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SUMMARY

Due to a progressive market shift to a customeredrienvironment, the influence of
engineering changes on the product’s market sugsdsscoming more prominent. This
situation affects many long lead-time product irtdas including aircraft manufacturing.
Derivative development has been the key strategymfany aircraft manufacturers to
survive the competitive market and this trend igezted to continue in the future. Within
this environment of design adaptation and variatitve main market advantages are
often gained by the fastest aircraft manufactuterdevelop and produce their range of
market offerings without any costly mistakes. Ti@alization creates an emphasis on the
efficiency of the redesign process, particularlytba handling of engineering changes.
However, most activities involved in the redesignogess are supported either
inefficiently or not at all by the current desigretinods and tools, primarily because they
have been mostly developed to improve original pobdlevelopment. In view of this,
the main goal of this research is to propose amadtrredesign methodology that will act
as a decision-making aid for aircraft designerthaachange implementation planning of

derivative developments.

The proposed method, known as Strategic Planningngfineering Changes (SPEC),
combines the key elements of the product redesignnpg and change management
processes. Its application is aimed at reducingrédesign risks of derivative aircraft
development, improving the detection of possiblange effects propagation, increasing

the efficiency of the change implementation plagramd also reducing the costs and the

XXII



time delays due to the redesign process. To adthliese challenges, four research areas
have been identified: baseline assessment, changeagation prediction, change impact
analysis and change implementation planning. Basetthe established requirements for
the redesign planning process, several methoddambel that are identified within these
research areas have been abstracted and adampi¢demroposed SPEC method to meet

the research goals.

The proposed SPEC method is shown to be promisingproving the overall efficiency

of the derivative aircraft planning process throiglb notional aircraft system redesign

case studies that are presented in this study.
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CHAPTER |

RESEARCH MOTIVATION

“Design is an evolutionary process and change igiiakele”

- Phillips, C. (1987)

1.1 The Changing Marketplace

Manufacturers used to have absolute control owvar groduct development, its price and
its market direction [84]. Their operation durifgse early days of market economy was
mainly based on mass production that focused oeldping standardized mass products
[323]. Similarly, commercial aircraft developmenasvdriven by technical and functional
superiority at the expense of cost and time-to-eankhich was inherited from military
aircraft manufacturing [212]. This is synonym witie mantra “Higher, Faster, Farther”
in aerospace products and systems developmentdoy years [239]. Over the past few
decades, this seller-dominated environment promyedgsevolves into a customer-driven
market. This transition alters the competitive scape between product manufacturers

as they are forced to be more pro-active in resipgnid dynamic market demands [176].

In commercial aircraft industry today, several fastapart from performance capabilities
are considered by airlines during their aircraftgmases. Among others, these include air
traffic demands, fleet commonalities and price [88cordingly, aircraft manufacturers
need to reevaluate their past performance-baseglafevent and capture these elements
into their offerings. Many aerospace companiesyt@ia striving to develop cheaper but

higher performance products that are better talltwetheir customer needs [77].



1.1.1 Dynamic Market Factors

Primary market factors: customers, competitorstantnologies; and their effects on the

dynamics of general product marketplace todaylargtrated in Figure 1.
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Figure 1: Dynamic Factors in Product Market [137]

Customers today are able to demand more innovatidecustomized products at a lower
price since they are usually provided with multipleoices [137]. Subsequently, product
demands become more diversified [226] and the makacreasingly fragmented by the
rising trend of individualized mass products [178joduct manufacturers have to revise
their business strategy in response to increaseketheompetition, which is intensified
by rapid shortening of product lifecycle and emaigeof new competitors due to market
globalization [315]. This situation accelerates rteshnologies development that causes
many existing components or subsystems to haveréestiechnology half-life than their
planned operational life [264]. The pursuit of n@ghnologies could be necessary when
matching technological innovation offered by othempetitors or satisfying new market
preferences or requirements beyond current prachpabilities [117, 222]. Nonetheless,
this can also set off a rapidly changing technolbgge for product development process

[169] and challenges manufacturers to capture theslties and uncertainties of fresh,



immature technologies into their products withigharter timeframe. It is imperative for
them to evaluate potential risks and benefits of technologies in their product prior to

making any commitment [222].

A typical aircraft development can take up to aldoug years, depending on whether it is
an original or a derivative design [266]. This Idegd time allows high possibilities for
changing market requirements and strategies windalircraft is still under development.
Air transportation demands, for example, is exaegatily sensitive to any irregularities in
economic condition, demographic trend and fuelepfiactuation that are uncontrollable
by aircraft manufacturers [26]. Furthermore, mardebalization has raised the level of
competition in this industry, mainly the rivalrytheen Airbus and Boeing companies in
large commercial transport aircraft market segnj2hbt 174]. In July 2008, Bombardier
became the latest competitor to enter that markéttiveir C-series aircraft line [149]. If
based on past trend, the increased competitiorfavde these manufacturers to introduce
fresh offerings at adequate market pace and becoone flexible in their development.
Moreover, aircraft operation in the air transpootatsystem-of-systems is governed by a
stringent aviation regulation that has been madetest over the years, especially those
regarding environmental issues. For instance, nagtors in European aviation markets
have set new requirements for aircraft by year 202tave 50% less G@mission, 80%
less NG emission and 50% less perceptible noise in corspario current standard [16].
Although the rules are not frequently revisedsiaimajor advantage for manufacturers if
their aircraft can perform well due to their operaal longevity that is typically about 30
years [266]. On the whole, regulation changes aod@&mics of air transportation market

can be taken as the main drivers in the pursuieef aircraft technologies.

Current dynamic market settings introduce new ehglés to existing product design and

development methods [40, 320] including those &pidiln aircraft manufacturing. Coping



with these challenges in the best competitive maisnine main focus for current aircraft
manufacturers, which drives the evolution of methodtheir design and manufacturing

processes [63].

1.1.2 Primary Market Challenges

Product industry in general is expected to be emtist pushed for a faster production of
new, better quality products at lower costs by eoais pressures [212, 326]. This entails
development costs reduction, quality improvemeiak stmorter process timeline for better
time-to-market flexibility [84]. Product offeringsso have to be relevant across different
market fragments and produced at adequate market[p&3, 174]. On the whole, this

can be summarized into two main market challenges.

Market Challenge 1:It is no longer sufficient to have better
products than the competition but they also nedzktoapidly
brought into the market in a cost-effective mar{a&r 244].

Planning of product lifecycle must consider theraiag speed of its market environment
and the development pace of its key competitorsulnent market environment, product
lead-time is as important as price, quality anduation to ensure market success [307]
and to gain advantages over its competition [538].28harma et al. stated thaetting
better products faster to market is becoming veitycal” [292]. Time-to-market is vital

in aircraft industry for manufacturers to acquirgder market shares and to capitalize on
newly available design features [50]. As in theecakAirbus A350 development, being
second to Boeing B787 affects its market prospewirey other things. By summer 2006,
despite the promise of new technologies from AirBB80 program, Airbus A350 failed

to beat Boeing B787 in terms of sales order [9Qit iB a recent market twist, production



problems for Boeing B787 aircraft have delayedntgket introduction and reduces lead-
time advantages it has over Airbus A350, whosersrtlave since began to pile in [28,
223]. This example demonstrates the advantagesiog fiirst-in-the-market but also how

fast market fortune could change if the developnpeatess is rushed and not properly

managed.

Market Challenge 2: With a wide variation of market
demands, a single design can no longer be expertver a

broad range of the increasingly fragmented matiézis

With this realization, traditional mass tailorinfroduct designs to a generalized set of
customer needs is becoming a fading scenario [3@€kad, product manufacturers need
to be more innovative and flexible in producingigaes of their market offerings within
a shorter timeframe [290]. In commercial aircratimafacturing industry, this condition
relates to derivative planning. Due to risky andtlyoinvestments to develop an original
aircraft, it is arguably a big misstep for manutaets not to capitalize on their successful
designs whenever possible to extend their payéfisid the pressures to introduce fresh
designs for new market niches, competition betwasrmraft manufacturers heavily relies
on derivative strategy. As new emerging market ssgmare forecasted, manufacturers
will freshen up their aircraft offerings accordiggln their latest aircraft development,
Airbus and Boeing companies commit their effortstatally different market directions.
Airbus, with their jumbo A380 aircraft, foreseestlthe emerging market segments with
greatest potential are those associated with ‘mebspoke’ operations. In the meantime,
Boeing puts their money on more direct flights bedw smaller airports with their B787
aircraft [27]. Since both original aircraft developnts have been costly and risky, a good
derivative plan is crucial to maximize market cage of their future varieties and to pay

off invested resources and efforts.



Faced with the abovementioned market challengégcibmes rather necessary for many

manufacturers to shift their paradigm from masslpation to mass customization.

1.1.3 The Shift to Mass Customization and Product Redesign

Traditional mass production has been focused orufaaturing standardized products in
large quantities at low unit cost [67]. Howeverdasnands become more diversified, it is
hard to have good market coverage with only a sipgbduct design [341]. In contrast,
mass customization strategy aims to satisfy diveuséomer needs by increasing product
varieties while maintaining high efficiency of mgs®duction [323, 342]. It principally
transforms product development process into preciictf customer variants that rapidly
adapts to varying market demands [117, 256]. Comsarbetween principles of mass

production and mass customization is shown in TapgA1].

Table 1: Key Differences between Mass ProductiahMass Customization

Mass Production

Efficient through stability and contro

Mass Customization
Variety and customization through
flexibility and quick responsiveness

Developing, producing, marketing ar]
delivering goods and services at prig
low enough that nearly everyone ca

afford them

Developing, producing, marketing and
delivering affordable goods and
services with enough variety and

customization so that nearly everyone

finds exactly what they want

Stable demand

Fragmented demand

Large, homogenous markets

Heterogeneous niches

Key
Features

Low cost, consistent quality,
standardized goods and services

Low cost, high quality, customized
goods and services

Long product development cycles

Short product development cycles

Long product life cycles

Short product life cycles

Paradigm shift to mass customization calls for geann product development approach.
Inness proposed that mass customization be achi®vddsigning original products with
several variants, handling required product chamgere efficiently and having flexible

manufacturing capabilities [172]. In general mawctdang industry, all products can be



grouped as either original or redesigned. An odbproduct is defined as a novel design
solution that is generated from scratch while aseghed product involves adaptation of
already known solutions [35]. Although most redasig) products are normally perceived
as novel by customers, they do not involve extensddevelopment of their predecessor
[175]. This makes them more economically attractovbe developed than revolutionary
designs under dynamic market environment suchaeyt® [107]. Redesign approaches
satisfy diverse market demands by upgrading or doading, enlarging or reducing and
rearranging or modernizing parts of existing pradiesigns [340]. By reusing already
proven design elements and solution principlesndbles a faster development process
and helps to leverage costs and risks for custahpzeduct varieties [238, 280]. Since
many markets are rather ambivalent to accept ndwaidesign [142], the resemblance
of derivative products to past successful desigus their marketability [120]. Based on
these advantages, it can be concluded that proddesign strategies help to make mass
customization, hence coping with dynamic markegplanore economically feasible for

product manufacturers [146].

The benefits of redesign strategies are often meounced in long lead-time, complex
product industries [263]. Since original developtsean these industries is commonly of

high cost and risk, manufacturers frequently relyreremental product improvements to
satisfy new requirements [142]. This is apparentommercial aircraft industry where

design evolution of transport aircraft systems dlasays been made through revisions of
their successful predecessors [118]. This developtnend is expected to continue in the
future unless there are new technological achiemésrier aircraft design process and/or
some dramatic changes in governing aviation reguldB86]. Because redesign strategy
is common in aircraft manufacturing, the utmostaadeage is often gained by the fastest
manufacturers to develop their range of aircraftams without any costly mistakes. This

relates to current “Better, Faster, Cheaper” goadrospace industry [239], which puts a



high emphasis on the efficiency of redesign plagnis depicted in Figure 2, Airbus has
maximized its market shares by strategically prauwtheir aircraft derivatives. Further

discussion on current aircraft redesign strateigipsesented in next chapter.
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Figure 2: Families of Aircraft from Airbus [266]

Thus far, paradigm shift to mass customizationrodpct manufacturing has been shown
to focus on making design modifications [67]. Imgomction with this, product redesign
has become an inevitable task in response to neketn@quirements [163]. At present,
product development process is perceived as aof anaking a series of changes on an
existing product until it satisfies its driving rdgements [82, 120]. Design changes have
become more prominent throughout a product’s efhif@eycle: from its conception until
end of its operational life [82, 242, 273]. It mpossible to avoid having reiterations in
product development process today [92, 242] andyaidgsue within this environment of
design adaptation and variation is the handlingegliired design changes [175]. Due to
high competitiveness of aircraft manufacturing bhass, the ability to efficiently handle
change requests from their customer airlines igatlvantage for manufacturers against
their competitors [268]. Aircraft purchase ordeften include some customized requests
[115] that need to be implemented without inflatthgir costs too much. For this reason,

most challenges in aircraft redesign are linketistahange management process [268].



Despite its high relevance in current industriagbices, focus of design researchers has
been concentrated on improving original productellgyments than redesign process of
existing products [175, 345]. According to Sfertak, very few methods are developed
for use in product redesign process [291] and rob#k activities have been supported
either inefficiently or not at all by available eigee management methods and tools [270].
It can be hypothesized that this lack of reseantérést is because product redesign is
generally perceived as an interruption to producfi84]. A conducted survey in several
product companies showed that more than 60% of theleved that product changes
should be avoided at any cost [166]. This veryrgirootion of design changes solely as a
problem leads to the neglect of any efforts to owprtheir strategy and process, which
unfortunately also ignores the competitive benéfitd could be gained from their proper
planning and management [316]. Wright provided aerdgew of change management
field in [344] and concluded that topics regardprgduct changes were largely ignored
in the academic world notwithstanding their recagdiimportance in the manufacturing

industry.

Taking into account the above arguments, the fo€ukis dissertation is to develop, test
and evaluate a methodology for strategic redesigogss. It is intended to be a decision-
making support for designers who are attemptingitalify an existing product design.

Instead of treating redesign efforts in similahias as normal design iterations, which is
what most companies are doing, it is believed slegeral competitive advantages could
be gained if manufacturers effectively plan and agendesign changes prior to executing
their product redesign process. In that respeetptioposed redesign method is infused
with key elements of product change planning andagament. The proposed method is
focused on aircraft redesign process but it caextended to general product redesigns.
The following section describes the scope of thesis work in accomplishing this main

research goal.



1.2 Research Scope Definition

The role of product redesign approach in currentketastrategies is well-acknowledged
[160] and this has been reflected by its high odifgrocess adoption [108]. Most products
in market today are essentially a modified versibtheir predecessor [96, 117]. A study
by Booz-Allen and Hamilton Inc. revealed that 44%perceptively new products were

improved from older ones [70] and in such cases)ynsolution principles, properties,

functionalities, components and parts are beingee@(i142]. Design of American cars is
an exemplary case to highlight this situation si@0&o of their parts were reported to be

always derived from previous designs [184, 242].

As argued, the shift to mass customization hagdailse adoption of redesign practices
and as a result, design changes become more pranimproduct development process
today. The general scope of this research encompassss elements of product redesign
and change management processes, which exploredying interrelationships between

these two areas of design researches.

1.2.1 Engineering Changes in Product Redesign Process

Like original development, product redesign prodestudes tasks such as requirement
identification, benchmarking, specification planpiproduct concept generation, product
embodiment, prototyping and testing, and desigmianufacturing [248]. Nonetheless,
product redesign does not start from scratch [1n&}ead, it often begins with a reverse
engineering step to identify baseline componemtgire and their interconnections [73]
but this procedure is often skipped when propeelbss design documentation is already
available [302]. The baseline design informatioessential in providing a solid decision
basis for its evolution path, whether its redesgbest pursued from its configuration,

subsystem, component or parametric level [249].

10



An example product redesign framework is illustlate Figure 3, which highlights three
primary redesign approaches. Parametric redesigehigved by optimizing parametric
product model without changing its design compositilt is essentially an optimization
problem rather than a design problem, which is etegtonly after all required adaptive
or original redesign plans are established [249]tl@ other hand, adaptive redesign will
modify product components or subassemblies buairiggnal design concept is preserved.
In this case, new components might be added arsfirxiones might be eliminated or
combined. Last but not least, original redesigmotiices a new product concept that is
constructed from known design principles and knagéeof past product variations. It is

pursued when new requirements are in serious ctfliith current product capabilities.

7

| Investigation, Prediction and Hypothesis I—->| Product Functions and Forms |

L

Design Models |—>| Design Analysis

Step 2: Modeling and Analysis

|ParametricRedesign| | Adaptive Redesign | | Original Redesign |

Step 1: Reverse Engineering

Step 3: Redesign

Figure 3: General Redesign Process Framework [248]

Application of redesign procedure within the ovepbduct development framework is
shown in Figure 4. While most design researcherd te assume that product design and
development process ends when its detailed spaftnific has been passed to production
and marketing teams [174], the real process isd&efrom being ideal. As illustrated in
Figure 4, potential needs for design changes thouigproduct lifecycle indicate that it
might need to be redesigned further. Motivationiite these latter changes are usually

related to dynamic market factors such as changistpmer needs or competitive moves

11



made by other competitors. It is good to note thdesign process can also be initiated

during original product development and is not tedito derivative development.

PIanninI\ COHCSD!\ Sysleml\ Detaill\ Testin I\ Productiolk Manufl\ Product
gl/ dev. I/ designl/ designl/ gl/ ramp—upl/ l/ phase out

P11l

Eng. Eng. Eng. Eng. Eng.
change change change change change
process process process process process

Figure 4: Engineering Change Process within ProDeselopment [174]

It is apparent that redesign process involves ngagioduct changes. These changes are
formally known as “engineering changes”, which @finition is any alteration made on
a product or its component that can affect its {diita, materials, dimensions, functions
or documentation [166]. These include any revisibnomponents, drawings or software
that have been released throughout its entireyliled321]. Engineering change is not to
be confused with design iteration, which is defimasda change on product items that are
not yet validated or formally released [265]. Basedhis, engineering change effects are
more pronounced since it occurs after some aspégsoduct design have already been
specified and some parts of development resourmes Ibeen allocated. The US Military
Standard (MIL-STD-480B) classifies engineering demto Class | and Class Il [10].
Class | refers to design modifications that caeafproduct physical configuration and
functionalities such as its weight, performancecgmation, interfacing, reliability and
safety [98]. Meanwhile, design changes in Classategory are associated with product
configuration management that mainly involves doentation updates like amendments

of design drawings and system description [98].

Since potential engineering changes are neceskitatarious stages of product lifecycle

and accordingly produce different effects [166E\titan also be grouped based on their

12



sources as either initiated or emergent. Initiate@hges are caused by external sources to
a product that are driven by its market dynami@$[1These include modifications made
to better meet its operational requirements and/@mprove its market competitiveness.
In contrast, emergent changes are due to a predstete and they are required to remove
or correct design weaknesses and/or to resolvgregerational flaws [175]. Examples
of initiated and emergent changes are depictedguar& 5, which is based on helicopter

development process in Westland Helicopters Company
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Customer 1 1
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:

Figure 5: Initiated and Emergent Changes [115]

Change effects and their process efforts genevally with time of handling [209, 321],

type [273] and magnitude [193, 321]. In the beshscio, they only cause documentation
amendments but in the worst case, they can stategrroduction and force a recall on

already delivered products [256]. Overall, changecess contributes towards increased
development costs and prolonged schedule delays [I76]. Documented studies based
on several product companies show that change mgsitation process can consume up
to half of their total engineering work capacity0]3 321] and is responsible for 20% to

50% of their overall tool costs [321]. In some erte cases, as much as 70% to 80% of

13



final product cost is contributed to engineeringroges [71, 231]. A conducted survey in
several American and European companies from defe®sospace, consumer products,
construction, electronics and a few other industrévealed that their difficulties to lower

production costs were associated to their prodoahge handlings that reportedly range
between 2 to 1000 per month [54]. Since marketesstoday highly depends on time-

to-market, price and quality [242], it is importdathave a good redesign strategy.

The vitality of a proper change management proteg® competitive in current market
environment is admitted by many manufacturers [3RIgjority of successful industrial
organizations operates with a formal change profE33] and a survey on several UK
product companies showed that 95% of them appipdbengineering change procedure
in their operation [166]. As design changes rapigome a prominent means for market
survival, proper methods and tools to control theidesirable effects while upholding
their offered advantages are required [160]. Taaloit is imperative to first understand

change process characteristics.

1.2.2 Characteristics of Engineering Change Process

Engineering change management is a process ofiptaand managing product changes
[174]. Its main objective is to outline all actie@$ involved in monitoring and controlling

of engineering changes [71, 190], which aids desigmo plan for required changes and
manage their implementation [25]. Fundamental piogse of this process are change-
independent and remains similar in spite of chatayeses and types [115]. An example
of high-level procedure that is outlined by ISO19@&@andard for managing engineering
changes during product development is shown inrEigu Other change processes also
generally follow a similar workflow but terminolagg and strategies for each step might

vary in different companies [176]. Most product gamies tailor their own set of change
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tasks and management requirements to their orgeomahneeds and work environment.

Discussion of typical change activities is avakaby Huang and Mak in [165].

Identification of
the need for a
change

Evaluation of
possible
change impacts

Approval of the
proposed
change

Implementation
of the approved
change

Review of the
implemented
change

Figure 6: Change Management Workflow by ISO10006]1

In short, the process is started when an engingehange request (ECR) is initiated in
response to new product requirement or changerpaay market strategy. Preliminary
assessments on potential costs and benefits pitip@sed modification are done prior to
it being formally logged. Once it is officially domented, the change request is known as
engineering change proposal (ECP). Each propodbgwithrough impact analysis and
feasibility studies that determine its approvalrejection. If approved, an engineering
change order (ECO) containing complete redesignspémd allocated resources for the
product modification will be released and issuea@ffected personnel. A final review is

done once the process is completed to documedtisls for future change support.

On the whole, it is evident that the outlined chapgocess is very broad and serves only
as a guideline for product manufacturers [273}ellity, the “cause-change-effect” steps
in change management are not entirely serial [183]evident in many product redesign
cases, modification effects can propagate andeeaetwork of interconnected changes
[38]. Based on recent researches, Earl et al. suimedlageneral characteristics of change
process as follow [109]:

* Change takes place against a rich background of/lledige and experience

embodied in a current product design, which isstlagting point for change
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» Change process is a fast moving, dynamic procé&es) bighly creative in
finding solutions

» Change processes work on descriptions of diffedesign aspects such as
function and geometry, available processes andiress, and requirements of

the company, its suppliers and its customers

First of all, change process entails a well-defibadeline to be modified. It is impossible
to describe an engineering change without its eefez product design due to its relative
nature. Secondly, change planning solution is igmalt unique. There are often several
ways to change an existing product depending oredssign objectives and conditions.
Lastly, product changes do not just affect its giediut also its development process and
associated business entities. One of the main gsadificulties in redesigning a product
is to capture its undesirable side effects [24Tictv affect other product characteristics
apart from the targeted properties [314]. The ¢ffean cross different boundaries within

company’s operation [127] as shown in Figure 7.
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Figure 7: Typical Flow of Change Impacts [120]

In brief explanation, change effects are passen frotiating components to other parts

through their physical or functional interfaces. dacommodate these changes, new or
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recurring development tasks have to be outlinedglcestheir execution typically involves
information exchanges with existing tasks, thiguji$s overall development process due
to potential data revisions. Moreover, since thias&s are usually designated to different
development teams or personnel, the change effaate further felt throughout whole
organization. In collaborative product developmehis includes all associated business

partners and suppliers.

Product architecture complexity has a big rolehis tchange propagation” phenomenon,
where implementation of one engineering changeedrseveral other changes [321]. Its
possibility is dictated by level of connectivitytheen various product parts and a greater
chance exists if they are highly interconnectedb]1Complex products such as aircraft
are more susceptible to this phenomenon becauseections between their constituent
parts or subsystems cannot be totally avoided [ZB&¢se intricate interlinks complicate
the prediction of product behaviors during changeess by introducing complex effects
propagation paths that highly interact with eadeo{115]. This affects the budgets and
scheduling constraints of product development m®cmostly in an unexpected manner
[267]. As depicted in Figure 8, change effects ddag directly and indirectly transmitted

through product architecture [265].

PART A
| « Both Part B and Part C receive
l l direct propagation of the change in
Part A
PART B PART C . -
* Part D receives indirect

propagation of the change in Part A
but a direct propagation from Part C

PART D
Figure 8: Propagation of Engineering Change Effects

Two types of change propagation: ending and ungndih4] are illustrated in Figure 9.

Blossoms and ripples are variants of ending changpagation, which are characterized
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by time-varying change volume that eventually cadek within an expected timeframe
[265]. On contrary, avalanche is a type of unendingnge propagation. It occurs when a
product change initiates several major changes thatttheir propagated effects become
too hard to be resolved within allocated period5]26t is crucial to control this second
type of change propagation since its effects cailyegrow out of proportion. A general
rule of thumb is to search for alternative solutibtie effects propagation is predicted to

be unmanageable [115].
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Figure 9: Types of Engineering Change Propagatids]

Besides improving an existing product to its neguieements, another primary goal of
product redesign process is to efficiently proditdé60]. A well-planned modification
can minimize negative change effects and in sewasds, even turn them into desirable
benefits for the redesigned product [247]. Unfoatiety, this is an overlooked viewpoint
in current product development process [344]. Aispnt, most product redesign process
is executed in “as necessary” manner without preprategic planning and its main focus
has always been on “damage control” rather thadymoimprovement [30]. An effective
engineering change management for product redesgnres a thorough understanding
of change behaviors and their propagated effe@4][IThe ongoing lack of recognition
for design change’s influence in directing incretaéior stepwise product development
is a critical omission that has to be resolved wjitreeir prominence and effects on market

success today [344].
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1.2.3 Potential Benefits of Strategic Redesign

A general rule of thumb in product development knaag “Rule of Ten” estimates that
late design changes cost as much as 10 times Higgaethose made during early stages
[65]. If engineering changes are executed lat@raduct lifecycle such as during its full-
scale production, design specifications have betaildd out and development costs and
resources have been mostly committed [166]. Costhahge implementation also rises
steadily as time approaches closer to pre-detedrdeadlines since the process becomes
more time-critical and the product design becomesenmtegrated [115]. The projected
trend for change handling cost is depicted in FegLO, which exponentially increases as
time progresses in product lifecycle. Moreover,@impacts are spread across other
business processes when they occur after produleéisrstarted [176]. Requirements for
change notification and documentation updates raseeased when marketing division,
manufacturing teams, subcontractors, external srgphnd other work partners are also

involved [174]. This affects the smoothness ofdbgelopment process and lengthens its

timeframe.
A
High Cost of
Change
4
o
©
a
Low ll'ime

Figure 10: Cost versus Time for Engineering Chatgedling [14]

From above arguments, late engineering changesthavwmost negative effects because
they tend to cause higher additional costs anddiotime delays [147, 210]. A simple but
late washer replacement on a F-15 fighter, foaims¢, cost an astounding $56,000 [215].

That said, a considerable amount of developmenttefand resources could have been
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saved if proper change assessment and planniriggtria made before making decisions
on product modification [247]. Most opportunities ngineering changes are presented
during early product development stages since &@ffecedesign strategy helps to limit
downstream change impacts and improve companyigyatiol deal with change requests

from its customers [265].

Potential advantages of a strategic product redgd@mnning have been demonstrated by
a few academically-developed methods. Cambridgeneegng Design Centre develops
Change Prediction Method (CPM), which shows th#tielbeedesign risks assessment can
be achieved by having more accurate predictionrhahge propagation paths [80]. With
early knowledge of full effects from a proposedigesnodification, unexpected changes
during product development are significantly redueed better resources management
can be accomplished. Another example method is $Rgrdd by Ollinger and Stahovich,
which highlights how a proper planning of produedesign can assist the management of
change effects to achieve its performance tar@&8][ In general, these change methods
underscore the relationships between change mamserocess and product redesign
development, and their potential to provide manwiges with notable advantages when

applied in good synergy together. These two metlaogl$urther discussed in Chapter 3.

The need for a proper change assessment duringpraduct redesign stages is aligned
with ongoing design paradigm shift as illustrated=igure 11. In short, the “knowledge-
cost-freedom” curve highlights the preference teehaore available product knowledge
during early design phases, to maintain adequatgméreedom throughout the process
and to reduce overall committed costs, which dréuattions of time [61]. This shift is
driven by “design for affordability” and stresseas laringing product knowledge forward

for better early design decisions [227].
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Figure 11: Paradigm Shift in Design Process [61]

In redesign process, the lack of early product Kedge is not an issue [62] but the main
guestion is how available information can be appabdply exploited to make better early
redesign decisions. Current natural tendency ofyngi@signers is to modify their product
based on its targeted performances with “as neggssanner and this outlook is largely
shaped by available design methods that are dexelfmp original product development.
But unlike original development, product redesigrconstricted by baseline flexibility,
tighter budget and shorter development timefrarnprdduct redesign process costs and
requires time as much as an original product dgwretmt to satisfy similar requirements,
manufacturer will be hard-pressed to justify tmteistment against usually higher market
interest for originals. There is a need to suppostiuct redesign process in reaching for a
well-planned solution that satisfies its drivingjueements while making the most out of
its allocated resources [314]. Product change malsanust be strategically planned and

executed.

Without a good strategy during early redesign phiasieange process can easily become

mismanaged and trigger late changes due to ovextbpkoblems with the product design

or its manufacturing process. Some competitive bemks in automotive and aeronautics
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industries caused by a mismanaged change proaesksaussed in [267], which involve

significant cost increments and prolonged develagrsehedule [137, 176]. Almost half

of product development projects in the early 199@se reported to overrun their budget
and scheduling time [56]. Such situation is oftéamied on unexpected product changes
that result from ineffective change managementgs®¢109]. However, several product
companies are observed to still proficiently gaigiaeering change benefits despite their
schedule conflicts and extra costs. Their operatietement that contributes towards this
advantage is their capability to have rapid angadesponses in managing their product
changes [182, 273, 294]. A well-organized changaagament can help offset negative
change effects with an efficient production of betind improved products [103]. In fact,

agility of product manufacturing companies todagfien measured by their competence

in managing their engineering changes [168, 197].

To summarize, mismanaged engineering changes (l@emismanaged product redesign
process) often leads towards increased costs ahohged schedule delays. These effects
are more pronounced for late product changes, wxgtain the tendencies of current
change strategies to minimize or eliminate themweicer, since many required changes
are driven by market challenges, avoiding themataa bring potential disadvantages to
manufacturers. Though many manufacturers wouldtbkavoid making changes to their
products, they have to accept that some productgdsaare inevitable [115]. As market
demands and requirements continue to evolve, ptatkgigns have to be improved at a
potentially substantial cost and process disruptioremain competitively relevant in the
new environment [125]. The next best situationoihéve a good redesign strategy that

minimizes negative change effects while providiisgadvantages to manufacturers.
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Key Note: A well-managed product redesign process, henced go
change management strategy during the early dewelopstages, can
help reduce the negative effects of engineeringgbs and bring

competitive advantages to the product manufacturers

1.2.4 Current Gaps in Change Management for Product Redesign

In principle, engineering change handling in prdadedesign process is similar to that in
original product development but its conditions arere constraining [270]. As change
effects increase with time, product redesign effadme with a higher impact since they
occur at some point into its lifecycle. In additisadesign process is commonly executed
under tighter budget and time constraints, whidatg a higher requisite for an efficient

change management procedure [120].

Current gaps in engineering change managementefogrgl product manufacturing can
be contributed to attitudes of project managerspnduct designers towards change [30,
174]. They are more inclined to treat their prodiesign change as a problem than as an
opportunity for its evolution and tend to suppréésam even when there is a great market
value due to difficulties in capturing their fulffects [264]. A conducted survey in 100
UK manufacturing companies revealed half of themsadered engineering changes to
be a primary problem in their product developm@&®j and accordingly, arising need for
changes is seen as a sign of production failuteaaisof a process management issue that
should be resolved [321]. Application of availableange methods and tools are limited
to eradicate product changes or to minimize futlv@nge impacts by incorporating high
design flexibility into original products. None tifese change handling approaches is an
active method that can be applied when a requiredyct change has been identified and

needs to be implemented. Hence it can be concltidgdhe general competitive paucity
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of available change methods or tools is their iatéfiy to effectively support and guide

product redesign process [254].

Recall back the change process characteristiceeagpsly mentioned [109]:

Characteristic 1: It requires a well-defined baseline to work on

Characteristic 2: Change implementation solution is not always unique

Characteristic 3: Implementation of engineering changes can affene
than just initiatichange components or aspects

The main essence of an engineering change proeésshaseline design. Working with
existing or finished product designs, even at cphed level, usually comes with less
flexibility in terms of change implementation [115]his relates to some constraints that
are imposed by baseline product architecture auai@nines the challenges in selecting a
suitable design for adaptation or customizatior¥[1The importance of choosing a right
baseline product in terms of its capability to bammged or adapted for the change tasks at
hand has been emphasized by Pimmler and Eppin§ét, [&hich generally requires an
evolvable design to be effective [74]. A study pagjected up to 80% of total design and
manufacturing costs in a product development ptajeald be dictated by such choice

[343].

In current redesign projects, most baseline pradact chosen based on their proximity
to target requirements or because they are theahatoice for incremental progression
in their product family [105]. This practice assubat imminence of baseline capability
to target requirements ensures minimum possibleuatmaf required changes but this is
not always true. Even closely similar components ltave different level of complexity

and cost for their manufacturing [110]. Therefdraseline suitability should be reflected

by its redesign cost-effectiveness and its requaradunt of reworks [178]. Furthermore,
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a smaller amount of required product changes doeautomatically mean the redesign
plan is easier or cheaper since that also depentlsed type and magnitude. This insight

leads to the first identified area of potential honement.

Potential Improvement 1: A good baseline for product redesign process
needs to have high-quality change characteristitsrespect to proposed

modification.

Secondly, there are often several different wayb@m required engineering changes can
be implemented into a product. Even for a simitraf requirements, several alternative
redesign plans can be derived [309]. Because diitguarts can have very different level

of change complexity and cost, the way a produdgsigned corresponds to a different
level of change effects and development risks I28]. Tu et al. said that the success of
product mass customization depends on controltsigasts through proper development
planning and process selection [324]. This draswentibn to overlooked opportunities in

change management field, which lacks strategieetide how required changes are best

realized into existing product architecture.

Fricke et al. discussed several current changéegties in [137] and the most common
among them are change prevention and change fvadtdg [270, 286]. The prevention
of product changes aims at avoiding design mistdkeisg early design conception. It is
focused on correct translation of product requinetmi@nd reduction of needless product
specifications that designers are forced to makkout adequate information [137, 314].
Among research efforts that have been done inatteia include knowledge-aided design
for requirements management [203] and requiremmaisagement based on traceability
and attributes [325]. System engineering standéd<€EIlA 632 and ISO/IEC 15288 also

aid the translation of customer needs into thespeisited product technical requirements
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[148]. Alternatively, change front-loading involvearly detection of possible sources for
design changes to reduce their effects and cogty.[By doing so, product changes can
be handled during its early development stagesaa@grevented from becoming costly
late changes. In this approach, risk managemesiiegies are applied to control change
risks [137], which are estimated using design satioih tools such as CATIA or methods
that facilitate early validation and verificatiof @esign concepts like failure mode effect

analysis (FMEA) or value analysis (VA) [137, 166].

Despite the abovementioned efforts, engineeringngés still present in typical product
development process [166, 270]. A reason for tiigBon is the inevitability of initiated
changes. Eliminating or reducing design errorsriaseffects on market dynamics and it
is quite impossible to control initiated changes tluirrepressible market factors. In fact,
it is unwise to totally ignore them as they ofteflect competitive product characteristics
that are preferred by the market. It is good teeribat not all change effects are negative.
Design change allows designers to correct perfocmaeficiencies of their product and
improve its features against its competition [32¥hen product requirements go beyond
the capability of adopted solution principles, emgring change becomes the means to
infuse novel ideas. Moreover, design change caappéed to gain market advantages in
terms of scheduling; either to speed up productldgwment process to gain first-in-the-
market advantages or to compensate the curreet@tgiroject resources [137]. In a fast
moving business environment such as today, avoidwamnges can be a serious obstacle
to the evolution of product functions and technasd138]. Based on these arguments,
manufacturers should not be reluctant to redesigin products when the driving change
requirements are important for their market contpretiess and associated development
risks are manageable. Objectives of change stestesffiould not be limited to minimizing

change likelihood but also reducing its implemeaaotatost [201].
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Corresponding to this realization, another mairegaty of available change strategies is
to equip original product designs with high charmiés attributes in anticipation of their
future changes [270]. Since the flexibility to geate a variety of product offerings from
a single design resides principally with its arebitire [326], objectives of this strategy
are to furnish intended baseline designs with thityto be changed easily and rapidly,
and to be insensitive or adaptable to their vargngironment [286]. It aims at deriving
product variants in the most cost-optimized way nwheacting to foreseen or unforeseen
requirements for engineering changes [138, 27 fageline product can be developed to
house predicted future changes in its original isecture, facilitate their implementation
through pre-planned design options or be fully rfiedieasily [272]. However, building
products with high in-built design changeabilityns@erably increases their development
costs [67], as shown in Figure 12. Due to thisdiisatage, not all product types suit this
strategy and a basic guideline to evaluate prositability for this approach is available
in [308]. Examples of design methods that can Be@ated with this change strategy are

product platforming and modular design.

Total Cost

Cost of
Changeability

Cost of Changes

Figure 12: Degree of Changeability versus Cost]286
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A product platform is described as a common setubkystems, components, interfaces,
processes and other attributes shared by all desigants within a product family [234].

In product platforming, the main idea is not toigaswvith definite number of variants but
to make it easily modified for its future derivads/[117]. Accommodation of engineering
changes is enabled on certain aspects of the plaifiesign but its other characteristics
are maintained for all its variants. This approectecognized to support and ease change

implementation process [280].

On the other hand, modular products are design#ddistinctive physical modules [147,
252, 326] that are mapped one-to-one to their fanst[241, 327]. This enables changes
to be contained only within affected design modwu@hout involving their interfaces or
other modules [129, 175, 326] since they are bHgida-coupled from each other [125].
Change management in this case is practically estitatwo typologies: “local changes”
in the affected design modules and “interface chah@ the linkages between modules
[175, 259]. Though design modularity provides tleeessary flexibility that aids product
mass customization [326], not all product types loatmade modular with sensible costs
and efforts [81]. In fact, most products are neitladly modular nor fully integrated [110,
175]. In addition to extra development costs asksi;i and restricted applicability of this
second category of change strategies, high mariegrtainties also create difficulties to

justify built-in design attributes based solelyraanufacturers’ prediction.

To summarize, change prevention and front-loadamgl high in-built design flexibility
are adequate for stationary or slow-paced markat@rment. Their application however
becomes fairly deficient when product requiremeoitsstantly vary over time [174, 314].
In today’s market, some requirements are adjusteidglthe detailed product design step
[203] when these strategies are no longer appkcsibce they are meant to avert changes

during the early development stages [184]. Asigprioving product design flexibility, it

28



seems to be highly targeted for original developnizr2], which makes it unsuitable for
redesign process. While these strategies havegregan useful in reducing changes due
to designer’s errors, a proper in-process changelimg is also required [264]. Schmitt
and Gomory argued that most US manufacturers wimée long development cycle to
research product market and avoid design changgsrtight not even there [285]. This
differs from high-performance Japanese companggspilit their products into the market
faster to obtain first-in-the-market advantages @amidly make necessary adjustments as
their market evolves [320]. Changes that are drivermlynamic market factors could be
“make or break” product features and manufactuneed to have a viable development
strategy to manage their product changes [267].d¥ew current practices demonstrate a
lack of understanding and appreciation on how esgging changes could be turned into
market advantages [344]. The omission of any emglmas change management during
redesign process ignores its capacity to stratibgidave the product development [166],

which leads to the following second area of potnthprovement.

Potential Improvement 2: A strategic redesign planning process can help
manufacturers to gain change benefits without gbialty of their effects.

In the meantime, a major advancement in engineetiagge management field has been
made in computer-based support tools for its peaecution [154, 270]. This is driven
by compliance to industrial standards on produetiguand process management such as
ISO10007 and ISO9000 [109]. Traditional paper-badehge management is naturally
inefficient and slow [66, 157, 190], especially whserially executed throughout various
departments in the company [66]. As product desiggptome more complicated, paper-
based system grows to be incompetent in handlieig sibsequent alteration [175, 176].
Change implementation increases the amount of ptathta to be processed and makes

it hard to manually maintain design updates. Witbgpession in computing technology,
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most of these tasks have been converted into c@mnpased execution. Between 1980s
to 1990s, several standalone and integrated comaiak® for engineering change process
have been developed [190] and they are classhigddecision-making support, database

storing, configuration management or product deaaagement [165].

Decision-making support tools are aimed to assistiyct designers in approval process
of proposed engineering changes. However, mos$tenh tdo not capture the full extent of
change process or its impact analysis [80, 115paB#ities of available computer-aided
design (CAD) tools are usually not sufficient talree the benefits of information reuse
for redesign process [318]. Advanced CAD systench s CATIA and ProEngineer can
predict immediate geometrical behaviors but noeotiipes of propagated change effects
that result from product modification [80, 120, 25@ contrast, computer-based change
support tools to store historical product changa dad process documentation are often
built in-house [174] in relation to enterprise neste planning (ERP) or product lifecycle
management (PLM) software packages [176, 344]. Toaypile all process records and
product data across different phases of its lifegyiacluding all past changes description
[174, 316]. Their main application is to facilitgpeoduct data exchanges during change
management process but they are not equippedategitally guide designers in making
the actual change implementation. Moreover, chaog@ort tools that are developed for
configuration management are more focused on @féecontrol of product information
throughout its entire lifecycle [189]. They are metor high-level documentation control
and management of product design options but th&lprocess of making engineering
changes is either ignored or covered by themtle kitepth [120, 174, 176, 278]. Last but
not least, product data management (PDM) systeengaBy combines the functions of
decision-making support and configuration managenf@ommercial packages such as
IMAN, Metaphase 2 and Optegra are examples of Pi@¢ems that cover entire product

lifecycle [165, 190]. Among others, their main ftinas include product data vaulting,
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document management, part classification, prodoctionfiguration, data conversion,
workflow management and project management [25bjvéver, they are not equipped
with capabilities beyond the linking of parts, peeses and resources based on manual
user judgment [120, 268]. In other words, theysineply a direct computerized version

of conventional paper-based change managementdun@se[174, 268].

To sum up, most available change support toolsiarequipped to guide or aid decision-
making process in product redesign [120, 199] &ey bften can only record and track
data related to past product changes [116, 17&]itiddally, due to traditional views of
engineering changes as production-manufacturingess§344], those available methods
and tools only support change process after itleas initiated and production stage has
began [175]. They are not intended to assist dessgim predicting change effects while
planning for product redesign but only to faciktairocess execution and documentation
that have been manually planned beforehand. Innabsef proper change aids, current
product redesign planning task is limited to ligtitkely affected design parts and related
processes based on designers’ past experiencedrategic planning is formally infused
into the process, which increases the possibifigpverlooked change effects that have to
be unexpectedly handled during late productionestd@86]. A conducted case study in
Westland Helicopters showed that about 50% of tiwé@ helicopter modifications were
overlooked during its initial change assessmemfestand had to be abruptly handled later
in its development process when they were idedtifgd]. This solidifies the belief that

available change tools and methods lack the crigleanent of strategic planning.

The use of computer-based tools in engineeringgdamanagement is fast becoming an
operational necessity for many manufacturers, eslhethose with a large scale product
business [204]. Unfortunately, their applicatiopigsently limited to mostly information

processing and documentation control [47]. An &ffit change management process is
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only possible if change methods or tools are taddo competitive product development
strategies [267]. Amid high market competition tpdpersonnel responsible for product
changes have to be more than just an implemend&] fnd able to strategically plan to
the best capability of their company [113]. To daie well-known ready-to-use software
package that supports all aspects of change marmggrocess is available [259]. This
should be perceived as a key absence given itblissiad prominence, as highlighted in

the following identified area of improvement.

Potential Improvement 3: Change support methods and tools should be
equipped with capability to guide designers in mgkihe strategically best

change implementation decisions.

On top of these observations, it should also bedhttat there are limited researches that
address the supports for change management priocessduct development [166, 270].
Engineering change topics have garnered littlenatte notwithstanding their recognized
importance in product manufacturing industry [3Mfich is unfortunate considering the
potential market opportunities that they could pdevo manufacturers. Current product
change strategies need an implementation plantiategy and an expanded application
scope to cover the key challenges in product rgdeglespite a small amount of research
efforts in engineering change field, all of thenghlight existing needs that support the

relevance of this thesis study.

1.2.5 Scope Limitations

The scope of product redesign and engineering eéhargnagement processes has been
discussed in preceding sections. In this study,estimitations are applied to its problem

scope to better refine its focus. This sectiomtended to detail out these limitations to
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avoid any confusion with the research work to besented later in this thesis. In brief,
they are derived based on aircraft redesign proocessidered engineering change types

and intended application capacity of the proposethodology.

First of all, the proposed method is tailored t@ft redesign process. Though for most
parts the procedures are similar to other produeg, their level of details and extent of
decision-making are adapted for products with subigh design complexity. For simple
products, decisions are usually made at their compblevel where the modification is
directly applied but for complex products such iasraft, involvement of many business
partners and suppliers makes it hard for their anmmanufacturers to always decide on
that detailed level. In view of this, aircraft retgn decisions are commonly made at its
subsystem level than its actual components. Itbeanoted that a typical aircraft system
design has millions of parts. The MD-11 commertiahsport aircraft, for instance, has
about 184,000 different parts for its numerous gsifesns [333]. In spite of the decision
complexity, it is important for main aircraft mamagturers to identify engineering change
effects that can propagate between major comporédriteir aircraft subsystem. Many
opportunities currently exist for innovation in djtyaand productivity aspects of aircraft
redesign practices [239], and accommodation ofdbrglition drives the construction of
steps in the proposed method. It should be not&dréguirements analysis procedure for
the aircraft redesign is not included in this stgdce the proposed method assumes that
this has been completed prior to its initiation &mel list of change initiating components
(and their proposed modification) has been suppbeghgineering teams responsible for
their implementation planning into the product. tRar narrowing of the research scope

due to this focus on aircraft redesign processsisugsed in next chapter.

Secondly, from the standpoint of engineering desgg@arch community, “redesign” can

have different meanings [68]. While the core of pnecedures remains similar, which is
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making changes to an existing product, their objecand time of execution can lead to
different interpretation. Three main types of regegprocess are defined based on their
handling time in the product lifecycle: during angl design, after original design period
or during reconstruction of original product [27The focused redesign problem in this
study is to take an existing aircraft design andlifyat to satisfy new requirements that
are imposed on its next derivative, which is relate the last redesign process category.
In contrast, the first category of redesign prodgssslated to the handling of engineering
changes during original aircraft development whiile second is associated with aircraft
modification during or after its original designshaade its way to manufacturing floor.
Hence for the interested redesign case in thisststsdy, the baseline aircraft design has
been well-defined and available degree of freedonthfe redesign process is constricted

by its existing flexibility. The rationale for thidecision is discussed as follows.

The shift in market environment has led to shordgoduct lifecycle [196] and this also
translates into a time decrease for manufactucet®mpetitively process their required
engineering changes [40, 250, 348]. It is impegativ successfully conclude the product
design projects on time to assure their financiability and long-term competitiveness
[113]. Despite such time pressure however, typgacatess lead time in reported product
change studies still vary between several weeks ytear, with value-added time as low
as 8.5% [48, 316]. In general, this long processimg is attributed to complex approval
process, scarce capacity and congestion, set-upbatnhing, organizational issues and
“snowballing” of change effects [321]. Despite #féorts of design researches that focus
on resolving intensive data requirements, high tomesumption, change data access and
impact prediction [165, 344], the same problem p8Fsist. This leads to a strong belief
that change process lead times can only be impridvegroper change implementation
planning is done upfront of the redesign develogrmpencess. In view of this notion, this

research is focused on supporting change procassdhurs during early redesign stages
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to highlight overlooked benefits of redesign chapt@ning. Based on “strategic design”
definition by Seepersad et al. [287], the propasetsign method can be described as a
marriage of strategic methods for leveraging amabtidg existing products, procedures
for assessing and infusing necessary design iniomgtand systematic evaluations for
comparing and selecting the best redesign plan graguortfolio of change alternatives.
Accordingly, this means that engineering changesidered in this study are those that
arise during conceptual and preliminary producesagh stages. It is not the focus of the
proposed method to handle changes like designfitetthat occur after the production

stage has started or while the aircraft is alreadyperation.

In addition, it is known that the form of enginegyichanges ranges from physical design
alteration to documentation update to software teasnce. From previous discussion of
available methods and tools, management of pradibmimentation has been covered in
the development of computer-based change suppmst wdile software maintenance has

been captured by researches in software managdmlentrhysical product changes, on

the other hand, are lacking proper focus in curckahge management process. Although
these various forms of changes are tackled sepgrtitey can be easily interconnected

to one another. For instance, each physical prochenige automatically signifies a need
to revise its related documentation [270]. