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ABSTRACT

ENVIRONMENT-BASED DESIGN (EBD) ENABLED SCENARIO ANALYSIS FOR
AEROSPACE PRODUCT DEVELOPMENT

Alexandra Miklin
The process of product development is one of the most important and complex activities
of an industrial company, especially in the acrospace domain. The requirements of stakeholders
play a central role here. Those requirements come from internal and external sources, and further
in the process are translated into organizational knowledge (e.g. specifications, etc.). Utilization
of this approved knowledge in new programs is very beneficial, and can save resources for
design, may reduce the risk of failures, and may ease certification, manufacturing, maintenance

and other processes.

The development of such complex systems is an extremely challenging process because
of their growing complexity and frequently changing product environment and requirements.
Furthermore, the development process affects the amount of information or knowledge (e.g.

requirements) to be managed by an organization.

Building on information gained from past projects, this thesis proposes a method to
structure the knowledge that was gained. The Environment-Based Design (EBD) methodology is
a platform for characterization of this method. Utilizing the EBD tool, a Recursive Object Model
(ROM), enables a graphical representation of the knowledge for ontology (components and
relationships) that is found within the environment-based analysis. In addition, an example of
analysis for the top-level requirement based EBD methodology is provided. This example

proposes an opportunity for searching specific requirements by tagging with key words. The
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results were compared with a model approach based on the Arcadia method, and was found to be

effective.

v



ACKNOWLEDGEMENTS

I would first like to thank my supervisors Dr. Yong Zeng and Dr. Stéphane Dufresne for
their advice and guidance that helped me and lit my way during the course work, as well as for
their kindness and patience. Their doors were always open to me whenever I had questions. Their
significant and extraordinary support has always guided me in the right direction at all stages of
my research. I truly believe that what I have learned will open many new opportunities for me in

the future, both professionally and personally.

Thanks are also due to those involved in this project from Bombardier. Their patience,
knowledge, experience and open communication allowed me to progress with my research

effectively and efficiently.

I would also like to acknowledge Dr. Lan Lin of the Department of Building, Civil and
Environmental Engineering at Concordia University, as the second reader of this thesis, for her

constructive comments.

I appreciate very much the help from all my colleagues in the Design Lab, as well as Mrs.
Xiaoying Wang and Mr. Cheleeger Ken for many fruitful discussions that opened new ideas and

gave me moral support during this journey.

I am thankful to Concordia University in general and the CIISE Department in the Gina
Cody School of Engineering and Computer Science, in particular, the administrative staff. The

university and staff have provided me an excellent educational environment and services.



I would like express my profound gratitude to my parents, my brother and my parents-in-

law for their support and confidence in me, thank you all!

Lastly but most importantly, I would like to acknowledge my dear husband and children,
who always supported and inspired me throughout all the years of my graduate study and work.
We as a family have been waiting for this moment for so long. I dedicate this work to all of us. I

would never be who I am without each of you.

VI



Table of Contents:

LSt OF FIGUIES ...ttt ettt b et s st e et s et e esesese s sesesens IX
LISt OF TADIES ...ttt XI
CHAPTER 1 INTOQUCTION. ...ttt sttt ettt ettt et b et esbe s st et e sbeest e beeneeneesaeenean 1
L LY (073 A 1510 1 s DO OO UUUURSRS 1
1.2 Research objectives, questions and hypotheSes ..........cccvevirrciieciiecienierie e 3
1.3 ReSEAICh CONITDULIONS .....eeutieiieeiie ettt ettt ettt b e st et e e be e s bt e sateeabeenbeebeenns 5
1.4 Organization Of the TESCATCH .........ccciiriiiiiiiie ettt e e be e teesteesseeseseenseesseennes 5
CHAPTER 2 Background and [HtErature TEVIEW ..........cccverreerverrerreeriesieesseeseesressseesseesseesssesssessseessesssessens 7
2.1 Aerospace product deVElOPMENTt PIOCESS .......eervieruieruieriieieeieerteerttestteseteeteeteesteesaeesatesbeeabeebeenseenees 7
2.2 Scenario analysis for acrospace product development.............cccvevverieriieeiieerieeneeree e 9
2.3 EBD Methodology and environment analysis ..........ccceceereerirrieniieeneeseesie e eie e eiee st 11
2.4 Purpose of requirements and requirement analySiS.........ccccvevcvereveerreereereesieescreereeseesseesseessesseensees 20
2.5 Organizational knowledge: requirements, design and other documents.............cccecceeveenienirninnnen. 22
2.6 Organizational knowledge ClasSifiCation ..........c.cccveeviiviiirienieiieeie et re e seresreesreesses 23
A @ 11101 0= ST PRUSRUSTUPRR 26
2.8 System requiremMents ONEOLOZY .......eevieriierieriieeieeie ettt ettt ettt et et e steeeteeeteenbeebeesbeesaeesneeenseas 27
2.9 Aircraft Design Requirements Ontology (ADRO) ......ccvovieiiieiiiiiieieeseecte e sresve s 27
2.10 Systems Engineering (SE) ......coeoioriiiiiiiiieeeeteee ettt 30
2,11 SYStEM ATCHITECIUTE ... .cuvieiieieieeiieeteeteesteestteeteebeereebeesteestaestbeesbeesseessaesssesssessseassessssesssesssesssenssens 31
2.12 System and SYSteM OF INEETEST.......ceruirieriirtirierieritee ettt sttt sbe e s 32
2.13 SYStEM LITECYCI .. oecuviiiieiiiciie ettt ettt ettt et b e et e e teestbessbessbeesbeesseesssesssensseessens 35
2.14 Stakeholder defiNItION .........eeviiiiiiieeieee ettt ettt e st e et e st e et e bt e saeesaeesneeeneeas 37
2.15 Requirements and NEEAS..........cccviiiiiriieiieiiecie ettt sreereereesteestaesbessseesseesseessesssesssesssees 38
2.16 Functions and Function AlIOCAtION ..........cecieriiriieiieiiesiie ettt ettt ettt seeeseeesnee e s 40
2.17 Requirements and SCENATio INTETCONNECTION. .....cc.ueetreriierteertiesireeieeieesteesteesteeseebeeseesaeesaeesneeeneeas 42
2.18 Organizational knowledge and possibility fOr I€-USE.......c.ccvviivvieviiirierieiiecre e 44
2.19 Models, model purpose and knowledge Sharing...........cccccovevvvieiciieiieniienie e 46
2.20 Model-Based Systems Engineering (MBSE).........ccvoviiiiiiiiiiieieeecceeere et 49
2.21 Summary Of the [ItErature TEVIEW.......c.eccueerierieeieeiieieesitestesere et et esteesseessaesnseesseesseesseesseesnsesnses 52
CHAPTER 3 EBD enabled SCENario analySiS........cccvueivievieeriienieeieesieereereeseesseesseesssessessesssesssesssessnenes 53
3.1 ADRO knowledge develOpment ............ccveiieriiiiiiiieieeritesiteseeste et eieesteeseeeseaeenseeseeseesneesnnenns 56

VII



3.1.1 Analysis of the general problem StatemeNt ............c.ccveeviecieeiieriierieeciesee e eere e sire e ens 57

3.1.2 Environment analysis and knowledge representation for ontology ..........cccceeevvevivereerieeneennenns 67
BU1.2.T SENLETICE 2 ..ttt ettt ettt et ettt e b e bt e e ate et e eab e et e e bt e bt e sbtesateeateente e beenbeenheesneeeas 68
BU1.2.2 SENLENICE 3 ..ottt ettt sttt et ettt et e et enbe e bt e sbee e 74
BU1.2.3 SENLETICE 4 ...ttt et ettt b e et e e bt ettt e bt e bt e e bt e sateeaee et e e beenbeenheeeaeeeas 81
3U1.204 SENLETICE 5 ..ttt ettt et e h e b e st e et e e bt et e bt e bt e e bt e sateeateente e beenbeeeaeesaneeas 86
3U1.2.5 SENLENCE & ...ttt sttt sttt ettt sttt e bt e b e saee e 90
3.1.206 SENLETICE 9 ...ttt ettt ettt ettt b e bt e s bt e sateeat e et e e beeebeeeheesaeeeas 96

3.2 Summary of the knowledge development part for ADRO.........ccccvevierierciieciieiieieeeree e 100
3.3 Top level requirement analysis to enable knowledge utilization ...........ccccoeeeevieieeniininncienieeen. 100
3.3.1 Top level requirement analysis by using the EBD methodology...........cccceevvevvevciincrieieennnee. 101
3.3.2 Identification of dependent INtEraCtionS..........ccceerierieriieeiieerieerte ettt ettt 111
3.3.3 Environment analysis and key words representation for the searching process ...................... 116
3.3.4 Evaluation versus model (Arcadia method) representation .............ccccoecvecieeseenienienieenieenen. 119

3.4 Summary for top level requirement analysis by the EBD methodology...........cccecoveviininninnnnnnen. 122
CHAPTER 4 CONCIUSIONS. ... .eiuiitieiieiietieiestteteste et te ettt et e e see e e teesteteeseentesseeneesesseensenseeneenseeneenes 123
4.1 Summary of 1€S€ArCh TESUILS ......ccuiiieiiiiieii ettt ettt et e 123
4.2 Recommendations for fUture 1€Search ............ccooieieiiiiiiiiie e 124

F N 0] 013116 OSSP RS 125
RETETEIICES ... ettt ettt ettt st et e bt et et e es e e e e eteemeenseeneenseeneeneesseeneens 133

VIII



List of Figures:

Figure 1: Key reSEarch STAZES .......cueerieriiiiiiii ettt ettt ettt ettt st e e te e bt esbeesbte et e eabeebeenbeens 6
Figure 2: Development Phasing (Department of Defense, 2001) .........cooivirieiiniiiinieereceeseeeeeeee 8
Figure 3: General creation of new sequential series 0f SCENATIOS. .....cccueevuierieerierieiie et 10
Figure 4: Roadmap for domain related environment: an example (Zeng, 2011).......ccoceeiiiiiininnnnennen. 15
Figure 5: Basic actions and responses on an object: ROM representation (Zeng, 2014).......cccocvvvvvrvennnen. 18
Figure 6: Environment-Based Design: Process Model (Zeng, 2011) ......ccoovieniiniiniiiiiieieienieeeeeeeeen 19
Figure 7: Operators, users and stakeholders (Arnold & Lawson, 2004).........cccceeverenienenenienenceeseeneen 21
Figure 8: Context of Systems Engineering Technical Processes (INCOSE, 2000) ........cccccveerenieneenenen. 30
Figure 9: Example of Alternative Architectural Concepts (INCOSE, 2006).........ccceeiieiieneeninnirnieenen. 32
Figure 10: System-of-interest, its operational environment and enabling systems (ISO/IEC/IEEE15288,
2015 ettt bbbttt a e h e h e bt bbb et a e bbbt bbbttt et e bt bt ettt nee 34
Figure 11: Example of the multitude of perceivable systems-of-interest in an aircraft and its environment
of operation within a transport system-of-systems (INCOSE, 2006 & ISO/IEC 15288, 2002) ................. 35
Figure 12: The flowdown of requirements (NASA, 2007) ...cccueiruiiriiiiieieerieesieeeie ettt 39
Figure 13: The Systems Engineering Process (Department of Defense, 2001) ........cccceeverieienenienenenen. 41
Figure 14: The process of generation Concept of OPErations..........c.eevueerueerieerienieeieeieeieeneesee e eeeeeees 43
Figure 15: General principle of simulation (Cantot & Luzeaux, 2011). ......ccccovirieninieiinieeeeeeeee. 48
Figure 16: Transition from document-centric to model-centric systems engineering

(Technical Operations - INCOSE, 2007) ....cccuteiiiieieiieeie ettt ettt ettt ssteseeesitesteeteesseesseesneeeas 50
Figure 17: Model-based Systems Engineering (MBSE) (Friedenthal & Wolfrom, 2010) ........c...cceveneee. 51
Figure 18: Transportation system - general capabilities ...........cccceeviiriiiriiiiiienieeie e 54
Figure 19: Main actors and general interactions with the system and its environment .............ccccccevueenneen. 55
Figure 20: Recursive object model (ROM) for the general statement of the problem............ccccoeceeenennee. 57
Figure 21: Rules for the relations between objects in the ROM diagram (Zeng, 2014) ......cccccovevvevenennen. 58
Figure 22: Structure tree of constraint and prediction relations of ObJeCtS .......c.ccveevierieviieviirieeiecreenenn 59
Figure 23: General ROM diagram after the first step of the environment analysis ..........c.ccecevereenienennee. 66
Figure 24: Sentence 2 in the general ROM diagram...........ccocereriienierieniinieienieeteneseeeseetee e 69
Figure 25: Sentence 2 of the main ROM diagram updated with knowledge from domain-specific
ENVITONMENT ANALYSIS 1..veiiuiiiiieiieitiestiestte et et et et e sttestteeteeteesteesseesseessteanseenseenseaseesseesasesnseenseeseesseesnnenns 74
Figure 26: Sentence 3 in the general ROM diagram...........cccoevveviieiieiiieniieniiesiecie e e ereereeseeeseneseneesnes 75
Figure 27: Sentence 3 of the main ROM diagram updated with knowledge from the domain-specific
ENVITONMENT ANALYSIS 1..veiiuiiiiieiieitiertieeie et et et et e sttestteeteeateesteesseesseessteanseenseenseeseesseesaseenseenseeseesseesneenns 80
Figure 28: Sentence 4 from the general ROM dia@ram ..........cccocvevviiiiiiieinieniesieere e ereeseeesveeeveesnes 81
Figure 29: Sentence 4 of the main ROM diagram updated with knowledge from the domain-specific
CNVITONMENT ANALYSIS ..vviiviiiiiiiieitieiiestesreeteesteesteesteestaeetbeesbeasseessaesssassseasseesseesssesssesssessseassessessseesssesseeans 85
Figure 30: Sentence 5 from the general ROM diagram ..........c..ccveeviiieeiiieniieniesieere e e sve e 86
Figure 31: Sentence 5 of the main ROM diagram updated with knowledge from domain-specific
CNVITONMENT ANALYSIS ..vviivviiiiiiieitiesiieiteeteeeteerteesteesteestbeetseesbeasseasssesssassseasseesseesssesssesssesssesssesssesssessseessenaes 89
Figure 32: Sentence 8 from the general ROM diagram ..........cccocveviiiiiiiiiinienienieeie e 90
Figure 33: Sentence 8 of the main ROM diagram updated with knowledge from domain-specific
CNVITONMENT ANALYSIS ..vviivviiiiiiieitiesiieiteeteeeteerteesteesteestbeetseesbeasseasssesssassseasseesseesssesssesssesssesssesssesssessseessenaes 95
Figure 34: Sentence 9 from the general ROM diagram ...........ccecveviiiiieiiienienierieeie e 96

IX



Figure 35: Sentence 9 of the main ROM diagram updated with knowledge from the domain-specific
CNVITONMENT ANALYSIS ...vviiuiiiiieiiesiiesiesterreesteesteesteesseesaeaseesseesseesseesssessseasseesseesssesssessssssseesseesseesseesseesseenns 99
Figure 36: Representation of general top requirement by utilization of ROM diagram ...............ccc.c..... 102
Figure 37: Structure tree of constraint and predicate relations of objects..........cccceeveeriieiiiniiiiiiiieene 103
Figure 38: General performance network representation..........ocveeeervereeieeesieesieeseeseesresresreeseesseenens 112
Figure 39: Performance network after the second iteration...........oceereeriiiiiiiieieeneee e 113
Figure 40: Updated performance network after the second iteration...........c.ceceeveeveeriercreecieeceeeeeenees 114
Figure 41: Updated performance network after the third iteration ...........cecceeceveereninieninenereereeeee 115
Figure 42: Final performance NetWork...........ccoiiiiiiiiiiiieiee ettt 116
Figure 43: ROM diagram with key words for tagging purposes in the searching process ....................... 118
Figure 44: General Operational Capabilities within landing and deceleration processes and relationships
WIEH BCTOTS -ttt ettt et et e bt et e s bt et e bt s bt em b e ebeeate bt ese et e sbeemeeebeentenbeeneenteebeeneenteeneens 120
Figure 45: High-level expected activities by actors within the landing and deceleration processes ........ 120
Figure 46: Overview of Operational Activities and Entities within the landing and deceleration processes



List of Tables:

Table 1: Elements of the recursive object model (ROM) (Zeng, 2008) .....c.cccvvevrieriereercreereereeneeseesneens 13
Table 2: Procedure for generic question asking (Zeng, 2011) ......ccociiiiiiiiiiinienieeeeeeeeeeee e 14
Table 3: Rules for generic questions (Zeng, 201 1) ......cccveciieiiierieriieriesieeiteieeieeee e seesreesseesseessaessneees 14
Table 4: Question template for object analysis (M. Wang & Zeng, 2009) ........cccoveieriienieneenienieeieeenn 14
Table 5: Procedure for asking domain specific questions (Zeng, 201 1) .....c.cccvevierierirncienrieerieeneeneesnens 16
Table 6: An example of stages, their purposes and major decisions gates (ISO/IEC 15288, 2002)........... 37
Table 7: Operational Requirements — Basic Questions (Department of Defense, 2001)..........cccveeeeveeeeen. 42
Table 8: General analysis of environment for transportation SYStEM..........cvecvverveerrerverireerreerieeseesnesnenns 56
Table 9: Relations between the objects/components of the ROM diagram ...........coeceeieeiieneininnnnneennen. 58
Table 10: Number of constraint and predicate relations on an object..........cceeveerieeiieeiieiienienieeieeieeeen 58
Table 11: Object list for qQUESHIONS ZENETALION .....ccveeivieiireieeieerieereesreereereebeeseessaesseessessseeseesseesseesseenes 59
Table 12: Generic question representation for environment of the main and constrain words of the

175 101S) 1L A OO O OO O RSO PP OPRPORPPPTUUTOPRRPONS 60
Table 13: The main components and relationships for constraint word “Change” ............ccccevveererriennnen. 70
Table 14: The main components and relationships for constraint word “Artifact” ..........cccccevervvrriennnen. 73
Table 15: The main components and relationships for constrain word “Process”..........ccccoeeevevverenenncne 76
Table 16: The main components and relationships for constraint word “Events”............cccccceveeninneennnen. 77
Table 17: The main components and relationships for constraint word “Outcomes” (in the context of
REQUITEIMENITS) ...ttt ettt ettt ettt e bt e s atesateeateeate e bt e eseeeateembeenbeenseenseesneesnseensean 78
Table 18: The main components and relationships for constraint word “Developments” in meaning of
SOTEWATE. ...ttt ettt ettt et ettt et et e ea e e et e st e a e e bt e st e et ee e et e et en e e teeseen s e st ent e teeneeteeneenten 83
Table 19: The main components and relationships for constraint word “Developments” in meaning of
LECINOIOZICS. ..eiuviiiieiieciiicti ettt et e et e et et e e bt e s tteetbeesbeesbeesseesseassseasseasseassaessaassseasseasseasseesseesssessseassenssens 84
Table 20: The main components and relationships for the constraint word “Knowledge Base™................ 88
Table 21: The main components and relationships for constraint word “Modes™............cceveeriererreeennen. 92
Table 22: The main components and relationships for constraint word “Phases”..........ccccceceivninienenen. 93
Table 23: The main components and relationships for constraint word “Sequences”.........c..ccoceveeveenennen. 94
Table 24: The main components and relationships for the constraint word “Exchange and Sharing” in the
meaning of knowledge or INFOIrMAtION..........ccceevieiiieiiiiiieieeeeree sttt sreeebe b e reesteeseseseseenrens 98
Table 25: Representation of the relations between the components of the ROM diagram....................... 102
Table 26: Number of constraint and predicate relations on an ObjeCt..........ceevveevreereerierreecreereereeseeenens 103
Table 27: Object list for qUEStIONS ZENETATION .....ccuevveiiiriiriiriirtetinieetent ettt ettt sbe et e saesieens 104
Table 28: Generic question representation for environment of the main and constrain words of the
TEQUITEITIENT ..veeuveeuvieteeetteetteeereesteesseesteesseeesseesseesseesseesssesssassseasseesseesssesssesssssssesssesssesssessssesssesssessseessensssnses 104
Table 29: List of defined INtEraCctions ..........coeeieriirieriiiieierie ettt st 108
Table 30: Representation of relationships of interaction#1 with other interactions ............cccceecveveereenne 109
Table 31: Representation of relationships of interaction #2 with other interactions ............cccceeeverveennen. 110
Table 32: Representation of relationships of interaction #3 with other interactions ...........ccccceevevervennen. 110
Table 33: Summary of relationships between all Interactions ...........cccvevveevieevieereeneesie e e e ereeveenes 111
Table 34: Final list of dependent INtETACLIONS .........ccceerieerieriieeieeieereereeseesteere e eseeseesseesseesneesnseensens 117
Table 35: Representation of relationships of interaction#4 with other interactions ............ccccccceevereenene 125

XI



Table 36:
Table 37:
Table 38:
Table 39:
Table 40:

Table 41

Table 42:
Table 43:
Table 44:
Table 45:
Table 46:
Table 47:
Table 48:
Table 49:
Table 50:

Representation of relationships of interaction#5 with other interactions .............ccceevvevvveennnnns 126
Representation of relationships of interaction#6 with other interactions ............cccceceevevennce. 126
Representation of relationships of interaction#7 with other interactions ..............ccceeeevveennenn. 127
Representation of relationships of interaction#8 with other interactions ..............cccceeeevveennnenn. 127
Representation of relationships of interaction#9 with other interactions ............ccccceceeverenncee 128
: Representation of relationships of interaction#10 with other interactions .............c.cceeeveennnee. 128
Representation of relationships of interaction#11 with other interactions ..........c..cccccecevenneee 129
Representation of relationships of interaction#12 with other interactions .............cceccevevuenncee 129
Representation of relationships of interaction#13with other interactions .............ccceeeevveennenn. 130
Representation of relationships of interaction#14 with other interactions ..........c..cceccevevenncee 130
Representation of relationships of interaction#15 with other interactions ..............cccceeuveenneen. 131
Representation of relationships of interaction#16 with other interactions .............cceccevevenncee 131
Representation of relationships of interaction#17 with other interactions ..........c.ccocceeverenneee 132
Representation of relationships of interaction#18 with other interactions .............ccecceeveeenennne 132
Representation of relationships of interaction#19 with other interactions ..........ccccccceeveerenncee 133

XII



CHAPTER 1 Introduction

1.1 Motivation

Product development companies must continually design and manufacture successful
products to compete in a dynamic marketplace. This makes product development one of the most
important and complex activities of an industrial company. The process is fundamentally based
on stakeholders’ requirements that have been acquired from internal and external sources
(Nilsson & Fagerstrom, 20006).

