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ABSTRACT A civil aircraft scaled demonstrator is an unmanned aerial vehicle (UAV) obtained by reducing
the geometry of a civil aircraft by an equal scale and simplifying the airframe and airborne subsystems.
Due to the low development cost and flight risk of scaled demonstrators, flight tests with demonstrators
are an attractive way to assess the reliability and effectiveness of new configurations and/or technologies
available for civil aircraft. Nevertheless, engineers still hope to reduce the development cycles and costs of
demonstrators to evaluate their multiple civil aircraft design solutions through flight tests in a short period
of time. Model-based systems engineering (MBSE) is a formalized requirement and architecture modeling
method which is a useful tool in aircraft design. However, no existing MBSE framework has been found
suitable for the development of demonstrators due to their unique features. In this paper, an MBSE approach
for civil aircraft scaled demonstrator is proposed based on the MagicGrid methodology and the existing
technical process for the demonstrator. This approach formalizes the requirement analysis and architecting
for demonstrators via system modeling language (SysML). Meanwhile, the stakeholders of civil aircraft
scaled demonstrators are identified, and a requirement ontology and modeling standard are established
according to existing demonstrator development practice. Then, a case study is performed through a hybrid
power demonstrator which carries a hydrogen fuel cell as the main power supply, a set of solar cells, and two
lithium cells. The requirement traceability and verifiability are examined, and a logic simulation is executed
for architecture, which shows the feasibility of applying the MBSE approach for the development of civil

aircraft scaled demonstrators.

INDEX TERMS Scaled demonstrator, aircraft design, MBSE, MagicGrid.

I. INTRODUCTION
Systems engineering (SE) is an interdisciplinary approach
and means to enable the realization of successful systems
[1]. Text-based SE focuses on documenting requirements in
the early stages of product development and then proceed-
ing with design synthesis, verification, and validation while
considering the complete lifecycle of the system. In 2007,
formalized modeling methods were introduced into SE [2].
These methods produce generic, unambiguous, and machine-
readable models, endowing model-based systems engineer-
ing (MBSE) with efficiency and interoperability.

Aircraft design and spacecraft design, with high complex-
ity and involves interdisciplinary approaches and advanced
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technologies, are mainly based on system engineering [3],
[4]. NASA has applied the MBSE method in several space
missions, such as Europa Project [5]-[7], constructing a
Single-Source-of-Truth for the early formulation of the mis-
sion concept. There are also applications of MBSE to
aero-engines design [8], which proposes a service-oriented
tool-chain with an emphasis on domain-specific views.
Reference [9] presents an MBSE framework using an
object-process methodology and incorporating the frame-
work into a model-based design domain for landing gears
with dynamic landing constrains. Reusable logical architec-
ture models of satellite communication system is constructed
in [10] after a comprehensive investigation of various
methodologies. The models have detailed parametric con-
strains for model-based trade-off analysis. They hold the
position that the models realized through the MBSE approach
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are reusable and easily extendible to detailed system design
and implementation throughout the product lifecycle.

A standardized and robust modeling language is consid-
ered a critical enabler for MBSE [11]. Systems Modeling
Language (SysML) is a general-purpose graphical represen-
tation for the various disciplines of systems engineering.
It was developed by the International Council on Systems
Engineering INCOSE) in cooperation with the Object Man-
agement Group (OMG) and is the de facto language of
MBSE [1]. SysML consists of 9 different diagrams describing
the requirements, structure, and behavior of the system and its
components, supporting the specification, design, analysis,
and verification of systems.

Another enabler for MBSE is the MBSE methodology.
An MBSE methodology can be characterized as the col-
lection of related processes, methods, and tools used to
support the discipline of systems engineering [12]. Some
of the MBSE methodologies used in the industry include
Harmony-SE, OOSEM, Rup SE, and MagicGrid. The Magic-
Grid approach for MBSE by No Magic is a tool-independent
modeling methodology and fully compatible with SysML.
The approach includes the definition of problem domain with
the Stakeholder Needs development process, solution domain
with the Architecture Definition process, and implementation
domain with the Design Definition process. The four pillars
of the MagicGrid approach match the four aspects of the
SysML: requirements, behavior, structure, and parameters.
The approach has evolved by summarizing the experience
of numerous MBSE adoption projects from various industry
sectors, such as defense, automotive, aerospace, and health
care [13].

A scaled demonstrator is a downscaled unmanned aerial
vehicle (UAV) which is free-flown in the open atmosphere to
obtain qualitative or quantitative information about a larger
vehicle, a more complex system, or a technology of inter-
est [14] and is very commonly used in aviation industry.
Scaled demonstrators are sometimes referred to as down-
scaled UAVs or flying prototypes. Compared to a full-scale
aircraft, the demonstrator has a lower design cost, shorter
development cycle, and the ability to conduct flight tests
in a real-world airspace environment with less flight safety
risk [15]. Also, demonstrators are always produced in small
batches, which is very different from commercial UAVs.
Research as in [16] describes the design and flight tests of
a joint wing scaled demonstrator, which is the application of
demonstrators in the study of future airplane configurations.
T-Flex is a 65kg scaled demonstrator designed to develop
innovative technologies as aeroelastic wing and active flutter
suppression [17].

