV-5b
model is more concerned with detailing the specific activ-
ities and processes necessary to accomplish maintenance
support tasks. It is important to note that after completing
the OV-6¢ model, the OV-2 model should be further
refined. This refinement ensures that the interaction mes-
sage or events defined in the OV-6¢ model can be effec-
tively transmitted and exchanged between maintenance
support nodes, thereby achieving the true flow of
resource flows across nodes. For a clear and comprehen-
sive representation of resource interactions, the OV-2
model is constructed in the form of an internal block dia-
gram, as shown in Fig. 9.
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Following the high-level operational concept outlined in
the OV-1 model and the resource flow information
described in the OV-2 model, the operational activities of
maintenance support, along with their control logic and
resource flow dynamics, are systematically categorized. As
an illustrative example, a model for PHM-based unsche-
duled maintenance, represented by the OV-5b model, has
been developed and is depicted in Fig. 10. Call behavior
actions are created within the activity to model the decom-
position of high-level behaviors, while activity partitions

are utilized to associate behaviors with structures. The
PHM-based unscheduled maintenance activity incorpo-
rates two call behavior actions, which trigger the behavior
models for maintenance prediction and maintenance
resource preparation. By allocating behavioral activities to
execution nodes, it becomes clear which behaviors are
responsible for specific structures. This also identifies the
system interfaces and functional activities involved in the
subsequent creation of SV models, facilitating the inte-
grated design work of various systems in later stages.
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Fig. 10 Operational activity model OV-5b

Subsequently, the CV-6 model is developed to depict the
mapping relationship between the maintenance support
activities planned in the OV-5b model and the capabilities
defined in the CV-2 model, as shown in Fig. 11. The CV-6
model establishes a traceability relationship between the
CV and OV viewpoints. Through the model, it is possible
to verify whether the planned functional activities fully or
partially meet the required capability requirements.

The objective of integration is to achieve proactive
maintenance based on PHM, ensuring the efficiency,
accuracy, and effectiveness of completing maintenance

support tasks. For service-oriented conceptual modeling,
the OV-6¢c model enables effective analysis and valida-
tion of the completeness and correctness of information
interactions throughout maintenance support activities.
Moreover, the OV-6¢ model refines the operational activ-
ities in the OV-5b model into multiple scenarios by
detailing the events and temporal relationships of
resource interactions among executors, thereby helping to
verify the completeness and correctness of OV-5b. The
OV-6¢ model is developed using sequence diagrams, as
shown in Fig. 12.
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4.3 Functional modeling based on behavior
and structure

The majority of previous modeling efforts have primarily
focused on the logical specifications for the integration of
PHM system and maintenance support SoS, with rela-
tively little emphasis on physical specifications. There-
fore, after completing the creation of models under the
AV, CV, and OV viewpoints, it becomes necessary to
examine the architecture from the perspective of imple-
menters and integrators, and the SV viewpoint makes this
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possible.

Systems achieve functionality through activities or pro-
cesses, and these activities are linked to specific systems
as described in the OV-5b model. By integrating the
operational activities, the SV-4 model is developed to fur-
ther clarify the functions of performers and systems, as
shown in Fig. 13. It is important to note that operational
activities and system functions are essentially the same in
nature: the former describes the logical specifications of
what to do, while the latter details the physical specifica-
tions of how to do it.
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Fig. 13 Systems functionality description SV-4

Through the functionality descriptions provided in
the SV-4 model, the resource flows exchanged between
systems during the integrated implementation of the
maintenance support system become clearer and more
explicit. Building on the physical deployment frame-
work of the integrated maintenance support system, the
SV-4 model serves as a foundation for identifying and

detailing the system functions executed by various per-
formers. By incorporating these functions, a systematic
categorization of interface information exchanged
between systems is conducted, contributing to the con-
struction of the SV-2 model for the integration of aircraft
PHM system and maintenance support SoS, as shown in

Fig. 14.
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The resource flows transmitted from PHM system to
maintenance management system include major cate-
gories such as QAR data, aircraft operational data, fault
data, fault isolation information, and maintenance predic-
tion information. The maintenance prediction informa-
tion encompasses a range of details, including mainte-
nance items, maintenance task codes, man-hour forecast
information, aviation material forecast information,
ground support equipment forecast information, and test-
ing equipment forecast information. Conversely, the
resource flows transmitted from maintenance manage-
ment system to PHM system primarily include overall
aircraft maintenance data and component maintenance
data.

By analyzing the traceability relationships between
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system functions in the SV-4 model, the SV-5a model
can be established to verify whether the designed system
functions fully or partially support the required activities.
Similarly, the SV-5b model can be further established
based on the SV-2 and OV-5b models. For brevity, the
SV-5a model is presented as an example for illustration,
as shown in Fig. 15. The row elements represent system
functions, the column elements are operational activities,
and the cross cells indicate that the system functions sup-
port operational activities. This allows for an intuitive
analysis of the gap between system design and task
requirements, enabling a quick determination of whether
the designed system or system function has the ability to
complete maintenance support tasks.
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4.4 Logic simulation and verification

The traditional DBSE design pattern can not realize vir-
tual simulation and verification at the logical level, which
easily leads to the accumulation of problems in the design
process, resulting in a snowball effect. In contrast, the
MBSE method supports iterative and incremental verifi-
cation and validation throughout the system design lifecy-
cle, reducing the risk of design conflicts and inconsisten-
cies. In this study, SysML and Rhapsody are employed to
develop both static and dynamic simulation models that
support the PHM integration. Furthermore, multiple
rounds of visual simulation and verification are con-

Journal of Systems Engineering and Electronics Vol. 37, No. 3, June 2026

ducted.

To enhance and refine the integrated modeling process,
an incremental modeling approach is utilized, combining
iterative processes with simulation results. Issues identi-
fied through simulation analysis, such as repeated
requirements, invalid call behavior actions, and resource
flow node errors, are addressed through timely modifica-
tions. Following each modification, further verification is
performed, and the results are documented and presented,
as shown in Fig. 16. The simulation results demonstrate
that the designed component functions can work collabo-
ratively, ensuring both functional completeness and logi-
cal consistency of the architecture models.
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Fig. 16 Logic simulation and verification results

5. Conclusions

In light of the integration requirements and engineering
challenges inherent to civil aircraft PHM and mainte-
nance support, this paper proposes an integrated model-
ing method based on DoDAF and MBSE. The integra-
tion modeling architecture and logic are presented, fol-
lowed by examples illustrating the construction of mo-
dels for requirements, resource flow, activities, and inter-
faces. Furthermore, traceability relationships are estab-
lished to ensure logical consistency and functional
integrity. The model simulation results demonstrate that
the proposed approach not only enhances model consis-
tency and traceability but also provides a comprehensive,
multidimensional representation of model information.

In future work, the integration of PHM with other sys-
tems will be continuously explored. Aviation material
support and engine condition monitoring will be consi-

dered to promote the civil aircraft PHM integration tech-
nology in practical engineering scenarios.
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