These requirements are translated into organizational knowledge. This process involves
organizational experience, successful and approved design contents, lessons learned, and many
other elements. The requirements become a fundamental and essential part of organizational
knowledge that plays a central role in an organization’s success in business, quality, reliability
and innovation. It is beneficial to utilize this approved knowledge in the development process of
new products. This approach can save resources for design, and can ease certification,
manufacturing, maintenance and other processes in the product lifecycle.

Development of complex systems is a real challenge since the requirements and product
environment frequently change with time. Accordingly, the leveraging of previously successful
design specifications for new design processes is essential to minimize the risk of mistakes and
failures.

An example of failure in a project that involved partial understanding of requirements
and constraints was transformational satellite communication system (TSAT), an orbit-to-ground
laser communication program. After Operation Desert Storm, the defense officials realized that

there was a need to increase data communication capabilities since the existing military satellite



communication system (MILSATCOM) was insufficient for this purpose. Therefore, TSAT, an
orbit-to-ground laser communication program, was developed. The program was generally on-
schedule, but with high overall costs and an uncertain budgetary environment. The program was
based on the use of existing Advanced Extremely High Frequency (AEHF) satellites, which were
available at that time. Unfortunately, it was found later that there was no appropriate operating
system to run TSAT. The TSAT program, which had cost about $2.3 billion, was eventually
closed by Secretary of Defense in early 2009 (Rodriguez, 2014).

Dufresne (2008) explains that the greater the complexity of the system, the larger the
number of requirements needed to define the system. Furthermore, these requirements should be
complete as much as possible to reduce the potential of duality or ambiguity in the data
acquisition process. For this purpose, conceptual design is an essential step of the product
development process to either provide a high level of elicitation of new requirements or to make
explicit the implicit ones.

This thesis proposes a method of knowledge creation for the system design requirements
ontology, and particularly for the conceptual design domain of complex aircraft systems. This
method defines the classification possibilities and the structure of the system requirements in
order to create relationships within the knowledge base (KB). This makes it possible to use
previous knowledge to define new requirements for a new product. Since the requirements are
presented in text format, an ontology and knowledge for the ontology are required to classify
them. In addition, this thesis presents an example of the possibility of tagging for information
within the searching process. This was enabled by utilization of the Environment-Based Design
(EBD) methodology rules. This process was evaluated in parallel by models that were created

following the rules of modeling and the Arcadia Method (Bonnet, 2015).



1.2 Research objectives, questions and hypotheses

As mentioned above, it is essential to manage requirements in a way that will allow them
to be utilized in new programs. This thesis will follow the Environment-Based Design (EBD)
methodology in order to classify organizational knowledge (e.g. requirements). The main

objectives of the research are:

1. To define taxonomies of requirements that will fulfil parts of the ontology to standardize
the classification of requirements in text format. The taxonomies should relate to

the aircraft, scenarios, requirements levels and other relevant information.

2. To improve the knowledge base as a function of the defined taxonomies.

3. To define the process of tagging for searching purposes of the knowledge base.

Formally, these research objectives lead to the definition of the following research questions

(RQ):

RQI1 for Objective#1: How to classify requirements with respect to stakeholders, entities, entity

types and relationships, functions, supported items in the functions, and systems?

RQ2 for Objective #1: How to structure the requirements in order to relate them to the

knowledge base (KB)?

RQ3 for Objective #2: How to improve the KB with regard to defined taxonomies and

relationships between entities?



RQ4 for Objective #3: How to utilize and reuse existing experience (requirements, functions,
scenarios and others) in order to assist the architect in defining new or modified requirements for

a future program?

The objective of these research questions is to direct the research by creating hypotheses
to answer. Hence, the research questions and the hypotheses focus on and summarize the

motivation of the research and concentrate attention on the specific problems to answer.

The abovementioned research questions lead to the creation of the following hypotheses

that help to structure and direct solution generation for the current research problems:

HI: Classification of requirements can be performed by taxonomy models that relate to all
important groups and their relationships. These groups include stakeholder needs, entities, entity

types, functions and others.

H2: Structure or organization of requirements can be performed by a modeling process. This

process will use a uniform language and key words.

H3: Transformation of requirements from textual to model format with respect to defined

taxonomy groups, levels and relationships will improve the KB.

H4: Utilization or reuse of existing experience will be possible by definition of an appropriate

searching process based on the modeled KB and defined taxonomies.

A representation of the main research steps is given in Section 1.4, Figure 1.



1.3 Research contributions

The main contribution of this research is to introduce a classification method and
structure for system design requirements which provides knowledge for a development ontology
diagram. The method defines categories and their relationships for standardization of
requirements classification and common understanding of its structure within the organization. In
addition, it allows one to understand the relationships within different requirements, and promote
implementation of the Model-Based System Engineering (MBSE) approach to design and other

domains.

The second contribution of this research is the proposal of a tagging method for searching
past knowledge. This method was also defined based on the rules of the Environment-Based

Design (EBD) methodology by using a performance network and reduction of conflicts.

1.4 Organization of the research

Motivation for the knowledge structure and management is discussed in Section 1.1. The
definition of knowledge and structure is discussed in Sections 2.5 and 2.6, and the importance of
searchable knowledge is covered in Sections 2.7 and 2.8. An outline of the research is

represented in Figure 1 below.
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Figure 1: Key research stages
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Represented above are the main observations for the specific problem, research questions

that were defined, and the key research stages leading to solutions of the problem. The current

chapter has introduced the research topic, research objectives, challenges and scope. In addition,

it defined the research questions and hypotheses. Chapter 2 gives the background, literature

review, and overview of the important areas forming the system environment. This section also

describes the principal steps of the EBD methodology that are used in this research. Chapter 3

describes the implementation of the EBD methodology and as a result represents a knowledge

for taxonomies and relationships for further opportunities of implementation in Aircraft Design

Requirements Ontology (ADRO). Chapter 4 concludes the major findings of the study and

proposes additional work for the future.



CHAPTER 2 Background and literature review

2.1 Aerospace product development process

An aircraft is a complex entity that includes systems, subsystems, components, software
and others. The integration of all these with appropriate communication tools is essential for

reliable functioning of the aircraft.

According to INCOSE, a system is a combination of interacting elements that are
organized to achieve one or more stated purposes (INCOSE, 2006). Furthermore, according to
(ISO/IEC 15288, 2002) a system is created and utilized to provide services in defined
environments for stakeholder’s benefits. They include or interact with humans, hardware,
software, different processes and procedures, with facilities and components from the natural
environment (e.g. water, minerals, organisms and others). The definition of a system, its

architecture and elements depend on an observer’s interests and responsibilities.

In general, the purpose of an aerospace product development process is to provide a
valuable product (e.g. system) or service to the customer. The reason is to foster customer
satisfaction and loyalty. This development process is the most important component of the entire
procedure. The development process includes three levels: concept, system, and
subsystem/component levels. A concept level provides a system concept description, a system
level describe the system in performance requirement terms, and a subsystem/component level
describes product performance based on the subsystem and its components, and furthermore
provides a set of detailed descriptions of the product’s essential characteristics (Department of

Defense, 2001). Figure 2 below represents this process.
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Figure 2: Development Phasing (Department of Defense, 2001)

In the aerospace domain, an aircraft design includes three major phases: conceptual,
preliminary and detailed design phases. The conceptual design starts with requirements analysis.
Here, the designers examine a wide range of aircraft configuration concepts, perform trade
studies and ultimately settle on a single best design. The second phase is preliminary design that
is characterized by a maturation of the selected design approach, detailed analysis, and
increasing level of confidence that the design will function as desired. The termination of this
phase results in a “freeze” for design, forbidding further changes to the overall design
arrangement. The third step is detailed design. This is the most expensive phase of the design
process. It is characterized by detailed drawings or CAD files of all components, creation of

production files, procedures, design tooling and fabrication processes, tests, etc. (Raymer, 2012).

The major issues in aerospace product development are the complexity of the systems

that comprise them, the amount of data and information to be managed, constant evolving



technologies, and changing requirements. These affect system architecture, integration between

elements of the system, and create additional risks to the development of new systems.

(Eppinger & Browning, 2012) explain that the world is growing more complex every
day. System environment analysis, at micro and macro levels, accumulates an exponentially
increasing amount of information and data. This information empowers engineers to design and
build ever more complex systems. Currently, however, the development domain is overwhelmed
with more information than can be digested, which stimulates the desire to characterize and
implement effective search and filtering of information to help accessing only the relevant

information for new projects.

2.2 Scenario analysis for aerospace product development

Scenarios and scenario analysis processes play a central role in the aerospace product
development process. INCOSE states that scenarios and what-if thinking are essential tools for
designers who must cope with the uncertainty of the future. This is a strategic planning tool that
serves as a methodology for planning and decision-making in complex and uncertain
environments. The scenario creation process makes people to think creatively, it helps to see
important factors and identify requirements that might otherwise be overlooked (INCOSE,
20006).

Kahn K.B. explains also that the scenario analysis process is a tool for envisioning
alternate futures so that a strategy can be formulated to respond to future opportunities and

challenges (Kahn, 2010).

Aerospace Recommended Practice ARP4754A expands on the use of scenario analysis in

the aerospace product development domain. The scenario analysis process here is essential for



effective identification of missing requirements early in the design process, and for describing
the procedures in the operating and maintenance manuals. This process provides clarity to users
that interact with the system on how the system is proposed to work in different operational
scenarios. This clarity should aid in the identification of missing desired behaviors or protection
features. The scenarios may also describe the behavior of the system under different conditions
and operating modes. Each scenario can examine a sequence of steps, from initiation of an action
by the user, through each action step taken by an identified system or person on the way to the
end goal. The scenarios should cover anomalous operating conditions as well, including possible
misbehaviors. They may also be used to allocate specific functions. The scenarios in the

aerospace product development domain are also useful for validation and verification purposes

(SAE Aerospace, 2010).

This process leads to the generation of new requirements and functions, and those in turn

providing opportunity for iterative analysis or creation of a new sequential series of scenarios

such as represented in Figure 3 below.

Scenario 1 —_ —_— Scenario 3

l

Scenario 4

Scenario 5

Figure 3: General creation of new sequential series of scenarios.

10



Creation of scenarios is an essential activity that may involve interviews with operators
of current or similar systems, potential users, and meetings of an Interface Working Group. The
outcomes of these activities can be expressed by models and simulations (INCOSE, 2006).

There is a huge amount of information and data that have been accumulated by airframe
manufactures. This knowledge might be used for creation of new scenarios. Effective utilization
of this knowledge is very important, hence it is essential to structure it in a way that will support

its utilization.

2.3 EBD Methodology and environment analysis

Environment-Based Design (EBD) was developed over the last three decades (Zeng,
2011). The EBD methodology is based on the idea that the design changes the environment to a
desired one by generating a new artefact. The key message of this methodology is the importance
of understanding a problem environment and its challenge, then focus on the milestones that lead

to solution generation.

The motto of EBD can be expressed as “Design starts from the environment, functions
for the environment, and brings changes to the environment” (Zeng, 2015). Herein, the design is

a recursive process that defines the problem, generates design knowledge, and design solutions.

Environment-Based Design (EBD) is a methodology that provides step-by-step
procedures to guide a designer in the environment changing process(Zeng, 2011). This
methodology includes three main interdependent activities: environment analysis, conflict

identification, and solution generation. The newly generated solutions apply to the environment,
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and produce the new environment, where the solution can be viewed as a new component of the

generated environment.

The objective of the environment analysis activity is to identify the environment in which
the desired product is expected to work. This methodology explains that the environment
includes the components and the relationships that occur between those components and the
product (Zeng, 2011). The main purpose of implementing EBD methodology in this research is
to allow a structured but flexible approach in the definition of components and relationships for
the requirements ontology. Graphically, all this knowledge will be represented by using a

Recursive Object Model (ROM) diagram that is widely used in the EBD approach.

The first step in the EBD methodology is to fully understand the design problem. Yong
Zeng in his research paper proposed a Recursive Object Model (ROM) (Zeng, 2008).

ROM is a platform for representing the design problem for the EBD methodology, and
recursive logic is the backbone of design reasoning in this model. The ROM diagram was
originally developed to deal with linguistic information, but now is widely used in different
processes of analysis and understanding of different kinds of information and design challenges
(Zeng, 2011). ROM can be seen as a refined representation of the environment structure that
usually includes three types of interaction operations: constraint, predicate and connection.

Pop R. explains that the theory underlying the ROM diagram is the “Axiomatic Theory of
Design Modeling” (ATDM). This is a logical tool that can be used to represent and reason about
object structures. Here, axiomatic theory provides the designer with a logical approach. This
theory defines axioms that deal with objects (Pop, 2011).

Gonzalez A.M. also discusses ROM and ATDM in his research. He states that ATDM

defines the axioms of objects as follows:
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Axiom 1: Everything in the universe is an object.

Axiom 2: There are relations between objects.

He explains that because it can follow from the axioms that are defined above, the

characteristics of the relations play a critical role in ATDM. For this reason, it is essential to

define a set of basic relations in order to capture the nature of the object representation

(Gonzalez, 2008).

Table 1 below lists types of symbols, their graphic representations and their definitions

that occur in ROM diagrams. The ROM diagram is composed of single words and their mutual

relations that represent effectively, structurally and graphically the statements or any kind of

information and their functional relationships in the language (Zeng, 2008).

] Graphic .
Tvpe ] Definition
Representation
Object Everything in the universe is an object.
Object
) It is an object that includes at least two other
Compound Object 0 -
objects in it.
. It is a descriptive, limiting, or particularizing
Constraint -— ) )
relation of one object to another.
Relations _ It is to connect two objects that do not
Connection -- -D - _
constrain each other.
_ It describes an act of an object on another or
Predicate . .
that describes the states of an object.

Table 1: Elements of the recursive object model (ROM) (Zeng, 2008)

In addition, it is important to mention that the fundamental process of environment

analysis in the EBD methodology is to ask questions. In this step of the analysis, two types of
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questions can be asked. The first type is generic questions for the clarification and extension of
the meaning of the design problem; the second type is domain specific questions for implicit
design information related to the current design problem. The ROM diagram, as a linguistic tool

in design, is used here like a platform for generating these questions (Zeng, 2011).

The procedure, rules and questions described in Tables 2, 3 and 4, respectively, help in
proceeding with the environment analysis, question asking step, and generation of the refined

ROM diagram with components that are found within the process.

Step 1:  Generate the ROM diagram for the design problem.

Step 2:  Ask a question using the rules given in Table 4 and
templates in Table 5.

Step 3:  Find answers to the question.

Step4: Generate the ROM diagram for the answer and
merge it back to the original ROM diagram.

Step 5:  Repeat Step 1-4 until no more questions.

Table 2: Procedure for generic question asking (Zeng, 2011)

Rule 1: Before an object can be further defined, the objects
constraining them should be further refined.

Rule 2: An object with the most undefined constraints
should be considered first.

Table 3: Rules for generic questions (Zeng, 2011)

Tl For a concrete, proper, or abstract noun N Question: What is N?

T2 For a noun naming a quantity Q of an object N, such as How many / much /long / big / ... is the Q of N?
height, width, length, capacity, and level

T3 For a verb V How to V? Or Why 7

T4 For a modifier M of a verb V Why V M?

T5 For an adjective or an adverb A4 What do you mean by A4?

Toé For a relation R that misses related objects What (who) R (the given object)? Or (the given object)

R what (whom)?

Table 4: Question template for object analysis (M. Wang & Zeng, 2009)

The EBD methodology provides a roadmap as guidance for the identification of all

environment components and their relationships in each of the design stages of the product. This
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roadmap focuses on defining environments such as natural, built and human through all lifecycle
stages of the product. Here the natural environment represents all of the components that are
present naturally in the product environment. The built environment describes components that
are built by humans, and the human environment represents people that have direct or indirect

relationships with the product in each of its lifecycle stages.

Figure 4 represents an example of a product environment categorization, with seven
lifecycle stages of a product. The stages that are defined in this example are: design,
manufacture, sales, transportation, use, maintenance, and recycling. Each stage may include
environment components that can be represented as a pyramid with the natural environment in

the base, built environment in the middle and the human environment at the top (Zeng, 2011).

Environment

Lifecycle

usisa(q

NI NUEA]
sajes
uoneodsue. |,
asn
NUEUNUIE
durppry

Figure 4: Roadmap for domain related environment: an example (Zeng, 2011)

This roadmap and a procedure for identifying environment components by asking
domain-specific questions, described in Table 5, help to find and categorize the components that
exist in specific domain environment. Using these procedures makes it easier to focus on the
identification of components vis-a-vis the specific environment affected by the project (Zeng,

2011).
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Step 1:  Ask and answer the question: what is the lifecycle
of the product to be designed?

Step 2:  For each event included in the lifecycle, ask and
answer the question: what are the relevant
components for natural, built, and human
environments for this event?

Step 3:  Generate the ROM diagram for each answer and
merge them back to the original ROM diagram.

Step 4.  Apply the procedure for generic question asking.

Table 5: Procedure for asking domain specific questions (Zeng, 2011)

For the next step, an updated ROM diagram can be generated that will summarize the
results of the environment analysis. This diagram is a graphical representation of information
that is found using the environment analysis process (Tan et al., 2013).

Gutierrez (2018) followed the EBD approach. Step by step from the definition of the
main problem, where he represented two “concepts” (nouns), he continued with the method and
proposed the core ontology. This proposed core ontology has 50 core components and
relationships between them.

The main purpose of this ontology was to overcome communication challenges existing
in the engineering domain of mechatronic products. The ontology was designed for
communication purposes in the domain of requirements and system life cycle processes. Finally,
the proposed ontology was expected to be an initial model for communication and understanding
in multidisciplinary design projects. Gutierrez (2018) explained that the ontology can help teams
to define and develop specific vocabulary and requirements in their domain of interest. This will
extend the ontology with new components particular to a domain of interest. The relationships
(verbs) in the ontology also may suggest how to develop and logically manage requirements
during the design process. He introduced that his development was an initial stage, and further

research in design guidelines is needed.
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In this research, the EBD methodology will be examined for its capability as a suitable
platform for developing knowledge for aircraft design requirements ontologies. By following the
main procedure of the method, then probing recursively into domain specific information, a trial
will be conducted to introduce the list of key components and their relationships. The
relationships and/or components can be used for further searching of relevant information that is
stored in the knowledge base. An example of definition of key words for tagging process will
also be provided. This process will assist with the characterization step for later possible
development of the software searching process based on the EBD methodology.

One of the main design activities in the EBD methodology is conflict identification
(Zeng, 2011). The product environment includes many components. Usually, conflicts exist
between those environment components or in the relations between these components (Sun et al.,
2011). This is further explained (Zeng, 2014): “Conflict is rooted in the nature of design
problems, in that there is a conflict between form and function, and between design problem and
design solutions.”

In this thesis, the EBD methodology provides guidance and helps to identify existing
potential conflicts. Implementation of the rules of the EBD methodology are directed at resolving
these conflicts (Sun et al., 2011).

The EBD methodology explains (Zeng, 2014) that a conflict refers to an insufficiency of
resources for an object to produce a desired action on its environment or to accommodate the
object’s action on its environment. There may be different actions in the product environment
that could appear as interactions between them. Those interactions may also consume resources.
The resource is a trigger for an action and the resource is usually consumed before interactions

occur. The EBD methodology has also defined two kinds of conflicts: active and reactive. Active
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conflict refers to an insufficiency of resources for an object in order to produce a response from
that object. Reactive conflict, in turn, refers to an insufficiency of resources to accommodate an
object or the responses from the object. In order to identify and respond to the conflicts, the
active actions can be extracted from the ROM diagram. The ROM diagram represents the
product-environment system behind a design problem statement. The actions will be checked for
possible combinations of interactions that could lead to conflicts.

Figure 5 below represents four kinds of basic interactions that can be identified in the

ROM diagram. Here, each action verb defines one interaction.
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Figure 5: Basic actions and responses on an object: ROM representation (Zeng, 2014)

The result of the environment analysis will be an interaction-dependency network. This
network represents the dependency of relations between interactions and leads to identification
of the conflicts (Zeng, 2014).

The EBD methodology considers the undesired conflicts in the existing environment as
the driving force of design. “By proper identification of all those conflicts, a designer will be

able to develop satisfactory solutions for the design problem” (Zeng, 2011).
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Figure 6: Environment-Based Design: Process Model (Zeng, 2011)

Furthermore, as shown in Figure 6, “Recursive resolution of a complex design problem
can be conducted through environment decomposition, which will identify the key conflict to
start with” (Zeng, 2015).

The EBD methodology has proven effective in many applications (Tan et al.,
2013),(Gutierrez, 2018), (Pop, 2011), (Tan et al., 2012). It can be used in different ways, using
every EBD step or only some, depending on the requirements of the researchers. Certain steps of
this methodology must be performed sequentially from the very beginning of the analysis, while
others can be used or not, depending on the direction of the research. When implementing the
EBD methodology for the development of ADRO (Aircraft Design Requirements Ontology) the
main steps of the analysis (linguistic and environment) were utilized.

Linguistic analysis is supported by a ROM diagram, which should be used throughout the
entire analysis and representation steps to the final results. The final results are a representation
of the components and relationships that represent knowledge for ADRO.

The environment analysis can move recursively, and/or by proceeding down through
different hierarchical levels of information by asking questions and answering them, following

the rules of the EBD methodology. This analysis involves a decomposition process that includes
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aspects of the natural, built and human environments throughout the different lifecycle stages of
the main constrained word.

The above mentioned analysis provides a structured way to define components (e.g.
knowledge) for ontology with an efficient level of modularity. Following this direction in the
research it is easy to update or enrich each part of the ontology and at the same time does not
interfere with other parts.

The EBD approach can focus and guide engineers and other specialists to search for
relevant information (requirements, designs, reports, etc.) throughout the ontology. It can also
reduce mistakes, save time and resources, and can be suggested as a supportive method for junior
engineers.

The main reason for using EBD is that the methodology can assist in extracting more
relevant and focused information in short period of time compared to other approaches. EBD has
the advantage and the capability of identification and representation of the key environment
components and their relationships intuitively, which is helpful for understanding the design

concepts in a logical and systematic manner (Tan et al., 2013).

2.4 Purpose of requirements and requirement analysis

“Product requirements are descriptions of the desired solution to a design problem. In
engineering design, just as in all other design problems, the efficient, precise, and complete
specification of design requirements is critical if designers are to deliver a quality design

solution within a reasonable range of cost and time.”’(M. Wang & Zeng, 2009).
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According to Weissman et al. the developing process of a new electro-mechanical device
begins with the generating of product design requirements. These describe the functions of the

desired product and the operational environment, and are expressed as requirement statements

(Weissman et al., 2011).

A logical management process is necessary for these requirements. This process should
support the collection, analysis, and validation of the requirements. It should supply an
appropriate platform of communication and negotiations within the teams in an organization.
This process should trigger elicitation of new requirements, better understanding of the

stakeholders needs and should support of the architecture of the design process (INCOSE, 2006).

Users

Systems in operational
environment

| r 5 i -""'"1 ﬁ‘ ﬁ ‘/%Q

Stakeholders — Trveren e Production system Maintenance system®

Figure 7: Operators, users and stakeholders (Arnold & Lawson, 2004)

Figure 7 above represents in general the basic communications within the requirements
elicitation process for the purpose of capturing the needs of stakeholders, operators and users
across systems boundaries. The requirements analysis and elicitation process is an iterative one

and it benefits from continuous communication and validation with stakeholders (INCOSE,
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2006). This process is the backbone in the definition of project boundaries (Department of
Defense, 2001).

Within the requirements analysis process, system engineers elicit the real system
requirements and the emergent properties of the system and reduce complexity to avoid

unexpected and unpredictable behaviour of the system and undesirable risk (INCOSE, 2006).

Weissman et al. discuss relating the requirements analysis and the elicitation process.
This process, for a new product, can require significant time and expertise. They state that the
designer can choose to write the requirements from scratch, or can utilize requirements from
prior designed products. They believe that reusing existing requirements is a possible approach

for ensuring completeness and to reduce the time involved (Weissman et al., 2011).

2.5 Organizational knowledge: requirements, design and other documents

The requirement statements, scenarios, design documents, validation and verification
protocols, and reports are only a part of organizational knowledge. This knowledge can represent
the uniqueness of the product and might have a specific effect on organizational involvement in

the global market. For this and other reasons, it is important to manage this knowledge properly.

In this research attention will be focused on the structure of requirement statements.
Structured product requirements are more likely to lead to the stability of an organization’s
knowledge platform. For this reason, the competitive market is increasingly interested in

leveraging successful product requirements from previous projects (Dufresne, 2008).

Weissman et al. stated that requirements development is an important part of the product

development process. Any incompleteness, ambiguity or inconsistency here can lead to
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unnecessary design iterations and increased design time and cost. They explain that many
organizations now use a word processor approach to prepare the requirements statements. This
makes the process inconsistent with the meaning of vocabulary that is transferred from one

speciality to another and it compromises the ability to search effectively (Weissman et al., 2011).

According to Soon Chong Johnson Lim et al., in today's marketplace, which is
overflowing with a range of products with varying functional complexity, organizational
knowledge management is of great importance. This process refers to efficient storage of
knowledge and timely retrieval, which becomes more complex. They suggest that ontology can
be a very promising approach for knowledge management, sharing and retrieval. This knowledge
management approach helps to improve the completeness of the design information modeling
process. It also simplifies and structures the change management process. Therefore, they believe
that this process is very important for design analysis and timely decision making (Lim et al.,

2009).

2.6 Organizational knowledge classification

Knowledge classification has different approaches and techniques. Some researchers
classify knowledge logically or semantically, such as by using a taxonomy approach, or in an
ontology representation.

Dufresne S. provides an example of taxonomy for system requirements. He explains that
taxonomy of requirements is created to classify the information gathered during the problem
definition. Furthermore, that a taxonomy approach should be used to store and manage this

knowledge that has been gathered throughout the requirements analysis process. A requirement
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hierarchy leads to the creation of requirement taxonomy for conceptual and other design stages
(Dufresne, 2008).

Weissman et al. used also a taxonomy approach to implement classification for device
representation. They explain that taxonomy is a collection of predefined, hierarchically related
subsystems. The classification of these subsystems is related to the keywords that the subsystems
represent and certain criteria for the primary operating principle. They also advise organizations
to develop their own taxonomies in order to adapt them to their own system and specific
environment (Weissman et al., 2011).

On the other hand, Sanya 1.O. and Shehab utilized an ontology approach. They state that
ontology includes the taxonomy and relationships between its entities or components. They
defined different kinds of main ontologies within the aerospace industry. These are product,
process, resource and functional model ontologies. Here, they describe the product ontology (e.g.
system ontology) as a product hierarchical breakdown of components. Process ontology includes
the specific interdependent procedures and activities. Resource ontology was defined as specific
assets, services, roles and toolsets. Finally, functional model ontology represents a hierarchical
definition of concepts that describes geometry and analysis models generated as a result of

employing specific resources (Sanya & Shehab, 2015).

Furthermore, Ast et al. state that ontologies are formal representations of knowledge that
can be read by humans and machines. They are mechanisms that capture semantics, hence they

can serve as a general semantic reference as well (Ast et al., 2013).

Interestingly, Soon Chong Johnson Lim et al., represented the usage of semantic
annotation in the process of developing ontology or taxonomy for information extraction and

retrieval. They used product information such as Bill of Materials (BOM), Product Data
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Management (PDM) or Product Lifecycle Management (PLM) databases, catalogues,
engineering texts, handbooks and others for extraction of product entities, concepts and the
corresponding properties that a particular product constitutes (Lim et al., 2009). In other words
they described the structuring of concepts by a “Top-Down” approach using extracted product

information.

There are different ways to support extraction of relevant components, entities and
understanding of the relationships for representing the platform used for defining taxonomy or

ontology (Guarino, 1997).

In this research, a methodology is utilized that enables one to understand both the internal
and external environments of a product or system (Zeng, 2015). The EBD methodology can
support the process of extraction of components in both internal and external environments. EBD
can also be helpful in characterizing the knowledge for basic semantic requirements ontology.
One example of this research represents knowledge for ontology based on categories,

taxonomies and relationships in the aerospace domain.

It is important to divide the process of creating knowledge for ontology into two general
phases: characterization and implementation. Here, this research will focus on the
characterization process. This process explores the main components and the components in
their environments as they pass through lifecycle stages, and it defines the relevant relationships.
These relationships can describe the interconnection between the components and possibility to

structure the knowledge (e.g. requirement statements) in the main knowledge base.
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2.7 Ontology

Staab S. et al. explain that ontology focuses on the nature and structure of things.
Ontology is based on a hierarchy of concepts, i.e. taxonomies. Ontologies are most important in

fields such as knowledge management, information integration, and retrieval (Staab et al., 2009).

Hai Wang and Shouhong Wang also consider that ontology is a tool for knowledge
representation and sharing. They introduce it as a core of organizational knowledge with
semantic relationships between concepts. They claim that the use of visualized and modularized
ontologies can enable one to transform unstructured actions into structured tasks (H. Wang &

Wang, 2016).

According to Gutierrez R., ontology can be used as a foundation to increase
competitiveness in design and manufacture, and can serve a variety of innovative products. In his
research he claims that ontology as an information technology product contributes to the actual
knowledge base in two major aspects: 1) by establishing a common vocabulary in the context of
requirements for system lifecycle processes, and 2) by creating a replicable ontology design
process that can be extended to other domains of knowledge. He believes that the ontology

approach might lead to economic prosperity (Gutierrez, 2018).

Following all of the above-mentioned arguments, the importance of high-quality
ontologies is clearly understandable, especially in the knowledge-base domain and in the activity
of knowledge sharing. Benefits could include improving the structure of knowledge (e.g.

requirements statements) and leveraging it for future projects.
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2.8 System requirements ontology

The knowledge management process that uses ontologies can also be helpful for design
processes. It can provide essential support in the requirements analysis process by leveraging of

requirements from the past projects.

Because the requirements analysis process is so fundamental in product design processes
and leads to an understanding of the spectrum of constraints, it is essential to support this process
with a good system requirements ontology that can structure the requirements and can ease its

leveraging.

A system of uniform requirements categories can be represented by this ontology that
may be able to describe the relationships between those categories and constitute the basics for
semantic understanding.

Ontology defines a common vocabulary for its users and helps to share information
across the domain. The reasons for using ontology are primarily to share a common
understanding of the structure of information among people, to enable leveraging of domain
knowledge, to make domain assumptions explicit, and to facilitate analysis of domain knowledge

(Noy & McGuinness, 2001).

2.9 Aircraft Design Requirements Ontology (ADRO)

In today's competitive world, companies are required to develop and manufacture
successful and marketable products. This makes the product development process one of the

most important stages (Nilsson & Fagerstrom, 2006).
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The development process in the aerospace domain is challenging. Li X. et al. explain that
companies strive to reduce the cost of product research and development processes, and to
minimize time-to-market. An aircraft is a complex system that has its own complex architecture,
where any kind of customization could increase design workload and costs, and may require
different tooling (Li et al., 2015).

The basic aircraft development process begins with gathering and analysis of system
requirements. Here, the requirements describe characteristics that must be performed by a
process, system, or component (Dufresne, 2008).

These requirement statements include the intended function of the product being
designed, and the environment in which it will be used. They describe the constraints and the
intended device behaviour. Any incompleteness in requirement statements, ambiguity, or
inconsistency can lead to the problems within the different lifecycle stages of the product or

system (Weissman et al., 2011).

According to Sanya I. and Shehab E. the knowledge management process within
engineering design is becoming an exciting and important component in aerospace development.
They explain that there is growing interest for creation and maintenance of engineering

ontologies within the engineering community (Sanya & Shehab, 2015).

There are different types of ontologies, depending on their purpose. Top-level ontologies
cover general and abstract concepts, domain or task-specific ontologies cover knowledge about a
specific domain (e.g. aircraft) or a specific task, and other ontologies are typically developed for
application purposes and with specific use scenarios in mind (Ast et al., 2013).

The main reason to develop an aircraft design requirements ontology is to structure and

enable management of organizational knowledge (e.g. design requirements) in order to assist the
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aircraft and system architect, system engineers and other users in leveraging past design
knowledge. This can be useful for creation of new scenarios, definition of new requirements and

providing traceability at different levels.

The Aircraft Design Requirements Ontology (ADRO) can also be useful for aircraft
design (conceptual, preliminary and detailed) and for maintenance domains; at the same time the

production stage can also benefit from this proposed method.

There is no single correct way or procedure for developing or extending an ontology. In
general, it is suggested to begin by defining the domain scope, terminology and class hierarchy.
After defining the classes, the properties of each class and their constraints are specified (Sanya
& Shehab, 2015).

Weissman et al. highlights also the importance of implementation of environment
analysis throughout various lifecycle stages of the product within development of the system
design requirements ontology. They explain that each category of the ontology also contains a
number of objects, which are physical or abstract entities that interact with the system through its
lifecycle stages. In addition, they state that the use of uniform requirement categories helps later
in the searching process (Weissman et al., 2011).

For the current research, the EBD methodology was chosen for the purpose of developing
knowledge for ADRO. This methodology was introduced in Section 2.3. It establishes a process
of decomposing the system and its environment, then reorganizing the system environment
components and relationships in a ROM diagram for representation of knowledge and

relationships for ADRO.
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2.10 Systems Engineering (SE)

One of the main goals of Systems Engineering (SE) discipline is to arrange the parts of
the system in a way that system performance will be optimal. To achieve this goal, SE defines
the system's requirements with respect to customer/user needs, with the objective that the
product will not need to be redesigned. In addition, the focus is to make a product as reliable as

possible and to achieve customer satisfaction (Jackson, 2015).

“Systems engineering” is defined as a methodical, multi-disciplinary approach for the

design, realization, technical management, operations, and retirement of a system” (NASA,

2016) .
Figure 8 below represents the system engineering approach:
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Figure 8: Context of Systems Engineering Technical Processes (INCOSE, 2006)

SE also has processes that provide transformation of requirements into specifications,
architectures, and configuration baselines in a structured but flexible manner. It provides control

and traceability to develop solutions that meet customer needs. The process may be repeated
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once or more often during any phase of the system development process. The system user’s
needs are emphasized because their needs generate the requirements for the system. Sometimes,
basic user needs can effect all of the lifecycle functional areas. Then SE processes can generate

and control the requirements that are based on these needs (Department of Defense, 2001).

2.11 System Architecture

The process of defining the architecture of complex systems usually involves
decomposition of the system into smaller elements, such as subsystems, components and
modules. In order to achieve the desired performance from the system, its elements must be
integrated to work together. The SE domain is mainly responsible for planning and controlling

the network responsible for interactions of the system's elements (Eppinger & Browning, 2012).

“The System Architecture describes the entire system. It includes the physical
architecture produced through design synthesis and adds the enabling products and services

required for life cycle employment, support, and management” (Department of Defense, 2001).

Development of the system architecture is a creative process. Here, intuition and
experience can play an important role. Throughout the process of system architecture
development, there is no unique solution to satisfy user requirements. Figure 9 below describes
this by the simple example of “Alternative Architectural Concepts”. The process depends upon
the knowledge, experience, judgment skills, and intuition of the SE teams. In general, the system

architecture is critical and it provides the framework for system development (INCOSE, 2006).
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Figure 9: Example of Alternative Architectural Concepts (INCOSE, 2006)

Crawley et al. (2016), explain that systems architecture is an abstract description of the
entities of a system and the relationships between them. The architected systems must meet
stakeholder requirements, needs, and deliver good value. These systems integrate easily, evolve
flexibly, and operate simply and reliably.

The system architecture identifies all the systems, subsystems, components, enabling
systems and others that are necessary to support the complex system. It also determines the
necessary processes for development, production, construction, deployment, operations, support,

disposal, training, and verification (Department of Defense, 2001).

2.12 System and system of interest

There are different definitions of the system; for example, the Department of Defense
(DOD) explains that a system is an integrated composite of people, products, and processes that

provide a capability to satisfy a stated need or objective (Department of Defense, 2001).
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On the other hand, the IEEE15288-2002 standard defines systems as man-made, created
and utilized to provide services in defined environments for the benefit of users and other
stakeholders (ISO/IEC 15288, 2002).

The system can be viewed in different levels; it can be a system that is a part of
something larger or a product by itself. A product is considered herein as a representation of a
particular system, or a system of interest that provides services to defined environments.

The environment of the systems or the system itself can interact or integrate with one or
more different components such as: hardware, software, humans, processes, procedures, facilities
and naturally occurring entities (e.g. water, organisms, and minerals). The definition of a
particular system, its architecture and components depend on an observer's interests and
responsibilities. One's perception of a system-of-interest can be as a system component in
another system-of-interest, or as a component as part of the operational environment of another
system of interest (ISO/IEC 15288, 2002).

Figure 10 below represents a system of interest in an operational environment. Here
highlighted are the presence of the system of interest itself, the enabling systems, and other

systems in operational environment. A view of the interactions between them is also shown.
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Figure 10: System-of-interest, its operational environment and enabling systems (ISO/IEC/IEEE15288, 2015)

The enabled systems here are the systems that facilitate progression of the system of
interest through its lifecycle. Those systems are not necessarily a part of the system of interest or
its operational environment. Enabled systems provide essential services for systems of interest
throughout their lifecycle stages. Examples of enabled systems include mass-production, and

training and maintenance systems (ISO/IEC/IEEE15288, 2015).

Another example of more complicated systems-of-interest is represented in Figure 11.
This is an example of the multitude of perceivable systems-of-interest in an aircraft and its

environment of operation within a transport system-of-systems (ISO/IEC 15288, 2002).
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Figure 11: Example of the multitude of perceivable systems-of-interest in an aircraft and its environment of operation
within a transport system-of-systems (INCOSE, 2006 & ISO/IEC 15288, 2002)

The example represented in Figure 11 above can highlight in general the complexity of
the systems and their operational environments. This emphasizes the importance decomposing
the general desires of customers to their particular product (e.g. system-of-interest) and its

environment. The decomposition process leads to the generation of the system requirements

Herein, these requirements characterize the future system

2.13 System Lifecycle
The process of decomposing the general desires of customers may have an influence on

the system in the future. This can affect the system, its components or the system environment in
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different stages of the system lifecycle. This lifecycle includes the period on the timeline from

the early steps of definition to utilization and retirement of the system.

INCOSE explains that: “Every man-made system has a life cycle, even if it is not formally
defined. In keeping with increased awareness of environmental issues, the life cycle for any
system-of-interest must encompass not only the development, production, and usage stages but
also provide early focus on the retirement stage when decommissioning and disposal of the

system will occur” (INCOSE, 2006).

The lifecycle stages can vary according to the nature, purpose, use and prevailing
circumstances of the system. Nevertheless, there is an underlying, essential set of characteristic
lifecycle stages that exists in the complete lifecycle of any system. Each lifecycle stage has a
specific purpose and contribution. Each stage is considered at the appropriate point during the
planning and executing of the system lifecycle. These stages describe in general the progress and

achievement milestones of the system through its lifecycle (ISO/IEC 15288, 2002).

Table 6 below represents the main lifecycle stages of a system, their purpose and possible

decisions of the project thorough its timeline.
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LIFE CYCLE

STAGES PURPOSE DECISION GATES

Identify stakeholders’ needs
CONCEPT Explore concepts
Propose viable solutions

Refine system requirements

DEVELOPMENT Cr?are solution description Decision Options
Build system — Execute next stage
Verify and validate system — Continue this stage
— Go to a preceding stage
PRODUCTION Produce systems — Hold project activity
Inspect and test — Terminate project
UTILIZATION Operate system to satisfy users’ needs
SUPPORT Provide sustained system capability
RETIREMENT Store, archive, or dispose of the system

Table 6: An example of stages, their purposes and major decisions gates (ISO/IEC 15288, 2002)

2.14 Stakeholder definition

Throughout all stages of the system’s lifecycle, there are participants that are influenced
directly or indirectly by the system and its environment. These are the stakeholders, as described
by ISO/IEC 15288 (2002): “Stakeholder is a party having a right, share or claim in a system or
in its possession of characteristics that meet that party's needs and expectations” (ISO/IEC
15288, 2002).

There are various stakeholders; they have different types of stakes in the decisions made
during the development process of the product (i.e. system of interest). There can be internal and
external stakeholders. The external stakeholders include users/customers, distributors,
governments, suppliers, communities, laws and regulations. The internal stakeholders include
management, marketing experts, designers, purchasing, manufacturing, assembly and sales. It is

important for the design team to recognize all the stakeholders. In this way the design team can
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more easily share information about different requirements and design objectives. It is very
important to ensure that all team members have a common vision for the product, its

functionality and performance in the early phases of product lifecycle (Nilsson & Fagerstrom,

2006).

2.15 Requirements and Needs

Within the framework of each lifecycle stage of the system, the system engineers,
marketing group, and other specialists gather and map information and desires of potential
customers and other stakeholders. These desires are translated further to specific requirements

and needs. Those are essential for product characterization and development.

Jackson S. explains that a requirement is a statement of required performance or design
constraint to which a product must conform. The requirements must be verifiable and they

should be applied to the people, products, and processes (Jackson, 2015).

The requirements analysis process is the key process used in defining the project
boundaries. This process includes the definition of customer needs and objectives with
consideration of planned customer use, system characteristics, and environment analysis, for
determining requirements for system functions. It is an iterative process that strives for
optimization of performance, for identification of functions, for the synthesis of both in the
product, and for verification that the customer requirements are satisfied (Department of

Defense, 2001).
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Figure 12 represents the progression of the requirements and requirements analysis
process. The process begins from acquisition of information from external sources that

transitions to internal processes of requirements analysis and implementation.
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Requirements management and analysis processes relate to all stakeholder expectations,
customer requirements, and technical product requirements. These processes transfer down to the
lowest level product component requirements. They are used to manage the product
requirements that are identified, baselined, and occur in the definition of the WBS (Work

Breakdown Structure) model products during system design. They provide bidirectional
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traceability to the initial requirements and help manage any changes to established requirement

baselines over the life cycle of the system products (NASA, 2007).

The requirements analysis process is used to develop functional and performance
requirements. Here, customer requirements are translated into a set of requirements that define
what the system must do and how well it must perform. This process clarifies and defines the
functional requirements and design constraints. Then, the functional requirements define

quantity, quality, coverage, time lines and availability (Department of Defense, 2001).

2.16 Functions and Function Allocation

The functional requirements that were discussed in Section 2.6 translate further in the
process to the functions that the system will acquire. As explained by Jackson S., a function is a
description of what a system element does. There are functions that are allocated to the system,
subsystems and components of the system of interest throughout its lifecycle stages with
consideration to its environment. Considered here are activities performed by the developer and
users of the aircraft from the moment of conception to its disposal. This means that these
functions are not only performed by the aircraft itself; they can be performed by interaction of
the system and humans (or others) in the environment (Jackson, 2015).

Functions must be analyzed. This analysis includes decomposition of higher level
functions, identified through requirements analysis, into lower-level functions. In this way, the
performance requirements associated with a higher level are allocated to lower-level functions.

As a result, this process represents a description of the system or component in terms of what it
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does logically and in terms of the performance required. This description is often called the
functional architecture (Department of Defense, 2001).
Figure 13 represents the system engineering process and focuses on explanation of the

flow-down process from requirements acquisition to system development stage.
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Figure 13: The Systems Engineering Process (Department of Defense, 2001)

To satisfy their future stakeholders, companies try to identify their requirements and
functions. New functions can be included in the model at the appropriate level in the hierarchy.
By adding these functions, the path will be updated at relevant lower levels in the functional
decomposition. Adding new functions will allow for the exploration of what effects are
associated with introducing the new function. By doing this, it will be possible to trace
backwards and understand what requirements and stakeholders will be affected by the new

function (Nilsson & Fagerstrom, 2006).
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2.17 Requirements and scenario interconnection

A review of the requirements and requirements analysis was given in Section 2.4. In this
section the relationships between customer requirements, operational requirements, and
scenarios will be discussed.

The Department of Defense explains that customer requirements are statements of facts
and assumptions that define the expectations of the system in terms of mission objectives,
environment, constraints, and measures of effectiveness and suitability. Therein it is defined that
the key customer of the system is an operator. It then follows that operational requirements
define the basic needs that must be satisfied (Department of Defense, 2001).

Table 7 below gives the basic questions to guide the creation of operational requirements.
Here, the emphasis is on understanding system performance within its missions in different

environments and operating conditions.

Operational distribution or deployment: Where will the system be used?
Mission profile or scenario: How will the system accomplish its mission objective?

Performance and related parameters: \What are the critical system parameters to accom-
plish the mission?

Utilization environments: How are the various system components to be used?

Effectiveness requirements: How effective or efficient must the system be in performing its
mission?

Operational life cycle: How long will the system be in use by the user?

Environment: What environments will the system be expected to operate in an effective
manner?

Table 7: Operational Requirements — Basic Questions (Department of Defense, 2001)

These questions also support creation of scenarios that further can be the basis for

defining specific requirements for the system of interest or its components.
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For example, operational scenarios are very important especially within the conceptual
stage. These scenarios are a detailed and sequential description of how the system should operate
and interact with its users and components in their environment. They should be described for all
operational modes, mission phases (e.g., installation, startup, typical examples of normal and
contingency operations, shutdown, and maintenance). The scenarios should include all relevant
information, events, conditions (nominal, off-nominal, and stressful), interactions and actions for
comprehensive understanding of the operational aspects of the system (NASA, 2007).

Utilization of scenarios is essential in system development processes and an important
definition for “Concept of Operations” (ConOps). INCOSE explains that the Concept of
Operations describes the way a system works from the operator’s perspective (INCOSE, 2006).
Figure 14 shows a general overview for the process of generating a Concept of Operations, from

customer/ stakeholder expectations and needs to conceptualization.
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Figure 14: The process of generation Concept of Operations
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Herein, the upper level of requirements, expectation and needs are being translated to
general system requirements, and then to system possible capabilities. The analysis of possible
capabilities leads to generation of many kinds of scenarios. By continual and iterative analyses,
this process provides boundaries for the Concept of Operation for the system.

“The ConOps describes how the system will be operated during the life-cycle phases to
meet stakeholder expectations. It describes the system characteristics from an operational
perspective and helps facilitate an understanding of the system goals. It stimulates the
development of the requirements and architecture related to the user elements of the system. It
serves as the basis for subsequent definition documents and provides the foundation for the long-

range operational planning activities” (NASA, 2007).

2.18 Organizational knowledge and possibility for re-use

The fundamental step in any domain is to generate and introduce novel and attractive
products to the competitive market (Nilsson & Fagerstrom, 2006). These products can be
tangible or intangible (Kahn, 2010), they can include a system or a service. Of importance here is
not only the type of product that will be produced, but in understanding the needs, the
expectations, the requirements of the market, and the domain customers. For example, the
aircraft conceptual design domain produces complicated systems, even system of systems. These
kinds of products can have a significant effect on success or failure within an organization. In
general, each project has some amount of risk. The challenge is to define a product (e.g. a
system), to meet overall requirements, to minimize the risk, and to achieve the highest chances of

project success (INCOSE, 2006).
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Meanwhile, the market is changing rapidly and this has its effects on organizational
strategy. What may be a winning strategy at a certain time may not be relevant at all shortly
thereafter (Aaker, 2008). These changes challenge organizations to create new products, with
new features and new technologies. They also lead organizations to strive to improve the ability
to retain their knowledge and reuse it in new projects. Utilization of existing knowledge can
make the development process more productive and efficient, thus minimizing the timeline of

development and production stages.

Wu et al. have explained that: “Product development is a highly creative and knowledge-
intensive process that involves extensive information, and knowledge exchange and sharing,
among geographically distributed teams and developers. How to best integrate such
heterogeneous product knowledge has become an extremely important knowledge management

(KM) subject associated with product development” (Wu et al., 2014).

Herein, the requirement statements are a part of organizational knowledge. This
knowledge can represent the uniqueness of the product and might have a specific effect on
organizational involvement in the global market. For this and other reasons, it is important to
manage this knowledge (e.g. requirements). Having structured product requirements will

contribute to the stability of an organization’s knowledge platform.

Management of these requirements plays an essential part in product development. There
may be serious consequences if any critical product requirements are missing in the early product
development stages, hence many companies invest in effective approaches for managing product

requirements (Chen & Zeng, 2006).
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Alexander Weissman et al., in their research discuss the requirements authoring process.
They explain that a designer can choose to write the requirements from scratch, and this process
requires deep knowledge about how the product should behave within technical, economic, and
social domains. Another approach is to reutilize requirement statements from prior designed
products. They believe that reutilizing requirement statements is a possible approach for ensuring
completeness and it is possible to reduce authoring times by doing so. They assert that the use of
uniform requirement categories can further help to narrow the scope of the search based on the

relevant stages of the product life cycle (Weissman et al., 2011).

The uniform requirements categories can be represented by an ontology that may able to
describe the relationships between those categories and constitute the basics for semantic

understanding.

Hai Wang and Shouhong Wang also consider that ontology is a tool for knowledge
representation and sharing. They introduce it as a core of organizational knowledge with
semantic relationships between concepts. They claim that understanding the ontology can
enhance the ability to transform unstructured actions into structured tasks through the usage of

visualized and modularized ontologies (H. Wang & Wang, 2016).

2.19 Models, model purpose and knowledge sharing

There are different kinds of requirements that are in use within system engineering
processes. Sections 2.6 and 2.8 have represented the importance of the requirements and their

analysis, transformation, allocation, and utilization.
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Management of the requirements and other organizational knowledge is accomplished
worldwide in different ways. There is a documentation approach using textual files, and a new
approach to documentation management by modeling using digital knowledge-based systems.

DoD defines that a model is a physical, mathematical, or logical representation of a
system entity, phenomenon, or process (Department of Defense, 2001).

“The model can form an essential support for this co-engineering between specialties,
each bringing its own constraints to the needs, checking that they are met in the solution, and so
helping the architect to evaluate the merits of each alternative architecture” (Voirin, 2018).

A modeling approach makes the problem analysis process more structured and uses
consistent language and terminology for describing the problem and its solution. This process
produces coherence in the design and verifiably for all the system requirements and solutions. In
addition, the modeling approach provides an opportunity for easier understanding of existing
solutions, supporting processes and technologies. This can then provide support for new designs
and design improvements for meeting new requirements (Long & Scott, 2011).

Peter M. supports the modeling approach and provides a list: Understanding of the
natural reality of the existing system or phenomena; Prediction of some properties; Management
or control properties of the system or phenomena; Understanding of the existing human model
and prediction of some of its properties; Better understanding, management and prediction of
future artificial systems; Providing a locus for discussion between relevant stakeholders;
Supporting capability of identification, articulation and potential resolution of alternative action
options and alternative trade-offs; Making possible a structure way of thinking; Training

participants (McBurney, 2012).
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“A model can take many forms, for example, a system of equations describing the
trajectory of a planet, a group of rules governing the treatment of an information flux, or a
plastic model of an airplane. An interesting element of the definition is the fact that a model is
“constructed for a given objective”: there is no single unique model for a system. A system
model that is entirely appropriate for one purpose may be completely useless for another
purpose” (Cantot & Luzeaux, 2011).

Models are usually shared within different domains in the organization. This is a type of
knowledge communication to a set of stakeholders. Different models represent the system from
different perspectives and manners (Fosse, 2012).

Modeling helps produce improved design quality, to decrease ambiguity, to increase
precision, to support evaluation of consistency, correctness and completeness. This approach
increases the ability to manage system complexity, and supports traceability and impact/change

analysis. It is also very helpful in validation and verification processes (Hart, 2015).
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Figure 15: General principle of simulation (Cantot & Luzeaux, 2011).
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Figure 15 above represents the general principle of simulation by using models. A real
system, with its environment and a usage scenario, leads to an abstraction, the model, which is

then made concrete by a simulation application (Cantot & Luzeaux, 2011).

2.20 Model-Based Systems Engineering (MBSE)

Section 2.19 introduces the concept of models. Models are used widely by different
domains. For example, they are essential for systems engineering. Here they provide the
foundation for simulation, validation, verification and other processes. In addition, they support
the possibility of information and knowledge sharing.

Information and knowledge sharing or utilization includes archival aspects. Archives
provide the opportunity for reuse of information by different groups and domains within the
organization. Design information and knowledge (e.g. requirements, specifications, and other
documents) should be archived and managed in a specific manner, by using traceability,
sequences and relationship connections between the documents.

For this application, many organizations have begun to implement the Model-Based
Systems Engineering (MBSE) approach. MBSE is defined by INCOSE as a formalized
application of modeling to support system requirements, design, analysis, verification and
validation activities beginning with the conceptual design phase and continuing throughout
development and later life cycle phases (Technical Operations - INCOSE, 2007). This approach
enables different domains in the organization to be connected so that they work using a single
source of validated information. The benefits of moving from a document-centric approach to a

modeled one include better communication of information and knowledge within relevant
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domains in the organization, high level validation of data, automatic report preparation, and easy
performance of validation or verification steps.

Figure 16 below represents the transition from document to model-centric approach:
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Figure 16: Transition from document-centric to model-centric systems engineering
(Technical Operations - INCOSE, 2007)

Laura E. Hart explains that MBSE provides a mechanism for driving more systems
engineering depth without increasing costs. The model-centric approach enables automation and
optimization, allowing systems engineers to focus on value-added tasks and ensure that a
balanced approach is taken. A better understanding of the systems can be achieved through
integrated analytics, tied to a model-centric technical baseline (Hart, 2015).

Likewise, Long D. and Scott Z. claim that MBSE is fundamentally a thought process.
This provides a framework to allow the systems engineering team to be effective and consistent
immediately from the beginning of any project. At the same time, this process is flexible enough
that it allows the “thought” process to adapt to special constraints or circumstances present in the

problem (Long & Scott, 2011).
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Figure 17: Model-based Systems Engineering (MBSE) (Friedenthal & Wolfrom, 2010)

This approach supports systems development processes through the use of models. In
addition, MBSE also connects the models from the system-of-systems level vertically to the
bottom levels that comprise components (see Figure 17). MBSE improves productivity and
quality; it lowers risks, communicates among system/project stakeholders and manages
complexity (Friedenthal & Wolfrom, 2010).

A clear definition of the structure is very important here for effective implementation of
the MBSE approach. This structure can propose the basic rules for classification of the
organizational knowledge and to provide the possibility for ontology characterization and

identification of relationships. An appropriate knowledge for ontology will be defined in this
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research in order to ease the process of MBSE implementation. The knowledge for ontology will
be based on the performance of the analysis by using the EBD methodology through different
stages of the system life cycle and its environments. By using the knowledge for ontology or

taxonomies that will be defined, it will facilitate the process of leveraging past knowledge.

2.21 Summary of the literature review

The design process of complex systems is complicated. This process involves
communication among different domains. It requires a deep understanding of, among others,
existing technologies, and the requirements and needs of the stakeholders. It is a highly creative
and knowledge-intensive process that involves extensive information and knowledge exchange
among teams and developers. The integration of product knowledge has become an extremely
important issue, and is known as knowledge management (KM). Product development
knowledge integration and sharing is becoming a key issue in large organizations (Wu et al.,
2014).

There is a belief that structured knowledge (of requirements, designs, etc.) could be
helpful in product development processes. This structured and computer-based knowledge is
essential in sharing between departments of the manufacturing organizations. It is useful in
preventing unnecessary design revisions and reduces mistakes (Anjum et al., 2013); it enables
the creation of opportunities for new designs and improves communication within the
organization.

In addition, computer-based knowledge management can be improved by utilisation of

knowledge ontology. This ontology can support human-web interaction as a key component of
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knowledge sharing (H. Wang & Wang, 2016). It can also provide a basis for implementation of
MBSE (Model-Based System Engineering).

Herein, MBSE provides a shared system model with discipline-specific models that
include their characteristic information in a mathematical format. In this way all disciplines that

participate in development of a project can “view” a consistent system model (Fosse, 2012).

CHAPTER 3 EBD enabled scenario analysis

3.1 Introduction

The first objective of this chapter is to specify the knowledge components and
relationships for the ontology diagram (Sections 3.1 and 3.2); the second is to represent the
tagging process based on the requirements analysis (Sections 3.3 through 3.4). Here, an analysis
based on the procedures of the EBD methodology will be performed. Furthermore, this analysis

will be summarized and evaluated versus the modeling approach.

The analysis begins from an overview of transportation system in general, and step-by-
step continues to the specific domain of aerospace (e.g. aircraft). The basic analysis for the
transportation system will provide boundaries and following which the focus will be on the

specific environment of the aerospace industry.

Transportation systems are usually designed with five key capabilities, as shown in

Figure 18, which provide basic expected outcomes and meet customers’ expectations and needs.
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Transportation
System

Figure 18: Transportation system - general capabilities

Each individual system also has its environment that includes different actors who use or
provide service to the system and interact with it. As an example, Figure 19 shows the main
actors in the aircraft environment and their possible interactions with this system. Table 8 lists
typical questions and answers for each capability of an aircraft, following the EBD methodology,
which provides basic information on the characteristics of the system environment. Such
information will then be considered in the development of knowledge for the Aircraft Design

Requirements Ontology (ADRO).
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Capabilities Questions

Answers

Why?

To be more coordinated.

To comply with regulations (safer).

To be aware of your surroundings and to provide
information.

Communicate

How to?

By navigation satellite system, radio or cellular systems.

By datalink and ICAS Crew Alerting System message to
pilot.

By encoding and decoding (digital data, written text, speech,
pictures and gestures).

By interpretation (verbal communication).

By visual channels.

Why?

To transport humans, animals and goods from location A to
location B.

Operate
How to?

According to the way the vehicles are operated on
established routes.
“Regulated airspace”.

Why?

In order to meet users and stakeholders needs.

Transport How to?

By air, land (rail + road), water, space. With: automobiles,
buses, trains, trucks, helicopters, aircrafts, watercrafts and
space crafts.

Serve users | Why?

To provide or to meet/match the user needs.

55




How to? By assistance, training, support, responding, etc.
To transport humans, animals and goods from location A to

()
Why? location B.
Accommodate By plans, procedures, etc.
How to? By providing environmental condition for safe and

comfortable travel.

Table 8: General analysis of environment for transportation system

3.1 ADRO knowledge development

Different methodologies support an extraction of relevant components, entities and
understanding of the relationships for representing the platform for definition of taxonomy or
ontology (Guarino, 1997). Interestingly, Lim S.C.J.et al., represent the usage of semantic
annotation in the process of developing ontology or taxonomy for information extraction and
retrieval. They used product information such as Bill of Materials (BOM), Product Data
Management (PDM) and Product Lifecycle Management (PLM) databases, catalogs, engineering
texts, handbooks and others for extraction of product entities, concepts and their corresponding
properties that a particular product constitutes (Lim et al., 2009). In other words they describe the

structuring of concepts by a “Top-Down” approach using extracted product information.

Here, in the research utilized an advanced method to understand the internal and external
environments of the system. Environment-Based Design (EBD) methodology can support the
process of components extraction in both environments; this methodology can be helpful in
characterizing knowledge for the system design requirements ontology. This includes categories,
taxonomies and relationships for the system in the aerospace domain. The main components and

the components in their environments will be explored through passing lifecycle stages of each
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main constrained word and definition of their relationships. These relationships will describe the
interconnection between the components and how to structure the knowledge (including

requirement statements and data) in the main knowledge base.

3.1.1 Analysis of the general problem statement

As the first step in the EBD methodology, the environment analysis begins with general
statement: “EBD enabled Scenario Analysis for Aerospace Product Development”. The Figure
20 represents the general statement of the problem explored in the thesis by using a ROM
diagram and its symbols (see Tablel) as a linguistic representation of its components and
relationships. Based on the ROM diagram, the environment analysis can be initialized by asking
generic questions. These questions provide insight to one’s understanding of the general

environment of the main components in the problem definition.

scenario aerospace

=) B

1) 12 ) . 4I : '8

\ roduct —-.
o product .

S’ o

Figure 20: Recursive object model (ROM) for the general statement of the problem

The ROM diagram shows the main and most constrained components. Based on number

of arrows, they are: “Analysis” and “Development”. The next step in the EBD methodology is

57



defining the object list for questioning. Table 9 represents the relations between the components

of the ROM diagram following the rules presented in Figure 21.

objects i and j have a subject - verb relation

objects i and j have a verb - object relation

v objects 7 and j have a constraint relation from object i to object j

S W N =

otherwise

Figure 21: Rules for the relations between objects in the ROM diagram (Zeng, 2014)

Object 1 2 3 4 5 6 7 8

Table 9: Relations between the objects/components of the ROM diagram

The number of relations between the objects /components of the ROM diagram can be

summarized as follows:

Number of relations 3 2 1

Objects 4,8 2 1,5

Table 10: Number of constraint and predicate relations on an object
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From Table 10 it is clear that the central objects are 4 and 8. These objects have a higher
number of constraints and predicate relations. Figure 22 below illustrates the structure of the
objects around the central objects 4 and 8 in terms of constraint and predicate relations derived

from the ROM diagram that is represented in Figure 20.

.— m4| |— |
=/ N N’ o

Figure 22: Structure tree of constraint and prediction relations of objects

Following Figure 22 and the rules of the EBD methodology, an object list for questioning

can be defined. Table 11 represents this list:

1;3;6;7;, 1&2; 4&3; 8&6; 8&7; 1&2&4 ; 2&3&4;
Questioning object list
3&4&5&6&T&S;

Table 11: Object list for questions generation

Based on this, Table 12 summarizes the generic questions that were defined by the rules
and templates described in Section 2.3 of the EBD methodology and environment analysis.
These questions give the boundaries but do not limit in searching for information that is of

interest. Table 12 only provides a focus on a specific stream of information.

# | Component/s Question

I |1 T1: What is an EBD?

2 |3 T1: What is a scenario?

3 16 T1: What is an aerospace?
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4 |7 T1: What is a product?

5 |1&2 T6: What is enabled by EBD?

6 |4&3 T3: What is analysis? What is scenario analysis?

7 |8&6 T3: What is development? What is development in aerospace?

8 |8&7 T3: What is development of product? What is a product?

9 |1&2&4 T5: What do you mean by enabled in the statement “EBD
enabled analysis™?
How / Why / When / Where EBD enabled analysis?

10 2&3 &4 T5: What do you mean by enabled in the statement “enabled
scenario analysis™?
How/ Why/ When/ Where enabled scenario analysis?

11 13&4&5&6&7 &8 | T5: What do you mean by analysis in the statement “scenario

analysis for aerospace product development™?
How/ Why/ When/ Where is scenario analysis for aerospace
product development?

Table 12: Generic question representation for environment of the main and constrain words of the statement

Following this, for the question definition step, the answers can be derived by searching for

the information to answer the following questions:

1. What is an EBD?

The EBD leads that design change an existing environment to a desired one by

generating a new artefact. (Zeng, 2015).

2. What is a scenario?

A “scenario” is often used to describe a behaviour. Scenarios and what-if thinking

are essential tools for designers who must cope with the uncertainty of the future (Walden

etal., 2015).

For example, with operational scenarios, there would be a step-by-step description

of how the system should operate and interact with its users and with the components in

the system's environment. Operational scenarios include all operational modes, mission

phases (e.g., installation, start-up, nominal, off-nominal, stressful conditions, shutdown,
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and maintenance), and critical sequences of activities for all classes of users identified.
The scenario includes events, actions, stimuli, information, and interactions as
appropriate to provide a comprehensive understanding of the operational aspects of the
system. Operational scenarios should span all of the specific conditions (e.g. nominal,

off-nominal, and stressful) that could occur during the mission. (NASA, 2007).

3. What is an aerospace?
“Aerospace — producing or operating aircraft or spacecraft” (Dictionary, 2020).
Designers, manufacturers, operators, ground support, and maintainers are

considered as critical components in the aerospace domain (NASA, 2007).

4. What is a product (in terms of aerospace product, such as an aircraft system)?

Jackson S. explains that the aircraft system is not only the aircraft (the flight
vehicle/product) itself. The system includes the aircraft, the training equipment, the
support equipment, facilities and personnel. In addition, the aircraft can be broken down
into its elements /segments: environmental, avionics, electrical, interiors, mechanical,
propulsion, auxiliary and airframe. For example, the avionic segment includes the
communications, navigation, indicating and recording, and auto flight equipment. This is
an important segment that may be called the aircraft management segment, because it
includes the communications subsystem and the aircraft monitoring functions that are

found in the indicating and recording subsystem (Jackson, 2015).

5. What is enabled by EBD?

61



EBD includes three main activities: environment analysis, conflict identification,
and solution generation. These activities work together in order to generate the design
specifications and solutions. The environment analysis helps to determine the key
environment components, in which the product works, and the relationships between
those components. From the environment implied in the design problem, a designer, by
using EBD, could introduce additional environment components that are relevant to the
design problem at hand (Tan et al., 2012).

“The EBD provides designers a sense of direction by guiding them to collect the
necessary and sufficient information for a design task, by supporting them to determine
the focus at each stage of design, by helping them decompose a complex problem into
atomic ones, and by investigating potential solutions for each atomic design problem.
This could help designers manage their mental stress in solving a design problem, which

increases their chances to take advantage of their creative potentials ~ (Zeng, 2015).

6. What is analysis? What is scenario analysis?
Analysis is an evaluation based on decomposition into simple elements (SAE
Aerospace, 2010).
Scenario analysis is a tool for envisioning alternate futures. This can allow
formulation of a strategy that is helpful in responding to future opportunities and

challenges (Kahn, 2010).

7. What is development? What is development in aerospace?

Development controls the design process and provides baselines that coordinate

62



design efforts. Development in aerospace includes different stages: concept level, system
level, and subsystem/component level. It produces a set of corresponding detailed
descriptions of the products’ characteristics, essential for their production (Department of

Defense, 2001).

. What is a product? What is development of product (in the context of aerospace
product)?

Product describes all goods, services, and knowledge that can be sold. It includes
attributes (features, functions, benefits, and uses) and can be tangible (e.g. physical
goods), intangible (e.g. service) or can be a combination of the two (Kahn, 2010).

Product development of the systems (e.g. aircraft) is a creative and knowledge-
intensive process. This process involves information and knowledge exchange and

sharing within the different teams and developers (Wu et al., 2014).

. What do you mean by enabled in the statement “EBD enabled analysis”? How / Why /

When / Where EBD enabled analysis?

EBD provides designers with a systematic approach that helps them to reach a
deep understanding of a design problem (Tan et al., 2013). This methodology is based on
a recursive logic of the design (Zeng, 2011). This enables a design process to recursively
iterate between design requirements and solutions until the final solution is found (Zeng

& Cheng, 1991).
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10. What do you mean by enabled in the statement “enabled scenario analysis”? How/ Why/

11.

When/ Where enabled scenario analysis?

The EBD methodology proposes a method for environment analysis. The
objective of environment analysis is to determine the key environment components in
which the product works, and the relationships between these components. By following
the rules of asking and answering questions, based on this methodology, the designer is
able to introduce more environment components that are relevant to the design problem
and scenario analysis.

In addition, Wang and Zeng (M. Wang & Zeng, 2009) introduce EBD rules on the
question asking process in order to conduct a comprehensive environment analysis. For
verifying the completeness of the extracted environment components and their relations
they proposed a roadmap as guidance for requirements modeling (Chen & Zeng, 2006).
This roadmap relates to different kinds of environments and life cycle of the product or

system (Tan et al., 2013).

What do you mean by analysis in the statement “scenario analysis for aerospace product
development”? How/ Why/ When/ Where is scenario analysis for aerospace product

development?

The analysis process of scenarios in aerospace product development is a critical
one. This process enables elicitation of missing requirements that had been discovered
within the scenario representation. It analyzes, among others, a wide range of possible

future events, the risks, and behaviour of the system.
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By analyzing information that is found within the answering question step, the main
points summarized in the final information section for the general question asking step are as

follows:

1. EBD enabled scenario analysis for aerospace product development. 2. The EBD leads that
design change environment to a desired one by generating a new artefact. 3. Scenario analysis is
a process of analyzing possible future events by considering alternative possible outcomes. 4.
Scenario analysis presents several alternative future developments, sets of behaviour or risk
assessment events. 5. Setting scenarios is based on the existing knowledge base and new
requirements. 6. Requirements analysis develops: operational (functional and performance),
technical and structural requirements at system or aircraft levels. 7. Operational requirements
come from operational scenarios. 8. Operational scenarios include operational modes; mission
phases (e.g., installation, start-up, nominal, off-nominal, stressful conditions, shutdown, and
maintenance); critical sequences of activities for users. 9. Product development process involves
extensive information, knowledge exchange and sharing among teams and developers. 10. Public
laws, formal directives, technical limitations, regulations (service and component), international
agreements, cost, time and human resources effect the development process. 11. This process has
3 main levels: concept, system, subsystems. 12. The product of design or development processes
can be tangible or intangible (service/experience/belief). 13. Specialists (designers,
manufacturers, operators, ground support, and maintenance) produce essential outcomes that
effect and progress the development process. 14. In the aerospace field, development process
includes the avionic part. 15. This part develops and produces electronic systems for aircraft. 16.

Avionic/ electronic systems support communications, navigation, display and management of
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multiple systems and subsystems in the aircraft. 17. The development process of the systems is
based on requirements analysis.

This section includes 17 numbered sentences and extraction of general information from
the first step of the analysis. Basis on this information, a ROM diagram can be generated as

shown in Figure 23.
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Figure 23: General ROM diagram after the first step of the environment analysis
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This ROM diagram represents general knowledge for ADRO with basic and extended

information. Information is found within the first step of general question asking by using EBD
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methodology rules. The next step is domain-specific question asking. This step allows extraction

of domain-specific information. Here, the process proceeds with sentences 2, 3, 4, 5, 8 and 9.

These sentences have constrained words that are more specific for the aircraft
development process. By analysis of these words and their environment it is possible to elicit
more components and relationships as knowledge for ADRO. The other sentences can be

analysed in further research as an extension of the knowledge that was found here.

3.1.2 Environment analysis and knowledge representation for ontology

This analysis step focuses on the domain specific environment. Following the EBD
methodology rules that are given in Table 5 provides an opportunity to identify domain-specific
components and relationships. The following questions and steps will be used to direct this

analysis:

Step 1, Question 1: What is the lifecycle of a constrained word in the sentence?

Step 2, Question 2: What are the relevant components for the natural, built and human
environments for each event in the lifecycle of the constrained word?

Step 3: Update the ROM diagram with the knowledge components and relationships that were

found for the ADRO.

An analysis of the first sentence was given in Section 3.1.1. The analysis for sentence 2

will be performed in Section 3.1.2.1.
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3.1.2.1 Sentence 2

Figure 24 represents sentence 2 from the general ROM diagram in order to indicate
visually the sentence and its number. To ease the identification of sentences in the ROM
diagram, each one was numbered. Sentence 3 will be represented in same way as the second,
while the others will be represented alone but in meaning are connected to the general ROM
diagram. Each sentence will be updated further with new components and relationships after
further steps of the analysis.

Sentence 2 is: “The EBD leads that design change environment to a desired one by
generating a new artefact”. Here the main constrained words are “Change” and “Artifact”. The

artifact is in context of aircraft.

68



effect process

progress

[ specialists }—{ produce |- outcomes
‘ essential ‘
manufacturers

development
|
i Ground support

e

L
component 4 @

@ gt

system :

exp

ey - [indormation ..
&> e -
[process - [imvoies |- [exchange |57
4 knowledge |4~

H

alternative
s
L £ Start-up

[+]

future
"
-D-{ events 4—* Risk assessment | ¥\ conditions

‘ process‘ | events ‘ 4’{ considering ‘
v
@ ‘ possible ‘ ‘alternative+—h—| outcomes ‘ -
system aircraft
e 0 il
(d phases |st-f mission | '—{ stressful |
@ , @ || =
technical -1 B activities
Operational

Y
I" analysis H develop M requiremenls|H structural
v

requirements

Figure 24: Sentence 2 in the general ROM diagram

Step 1: The lifecycles for the words “Change” and “Artifact” are defined as follows:

“Change”: Before, during, after.

“Artifact” (Aircraft): Design (concept and development), manufacture, sales, transportation,

use/utilization, maintenance, recycling/end of life (retirement/disposal).

Step 2: Summary of the relevant components for the natural, built and human

environments for each event in the lifecycle of the constrained words.
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The tables below represent the main components and relationships to the groups that are

found in the natural, built and human environments. These environments are designated in

Tables 13 and 14 with their first capital letters in each lifecycle stage.

Main
constrained
word

Life Cycle
stages

Environment components

Human (H), Built (B), Natural (N)

Change

Before

H: Specialists: Engineers, Technologists, Marketing, Change Analysts,
Project representatives.

Regulation Bodies: (TCCA (Transport Canada), FAA (Federal
Aviation Administration), EASA (European Union Aviation Safety
Agency).

B: Requirements: technical, mandatory, and regulation requirements

(including safety), service, ergonomic, market, and exceptions.
Resources: budget, time.

Equipment: computer, simulators, test, and assembly equipment.
Facilities: lab, office.

N: standards, laws, rules, and expectations.

During

H: Specialists: Engineers, Technologists, Marketing, Change Analysts,
Change Management Coordinator, Project representatives.

B: Documents: specifications, drawings, technical instruction
documents, validation and verification plans, tests, and protocols.
Communication: software, interaction channels, and interfaces.
Facilities: production facilities and infrastructures

N: standards and laws, certification agencies.

After

H: Specialists: Engineers and Project representatives. Customers.

B: Documents: Approved SOPs and specifications for mass
production, user manuals. Equipment: training and support equipment.
Facilities: storage.

N: Law and certification agencies.

Table 13: The main components and relationships for constraint word “Change”

Main
constrained
word

Life Cycle
Stages

Environment:
Human (H), Built (B), Natural (N)

Artifact in
the context
of Aircraft.

Design
(Concept &
Development)

H: Customers: aircraft market and specific customers; specialists:
designers, engineers, technologists, marketing, coordinator, project
representatives.
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Regulation bodies: (TCCA (Transport Canada), FAA (Federal
Aviation Administration), EASA (European Union Aviation Safety

Agency), and others.

B: Needs, product requirements: direct operating cost, price, mass
properties, dimensions (aircraft, runway, and others), number of
seats, route structures, reliability, human factors, environments,
maintainability, transportability, flexibility and expansion,

permissibility. Mission objectives, development tests, etc.
Regulation requirements:

CAR (Canadian Aviation Regulations from TCCA), FAR (Federal
Aviation Regulations from FAA), CS (Certification Specification
from EASA).

Standards:

ARP 4754A, ARP 4761, AIR 6110, MIL-STD-961D, SAE 4759,
AS9100, etc.

Technical Requirements:

Design, emitted noise level, emitted electromagnetic interference
(EMI), safety, architecture (including software and interfaces), basic
characteristics, concept (for new, derivative, or change-based
aircraft), and engineering sketches.

N: Technologies (new and existing), SDR (System Design Review),
Preliminary Design Review (PDR), Critical Design Review, and
others.

Manufacture H: Project managers, engineers, assemblers, integrators, quality
control, and quality assurance representatives, transporters,
maintainers, etc.

B: Facilities: hangar, runway, test tunnel, etc.

Equipment: computers, testers, assembly tools, templets, jigs,
software (to capture production process, test results, and records),
etc.

Production Documents: SOW, drawings, specifications, work
instruction documents, checklists, reports (test reports, Validation
and Verification), etc.

Assembly Parts: mechanic, optic, pneumatic, hydraulic, avionic,
electronic parts, etc.

N: Suppliers, subcontractors, manufacturers, customers, distributors,
and others.

Sales H: Customers

Specialists: marketing, project representatives
Regulation Bodies: (TCCA (Transport Canada), FAA (Federal
Aviation Administration), EASA (European Union Aviation Safety

Agency), and others.
B: Cost, spares, marketing strategies, contracts, configuration report,
Validation, and Verification reports, test reports, demonstration,
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simulation (FEA, CFD), and production records. System Safety
Assessment (SSA), qualification report, certification summary and
functional hazard assessment (FHA), user manuals, and training
documents and equipment.

N: Aircraft market, specific customers, or stakeholders.

Transportation | H: Support teams: drivers, pilots, maintenance/technical teams, etc.
B: Equipment for transportation, limitation requirements: weight,
dimensions, shock, vibration, and others.

Documents: SOPs, regulation, and customer requirements document
for transportation.

Facilities and other aircraft.

N: Weather conditions.

Use /Utilization | H: Customers and Users: airlines, aircraft crew, room control team,
airport support teams, passengers/ direct customers.
Team: Security and others.
B: Documents: user manual, SOPs, and check lists.
Training: for aircraft crew, airport support teams, simulators.
Facilities: terminal, hangars, runways, country, control room, other
aircrafts
Equipment: satellite navigation system (general).
Ground support equipment: Jet way, push and pushbacks tractors,
tow tractors, cargo loading equipment.
N: earth, air, attitude, FOD (Foreign object debris), precipitation,
solar radiation, humidity, fungus, volcanic ash, temperature (altitude
temperature profile, aerodynamic and induced heating, heat soak (on
the ground), pressure (external: atmospheric & aerodynamic,
internal: cabin pressure ), decompression (pressure and pressure
rate), electromagnetic interference (EMI), high-intensity radio fields
(HIRF), shock, vibration, load, lightning (spark), sand and dust
(during the run-up, taxing or take-of¥).

Maintenance H: Specialists: engineers, quality control representatives,

maintenance/technical teams.

B: Facilities: Hangar and others.

Equipment: maintenance/technical equipment (ground support
equipment).

Parts: Spares.

Documents: Requirements for maintenance and for equipment, check
lists, cost evaluation report: cost per 1,000 flight hours
(MN$/1000FH), man-hours (MMH/1000FH), material cost
(MT$/1000FH)).

Repair process documents: corrosion protection, overnight checks, A

checks, B checks, C checks, unscheduled maintenance, and fixed
interval checks.
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N: Environment: accessibility environment, corrosive/toxic
environment: acids, hydraulic fluids, salt spray, and humidity.

Recycling / End | H: Customers and Users: security, customer, supplier, recycling, and

of Life maintenance teams.
(Retirement B: Documents: BMP (best management practice) manual,
/Disposal): Maps for segregation areas, disposal of material procedure, internal

audits report, training documents, receiving documents, records,
reference manuals, procedures, standards, contracts.

Facilities: location for disassembly or recycling, secure and
segregation areas.

Parts: undesired material, incoming/shipping/packaging materials.
Equipment: maintenance/technical equipment (ground support
equipment), tooling equipment and/or machinery.

N: fluids and hazardous materials, inventory, infrastructure, storage,
regulations.

Table 14: The main components and relationships for constraint word “Artifact”
(In the context of Aircraft)

Here is a list of the sources that helped to find the information and environments

components:

(NASA, 2007) , (INCOSE, 2006), (Department of Defense, 2001), (SAE Aerospace, 2010), (ISO/IEC/IEEE15288, 2015),

(Jackson, 2015), (AFRA, 2018).

After completing a summary of the components, it is possible to continue to Step 3 of
updating the ROM diagram with the knowledge components and relationships that were found.

Figure 25 below demonstrates the relevant components and their relationships.
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Figure 25: Sentence 2 of the main ROM diagram updated with knowledge from domain-specific environment analysis

3.1.2.2 Sentence 3

The next sentence for the analysis is Sentence 3: “Scenario analysis is a process of

analyzing possible future events by considering alternative possible outcomes”. This sentence is

highlighted from the general ROM diagram in Figure 26.
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Figure 26: Sentence 3 in the general ROM diagram

Step 1: The main constrained words are: process, events and outcomes. The life cycles

for these words defined as follows:

“Process” (In the context of the operational scenario analysis process): before, during, and

after.

“Events”: before, during, and after.

“Outcomes” (In the context of requirements): acquisition, verification and validation (V&V),

maintenance, utilization.
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Step 2: Summary of the relevant components for the natural, built and human

environments for each event in the lifecycle of the constrained words.

Tables 15, 16, and 17 represent the main components and relationships to the groups that

are found in the natural, built and human environments.

Main constrained
word

Life Cycle
Stages

Environment:
Human (H), Built (B), Natural (N)

Process (In the
context of the
operational scenario
analysis process)

Before

H: customers, regulation bodies, specialists: marketing,
project representatives, system engineers.

B: Requirements: regulation bodies, customers, market,
standards, needs,

Concept (initial concept of the product), equipment
(computers, testers, simulators, etc.).

Documents: procedures, software (can be for different kind
of equipment, systems and subsystems), SOW, etc.,
Resources: time, budget, etc.

N: Uncertainty (in functions performance and capabilities),
black box model.

During

H: Specialists: marketing, project representatives, system
engineers (QA, mechanic, software, etc.), designers and
technologists.

Customers.

B: List of requirements, software, trade — off studies,
concept, capabilities, functions, initial specifications, events,
conditions, and_resources: time, budget, software models, etc.
N: More certainty and understanding (in functions
performance and capabilities).

After

H: Specialists: marketing, project representatives,
technologists, system engineers (QA, mechanic, software,
etc.), customers, regulation bodies.

B: List of requirements (related to functions, performance
and others); Documents: requirements allocation and
traceability, validation and verification (V&V) plans,
protocols and tests.

N: Software models for V&V, simulators, achieved new
functions and capabilities.

Table 15: The main components and relationships for constrain word “Process”
(In the context of the operational scenario analysis process)
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Main constrained
word

Life Cycle
Stages

Environment:
Human (H), Built (B), Natural (N)

Analysis of possible
/ future Events

Before

H: customers; regulation bodies;

specialists: marketing, project representatives, system
engineers (QA, mechanic, software, etc.).

B: Documents: standards, airspace policy, flight laws & rules,
procedures;

Design Concept: system, subsystem, component;

N: Contradictory hazards;

Conditions: weather, environment, traffic and safety.

During

H: customers; specialists: marketing, project representatives,
system engineers (QA, mechanic, software, etc.),
technologists; Actors: operator, crew, passengers.

B: Trade-off studies; Requirements;

Documents: risk assessment, FMEA (Failure Mode and Effects
Analysis), specifications, manuals, procedures;

Models: mathematical and physical; scenarios; capabilities;
concept: architecture (logical and physical), system,
subsystem, components, functions, and processes of function
exchanges.

Software; Equipment: simulators, computers, maintenance
tools, etc.

N: Environment (natural environment of product/system),
conditions (pre and post), and interfaces (functional, physical,
external, internal, and operational), infrastructures (airport,
runway, test tunnel and others), human factors.

After

H: Customers, regulation bodies, specialists: marketing,
project and product managers, technologists, engineers (QA,
mechanic, software, etc.).

B: List of requirements (function, performance, regulation,
certification, qualification, etc.); documents: requirements
allocation and traceability, FMEA, risk mitigation documents,
Validation and Verification plans, protocols and tests,
specifications, manuals, etc; Software, software models for
V&V; Equipment: simulators and others.

N: -

Table 16: The main components and relationships for constraint word “Events”

Main constrained Life Cycle Environment:

word Stages Human (H), Built (B), Natural (N)
Outcomes (In the | Acquisition H: Customers, Specialists: marketing, project and product
context of managers, technologists, engineers (QA, mechanic, software, and
Requirements). others).

B: Customer needs, requirements: capabilities ,marketing/
technical, mission, aircraft operational, functional and
performance, safety, maintainability, interface; regulation and
certification requirements: RTCA DO-254 or DO-178B, ARP
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4761, ARP4754A, MIL-STD-961D, SAE 4759, AS9100, DOD,
NASA, INCOSE, AIR 6110, etc. Methods: mathematical models,
analytical techniques, calculated or derived data.

N: Software, software models.

Verification
and Validation
(V&V)

H: Specialists: engineers (QA, mechanic, software, system and
others), project and product managers, technologists; suppliers,
manufacturers, regulation bodies: TCCA (Transport Canada Civil
Aviation), FAA (Federal Aviation Administration - US),
EASA (European Union Aviation Safety Agency), CAST
(Commercial Aviation Safety team), etc.

B: Requirements (marketing/technical, aircraft operational,
functional and performance, safety, maintainability, interface,
regulation and certification requirements: CAR (Canadian
Aviation Regulations) - TCCA, FAR (Federal Aviation
Regulations) - FAA, CS (Certification Specification) - EASA).
Documents: FMEA, QPL, Validation and Verification plans and
program protocols and tests (verification matrix: (requirements,
associated functions, development assurance level, verification
methods, verification conclusion, verification coverage
summary)), certification plan, specifications, requirements
allocation and traceability).

Methods: mathematical models, analytical techniques,
simulations, etc.

Inspection (the visual examination): system, component, or
subsystem for physical design features or specific manufacturer
identification, ground tests, flight test, in — service data or
similarity, system safety assessment (SSA), buyer-furnished
equipment (BFE), potential risks, technical performance
measurements (TPM).

Demonstration: system, subsystem, or component operation.

N: software, software models for V&V, simulators, agencies
(regulation, certification and qualification), infrastructures
(airport, runway, etc.).

Maintenance

H: Specialists: knowledge owner, knowledge focal, and system
engineers.

B: Documentation Methods: archive, knowledge base, servers,
and software.

N: ---

Utilization (in
new projects)

H: Specialists: engineers (QA, mechanic, software, system
engineers and others), managers (project and product),
technologists, marketing team.

B: Documentation methods: archive, knowledge base, servers;
searching methods, software, data base, model based system.
N: New or existing programs or projects.

Table 17: The main components and relationships for constraint word “Outcomes” (in the context of Requirements)
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Sources:

(EIA, 1999), (RTCA SC- 167/ EUROCAE WG- 12, 1992), (Federal Aviation Administration, 2016), (NASA, 2007),

(INCOSE, 2006), (Department of Defense, 2001), (SAE Aerospace, 2010), (ISO/IEC/IEEE15288, 2015), (Jackson, 2015),

(Crawley et al., 2016), (Raymer, 2012).

The ROM diagram for Sentence 3 updated with this knowledge is represented in Figure

27.
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Figure 27: Sentence 3 of the main ROM diagram updated with knowledge from the domain-specific environment analysis
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3.1.2.3 Sentence 4

Sentence 4 is: “Scenario analysis presents several alternative future developments, sets of

behaviour or risk assessment events”. Figure 28 demonstrates this sentence as follows:

Scenario

4

Analysis

— ‘ future ‘ ‘several‘ ‘alternative‘
¢ 4 Y L] A

P |

} presents M developments ‘ ‘ behgvior|

SFry

H events ‘4—-‘ Risk assessment ‘

Figure 28: Sentence 4 from the general ROM diagram

Stepl: The main constrained word is “Developments”. Here, the analysis includes two

meanings of development: software and technologies. Their lifecycles are defined as follows:

“Developments” (meaning “software”): concept, development, synthesis, validation and

verification (V&V), approval, maintenance and modification.

“Developments” (meaning “technologies™): problem definition, knowledge discovering, trade-

offs generation, validation and verification (V&V), approval.

An additional constrained word is “events”; the environment analysis for this word was

performed in Sentence 3.
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Step 2: Summary of the relevant components for the natural, built and human

environments for each event in the lifecycle of the constrained words.

Tables 18 and 19 represent the main components and relationships to the groups that are

found in the natural, built and human environments.

Main
constrained
word

Life Cycle
Stages

Environment:
Human (H), Built (B), Natural (N)

Developments

(meaning
“software”)

Concept
(through
Functional
Analysis)

H: Specialists: CSE (Chief System Engineer), CDE (Chief Design
Engineer), system engineers, software engineers, etc.

B: Scenarios, Requirements: system, software protection and
computer anomalies; Software constraints: software level (A, B, C,
D and E), memory and timing consumption, memory protection,
program storage and integrity, computer anomalies, fail-safe
design, robustness, programming language and compiler;
Documents: software standards, software plans: the plan for
software aspects of certification, the software development plan, the
software verification plan, the software configuration management
plan, the software quality assurance plan

N: Design constraints

Development
(Design and
Coding)

H: Specialists: system engineers, software developers, commercial
aviation safety team- CAST and others.

B: Design constraints: hardware definition to software,
Requirements: software and redundancy requirements, protection
requirements, programming language; Documents: software
architecture, PSSA — preliminary system safety assessment, control
structures, software structure, fault containment boundaries, failure
modes; standards: ARP4754A, RTCA/DO-178B, etc.

Hardware resources: processors, memory devices, I/O devices,
interrupts, and timers.

Coupling: Control and data.

N: ---

Synthesis
(Integration)

H: Specialists: system engineers, software developers, etc.

B: Target hardware/computer; documents: Software architecture,
FHA — Functional Hazard Assessment, integrity (correctness of
behaviour) of the functions; Codes: source, object, executable
object code; Data: Source, linking and loading data.

N: Computers, system, subsystems and others.

Verification
and Validation
(V&V)

H: Specialists: system engineers, software developers and SQA -
software quality assurance; Regulation Bodies: TCCA (Transport
Canada Civil Aviation), FAA (Federal Aviation Administration -
US), EASA (European Union Aviation Safety Agency), CAST
(Commercial Aviation Safety team), etc.
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B: Documents: software architecture, system and software
requirements, test cases, test procedures, test results, coverage, code
structure, traceability data, hardware addresses, software planning
process, software verification plan, software verification results,
overlapping software verification process activities, robustness
tests, software configuration management (SCM), software
configuration index (SCI), verification tests, software
accomplishment survey.

N: Equipment: target computer and simulator or emulator (test
equipment).

Approval
(including
Certification)

H: Certification authorities: TCCA, FAA, EASA, CAST, JAA and
others; customer, supplier, specialists: system engineers, software
developers and SQA -software quality assurance; air carrier

B: Standards: ARP 4754A, AIR 6110, RTCA/DO-178B etc.;
Documents: certification, software aspects of certification, plan for
software aspects of certification, software accomplishment survey,
software quality assurance records, software lifecycle data,
software plans and standards, software requirement deviations,
software accomplishment summary, software configuration index,
software requirements data, design description, source code,
executable object code, compiler assumptions, reverification
guidelines, software verification results,configuration, etc.

N: System, computers, simulator or emulator (test equipment).

Maintenance
and
Modification

H: Specialists: system engineers, software developers and SQA -
software quality assurance; air carrier associations; certification
authorities; customer.

B: Documents: configuration management plan (includes:
configuration identification, baselines and traceability, problem
reports, change control, change review, etc.), SCM (software
configuration management) records, software configuration index
(SCI), software lifecycle environment configuration index (SECI),
software requirements standards, software requirements data,
software code standards, design description(definition of the
software architecture and the low-level requirements), source code,
executable object code, software verification cases and procedures,
certification data, etc.

N: ---

Table 18: The main components and relationships for constraint word “Developments” in meaning of software.

Main Life Cycle Environment:
constrained Stages Human (H), Built (B), Natural (N)
word
Developments | Problem H: Customers; regulation bodies; specialists: marketing, project
(meaning definition representatives, system engineers (QA, mechanic, software, etc.).

“technologies™)
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B: Project boundaries: strategy, cost, mission, scenario, budget/
funding, scope and purpose, and resources; Requirements
(operational) and organizational policies.

N: ---

Knowledge
discovering

H:_Customers; regulation bodies; specialists: marketing, project
representatives, system engineers (QA, mechanic, software, etc.),
and institutions (who are developing the new technologies).

B: Research, data, documents: project plan, functional descriptions,
mission needs, traceability, design boundaries, technological
features, risks, and preliminary design criteria; project financial
assumptions: return on investments, benefits, assessment of
potential payoffs, etc.

N: Step-specific tools and equipment.

Trade-offs
generation

H: Specialists: marketing, project representatives, system engineers
(QA, mechanic, software, etc.), and institutions (who are
developing the new technologies).

B: Concept, capability, prototype, models: (physical, simulation,
demonstration, assumption), Documents: specifications,
engineering plan, technical event plan, design traceability, analysis,
configuration management plan, design plans (e.g., electrical,
mechanical, structural, etc.), production / manufacturing plan,
quality management plan, risk management plan, technology
assessment, development plan (includes: schedules, funding and
conclusions), regulatory compliance data, internal compliance data,
maintenance and other operational information; Requirements:
performance, cost, weight, risk, safety, efficiency; errors: human
factors etc.; constraints, conflicts, architectures: functional, and
physical; limitations.

N: Laboratory, simulators and others.

Verification
and Validation
V&V)

H: Regulation bodies; specialists: marketing, project
representatives, system engineers (QA, mechanic, software, and
others), and institutions (who are developing the new technologies).
B: Project boundaries: mission, mission needs, scenarios;
Requirements: cost, weight, risk; test methods: comparison with
proven concepts, operational test and evaluation; Documents:
lessons learned, procedures, validation plan, validation protocol,
and test report.

N: ---

Technology
Approval
(Qualification)

H: Regulation bodies; specialists: marketing, project
representatives, system engineers (QA, mechanic, software, and
others), and institutions (who are developing the new technologies).
B: Requirements, documents: in-service data and similarity, system
safety assessment (SSA), Certification plan, System Integration
Plan, etc.; Test methods: simulations, evaluation, demonstration:
operational and flight test, ground test , etc;

N: Training opportunities.

Table 19: The main components and relationships for constraint word “Developments” in meaning of technologies.
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Sources:

(EIA, 1999) (Deutsch & Pew, 2005), (RTCA SC- 167 / EUROCAE WG- 12, 1992), (NASA, 2007) , (INCOSE, 2006),

(Department of Defense, 2001), (SAE Aerospace, 2010), (ISO/IEC/IEEE15288, 2015), (Jackson, 2015).

Step 3 is represented by the updated ROM diagram in Figure 29 with the knowledge

components and relationships that were determined.
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Figure 29: Sentence 4 of the main ROM diagram updated with knowledge from the domain-specific environment analysis
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3.1.2.4 Sentence 5

Sentence 5 is: “Setting scenarios is based on the existing knowledge base and new
requirements”. Figure 30 demonstrates this sentence in the form as it appears in the general

ROM diagram.

Step1: The main constrained words are “Knowledge Base” and “Requirements”. The
analysis for the word “Requirements” was performed under the analysis of Sentence 3.

Therefore, “Knowledge Base” is the analysis to be carried over.

setting >< Scenarios ]

\

@ v Knowledge Base |« e existing

Vand

‘ requirements 4 -

5 )

=]
E

Figure 30: Sentence 5 from the general ROM diagram

Step 2: Summary of the relevant components for natural, built and human environments

for each event in the lifecycle of the constrained words.

Table 20 represents the main components and relationships to the groups that are found in the

natural, built and human environments.

Main Life Cycle Environment:
constrained Stages Human (H), Built (B), Natural (N)
word
Knowledge Definition H: Customer, user, specialists: software system engineers,
Base knowledge owner, knowledge focal, system engineers, software
expert engineers, software developers.
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B: Problem description, requirements (e.g. user, objects, activities,
and constraints), human expertise, domain’s semantic structure,
sequences (e.g. functional), specifications (e.g. user requirement,
functions, software system, tools, parameters, mathematical
equations, truth tables, rules, empiric relations, sequence of actions,
software engineering tasks, numerical computation, graphics,
general categories, software system specifications), entities,
documents: procedures, information flow structure, structure and
behaviour of the desired software application; artificial
intelligence, databases, expert systems, inference engine , man-
machine interface, queries(e.g. sophisticated deductive query),
rules, strategies (e.g. optimization tools), expert systems, spatial
objects, concepts, relationships, functions, activities (e.g. queries),
constraints (e.g. restrictions on the set of possibilities), entity,
models, knowledge, archive, servers, storage, software.

N: Computer systems, networks, data.

Creation

H: Specialists: software system engineers, software expert
engineers, and software developers.

B: Requirements (e.g. user, objects, activities, and constraints),
Domain’s Semantic Structure, Sequences (e.g. functional),
Specifications (e.g. user requirement, functions, software system,
tools, parameters, mathematical equations, truth tables, rules,
empiric relations, sequence of actions, software engineering tasks,
numerical computation, graphics, general categories, analysis,
software system specifications), entities, documents: procedures,
software engineering tasks, information flow structure, structure
and behaviour of the desired software application, lessons learned;
artificial intelligence, databases, expert systems, inference engine,
man-machine interface, queries (e.g. sophisticated deductive
query), rules, strategies (e.g. optimization tools), expert systems,
spatial objects, concepts, relationships, functions, activities (e.g.
queries), constraints (e.g. restrictions on the set of possibilities),
entity, models, notations and guidelines, interactions, knowledge,
archive, servers, storage, software.

N: Computer systems, networks, data.

Maintenance

H: User, specialists: maintenance programmers, software system
engineers, knowledge owner, knowledge focal, system engineers,
software expert engineers, software developers.

B: Knowledge, documents and specifications, structure and
behaviour of the desired software application, artificial intelligence,
databases , databases-knowledge-directed technologies, inference
engine, man-machine interface, queries, rules, expert system shells,
expert systems, graphics, general categories.

N: Computer systems, networks, data, servers, software.

Searching and
Leveraging

H: User, specialists: software system engineers, knowledge owner,
knowledge focal, system engineers, software expert engineers,
software developers.

B: Knowledge, documents and specifications, software, search
engines, rules, artificial intelligence, databases, databases-
knowledge-directed technologies, inference engine, man-machine
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interface, queries, rules, expert systems, graphics, general

categories.
N: Computer systems, networks, data, servers, software.

Table 20: The main components and relationships for the constraint word “Knowledge Base”

Sources:

(Jarke et al., 1989), (Zeroual & Robillard, 1992), (Institute of Electrical and Electronics Engineers, 1998), (Burgun et al., 2001),

(Anjum et al., 2013), (NASA, 2007) ,(Noy & McGuinness, 2001) (INCOSE, 2006), (Department of Defense, 2001).

Step 3: Representation of updated ROM diagram in Figure 31 with the knowledge

components and relationships that were found within the analysis of Sentence 5.
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Figure 31: Sentence 5 of the main ROM diagram updated with knowledge from domain-specific environment analysis
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3.1.2.5 Sentence 8

Sentence 8 states: “Operational scenarios include operational modes; mission phases
(e.g., installation, start-up, nominal, off-nominal, stressful conditions, shutdown, and
maintenance); critical sequences of activities for users”. Figure 32 demonstrates this sentence in

the form as it appears in the general ROM diagram.

i maintenance

shutdown

! Start-up

P~ instalation

P conditions

include modes |

phases ‘4—+ mission| ﬁ stressful ‘
o

/

critical for users
! scenarios ‘H Operational ‘

offnominal

T L1l

Figure 32: Sentence 8 from the general ROM diagram

Stepl: The lifecycle for the main constrained words “Modes”, “Phases”, and

“Sequences” defined as follows:

“Modes”: planning action, preparation to action, action, and end of action.

“Phases”: pre-mission, mission, after mission.
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“Sequences”: analysis, triggers (for the sequences, hierarchy and order), creation of sequences,

documentation of sequences, training, validation and verification (V&V).

Step 2: Summary of the relevant components for the natural, built and human

environments for each event in the lifecycle of the constrained words.

The tables below represent the main components and relationships to the groups that are

found in the natural, built and human environments. These environments are designated in

Tables 21, 22 and 23 with their initial capital letters in each lifecycle stage.

Main
constrained
word

Life Cycle
Stages

Environment:
Human (H), Built (B), Natural (N)

Modes (in the
context of
operational
modes of
Aircraft)

Planning
Action

H: Actors: aircraft crew, air traffic controller

B: Mission, methods, documents: plans, protocols, checklists,
procedures; sequences (of functions), data: technical data, anomalies,
variances and others; software, strategy, conditions: normal,
emergency, weather, surface and others; capabilities, resources: time,
technical limitations; scenarios.

N: Place: ground, air, and water; factors: weather, mechanic and
human.

Preparation
to Action

H: Actors: aircraft crew, air traffic controller

B: Methods, documents: plans, protocols, checklists, procedures;
sequences (of functions), data: technical data, anomalies, variances and
others; software, strategy, conditions: normal, emergency, weather,
surface and others; capabilities, resources: time, technical limitations;
facilities, systems: navigation system, transponder, radio, braking
system, etc.

N: Place: ground, air, and water; factors: weather, mechanic and
human.

Action

H: Actors: aircraft crew, air traffic controller

B: Methods, documents: plans, protocols, checklists, procedures;
sequences (of functions), data: technical data, anomalies, variances,
etc.; software, strategy, conditions: normal, emergency, weather,
surface and others; capabilities, resources: time, technical limitations,
etc.; facilities, systems: navigation system, transponder, radio, braking
system and others; subsystems, and components.

N: Place: ground, air, and water; factors: weather, mechanic and
human.

End of
Action

H: Actors: aircraft crew, air traffic controller, and ground support
team.

B: Methods, documents: plans, protocols, checklists, procedures;
sequences (of functions), data: technical data, anomalies, variances and
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others; software, strategy, conditions: normal, emergency, weather,
surface and others; capabilities, resources: time, technical limitations
and others; facilities, systems: navigation system, transponder, radio,
braking system, etc.; subsystems, and components.

N: Place: ground, air, and water; factors: weather, mechanic and
human.

Table 21: The main components and relationships for constraint word “Modes”

Main Life Cycle Environment:
constrained Stages Human (H), Built (B), Natural (N)
word
Phases (in the Pre — mission | H: Actors: aircraft crew, air traffic controller, and ground support
context of team.

mission phases)

B: Mission requirements, methods, documents: plans, protocols,
checklists, procedures and manuals; sequences (of functions), data:
technical data, anomalies, variances, etc.; variables: flight time, fuel
amount, weight, load (e.g. cargo, passengers, crew, baggage),
balance, altitude, pressure, AOA - angle of attack, temperature, sea
level, turbulence index and others; software, strategy, conditions:
normal, emergency, weather, surface and others; capabilities,
resources: time, technical limitations; facilities, systems: navigation
system, transponder, radio, braking system and others; constraints:
short runways, obstacles, etc.

N: Weather conditions: wind, rain, icing, thunderstorms and others;
natural horizon, aircraft traffic, terrain influences, hazards, cross
wind component, daylight /night conditions.

Mission

H: Actors: aircraft crew, air traffic controller, and ground support
team.

B: Capabilities (e.g. pilot, aircraft), aircraft parts forms: wing, tail,
fuselage, and empennage; mission requirements, methods,
documents: plans, protocols, checklists, procedures and manuals;
sequences (of functions), data: technical data, anomalies, variances
and others; variables: speed, flight time, fuel amount, weight, load
(e.g. cargo, passengers, crew, baggage), balance, altitude, pressure,
AOA - angle of attack, temperature, sea level, turbulence index, etc.;
software, strategy, conditions: normal, emergency, weather, surface,
etc.; resources: time, technical limitations; facilities, systems:
navigation system, transponder, radio, flight instruments, flight
control, landing gear, spoilers, flaps, speed brake, engines, thrust and
thrust reverser, auxiliary power unit, fuel, hydraulic, pneumatic,
electrical, oxygen, environmental control, anti-icing, navigation, fire
control; constraints: short runways, obstacles, etc.

N: Weather conditions: wind, rain, icing, thunderstorms and others;
natural horizon, aircraft traffic, terrain influences, hazards, cross
wind component, daylight /night conditions.

After
mission

H: Actors: aircraft crew, air traffic controller, and ground support
team.
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B: Aircraft parts forms: wing, tail, fuselage, and empennage; mission
requirements, documents: checklists, procedures and manuals; data:
maintenance costs, technical data, anomalies, variances and others;
software, facilities.

N: Weather conditions: wind, rain, icing, thunderstorms and others;
natural horizon, aircraft traffic, terrain influences, hazards, cross
wind component, daylight /night conditions.

Table 22: The main components and relationships for constraint word “Phases”

Main
constrained
word

Life Cycle
Stages

Environment:
Human (H), Built (B), Natural (N)

Sequences

Analysis

H: Specialists: system engineers (QA, mechanic, software, etc.),
system architect, quality assurance representatives.
B: Events/scenarios, missions, requirements, modes, structure, data:

process parameters (e.g. time, dependency rules, resources,
semantics, interactions, language); boundaries (system, operations),
system (the form), system components (objects), level of
abstraction, functions, interfaces (functional, physical and data
interfaces between system elements), capabilities, risks, conditions:
weather, environment, etc.; tools/models: functional flow diagram
(FFD), event sequence diagrams, event trees; criteria (e.g. task

criticality, environmental constraints, workload, feasibility), human
and machine adaptability.
N: ---

Triggers (For

the sequences,
hierarchy and

order )

H: Customers; actors: aircraft crew, air traffic controller, and
ground support team and others, regulation bodies; specialists:
marketing, project representatives, system engineers (QA,
mechanic, software, etc.), quality assurance representatives, and
system architect.

B: Events/scenarios, requirements: standards and authority; FMEA
(e.g. risk mitigation and others); functional interactions,
capabilities, functions, interfaces, system emergence, structure (of
the operational functions), etc.

N: ---

Creation of
sequences

H: Specialists: marketing, project representatives, human
engineering engineers, system engineers (QA, mechanic, software,
and others), quality assurance representatives, and system architect.
B: Documents: SOPs, procedures, instructions, checklists, task
descriptions, and others; interfaces (e.g. human-machine),
instructional drawings that include ideas, thoughts, arguments, and
conditions; characteristics or attributes that describes the system
and its components.

N: Network, computers, software, simulators, etc.
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Documentation
of sequences

H: Specialists: human engineering engineers, system engineers
(QA, mechanic, software, etc.), quality assurance representatives,
and system architect.

B: Documents: SOPs, procedures, instructions, checklists, task
descriptions, manuals, etc.; instructional drawings.

N: Project/program environment, software, servers, knowledge
bases, archives, etc.

Training

H: Users: aircraft and ground crew, passengers; instructors: flight
and training; specialists: quality representative team, system
engineers.

B: Documents: SOPs, procedures (e.g. operational, etc.), checklists,
training manuals, training records; equipment: simulators and
computers; software, training events (theoretical and practical),
skills, requirements.

N: Network, facilities.

Validation and
Verification
(V&V)

H: Customers; actors: aircraft crew, air traffic controller, and
ground support team and others, regulation bodies; specialists:
marketing, project representatives, system engineers (QA,
mechanic, software, and others), quality assurance representatives,
and system architect.

B: Documents: SOPs, procedures, checklists, training documents,
evaluation tests and exams (theoretical and practical), V&V: plans,
protocols, test reports and records; requirements; equipment:
simulators and computers;

N: Network, facilities.

Table 23: The main components and relationships for constraint word “Sequences”

Sources:

(Federal Aviation Administration, 2016), (NASA, 2007) , (INCOSE, 2006), (Department of Defense, 2001), (SAE Aerospace,

2010), (Jackson, 2015), (Dufresne, 2008), (Gutierrez, 2018), (Crawley et al., 2016), (Swaminathan & Smidts, 1999), (Deutsch &

Pew, 2005), (Harris et al., 2015), (Micskei & Waeselynck, 2011), (Piperni et al., 2013), (Piperni et al., 2007), (SAE Aerospace,

2011).

Figure 33 represents the updated ROM diagram Step 3, with the knowledge components

and relationships that found in the analysis of Sentence 8.
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Figure 33: Sentence 8 of the main ROM diagram updated with knowledge from domain-specific environment analysis
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3.1.2.6 Sentence 9

Sentence 9 states: “The product development process involves extensive information,
knowledge exchange and sharing among teams and developers”. Figure 34 demonstrates this

sentence in the form as it appears in the general ROM diagram.

information

L]
extensive

process H involves exchange <—¢/\ .
‘ A T “ /s knowledge 4

! .
\ //
A
S ¢\
R | A teams |-
~ Iv‘ sharing M among -

and

development

Figure 34: Sentence 9 from the general ROM diagram

Step 1: The life cycle for the main constrained word “Exchange and Sharing” is defined

as follows:

“Exchange and Sharing” (In the context of knowledge or information): record, maintenance,

searching, analysis, and transfer.

Step 2: Summary of the relevant components for natural, built and human environments

for each event in the lifecycle of the constrained words.

The table below represents the main components and relationships to the groups that are
found in the natural, built and human environments. These environments are designated in Table
24 with their first capital letters in each lifecycle stage.
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Main
constrained
word

Life Cycle
Stages

Environment:
Human (H), Built (B), Natural (N)

Exchange and
Sharing
(knowledge or
information)

Record

H: Users, specialists: marketing, project representatives, system
engineers (QA, mechanic, software, etc.), knowledge owner, and
knowledge focal.

B: Data (e.g. parameters, values, etc.), knowledge base
architecture, knowledge (e.g. statements, problem description),
language format, requirements (e.g. user, objects, activities, and
constraints), specifications, rules (e.g. mathematical equations,
numerical computation), sequence of actions, graphics, entities,
documents(e.g. procedures, strategies), databases, man-machine
interface, concepts, views, relationships, constraints (e.g.
restrictions on the set of possibilities), models, archive, servers,
storage, software.

N: network.

Maintenance

H: Specialists: knowledge owner, knowledge focal, software
expert engineers, software developers.

B: Functional interoperability, semantic interoperability,

data (e.g. parameters, values, etc.), knowledge base architecture,
knowledge base, databases, language format, specifications, rules
(e.g. mathematical equations, numerical computation), sequence
of actions, documents (e.g. procedures, strategies, agent
communication protocol, specification of the content of shared
knowledge), man-machine interface, concepts, views,
relationships, constraints (e.g. restrictions on the set of
possibilities), models, archive, servers, storage, software.

N: network.

Searching

H: Users, specialists: marketing, project representatives, system
engineers (QA, mechanic, software, etc.), knowledge owner,
knowledge focal, software expert engineers, and software
developers.

B: Activities (e.g. queries), consistent and coherent view,
functional interoperability, semantic interoperability, agreement
(on the meaning of the terms), ontologies, knowledge-based
systems, data (e.g. parameters, values, etc.), knowledge base
architecture, knowledge base, databases, language format,
specifications, rules (e.g. mathematical equations, numerical
computation), sequence of actions, documents (e.g. procedures,
strategies, agent communication protocol, specification of the
content of shared knowledge), man-machine interface, concepts,
views, relationships, constraints (e.g. restrictions on the set of
possibilities), models, archive, servers, storage, software.

N: Network.

Analysis

H: Specialists: knowledge owner, knowledge focal, software
expert engineers, and software developers.

B: Consistent and coherent view, functional interoperability,
semantic interoperability, agreement (on the meaning of the
terms), semantic and syntactic differences, language format, rules
(e.g. mathematical equations, numerical computation), sequence
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of actions, relationships, constrains (e.g. restrictions on the set of
possibilities), models, etc.
N: Network.

Transfer

H: Users (e.g. workgroups, teams), specialists: marketing, project
representatives, system engineers (QA, mechanic, software, etc.),
knowledge owner, knowledge focal, and software expert
engineers.

B: Functional interoperability, semantic interoperability,
agreement (on the meaning of the terms), ontologies, architecture
of ontologies, knowledge-based systems, data (e.g. parameters,
values, etc.), databases, language format, specifications, rules
(e.g. mathematical equations, numerical computation), sequence
of actions, documents (e.g. procedures, strategies, agent
communication protocol, specification of the content of shared
knowledge), man-machine Interface, concepts, constraints (e.g.
restrictions on the set of possibilities), models, archive, servers,
storage, software.

N: Network.

Table 24: The main components and relationships for the constraint word “Exchange and Sharing” in the meaning of

Sources:

knowledge or information

(Wu et al., 2014) (NASA, 2007) , (Noy & McGuinness, 2001) (Department of Defense, 2001), (Jackson, 2015), (Anjum et al.,

2013), (Burgun et al., 2001), (Jarke et al., 1989).

Figure 35 represents Step 3 in the updated ROM diagram with the knowledge

components and relationships that were found.
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Figure 35: Sentence 9 of the main ROM diagram updated with knowledge from the domain-specific environment analysis
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3.2 Summary of the knowledge development part for ADRO

By using the Environment-Based Design (EBD) methodology, a wide range of
knowledge for ADRO was provided with less effort than conventional methods. This knowledge
includes taxonomies, classes, components and relationships (represented in Sections 3.1.2, and
3.1.2.1 to 3.1.2.6), and is useful in the creation of ADRO and structured organizational
knowledge (e.g. requirements and others). In addition, this knowledge can help in transitioning
from a document-centric to a model-centric knowledge base that organizations are generally
striving for to improve their performance. This transition is essential and has the advantage of
using one core information within the organization. This method also provide a uniform
language or key words and relationships for utilization in the knowledge searching process. It
can also provide an opportunity to obtain a wide spectrum of specific knowledge (e.g.
requirements) for implementation in new projects. The EBD methodology has proved to be an
effective approach that can be utilized by less experienced persons and can provide essential

results in a short period of time.

3.3 Top level requirement analysis to enable knowledge utilization

One of the main general capabilities of an aircraft system is landing. Landing is
considered to be a high work load for the pilot phase of flight that requires the simultaneous
existence of communication, integration and other activities or specific sequences in time and

function. For this reason, the general top level requirement for a system such as an aircraft is
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further decomposed to a list of requirements for conceptual design, which is the basis for the
next steps in system design.

For ease of discussion, Sections 3.3.1 to 3.3.3 describe an analysis of the top level
requirement (e.g. example of the procedure-based EBD methodology) to characterize a list of
key components as well as their relationships that can be used as tagging components within a
searching process of existing relevant decomposed requirements. Section 3.3.4 presents the
analysis results versus the model approach, which is based on the so-called Arcadia method

(Bonnet, 2015).

3.3.1 Top level requirement analysis by using the EBD methodology

Figure 36 presents graphically the top level aircraft requirement using a ROM diagram an
EBD linguistic tool. The requirement is “The Aircraft shall have the braking capability to stop
the aircraft during all foreseeable landing conditions within the aircraft defined landing distance
and runways”. Based on the ROM diagram, the environment analysis can be initialized by asking
generic questions. The ROM diagram emphasizes the main constraining components, which are
aircraft, capability, landing, conditions, stop, distance, and runway. The next step is to create a
definition of object list for the questioning. Table 25 represents the relations between the

components of the ROM diagram following the rules represented in Figure 21.
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Table 25: Representation of the relations between the components of the ROM diagram

Table 26 summarizes the number of relations between the components of the ROM

diagram. It can be seen in the table that the central object is 4 since it has higher number of
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constraints and predicate relations. Figure 37 illustrates the structure of the objects around central

object 4 in terms of constraint and predicate relations derived from the ROM diagram.

Numbpr of 4 3 ) 1
relations
Object 4 8,12, 13 2,6,10, 14 7,9

Table 26: Number of constraint and predicate relations on an object
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Figure 37: Structure tree of constraint and predicate relations of objects

Figure 37 and the rules of EBD methodology defined an object list for questioning as
provided in Table 27. Table 28 summarizes the generic questions that were defined by the rules
and templates that followed the EBD methodology and environment analysis presented in
Section 2.3. These questions define the boundaries but do not filter out important information for

the analysis.
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Questioning object list | 2, 8, 2&8&4, 11&7, 16&12, 2&4&5&6&9&12&7&11,

2&4&5&6&9&16&12, 2&4&5&6&10&15&13, 2&4&5&6&10&15&14

Table 27: Object list for questions generation

# | Component/s Question

1|2 T1: What is aircraft?

218 T1: What is capability?

3 | 2&8&4 T4: What do you mean by aircraft has capability?
How/why/when/where does aircraft have capability?

4| 11&7 T2: What is foreseeable landing?

5| 16&12 T6: What are all conditions? In the context of landing conditions...

6 | 2&4&5&6&9&12&7&11

T4: How/When/Why/Where does aircraft have to stop during
foreseeable landing conditions?

7 | 2&4&5&6&9&16&12

T4: How/When/Why/Where does aircraft have to stop during all
conditions?

8 | 2&4&5&6&10&15&13

T4: How/When/Why/Where does aircraft have to stop within defined
distance?

9 | 2&4&5&6&10&15&14

T4: How/When/Why/Where does aircraft have to stop within defined
runway?

Table 28: Generic question representation for environment of the main and constrain words of the requirement

1. What is aircraft?

An aircraft is a machine that is able to fly through the air by creating a pressure

difference using a specific shape (Dictionary, 2015).

2. What is capability?

“An expression of a system, product, function or process’ ability to achieve a specific

objective under stated conditions” (INCOSE, 2006).

3. What do you mean by aircraft has capability? How/why/when/where does aircraft have

capability?

Aircraft has capability of Load, Taxi, Take Off, Climb/Abort, Cruise, Descent, Approach,

Divert, Landing, Decelerating, Unload, Communicate and Maneuver. These capabilities
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are achieved by aircraft functions. The design process defines the functions for the
aircraft by analyzing requirements, constraints, entities, attributes, features, and
interactions. The functions allow the aircraft to perform its missions (task, action, or

activity).

4. What is foreseeable landing?

“Landing is the horizontal distance necessary to land and to come to a complete stop
from a point 50 feet above the landing surface” (U.S. Code of Federal Regulations,
2020). It is accomplished by slowing down and descending to the runway (CICTT, 2013).

This phase includes the following sub-phases:

* Flare is transition from nose-low to nose-up attitude until touchdown position.

* Landing roll is the step when aircraft exits the landing runway or comes to a stop.

The speed reduction is accomplished by reducing thrust and/or inducing a greater amount
of drag using flaps, landing gear or speed brakes (Gage Educational Pub, 1994), (Crane &

Crane, 1997).

5. What are all conditions? In the context of landing conditions...

The conditions include: the plane size and weight, the runway length and runway
conditions (e.g. smooth, dry, hard-surfaced), obstacles, ground effects, certain weather
conditions (e.g. wind, crosswind, precipitation (e.g. icing, snow, water and fog)), runway
altitude, air temperature, air pressure, air traffic control, visibility, avionics and the
overall situation (U.S. Code of Federal Regulations, 2020), (Federal Aviation

Administration, 2016), (Flight Operations Support & Line Assistance, 2002).
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6. How/When/Why/Where does the aircraft have to stop during foreseeable landing
conditions?

The aircraft must stop at the Actual Landing Distance (ALD). ALD is a measure between
a point 50 feet above the runway threshold, and the point where the aircraft comes to a
complete stop. Standard temperature, landing configuration, stabilized approach at VLS
or VMCL, non-excessive vertical acceleration, runway conditions, acceptable pressures
on the wheel braking systems, spoilers and reversers all effect ALD (Flight Operations

Support & Line Assistance, 2002).

7. How/When/Why/Where does aircraft have to stop during all conditions?

“The aircraft must stop at the runway within all weather and runway surface conditions
(dry, wet and contaminated runways (smooth, grooved, iced and non-iced))” (U.S. Code

of Federal Regulations, 2020).

8. How/When/Why/Where does the aircraft have to stop within a defined distance?
and
9. How/When/Why/Where does the aircraft have to stop within a defined runway?

Engine power, brakes and mechanical spoilers are the methods for deceleration of the
aircraft. The deceleration function has two sub-functions: primary stopping force (wheel
brake system) and secondary stopping force (thrust reverser). Entities for decelerating
the aircraft on the ground include the: wheel brake system, thrust reverser, spoilers,
engine controls and structural integrity (landing gear, fuselage, etc.). In addition, the
aircraft shall have auto brake, anti-skid and hydraulically-driven brake systems and the
pilot shall be allowed to override the autobrake function. Quantified requirements for

deceleration include landing weight, approach speed, deceleration method used, pilot
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technique and environmental conditions (SAE Aerospace, 2011), (SkyBrary, 2019),

(Flight Operations Support & Line Assistance, 2002).

By analyzing information that was found, the main points summarized in the final

informational section for the general question asking step are as follows:

1. An aircraft flié§ through the air by ereating a pressure difference using a specific shape. 2. It
Uses static lift or dynamic lift of an airfoil, or the downward thrust from jet engines. 3. Aircraft
capabilities are Load, Taxi, Take Off, Climb/Abort, Cruise, Descent, Approach, Divert, Landing,
Decelerating, Unload, Communicate and Maneuver. 4. The aircraft has functions (task, action, or

activity) to complete a defined mission under stated conditions. 5. The landing mission is

accomplished by slowing down and descending to the runway. 6. This is accomplished by

reducing thrust and/or inereasing a drag USing flaps, landing gear or speed brakes. 7. Important

entities for landing are plane size, weight, runway characteristics (altitude, length) and conditions
(dry, wet, hard-surfaced, contaminated: smooth, grooved, iced), obstacles, ground effects,
weather (wind, crosswind, precipitation (icing, snow, water/rain), fog...), runway, air
temperature, air pressure, air traffic control, visibility, avionics. 8. Technical entities for the
landing process include Stabilized approach at VLS or VMCL (approach speed), deceleration
method used, pilot technique, wheel braking systems and its’ pressure, brake temperatures,
spoilers and reversers, engine controls and structural integrity (landing gear, fuselage...). 9. ALD
(Actual Landing Distance) is the horizontal distance necessary - and - to a complete
stop from a point 50 feet above the landing surface. 10. This includes flare (fransition from nose-
low to nose-up attitude until touchdown position) and landing roll (when the aircraft - the

landing runway or comes to a stop). 11. In addition, the aircraft can have auto brake, anti-skid
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and hydraulically-driven brake systems. 12. The aircraft pilot can gverride the autobrake

function.

The section introduces information from the general environment of approach and
landing processes. This step makes it easy to recognize the active verbs or nouns. These words
are highlighted in green for emphasis. The specific nouns by rephrasing to the verbs have the
meaning of active words and can be useful in the definition of interactions and performances
following the EBD methodology. Interactions here are simple sentences that include active verbs
from the general section and relative nouns and/or extension for some descriptive words in a
specific environment. Performances are the relationships within interactions. Table 29 lists

definitions of 19 interactions:

Interaction Number | Interaction description
In#1 Aircratft flies
In#2 An aircraft is creating pressure difference
In#3 An aircraft using a specific shape
In#4 An aircraft using lift
In#5 An aircraft using the downward thrust
In#6 An aircraft completes defined mission
In#7 An aircraft accomplishes landing mission
In#8 An aircraft is slowing down
In#9 An aircraft is descending to the runway
In#10 Reducing thrust or increasing a drag accomplishes slowing down and

descending

In#11 An aircraft is using flaps, landing gear or speed brakes
In#12 Landing process include stabilized approach
In#13 An aircraft stabilizes speed
In#14 Pilot uses deceleration method and technique
In#15 An aircraft lands within a given distance
In#16 An aircraft stops within a given distance
In#17 An aircraft performs Flare
In#18 Aircraft exits the landing runway
In#19 Pilot override the autobrake

Table 29: List of defined interactions
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The general idea of the approach and landing processes can be understood by following
the information provided in the general section and questions answering steps. It facilitates
recognizing the relationships within interactions. In this process, each interaction with another
from the 19 is analyzed. This analysis created 19 tables. The presence of a relationship is
indicated by the number "4" for indication purposes only. In the same way the absence of any
relationship is indicated by the number "0" in the “Causal” column. It should be noted that only
the first three tables, namely, Tables 30, 31 and 32 are presented for discussion purposes; other

tables are included in the Appendix.

Interaction Interaction Causal

In#1: Aircraft flies In#2: An aircraft is creating pressure difference.

In#3: An aircraft using a specific shape.

In#4: An aircraft using static and dynamic lift

In#5: An aircraft using the downward thrust

In#6: An aircraft completes defined mission

In#7: An aircraft accomplishes landing mission.

In#8: An aircraft is slowing down

In#9: An aircraft is descending to the runway

(=l (] [} fe) far) I VN fe) e}

In#10: Reducing thrust or increasing a drag
accomplishes slowing down and descending

=

In#11: An aircraft is using flaps, landing gear or
speed brakes

In#12: Landing process include stabilized approach

In#13: An aircraft stabilizes speed

In#14: Pilot uses deceleration method and technique

In#15: An aircraft lands within a given distance

In#16: An aircraft stops within a given distance

In#17: An aircraft performs Flare

In#18: Aircraft exits the landing runway

(=l [l el fe) el fa) F S Fenl

In#19: Pilot override the autobrake

Table 30: Representation of relationships of interaction#1 with other interactions

Interaction Interaction Causal

In#2: An aircraft is creating In#1: Aircraft flies

pressure difference. In#3: An aircraft using a specific shape.

In#4: An aircraft using static and dynamic lift

In#5: An aircraft using the downward thrust

In#6: An aircraft completes defined mission

SO~ O

In#7: An aircraft accomplishes landing mission.
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In#8: An aircraft is slowing down 0

=]

In#9: An aircraft is descending to the runway

(==

In#10: Reducing thrust or increasing a drag
accomplishes slowing down and descending

=]

In#11: An aircraft is using flaps, landing gear or
speed brakes

In#12: Landing process include stabilized approach

In#13: An aircraft stabilizes speed

In#14: Pilot uses deceleration method and technique

In#15: An aircraft lands within a given distance

In#16: An aircraft stops within a given distance

In#17: An aircraft performs Flare

In#18: Aircraft exits the landing runway

(=l o] [e) fe) o) fa) [a) e

In#19: Pilot override the autobrake

Table 31: Representation of relationships of interaction #2 with other interactions

Q
<5}
c
72}
£

Interaction Interaction

In#3: An aircraft using a specific | In#1: Aircraft flies

shape. In#2: An aircraft is creating pressure difference.

In#4: An aircraft using static and dynamic lift

In#5: An aircraft using the downward thrust

In#6: An aircraft completes defined mission

In#7: An aircraft accomplishes landing mission.

In#8: An aircraft is slowing down

In#9: An aircraft is descending to the runway

N I==IENESI=IEFNENESN

In#10: Reducing thrust or increasing a drag
accomplishes slowing down and descending

=

In#11: An aircraft is using flaps, landing gear or
speed brakes

In#12: Landing process include stabilized approach

In#13: An aircraft stabilizes speed

In#14: Pilot uses deceleration method and technique

In#15: An aircraft lands within a given distance

In#16: An aircraft stops within a given distance

In#17: An aircraft performs Flare

In#18: Aircraft exits the landing runway

(=l kel PN Fe ) far) Fanl) B 2N Kenl

In#19: Pilot override the autobrake

Table 32: Representation of relationships of interaction #3 with other interactions

Table 33 represents all 19 defined interactions and existing relationships. For a better

visualization, the defined relationships using number “4” are highlighted in green.
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In In In In In In In In In In# | In# | In# | In# | In# | In# | In# | In# | In# | In#
#1 | #2 | #3 | #4 | #5 | #6 | #7 | #8 | #9 | 10 11 12 13 14 15 16 17 18 19

In# | 0 0 0 4 0 0 0 0 0 0 0 0 4 0 0 0 0 0 0

In# | 4 0 0 4 0 4 0 0 0 0 0 0 0 0 0 0 0 0 0

In# |4 4 0 4 0 4 4 0 0 0 0 0 4 0 0 0 4 0 0

In# | 0 0 0 0 0 4 0 0 0 0 0 0 0 0 0 0 0 0 0

In# | 4 4 0 0 0 0 4 0 0 0 0 0 0 0 0 0 0 0 0

In# |4 0 0 0 0 0 4 4 4 0 0 0 4 0 4 4 4 0 0

In# | 0 0 0 0 0 0 0 0 4 0 0 0 0 4 0 0 0 0 0

In# | 0 0 4 0 0 0 0 0 4 0 0 0 0 4 0 4 0 4 0

In# | 0 0 4 0 0 0 4 0 0 0 0 0 0 4 0 0 0 0 0

In# | 0 0 0 0 0 4 0 4 4 0 0 0 0 0 0 0 0 0 0
10

In# | 0 0 4 0 0 0 4 4 0 0 0 0 0 0 0 4 0 0 4
11

In# | 0 0 4 0 0 0 4 0 4 0 0 0 4 4 4 0 4 0 0
12

In# | O 0 0 0 0 0 0 0 0 0 0 0 0 0 4 4 0 0 0
13

m# [0 |0 |O |0 |0 [0 |0 [o |o |o [o [o |o [o |o [4 Jo [0 |o
14

In# | 0 0 0 0 0 0 4 0 0 0 0 0 0 4 0 4 0 0 0
15

In# | 0 0 0 0 0 0 4 0 0 0 0 0 0 0 0 0 0 4 4
16

In# | 0 0 0 0 0 0 0 0 4 0 0 0 0 0 4 0 0 0 0
17

In# | 0 0 0 0 0 0 0 0 0 0 0 0 0 4 0 0 0 0 0
18

In# | 0 0 0 0 0 0 0 4 0 0 0 0 0 4 0 0 0 0 0
19

Table 33: Summary of relationships between all interactions

3.3.2 Identification of dependent interactions

The purpose of this step of analysis that is summarized in the Sections 3.3.3 and 3.3.4, is
to focus the tagging by key words that will lead to the domain specific requirements that

correlate with the subsystems of the aircraft in order to produce the result of "approach and
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landing". First, this step represents all interactions that are listed in Table 33 in a general
performance network (Figure 38). Second, the process identifies independent conflicts in order to
filter unnecessary interactions. This is a repetitive process toward representation only of
dependent interactions in the performance network. Those interactions suggests an environment

analysis for the components and propose the key words for tagging.

The independent conflicts occur in the interactions that feed others but are not dependent
on any other interactions. For example, 4 independent conflicts @5, ©10, ©11, ¢12 are shown in
Figure 38. These independent conflicts are then removed to present the performance network for

the next iteration.

Figure 38: General performance network representation
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Figure 39 represents the updated performance network with a new independent conflict
2 that has appeared. In addition, the relevance of In#16 on In#19 was checked. In#16 is “An
aircraft stops within a given distance”. It is not necessary that In#16 will lead to In#19 “Pilot
overrides the autobrake”. In this case, the connection between these interactions can be canceled
because the issue is irrelevant. Cancelation of the connection causes new independence conflict

@19 to appear.

Figure 39: Performance network after the second iteration

Conlflicts @2 and @19 have been removed. Figure 40 represents the updated performance
network.
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Figure 40: Updated performance network after the second iteration

The next step examines the connections of In#3 “An aircraft using a specific shape” and
In#4 “An aircraft using static and dynamic lift” with In#6 “An aircraft completes defined
mission”. It is found that In#3 and In#4 do not necessarily lead to In#6. The connections In#3
and In#4 with In#6 are found to be irrelevant and are canceled. A new conflict, 96, is found. In

addition, following this, a conflict named ¢8 appears; see Figure 41.
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Figure 41: Updated performance network after the third iteration

Conlflict 96 was independent and then removed. Following this, conflict ¢8 was removed for

the same reason. The updated performance network is given in Figure 42.

This is the final performance network. It summarizes only dependent interactions,

corresponding to those that work together and simultaneously.

115



Figure 42: Final performance network

3.3.3 Environment analysis and key words representation for the searching process

Table 34 summarizes the list of dependent interactions. In the interaction description
column are highlighted components that were noted in the updated ROM diagram. This ROM
diagram includes only relevant original sentences from the section and decomposition of some
components to the level of domain-specific components in their environment; see Figure 43.

The highlighted components, the main constrained ones and the components that are
found within the decomposition step (e.g. systems) represent key words for tagging that can be

used in the searching process for requirements that are relevant for approach and landing.
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Interaction Interaction description

Number
In#1 Aircraft flies
In#3 An aircraft using a specific shape.
In#4 An aircraft using lift
In#7 An aircraft accomplishes landing mission.
In#9 An aircraft is descending to the runway
In#13 An aircraft stabilizes speed
In#14 Pilot uses deceleration method and

technique

In#15 An aircraft lands within a given distance
In#16 An aircraft stops within a given distance
In#17 An aircraft performs Flare
In#18 Aircraft exits the landing runway

Table 34: Final list of dependent interactions

The key words are: lift, air, shapes, land, runway, landing roll, attitude, stop, speed,

method (in meaning of deceleration method), technique, systems.

The decomposition process of component “systems” to domain-specific components

represents the following additional components/key words: spoilers, reversers, engine controls,

wheel braking, auto-brake, brake pedal, hydraulic, and antiskid.
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Figure 43: ROM diagram with key words for tagging purposes in the searching process
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3.3.4 Evaluation versus model (Arcadia method) representation

For the purposes of this study, the Arcadia method is used to identify the main
components/entities that are present within the landing and deceleration processes. The modeling
is performed by following the steps suggested by: (Arcadia, 2019), (Bonnet, 2015), (Roques,
2018), (Voirin, 2018), (Raymer, 2012) (Flight Operations Support & Line Assistance, 2002),
(SAE Aerospace, 2011), and (Federal Aviation Administration, 2016). The analysis procedure is

outlined below,

Step 1: Definition of the general operational entities, actors and capabilities.

a. Operational entities and actors are defined as follows:
1. Actors: pilot and air traffic controller
il. Aircraft: technical entities (transponder, radio, braking systems, landing
flaps, landing gear, engine controls, thrust reversers, spoilers, etc.).
iii. Weather
iv. Components in environment: runway characteristics and conditions,

obstacles, air temperature, air pressure, visibility, radar.

b. Operational capabilities and relationships with actors are defined as follows in

Figure 44:
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Perform Landing —

Perform Deceleration —

-

e
'

4

- :
- Pilot
A
-.
- Air Traffic Controller

Figure 44: General Operational Capabilities within landing and deceleration processes and relationships with actors

Step 2: Definition of high-level expected activities for each of the actors. Figure 45

indicates those activities as follows:

Pilot

Communicate with
Controllers

Make Descent

Make Approach

[ Make Touch Down }

[ Make Deceleration J

",
,../

Aircraft

Reduce speed
[ Deploy / Activate spoilers ]
I

[ Ffeduce Thrust ]

[ Change in Engine Controls ]

Activate Undercarriage /
Landing Gear

Activate Landing Flaps

Activate Auto Brake System

Activate Radio

Activate Transponder

Activate Air-Brakes /Speed Brakes

[ }
[ ]
[ ]
[ Activate Anti-Skid Braking System ]
[ )
[ )

o

I Air Traffic Controller

=
Control Traffic
Situations

Identify Risks /
Conflicts

Situations

Controlling Aircraft

[ Monitoring /

Figure 45: High-level expected activities by actors within the landing and deceleration processes
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Step 3: Representation of combined information in the overview of operational activities

and entities. Figure 46 represents the model with all relevant information including actors,

activities and entities.
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Figure 46: Overview of Operational Activities and Entities within the landing and deceleration processes
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The evaluation compares the results of the main key words for the “Systems” found
within the EBD analysis and represented by the ROM diagram in Figure 43, with the
components of the “System” (e.g. aircraft) that are represented by the modeling process in Figure
46. The comparison shows that the EBD results match approximately 86% of the model analysis

results, i.e., 6 out of the 7 components.

3.4 Summary for top level requirement analysis by the EBD methodology

The EBD methodology is an effective and efficient method for the analysis of top level
requirements, and is able to represent a wide range of information in the relevant information

stream of any domain.
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CHAPTER 4 Conclusions

4.1 Summary of research results

Developing an Aircraft Design Requirements Ontology (ADRO) is a complex and
evolving process that never stops. This process has many iteration steps and can be improved
continually over time. The ADRO can be modified and adapted to the existing reality and to

organizational needs.

Implementation of the EBD methodology in this research has provided an opportunity to
define the knowledge components and relationships for ADRO. These standardize the method
for structuring the organizational knowledge (e.g. requirements). In addition, an example of the
analysis for the top level requirement, based on the EBD methodology, has been given. The
analysis summarized the key words for the tagging process that can be used in the requirements
searching process. Results from this analysis were compared with those from the Arcadia

modeling process, and the matching was close.

Hence, we can suggest that implementing the EBD methodology for creating solutions
orients users in the right direction to extract information. EBD is sufficient and necessary in
development processes. This methodology guides users step-by-step and can be effectively

implemented in any area.
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4.2 Recommendations for future research

The results of this study can be extended and used in future studies to define a framework
for creating a Model-Based Environment for Systems Engineering. It can also offer a framework
for software development for knowledge searching processes. In addition, the knowledge

identified in this research can suggest directions for creating model’s traceability.
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Appendix

This Appendix presents additional tables of relationships between interactions to

supplement those that were introduced in Section 3.3.2.

Interaction

Interaction

Causal

In#4: An aircraft using static and
dynamic lift

In#1: Aircraft flies

In#2: An aircraft is creating pressure difference.

In#3: An aircraft using a specific shape.

In#5: An aircraft using the downward thrust

In#6: An aircraft completes defined mission

In#7: An aircraft accomplishes landing mission.

In#8: An aircraft is slowing down

In#9: An aircraft is descending to the runway

In#10: Reducing thrust or increasing a drag
accomplishes slowing down and descending

(=) fe) [e) fa) N fer) fen) Fen) fen)

In#11: An aircraft is using flaps, landing gear or
speed brakes

=

In#12: Landing process include stabilized approach

In#13: An aircraft stabilizes speed

In#14: Pilot uses deceleration method and technique

In#15: An aircraft lands within a given distance

In#16: An aircraft stops within a given distance

In#17: An aircraft performs Flare

In#18: Aircraft exits the landing runway

In#19: Pilot overrides the autobrake

(=l (o] e} o) o) fe) [e) Fe

Table 35: Representation of relationships of interaction#4 with other interactions

Interaction

Interaction

Causal

In#5: An aircraft using the
downward thrust

In#1: Aircraft flies

In#2: An aircraft is creating pressure difference.

In#3: An aircraft using a specific shape.

In#4: An aircraft using static and dynamic lift

In#6: An aircraft completes defined mission

In#7: An aircraft accomplishes landing mission.

In#8: An aircraft is slowing down

In#9: An aircraft is descending to the runway

In#10: Reducing thrust or increasing a drag
accomplishes slowing down and descending

SO |~ |C(CIO|R~ |~

In#11: An aircraft is using flaps, landing gear or
speed brakes

=

In#12: Landing process include stabilized approach

In#13: An aircraft stabilizes speed

In#14: Pilot uses deceleration method and technique

In#15: An aircraft lands within a given distance

In#16: An aircraft stops within a given distance

(o) [l [l Fen ) fen)
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In#17: An aircraft performs Flare

In#18: Aircraft exits the landing runway

=]

In#19: Pilot overrides the autobrake

Table 36: Representation of relationships of interaction#5 with other interactions

Interaction

Interaction

Causal

In#6: An aircraft completes
defined mission

In#1: Aircraft flies

In#2: An aircraft is creating pressure difference.

In#3: An aircraft using a specific shape.

In#4: An aircraft using static and dynamic lift

In#5: An aircraft using the downward thrust

In#7: An aircraft accomplishes landing mission.

In#8: An aircraft is slowing down

In#9: An aircraft is descending to the runway

In#10: Reducing thrust or increasing a drag
accomplishes slowing down and descending

Slh|~h|~OC|IC|IO|~

In#11: An aircraft is using flaps, landing gear or
speed brakes

==

In#12: Landing process include stabilized approach

In#13: An aircraft stabilizes speed

In#14: Pilot uses deceleration method and technique

In#15: An aircraft lands within a given distance

In#16: An aircraft stops within a given distance

In#17: An aircraft performs Flare

In#18: Aircraft exits the landing runway

In#19: Pilot overrides the autobrake

SIO|H|(H MO~ O

Table 37: Representation of relationships of interaction#6 with other interactions

Interaction

Interaction

Causal

In#7: An aircraft accomplishes
landing mission.

In#1: Aircraft flies

In#2: An aircraft is creating pressure difference.

In#3: An aircraft using a specific shape.

In#4: An aircraft using static and dynamic lift

In#5: An aircraft using the downward thrust

In#6: An aircraft completes defined mission

In#8: An aircraft is slowing down

In#9: An aircraft is descending to the runway

In#10: Reducing thrust or increasing a drag
accomplishes slowing down and descending

(=) N ] (el o) fo) fa) fe) e

In#11: An aircraft is using flaps, landing gear or
speed brakes

=

In#12: Landing process include stabilized approach

In#13: An aircraft stabilizes speed

In#14: Pilot uses deceleration method and technique

In#15: An aircraft lands within a given distance

In#16: An aircraft stops within a given distance

(o) kel I 2N Fen )l an)
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In#17: An aircraft performs Flare

In#18: Aircraft exits the landing runway

=]

In#19: Pilot overrides the autobrake

Table 38: Representation of relationships of interaction#7 with other interactions

Interaction

Interaction

Causal

In#8: An aircraft is slowing
down

In#1: Aircraft flies

In#2: An aircraft is creating pressure difference.

In#3: An aircraft using a specific shape.

In#4: An aircraft using static and dynamic lift

In#5: An aircraft using the downward thrust

In#6: An aircraft completes defined mission

In#7: An aircraft accomplishes landing mission.

In#9: An aircraft is descending to the runway

In#10: Reducing thrust or increasing a drag
accomplishes slowing down and descending

O|h OO |O|O

In#11: An aircraft is using flaps, landing gear or
speed brakes

==

In#12: Landing process include stabilized approach

In#13: An aircraft stabilizes speed

In#14: Pilot uses deceleration method and technique

In#15: An aircraft lands within a given distance

In#16: An aircraft stops within a given distance

In#17: An aircraft performs Flare

In#18: Aircraft exits the landing runway

In#19: Pilot overrides the autobrake

OO~ |O[R|IO|O

Table 39: Representation of relationships of interaction#8 with other interactions

Interaction

Interaction

Causal

In#9: An aircraft is descending
to the runway

In#1: Aircraft flies

In#2: An aircraft is creating pressure difference.

In#3: An aircraft using a specific shape.

In#4: An aircraft using static and dynamic lift

In#5: An aircraft using the downward thrust

In#6: An aircraft completes defined mission

In#7: An aircraft accomplishes landing mission.

In#8: An aircraft is slowing down

In#10: Reducing thrust or increasing a drag
accomplishes slowing down and descending

[kl PN el el ) B N k=l (=]

In#11: An aircraft is using flaps, landing gear or
speed brakes

=

In#12: Landing process include stabilized approach

In#13: An aircraft stabilizes speed

In#14: Pilot uses deceleration method and technique

In#15: An aircraft lands within a given distance

In#16: An aircraft stops within a given distance

(o) kel I 2N Fen )l an)
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In#17: An aircraft performs Flare

In#18: Aircraft exits the landing runway

=]

In#19: Pilot overrides the autobrake

Table 40: Representation of relationships of interaction#9 with other interactions

Interaction

Interaction

Causal

In#10: Reducing thrust or
increasing a drag accomplishes
slowing down and descending

In#1: Aircraft flies

In#2: An aircraft is creating pressure difference.

In#3: An aircraft using a specific shape.

In#4: An aircraft using static and dynamic lift

In#5: An aircraft using the downward thrust

In#6: An aircraft completes defined mission

In#7: An aircraft accomplishes landing mission.

In#8: An aircraft is slowing down

In#9: An aircraft is descending to the runway

In#11: An aircraft is using flaps, landing gear or
speed brakes

(=) N =R S =l =] =] k] )

In#12: Landing process include stabilized approach

In#13: An aircraft stabilizes speed

In#14: Pilot uses deceleration method and technique

In#15: An aircraft lands within a given distance

In#16: An aircraft stops within a given distance

In#17: An aircraft performs Flare

In#18: Aircraft exits the landing runway

In#19: Pilot overrides the autobrake

(=) el (o) [l o) fer) fa) e}

Table 41: Representation of relationships of interaction#10 with other interactions

Interaction

Interaction

Causal

In#11: An aircraft is using flaps,
landing gear or speed brakes

In#1: Aircraft flies

In#2: An aircraft is creating pressure difference.

In#3: An aircraft using a specific shape.

In#4: An aircraft using static and dynamic lift

In#5: An aircraft using the downward thrust

In#6: An aircraft completes defined mission

In#7: An aircraft accomplishes landing mission.

In#8: An aircraft is slowing down

In#9: An aircraft is descending to the runway

In#10: Reducing thrust or increasing a drag
accomplishes slowing down and descending

SIO|h |~ OIC|IO|R~ OO

In#12: Landing process include stabilized approach

In#13: An aircraft stabilizes speed

In#14: Pilot uses deceleration method and technique

In#15: An aircraft lands within a given distance

In#16: An aircraft stops within a given distance

In#17: An aircraft performs Flare

In#18: Aircraft exits the landing runway

(=l fall BN e}l Fen ) Ren) Kan]
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| In#19: Pilot overrides the autobrake

Table 42: Representation of relationships of interaction#11 with other interactions

Interaction

Interaction

Causal

In#12: Landing process include
stabilized approach

In#1: Aircraft flies

In#2: An aircraft is creating pressure difference.

In#3: An aircraft using a specific shape.

In#4: An aircraft using static and dynamic lift

In#5: An aircraft using the downward thrust

In#6: An aircraft completes defined mission

In#7: An aircraft accomplishes landing mission.

In#8: An aircraft is slowing down

In#9: An aircraft is descending to the runway

In#10: Reducing thrust or increasing a drag
accomplishes slowing down and descending

(=) BN [l PN fe ) Fel [l N R ) )

In#11: An aircraft is using flaps, landing gear or
speed brakes

==

In#13: An aircraft stabilizes speed

In#14: Pilot uses deceleration method and technique

In#15: An aircraft lands within a given distance

In#16: An aircraft stops within a given distance

In#17: An aircraft performs Flare

In#18: Aircraft exits the landing runway

In#19: Pilot overrides the autobrake

SIO|h |||~

Table 43: Representation of relationships of interaction#12 with other interactions

Interaction

Interaction

Causal

In#13: An aircraft stabilizes
speed

In#1: Aircraft flies

In#2: An aircraft is creating pressure difference.

In#3: An aircraft using a specific shape.

In#4: An aircraft using static and dynamic lift

In#5: An aircraft using the downward thrust

In#6: An aircraft completes defined mission

In#7: An aircraft accomplishes landing mission.

In#8: An aircraft is slowing down

In#9: An aircraft is descending to the runway

In#10: Reducing thrust or increasing a drag
accomplishes slowing down and descending

(=l =] [w] [e) fo) fe] () fe) fa) fa)

In#11: An aircraft is using flaps, landing gear or
speed brakes

=

In#12: Landing process include stabilized approach

In#14: Pilot uses deceleration method and technique

In#15: An aircraft lands within a given distance

In#16: An aircraft stops within a given distance

In#17: An aircraft performs Flare

In#18: Aircraft exits the landing runway
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| In#19: Pilot overrides the autobrake

Table 44: Representation of relationships of interaction#13with other interactions

Interaction

Interaction

Causal

In#14: Pilot uses deceleration
method and technique

In#1: Aircraft flies

In#2: An aircraft is creating pressure difference.

In#3: An aircraft using a specific shape.

In#4: An aircraft using static and dynamic lift

In#5: An aircraft using the downward thrust

In#6: An aircraft completes defined mission

In#7: An aircraft accomplishes landing mission.

In#8: An aircraft is slowing down

In#9: An aircraft is descending to the runway

In#10: Reducing thrust or increasing a drag
accomplishes slowing down and descending

(=) [l [l PN fer) feo)l [ )l Fen )l e} fen)

In#11: An aircraft is using flaps, landing gear or
speed brakes

==

In#12: Landing process include stabilized approach

In#13: An aircraft stabilizes speed

In#15: An aircraft lands within a given distance

In#16: An aircraft stops within a given distance

In#17: An aircraft performs Flare

In#18: Aircraft exits the landing runway

In#19: Pilot overrides the autobrake

(=l ) [l PN Fen) far) Fen)

Table 45: Representation of relationships of interaction#14 with other interactions

Interaction

Interaction

Causal

In#15: An aircraft lands within a
given distance

In#1: Aircraft flies

In#2: An aircraft is creating pressure difference.

In#3: An aircraft using a specific shape.

In#4: An aircraft using static and dynamic lift

In#5: An aircraft using the downward thrust

In#6: An aircraft completes defined mission

In#7: An aircraft accomplishes landing mission.

In#8: An aircraft is slowing down

In#9: An aircraft is descending to the runway

In#10: Reducing thrust or increasing a drag
accomplishes slowing down and descending

(=l ] [l P fe) fe) [e) fe) fer) fan)

In#11: An aircraft is using flaps, landing gear or
speed brakes

=

In#12: Landing process include stabilized approach

In#13: An aircraft stabilizes speed

In#14: Pilot uses deceleration method and technique

In#16: An aircraft stops within a given distance

In#17: An aircraft performs Flare

In#18: Aircraft exits the landing runway
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| In#19: Pilot overrides the autobrake

Table 46: Representation of relationships of interaction#15 with other interactions

Interaction

Interaction

Causal

In#16: An aircraft stops within a
given distance

In#1: Aircraft flies

In#2: An aircraft is creating pressure difference.

In#3: An aircraft using a specific shape.

In#4: An aircraft using static and dynamic lift

In#5: An aircraft using the downward thrust

In#6: An aircraft completes defined mission

In#7: An aircraft accomplishes landing mission.

In#8: An aircraft is slowing down

In#9: An aircraft is descending to the runway

In#10: Reducing thrust or increasing a drag
accomplishes slowing down and descending

(=) [l [l PN fer) feo)l [ )l Fen )l e} fen)

In#11: An aircraft is using flaps, landing gear or
speed brakes

==

In#12: Landing process include stabilized approach

In#13: An aircraft stabilizes speed

In#14: Pilot uses deceleration method and technique

In#15: An aircraft lands within a given distance

In#17: An aircraft performs Flare

In#18: Aircraft exits the landing runway

In#19: Pilot overrides the autobrake

EEE S (el [l fen ) fa) an)

Table 47: Representation of relationships of interaction#16 with other interactions

Interaction

Interaction

Causal

In#17: An aircraft performs
Flare

In#1: Aircraft flies

In#2: An aircraft is creating pressure difference.

In#3: An aircraft using a specific shape.

In#4: An aircraft using static and dynamic lift

In#5: An aircraft using the downward thrust

In#6: An aircraft completes defined mission

In#7: An aircraft accomplishes landing mission.

In#8: An aircraft is slowing down

In#9: An aircraft is descending to the runway

In#10: Reducing thrust or increasing a drag
accomplishes slowing down and descending

(=l N [ [} fe) fe)l [e)l fen ) Fen) an)

In#11: An aircraft is using flaps, landing gear or
speed brakes

=

In#12: Landing process include stabilized approach

In#13: An aircraft stabilizes speed

In#14: Pilot uses deceleration method and technique

In#15: An aircraft lands within a given distance

In#16: An aircraft stops within a given distance

In#18: Aircraft exits the landing runway

(=) Eel PN el e ) Fan]
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| In#19: Pilot overrides the autobrake

Table 48: Representation of relationships of interaction#17 with other interactions

Interaction

Interaction

Causal

In#18: Aircraft exits the landing
runway

In#1: Aircraft flies

In#2: An aircraft is creating pressure difference.

In#3: An aircraft using a specific shape.

In#4: An aircraft using static and dynamic lift

In#5: An aircraft using the downward thrust

In#6: An aircraft completes defined mission

In#7: An aircraft accomplishes landing mission.

In#8: An aircraft is slowing down

In#9: An aircraft is descending to the runway

In#10: Reducing thrust or increasing a drag
accomplishes slowing down and descending

(=) [l [e) fe) o) fe) [e) fe) ) fen)

In#11: An aircraft is using flaps, landing gear or
speed brakes

==

In#12: Landing process include stabilized approach

In#13: An aircraft stabilizes speed

In#14: Pilot uses deceleration method and technique

In#15: An aircraft lands within a given distance

In#16: An aircraft stops within a given distance

In#17: An aircraft performs Flare

In#19: Pilot overrides the autobrake

(=l ) [l [} N fe) Fan)

Table 49: Representation of relationships of interaction#18 with other interactions

Interaction

Interaction

Causal

In#19: Pilot overrides the
autobrake

In#1: Aircraft flies

In#2: An aircraft is creating pressure difference.

In#3: An aircraft using a specific shape.

In#4: An aircraft using static and dynamic lift

In#5: An aircraft using the downward thrust

In#6: An aircraft completes defined mission

In#7: An aircraft accomplishes landing mission.

In#8: An aircraft is slowing down

In#9: An aircraft is descending to the runway

In#10: Reducing thrust or increasing a drag
accomplishes slowing down and descending

(=l i) PN el o) fel [e) fe ) far) fan)

In#11: An aircraft is using flaps, landing gear or
speed brakes

=

In#12: Landing process include stabilized approach

In#13: An aircraft stabilizes speed

In#14: Pilot uses deceleration method and technique

In#15: An aircraft lands within a given distance

In#16: An aircraft stops within a given distance

In#17: An aircraft performs Flare

SIC|IO |~ (OO
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| In#18: Aircraft exits the landing runway [0

Table 50: Representation of relationships of interaction#19 with other interactions
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