As an innovative product with novel configurations or
technologies, the development of scaled demonstrators needs
a top-down requirement-driven approach such as MBSE.
MBSE approach can realize the coupling and iteration
of technical processes in the single software environment,
enabling the rapid development of demonstrators. The rela-
tions constructed in the models can provide a subjective
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approach to check the traceability and verifiability of
the requirements. Moreover, the reuse of the models can
shorten development cycle and facilitate future demonstrator
projects. MBSE has been extensively utilized for require-
ment analysis and architecting of aerial vehicles in litera-
ture. However, there is a lack of consideration of the MBSE
approach for civil aircraft scaled demonstrators which is a
special type of aircraft with unique features. Research as
in [18] implements a small unmanned aircraft system (SUAS)
development environment capable of rapid prototyping. The
low cost and use of commercial-off-the-shelf components for
SUAS are similar to a civil aircraft demonstrator. However,
the research lacks a process comparable to the requirement
analysis of a demonstrator. An MBSE approach in [19] imple-
ments a certification-driven design for a more complex UAV
with a T-tail configuration and a high aspect ratio of 19.
The UAV is a full-scale aircraft meeting the airworthiness
regulation for large aircraft (EASA CS-25 in this case). Its
stakeholder needs, functional scenarios, and structures are
quite different from civil aircraft scaled demonstrators.

In order to realize the benefits promised by MBSE in the
development of civil aircraft scaled demonstrator, and thus
further reduce the development cost and cycle, this paper
proposes a formalized requirement analysis and architect-
ing approach for the overall design of a demonstrator. The
approach is based on MagicGrid methodology and enables a
top-down requirement-driven design of civil aircraft demon-
strators. The major steps of the approach are stakeholder
needs capture, function analysis, requirement analysis and
design synthesis, shown in Fig.3. Then, requirement analysis
and architecting are performed for the LQ-H, a hybrid electric
power demonstrator, and obtain a traceable, achievable, veri-
fiable, and logically self-consistent result. The innovations of
this paper are as follows.

1) Analyze the lifecycle process of civil aircraft scaled
demonstrator, propose the MBSE approach for requirement
analysis and architecting of demonstrator based on Mag-
icGrid methodology, and apply the method to engineering
practice.

2) For the requirement analysis of civil aircraft scaled
demonstrator, define the ontology of requirements as well
as the stakeholder needs, the stakeholder requirements, and
the system requirements. Identify the stakeholders of demon-
strators and propose a demonstrator requirement modeling
standard.

3) Perform requirement analysis and architecting for an
actual civil aircraft demonstrator and analyze the result to
confirm that the MBSE approach proposed for demonstrators
is effective.

The paper is organized as follows. Section II summarizes
the technical process of the development of civil aircraft
scaled demonstrator and describes the MBSE approach for
requirement analysis and architecting of demonstrator based
on the technical process. In section III, the stakeholders
of demonstrators are identified, and the results of LQ-H’s
stakeholder needs are given. Then in section IV, the function
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FIGURE 1. Technical process for demonstrator.

analysis of the demonstrator by means of decomposition
is performed, and the architecting of the problem domain
of LQ-H is completed. Section V illustrates the require-
ment ontology and requirement modeling standard for
demonstrators and performs requirement analysis of LQ-H.
In Section VI, the design synthesis completes the solution
domain architecting of the demonstrator based on its require-
ments. Finally, Section VII analyzes the modeling result of
requirement and architecture, while Section VIII concludes
with benefits and future work.

Il. MBSE APPROACH FOR CIVIL AIRCRAFT SCALED
DEMONSTRATOR

A. TECHNICAL PROCESS FOR DEMONSTRATOR

Beijing Aircraft Technology Research Institute (BATRI) has
formed a mature technical process for the development of
civil aircraft scaled demonstrators in practice, as shown in
Fig.1. The technical process is a non-model SE approach
based on the SE technical process for commercial transporta-
tion aircrafts as in [20].

1) STAKEHOLDER NEEDS CAPTURE

The purpose of stakeholder needs capture is to clarify which
configuration or technologies the demonstrator needs to test
and what demands the stakeholders will have for the demon-
strator to complete that test. In BATRI demonstrator develop-
ment practice, the top stakeholder needs document is called
Voice of the Customers (VoC). VoC can usually be obtained
directly from various stakeholders through questionnaires,
interviews, workshops, etc.

Needs are defined differently from requirements in this
paper. Needs are usually qualitative and are not even deter-
mined to be achievable at the initial stage of requirement
analysis. In contrast, requirements are descriptions of the
performance or design constraints that a product must meet.
Requirements must be achievable and verifiable.
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2) FUNCTION ANALYSIS

In function analysis, the functions of the demonstrator are
analyzed based on stakeholder needs and experience from
other demonstrator projects to obtain a complete description
of the expected functions of the demonstrator. The descrip-
tion includes a list of the functions of the demonstrator, the
architecture implementing the functions, and the interfaces
between the elements of the architecture.

3) REQUIREMENT ANALYSIS

After completing the stakeholder needs capture and func-
tion analysis, the requirements analysis process is to derive
the stakeholder needs into the design requirements of the
demonstrator based on the results of the above two tech-
nical processes. In the practice of system engineering, the
system is decomposed into layers of hierarchy. Each layer
has corresponding requirements, and there are tracing and
derivative relations between requirements of different lay-
ers. In BATRI demonstrator projects, requirements of civil
aircraft scaled demonstrators are divided into four layers:
stakeholder, aircraft (i.e., System of Interest, Sol), subsystem,
and component, shown as Fig.2.

At the stakeholder layer, VoC is the topmost stakeholder
needs described above. Design Requirements and Objec-
tives (DRO) is stakeholder requirements derived from VoC,
which is required to be an achievable and verifiable descrip-
tion of the system. In the requirements analysis process, engi-
neers develop DRO based on system functional architecture,
past project experience, and discipline knowledge. DRO is
the bridge between stakeholder needs and system require-
ments. During the analysis of DRO, the requirement engi-
neers maintain close communication with stakeholders and
subsystem experts and conduct multiple iterations between
function analysis and DRO. The resulting DRO should accu-
rately reflect the stakeholder needs for the Sol and provide a
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FIGURE 2. Layers of hierarchy of a demonstrator.

well-defined and professional design objective for the design
synthesis process.

Aircraft requirements are derived from DRO and
can be divided into Aircraft Functional Requirements
Document (AFRD) and Non-Functional Requirements Doc-
ument (NFRD) according to whether they are related to
the functions of the demonstrator. It is necessary to distin-
guish between AFRD and NFRD because these two types
of requirements have different approaches for verification.
Functional requirements can be verified by the behavior or
interfaces of the system. Tests of the relevant properties can
verify whether the requirements are met once the system
has been built. Non-functional requirements are irrelevant
with behavior models. Some of them can be verified by the
parameters of the system (e.g., weight, price), while others,
like maintenance and manufacturability, may require some
specialized test to verify.

Subsystem requirements and component requirements are
derived from aircraft requirements and should also be dis-
tinguished according to whether they are functional or not.
In practice, subsystems and components of a demonstra-
tor are usually selected from off-the-shelf products or pro-
vided by stakeholders. Therefore, the design synthesis can
be performed once the system-level requirements analysis is
completed.

4) DESIGN SYNTHESIS

For civil aircraft scaled demonstrator, the task of the design
synthesis is to select the appropriate flight vehicle and air-
borne systems based on the requirements and the architecture.
Since the demonstrator is to perform stakeholder-specified
flight tests, some of the subsystems may be test equipment
provided by stakeholders. If an incompatibility is found
between the subsystem provided by the stakeholder and the
design requirements of the demonstrator, the requirement
analysis process should be checked and modified, iterating
until the incompatibility disappears.

5) VERIFICATION AND VALIDATION
Subsystems selected in the design synthesis process is veri-
fied if they meet the requirements. If the verification passes,
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they will be integrated to Sol. Then system-level tests will be
performed to verify that the demonstrator meets all require-
ments in AFRD and NFRD. Finally, the demonstrator will be
put into flight test and be validated to meet the stakeholder
needs.

B. MAGICGRID FOR CIVIL AIRCRAFT SCALED
DEMONSTRATOR

The proposed MBSE approach for civil aircraft scaled
demonstrator based on the MagicGrid methodology and the
technical process is shown in Fig.3. This approach is com-
patible with the abovementioned non-model SE process. The
compatibility is important since it determines whether the
MBSE approach can be applied in demonstrator develop-
ment smoothly and permanently. The approach allows for
stakeholder needs capture, function analysis, requirements
analysis, and design synthesis of a demonstrator. Verification
and validation involves complex and multidisciplinary tests
which are out of the scope of MagicGrid methodology and is
not included in the proposed approach. The correspondence
between the demonstrator development technical process and
the blocks in MagicGrid is identified by colors in the figures.
The modeling workflow of the approach and the relationship
between the models are also indicated in the figure. The
MBSE approach for demonstrators can be divided into four
steps:

The first step is to identify the stakeholders of the demon-
strator and gather their needs from each stakeholder to form
a VoC model.

In the second step, the functional scenario analysis of
the demonstrator is carried out according to the stakeholder
needs, and the construction of the behavior and structure
models of the black box is performed. White box behavior
and structure modeling are then performed according to the
decomposition of the system functions of the demonstrator.

In the third step, VoC is derived into DRO, and Measure-
ments of Effectiveness (MoEs) are developed. The problem
domain models will be modified in multiple iterations. The
researchers will need to maintain communication with stake-
holders and subsystem experts to ensure that the requirements
accurately reflect stakeholder needs and are achievable and
verifiable. The solution domain system requirements model-
ing is then initially performed based on DRO. The system
requirements are classified into AFRD and NFRD based on
whether the requirements are related to the system functions.

In the final step, the solution domain system structure and
behavior are modeled according to the system requirements,
while the system requirements are iterated in this process.
Maintain communication with subsystem experts to ensure
that the system requirements are reasonable. After determin-
ing the system-level models, the products that meet the design
requirements are selected from the optional subsystems, and
their behavior and structure should be modeled.

Unlike the original MagicGrid method, the requirements
of black-box in the MBSE approach for demonstrators is
divided into two models: stakeholder needs and stakeholder

43115



IEEE Access

Z. Cui et al.: MBSE for Civil Aircraft Scaled Demonstrator Requirement Analysis and Architecting

Stakeholder Function Requirement Design
Needs Capture Analysis Analysis Synthesis
Requirements Behavior Structure Parameter
s 1T\ "0 _\ \
| Black Box VoC » Use Cases System Context Measurgments of |
| Effectiveness |
| B |
Problem | I
Domain | White Box DRO « Functional Logical Measurements of I
\ Analysis Subsystem Effectiveness
\_________________'_J 7_______________________________"_________1
I/ \
AFRD System
System NFRD ystem Behavior System Structure Parameters |
I
Solution || \ .
Domain || i
|  Subsystems Subsyst.em Subsystem Subsystem |
Behavior Structure Parameters
\_ /
« Workflow <:| Derive Refine «—  Verify

FIGURE 3. MagicGrid for civil aircraft scaled demonstrator.

requirements. The adjustment is to make the MBSE approach
compatible with non-model technical process in the previous
section. With the experience from our past demonstrator
projects, we have found that the system requirements of
demonstrators are quite complex and the derivation from
stakeholder needs directly to system requirements might be
insufficient of basis. With the stakeholder requirements added
in the requirement analysis, it is helpful to derive stakeholder
needs to system requirements based on the refinement of
function analysis.

Ill. STAKEHOLDER NEEDS CAPTURE

A. STAKEHOLDERS IDENTIFICATION FOR CIVIL AIRCRAFT
SCALED DEMONSTRATOR

A stakeholder is any entity (individual or organization)
with a legitimate interest in the system [13]. Stakehold-
ers that generally need to be considered in a civil aircraft
requirement analysis include Customer, Operational, Market,
Training/Service, Maintenance, OEM (Original Equipment
Manufacturer)/Supplier, and Regulatory [21]. In this paper,
stakeholders of demonstrators are identified likewise.

1) Customer: For civil aircraft, Customer is usually defined
as airlines, pilots, passengers, etc. For scaled demonstrators
are defined as the test user. The test users are the operator in
the flight tests of demonstrators and are also responsible for
the preparation and aftercare of the test (e.g., transport and
recovery of demonstrators).
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2) Operational: For civil aircraft, Operational includes air
traffic control, airports, etc. For demonstrators defined as
airport and environment, this stakeholder is mainly concerned
with the requirements of airports and airspace conditions on
the characteristics of demonstrators.

3) Market: Market includes the requirements of market
competitiveness. For a demonstrator, it is defined as collabo-
rating users. The co-users can be considered as the procurer
of demonstrators who complete the purpose of demonstrating
specific technologies or configurations. To achieve this, the
co-users usually set requirements for demonstrators’ payload,
internal space, and flight performance. And sometimes, they
might also require that the demonstrator carries certain equip-
ment or adopt a certain configuration.

4) Training/Service: Flight crews, cabin crews, ground
service, passengers, etc., for civil aircraft. Demonstrators
are simpler systems operated by professional staff from the
development team or test users and usually do not require
additional training or ground service. At the same time,
demonstrators are customized for the co-users and are not
intended for non-specific users/passengers. Therefore, this
stakeholder is not considered for demonstrators.

5) Maintenance: For civil aircraft, including repairers,
third-party repair companies, etc. Demonstrators are gener-
ally maintained by the development team or test users, with-
out dedicated maintenance staff or third-party maintenance
company.
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TABLE 1. LQ-H voice of the customers.

ID

Name

Text

LQH-VoC-0001
LQH-VoC-0001.1
LQH-VoC-0001.2
LQH-VoC-0001.3
LQH-VoC-0001.4
LQH-VoC-0001.5
LQH-VoC-0001.6
LQH-VoC-0001.7
LQH-VoC-0001.8
LQH-VoC-0001.9
LQH-VoC-0001.10
LQH-VoC-0002
LQH-VoC-0002.1
LQH-VoC-0002.2
LQH-VoC-0002.3

Co-Users Requirements
Payload Weight

Power Sources

Payload Volume

Configuration

Payload Control

Means of Take-off and Landing
Flight Speed

Flight Duration

Total Weight

Ceiling

Development Team Requirements
Development Procedure
Development Period
Development Resource

LQ-H can carry a payload of more than 8kg.

LQ-H should have hybrid-electric power.

LQ-H should have space more than TBDecm*TBDem*TBDcem for payload.
LQ-H should be truss-braced-wing (TBW) with two propellers.

LQ-H should have the ability to active payload control.

LQ-H should have wheeled landing gears.

The maximum speed of LQ-H should be more than 100km/h.

The flight duration of LQ-H should be more than 12h.

The total weight of LQ-H should be less than 40kg.

The ceiling of LQ-H should be more than 4000m.

LQ-H should be developed under the MBSE procedure.
LQ-H should be developed within 4 months.

LQ-H should be developed within 4000 work hours.

The development of LQ-H should cost less than 13,000USD.
LQ-H can operate test missions more than 200 times.

LQ-H should be eligible for a specific storage site.

LQ-H can be transported in minivans.

LQ-H can fly in a specific route and maneuver.

LQ-H can collect specific flight data.

LQ-H can be operated by a pilot of 2nd class or lower.

LQH-Vo0C-0002.3.1 Work Hour
LQH-Vo0C-0002.3.2 Funding
LQH-VoC-0002.4 Durability
LQH-VoC-0002.5 Storage

LQH-VoC-0003 Test Users Requirements
LQH-VoC-0003.1 Transport
LQH-VoC-0003.2 Flight Mission
LQH-Vo0C-0003.3 Flight Data
LQH-VoC-0003.4 Pilot

LQH-VoC-0003.5 Flight Safety
LQH-VoC-0004 Airport and Environment Requirements
LQH-VoC-0004.1 Sidewind Speed
LQH-VoC-0004.2 Airport
LQH-VoC-0004.3 Airspace
LQH-VoC-0004.4 Runway

LQH-VoC-0004.5 Wind

LQH-VoC-0004.6 Headwinds

LQH-VoC-0004.7 Operating Temperature
LQH-VoC-0004.7.1 Lowest Operating Temperature
LQH-VoC-0004.7.2 Highest Operating Temperature

LQ-H can give an alert when it flies out of a certain area.

LQ-H can take-off and land in sidewind of more than Sm/s.

LQ-H can satisfy the taking-off and lading requirements of a specific airport.
LQ-H can satisfy the requirements of operating in isolated airspace.

LQ-H can take-off and land on a runway shorter than 400m.

LQ-H can take-off and land in a wind of faster than 3m/s.

LQ-H can take-off and land in a headwind of faster than 10m/s.

The lowest operating temperature of LQ-H should be lower than 0°C.
The highest operating temperature of LQ-H should be higher than 40°C.

[ Stakeholders of Demonstrator ]

Customer Operation Market OEM / Suppliers

Test Users  Airport & Environment Co-users Development Team

FIGURE 4. Stakeholders of civil aircraft scaled demonstrators.

6) OEM/Supplier: OEM/Supplier includes requirements
from OEM strategy, policy, supplier cooperation, etc. For
demonstrators, it can be defined as the development team
whose mean concerns are funding and work hours.

7) Regulatory: airworthiness regulatory (e.g., FAA,
EASA), circular advisory requirements, and other applicable
standards. Demonstrators usually do not require airworthi-
ness certification, so Regulatory would not be considered a
stakeholder.

The final results of identified stakeholders are co-users,
test users, airport and environment, and development team,
as shown in Fig.4.

B. LQ-H VOICE OF THE CUSTOMERS
The study case in this paper, LQ-H, is a hybrid electric
power demonstrator developed by BATRI. The goal of the
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demonstrator is to carry a hybrid power system consisting
of hydrogen fuel cells, lithium batteries, and solar cells and
test the performance of the fuel cells by flying in a natural
airspace environment.

Based on the results of stakeholder identification, stake-
holder representatives of LQ-H were convened to conduct
a workshop and collect their needs. The stakeholder needs
collected are modeled as VoC, shown in Table 1.

IV. FUNCTION ANALYSIS

A. FUNCTIONAL SCENARIO ANALYSIS

Functions are the capabilities that customers or potential
users expect the product to possess. Functional scenario anal-
ysis is the basis for system behavior modeling. The functional
scenarios are also divided into aircraft functional scenarios,
subsystem functional scenarios, and component functional
scenarios, corresponding to the system layers that implement
the functions.

In the functional scenario analysis of demonstrators, the
top-level use cases in the complete demonstrator operation
workflow are first defined in chronological order: pre-flight
inspection, preparation for take-off, mission operation, and
post-flight inspection. The top-level use cases are then
decomposed into activities with reference to the design
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TABLE 2. Functional scenario analysis for preparation for take-off.

Aircraft Functional Subsystem Functional Scenario

Use case Scenario Activity Activity
Ground Station
Standby
Flight Control System Power on
Flight Control Flight Control System Activation
Communication On Communication Established
) Communication Check
ng ?:ﬁ:n Landing Sitej and

off Route Setting

Control Command
Transmission Check

Alternate Mode Switching
Alternate Mode Execution
Main Control Mode Switching
Main Control Mode Execution

FPV Control Mode Switching
FPV Control Mode Execution
Automatic Check

Automatic Check Report to
Ground Station

Automatic Check Report to
Console

Control Command
Unit Check

requirements and security specifications. Each activity has its
corresponding execution system. If the execution system of
the activity is the demonstrator, the activities can be continued
to be decomposed into activities executed by subsystems.

Table 2 shows the results of the functional scenario decom-
position for LQ-H’s preparation for take-off. According to
the demonstrator operation specifications developed during
the past demonstrator projects, the use case was divided
into five aircraft functional scenario activities: ground station
preparation, flight control communication turn-on, landing
point and route setting, control command transmission check,
and control command unit check. Among these activities,
flight control communication turn-on and control command
unit check are the activities performed by the demonstrator.
Thus, these activities should be decomposed into subsystem
functional scenario activities. Although there is no subsystem
specified to perform a particular activity in the decomposi-
tion, it is necessary to consider the actual possible situation of
the subsystems to avoid unreasonable subsystem functional
scenario activities.

B. USE CASE

The use case diagram of the demonstrator is drawn on the
basis of the functional scenario analysis above. In the initial
modeling of the use case, it may not be possible to specify the
entities that execute specific use cases. The use case can be
completed after system context modeling. The final use case
model of LQ-H is shown in Fig.5.

C. SYSTEM CONTEXT

System context is an external view of the demonstrator and
includes elements that are not part of the system but are
related to the system activity. In system context modeling,
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FIGURE 5. The use case diagram of LQ-H.

an internal block diagram (IBD) is used to describe the system
of systems (SoS) and its interfaces. When modeling system
context, the functional scenario of the demonstrator should
be considered. If activities that are not decomposed in the
aircraft functional scenario cannot find an executor in the
system context, it indicates that there are missing elements
in the SoS model. The system context of LQ-H is shown in
Fig.6. The experience of previous demonstrator projects is
referred to the modeling.

D. FUNCTIONAL ANALYSIS

As the system activities and subsystem activities have been
analyzed in the functional scenario, the main work of func-
tional analysis modeling is to design the workflow and logic
of the activities in activity diagrams. After the initial stage of
functional analysis, the results are used as the basis for logical
subsystems. Then with the results of the logical subsystem,
the swim lanes can be created in the activity diagram, and the
performers of each activity can be assigned. Fig.7 shows
the final results of the LQ-H control command unit check
activity.

E. LOGICAL SUBSYSTEM

The logical subsystem model of demonstrators is expressed
through IBD, in which the subsystems of the demonstrator
and the interfaces between them should be defined. The
results of the logical subsystem should ensure that each activ-
ity in the functional analysis is performed by the correspond-
ing subsystem, that there is a corresponding interface between
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FIGURE 7. Activity diagram of LQ-H control command unit check.

the flows of the activities, and that the interface between the
subsystem and the external system is consistent with that in
the system context.
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The logical subsystems of the LQ-H are shown in Fig.8.
The demonstrator contains seven logical subsystems: air-
frame, flight control and navigation system, communication
system, power system, data recording system, payload, and
landing gear. The airframe and landing gear can sometimes
be considered as one subsystem. However, this demonstrator
uses a retractable landing gear with a complex mechanical
structure, and therefore it is necessary to analyze the land-
ing gear as a separate subsystem. Payload is defined as an
unspecified subsystem that varies considerably depending
on the stakeholder needs in different demonstrator projects.
For LQ-H, the payload is a motorized gimbal and a camera
mounted on it.

The above-mentioned tasks in the function analysis of
demonstrators are tightly coupled. To ensure that the resulting
behavior and structure model of the demonstrator is reason-
able, it is important to maintain communication with stake-
holders and subsystem experts during the actual modeling
effort and iterate the tasks with experience from other demon-
strator projects.

V. REQUIREMENT ANALYSIS

A. REQUIREMENT ONTOLOGY AND MODELING
STANDARD

In the previous section, we have defined the requirement
models for demonstrators. Before presenting the specifics
of the requirement analysis for LQ-H, we first present the
requirement ontology and requirement modeling standard
that BATRI typically uses in its demonstrator projects.
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FIGURE 8. Logical subsystem of LQ-H.

1) DEMONSTRATOR REQUIREMENT ONTOLOGY

According to the convention of requirement descriptions in
BATRI projects, the three elements of the requirement ontol-
ogy are defined as ID, Name, and Text.

a: ID

The requirement ID is used to identify the requirement
layer of hierarchy to which a requirement belongs and to
distinguish the parent-child relationship of the requirement
item. The ID naming format is “AAA-BBB-CCCC”, where
“AAA” is the project name such as “LQH”; “BBB” is the
name of the requirement model to which the requirement
item belongs, such as “VOC”, “DRO”, etc.; “XXXX” is a
numeric code, usually “0001”, 0002, etc. If a requirement
has sub-requirements, use period marks to distinguish the
layer of sub-requirements, such as “0001.1*, “0001.1.2”.

b: NAME

The requirement name is a concise description of the overall
content of the requirement, such as ‘““data acquisition” or
“landing and takeoff performance”.

c: TEXT

The requirement text is used to describe the specific content
of the requirements. The main task of modeling requirements
is to standardize the statement of requirement text to express
the content of the requirements. A preferred requirement
statement pattern is like “Object + Constraint + Value”,
e.g., “The take-off taxi distance of LQ-H should be /ess
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than 400m.” The requirement text is not compulsory in every
requirement item, especially for the parent item which needs
several child items to state its content completely. In Table 1,
the VoC requirements for LQ-H are defined according to the
above requirement ontology.

2) DEMONSTRATOR REQUIREMENT MODELING STANDARD
In order to ensure that the requirement analysis produces
reasonable results, the demonstrator requirement modeling
standard is summarized based on the experience of the past
projects of BATRI. Regular reviews should be organized
during the requirements modeling process to ensure that the
requirement models conform to the standard.

a: UNAMBIGUITY

Unambiguity means that the understanding and interpretation
of each requirement are unique to anyone who reads it. And
for every requirement, it should be clear what work is to be
done to meet that requirement, who exactly is to do that work,
and which system (or systems) applies to that requirement.

b: CONSISTENCY

The same terminology should be used in the different require-
ments to describe the same system or concept.

¢: BLACK-BOX

Requirements should describe the expected behavioral per-
formances and characteristics of the system they specify and
should not express the specific means of implementing those
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FIGURE 9. Part of refine matrix of functions and MoEs to DRO.

performances and characteristics unless the stakeholders have
explicit demands on the implementation.

d: VERIFIABILITY

Each requirement must be verified to some extent through
a standard method (e.g., test, analysis). For example, a cus-
tomer’s expectation that an aircraft should have a range as
long as possible is a legitimate request that cannot be verified.
For such requirements, a trade-off analysis is required to
determine the maximum range that can be verified. Ideally,
each requirement can be verified by a separate test. If a
requirement requires multiple tests to verify, the requirement
should be divided into multiple requirements. If a single test
can verify multiple requirements, the use of this test depends
on whether the requirements can be categorized or merged.

e: ACHIEVABILITY

When defining the requirements, engineers with sufficient
expertise should determine whether the requirements are
achievable or not. To ensure that requirements are achievable,
engineers responsible for the lower layer systems can be
involved in the definition or reviews of requirements. The
achievability of requirements should be assessed in terms
of whether the metrics in the requirements can be met and
whether the cost of meeting the metrics is affordable.

f: TRACEABILITY

Each requirement can be traced back to its source. Each
requirement should be traced back layer-by-layer to a stake-
holder need. And each stakeholder need must also be
traced back to the corresponding stakeholder. Similarly, each
function must be traced back to a specific requirement,
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TABLE 3. Parent items of LQ-H DRO.

ID Name

LQH-DRO-0001
LQH-DRO-0002

Safety Requirements
Flight Data Collection,

Transmission Requirements

Recording and
LQH-DRO-0003
LQH-DRO-0004
LQH-DRO-0005
LQH-DRO-0006
LQH-DRO-0007
LQH-DRO-0008
LQH-DRO-0009
LQH-DRO-0010

Flight Performance Requirements
Power Unit Requirements
System Function Requirements
Airframe Requirements
Manufacture Requirements
Maintenance Requirements

Cost and Funding Requirements
User Requirements

establishing a link between each requirement and the subse-
quent design, implementation, and testing.

B. DESIGN REQUIREMENTS AND OBJECTIVES
Stakeholders develop DRO from the results of functional
analysis and logical subsystem. This step aims to complement
the VoC by transforming some qualitative needs into mea-
surable and verifiable requirements. Each white-box function
should refine certain DRO items, thus ensuring that the DRO
constrains all of the system’s functions. The complete DRO
of LQ-H has 125 items. Due to the space limit, Table 3 shows
the 10 parent items.

A refine matrix of functions and MoEs to DRO can be
established during the requirement analysis process, as shown
in Fig.9. The matrix can be used to check if all functions
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bdd [Package] 4 Measurements of Effectiveness [ Measurements of Effectiveness ])

«block»
MoEs holder
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LQ-H Total Weight
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values Text = "The total weight of
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A«moe» /Arm_Total : length[centimetre[{unit = centimetre} than 40kg.” T

il
FIGURE 10. LQ-H total weight as MoEs.

o s
Take-off Weight Limit [0..] defines Wei_Total)

and MoEs refine the DRO. And if not, the stakeholders
should be advised to complete DRO items. Some of the DRO
requirements cannot be refined by functions or MoEs. These
requirements are usually non-functional and non-parameter,
which should be treated carefully, e.g., involving subsystem
experts in reviews to assess the achievability and verifiability
of these requirements.

C. SYSTEM REQUIREMENT

The modeling process of system requirement is mainly to
derive DRO into AFRD and NFRD, the definitions of which
are presented in Section II. The specific tasks of the process
are twofold.

The first is to categorize each DRO requirement in two
models based on the previous refine matrix. The requirements
that are refined by the functions are assigned to AFRD, and
requirements that are not refined by the function assigned to
NFRD. One of the reasons for this process is that functional

TABLE 4. Parent items of LQ-H AFRN and NFRD.

1D

Name

LQH-AFRD-0001
LQH-AFRD-0002
LQH-AFRD-0003
LQH-AFRD-0004
LQH-AFRD-0005
LQH-AFRD-0006
LQH-AFRD-0007
LQH-AFRD-0008
LQH-AFRD-0009
LQH-NFRD-0001
LQH-NFRD-0002
LQH-NFRD-0003
LQH-NFRD-0004
LQH-NFRD-0005
LQH-NFRD-0006
LQH-NFRD-0007
LQH-NFRD-0008

LQ-H Preparation for Take-off

Power System

Installation Interface and Functional Interface
Data Collection and Storage

Ground Taxiing

Data Transmission

Flight Status and Functional Systems Control
Flight Mode Switching

Landing and Recovery Requirements
Take-off and Landing Runway Requirements
Airframe Requirements

Cost and Funding Requirements
Maintenance Requirements

Reliability

Weight Limit

Manufacture Requirements

Preparation for Take-off Requirements

and non-functional requirements are associated with different
models, resulting in different ways of verification. Another
reason is that some of the non-functional requirements cannot
be linked to other elements in the model and require addi-
tional attention during the requirements analysis.

The second is to adjust the organization and statement
of the requirement items for the verifiability demand in
the modeling standard, including quantifying non-quantified
metrics in DRO, converting some hard-to-measure metrics
into easy ones, and adjusting the organization of require-
ments so that the metrics verified by one single test is in the

bdd [Package] 3 System Structure[ HLSA to Logical Architecture ]J

Domain
«block»
Demonstrator [ Problem
values [[] solution
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FIGURE 11. The high-level solution architecture (HLSA) model of LQ-H.
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FIGURE 12. The IBD of LQ-H.
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FIGURE 13. The IBD of the power system.

same requirement item. For example, in the LQ-H require-
ment analysis, we convert “LQH-DRO-0003.4 Thrust-to-
Weight Ratio” and “LQH-DRO-0006.2 Maximum Take-off
Weight” to “LQH-AFRD-0002.1 Maximum Thrust” and
“LQH-NFRD-0006 Demonstrator Weight Limit”, making it
easier to verify the requirement for thrust.

There are 167 items in LQ-H AFRD and NFRD.
Table 4 shows the parent items of AFRD and NFRD.
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D. MEASUREMENTS OF EFFECTIVENESS

Measurements of Effectiveness are indicators used to mea-
sure overall stakeholder satisfaction on the quantified
demands of stakeholders for product/system performance,
safety, reliability, dispatchability, maintainability, etc. [20]
MokEs are captured in the same way as stakeholder needs.
After the function analysis and requirement analysis of the
demonstrator, the MoEs model and its relations with the
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FIGURE 14. Use state machine diagrams (STM) to define the behavior model of the subsystem. There are 12 STMs for the 7 subsystems of LQ-H.

This diagram is the state model of the propulsion system.

par [Block] LQ-H Configuration [ Total Mass of LQ-H ])

m_G

:A_Airframe design

TotalMass : mass[kilogram]

[
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: Total_Mass

: G_Payload design

TotalMass : mass[kilogram]

«moe»
/TotalMass : mass[kilogram]
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FIGURE 15. The system and subsystem parameters related to MoEs are modeled using parametric diagrams. Here a parametric

constraint model of the total weight is shown.

requirement and parameter models can be established. Fig.10
shows the maximum weight as MoEs and its links with
system parameters and requirements.

VI. DESIGN SYNTHESIS

After requirement analysis, there comes design synthesis
for the demonstrator. Since the subsystems of demonstra-
tors use commercial-off-the-shelf products or test equipment
provided by stakeholders, the design synthesis process
focuses on selecting the appropriate equipment for subsys-
tems based on system requirements and modeling subsystem
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structure, behavior, and parameters. Some of the design syn-
thesis modeling results of LQ-H are shown below.

In the system structure modeling of demonstrators, a High-
Level Solution Architecture (HLSA) model should first be
built based on the actual situation of the selected subsystems,
as shown in Fig.11. HLSA uses Block Definition Diagram
to specify the subsystems and interfaces between them. And
abstraction relations are used to establish a trace between the
solution domain system model and the logical subsystem. The
HLSA model can indicate the corresponding subsystems of
solution domain to the functions and interfaces determined
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FIGURE 17. Part of the derive matrix of AFRD and NFRD to DRO.

in the problem domain. Then an IDB as shown in Fig.12 is
used to model the structure of LQ-H according to the structure
and interfaces of the subsystems chosen. Since the solution of
LQ-H completely matches the logical subsystems, the IBD
of LQ-H can be referred to Fig. Only several interfaces are
adjusted based on the devices selected.

The subsystem structure modeling uses IBDs to describe
the structures of the 7 subsystems. For each subsystem, there
components and interfaces are modeled. The results of the
power system are shown in Fig.13. The power system has two
propulsion systems with propellers and motors, a distributer
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controlling the supply of the electric power, and the power
source consisting of two batteries, a fuel cell, and a set of
solar cells.

The systems and subsystems behavior modeling use the
state machine diagram (STM) to define the behavior model
of the subsystems. 12 STMs are established in this research
for 6 subsystems of LQ-H. Only the airframe subsystem has
no STM, since the airframe of LQ-H has no functional state
changes. Fig.14 shows the STM of propulsion system status.
The propulsion systems of LQ-H have 6 status: off, power-on,
inspection, take-off, cruise, and low-speed.
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FIGURE 18. Verification matrix of functions and MoEs to system requirements.
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O Turn off(B)

entry / Distributor Off

FIGURE 19. Simulation result of distributor and battery STM.

The final step of the design synthesis is the
modeling of systems and subsystems parameters. Parametric
Diagrams (PAR) are used to model the parameters and related
MokEs. Fig.15 shows the PAR of total mass, in which the
constrain of total mass connecting the total mass of each
subsystems with the corresponding MoEs.

VII. MODELING RESULT ANALYSIS
A. REQUIREMENTS TRACEABILITY CHECK
A well-developed requirement model should be traceable.
Each requirement should be traced back to the correspond-
ing source. Each requirement should be traced back to a
stakeholder need layer-by-layer, and each stakeholder need
should also be traced back to the corresponding stakeholder.
A derive matrix is used to check the traceability of the
requirements. The derive matrix of DRO to VoC is shown in
Fig.16. As it is shown that each item in the VoC is derived
by the corresponding DRO items, and each item of the DRO
derives from a particular VoC item.

The same approach can be used to check the derivation
of system requirements to DRO, as shown in Fig.17. Both
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AFRD and NFRD can be traced to DRO. And every DRO
item derives to the system requirements.

B. REQUIREMENTS VERIFIABILITY CHECK

Requirements verifiability check confirms that each require-
ment is met by the corresponding function or architecture.
A verification matrix can be drawn to check the behavioral
and structural design of the system corresponding to each
requirement. Fig.18 shows that all requirements of AFRD
can be verified by the attributes of the demonstrator structure
model of the solution domain. NFRD is the non-functional
requirement of the system, and in this study, a MoE:s is set for
the weight limit, which can be verified by the parameters of
the system.

C. SYSTEM LOGIC SIMULATION

Logic simulation of the solution domain structure and behav-
ior models can verify that there are no logic errors in the inter-
face and state flows of the demonstrator. The logic simulation
calls the IBDs and STMs of the demonstrator system and
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TABLE 5. Main parameters comparison between LQ-H and BWB UAV.

LQ-H BWB UAV
Wingspan 6 meters 5 meters
Cruise Speed 28 m/s 36 m/s
Takeoff Weight (Max) 40 kg 50 kg
Development Cycle 5 months 12 months

subsystem. And the simulation result shows that there are no
errors and conflicts in the design of the LQ-H demonstrator.

VIil. CONCLUSION

In this paper, the technical process for civil aircraft scaled
demonstrator is summarized according to past demonstra-
tor development experience of BATRI. And the MagicGrid
approach for demonstrator requirement analysis and archi-
tecting is proposed from the combination of the technical pro-
cess and MBSE methodology. The analysis of the modeling
results shows that the resulting requirement models meet the
requirement modeling standard and that the architecture is
logically implementable.

With the application of MBSE method to demonstrator
design, the development cycle of LQ-H has been shortened to
5 months from project launch to maiden flight. As a compari-
son, a demonstrator as in [22] took 12 months of development
cycle. The demonstrator is a blended wing body (BWB) UAV
developed without MBSE approach. The BWB UAV has
its wingspan, maximum take-off weight, and cruise speed
similar with LQ-H, bringing similar development difficulty
for these two aircrafts. Table 5 shows the characteristic
parameters and development cycle of LQ-H and BWB UAV.
The result shows that the MBSE approach has potential to
significantly shorten the development cycle of civil aircraft
demonstrators.

In conclusion, there is feasibility to apply the MagicGrid
approach to the development of civil aircraft scaled demon-
strators. And this approach is compatible with the previous
non-MBSE demonstrator technical process, which facilitates
the application of the MBSE method in the development of
demonstrators. In order to accommodate the complex require-
ment analysis in demonstrator development, the approach
in this paper divides the stakeholder needs in MagicGrid
into stakeholder needs (VoC) and stakeholder requirements
(DRO). The modeling practice shows that this adjustment is
helpful to get verifiable and traceable demonstrator require-
ments. The stakeholder identification, some of the demonstra-
tor functional scenarios, and some of the structure and behav-
ior models in the paper are generic and can guide the future
MBSE practice of demonstrator development. In addition,
the requirement modeling standard summarized in this paper
can be used for other complex product requirement analysis
studies in the future. Meanwhile, this paper also leaves some
limitations and shortcomings for further research:
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1) An investigation of various MBSE methodologies (as
in [10]) and modeling tools (as in [23]) will be helpful to find
the best approach for civil aircraft scaled demonstrators. For
future work, we will apply MBSE into various demonstrators
and compare the effectiveness of different tools and methods.

2) Trade-off analysis is utilized commonly in MBSE
researches. In this paper, a model-based trade-off is missing
since the parameter model of subsystems is not fine enough.
For future work, we will construct a model library with
more detailed subsystem models and perform a model-based
trade-off analysis to find optimal solution domain design for
specific stakeholder needs.
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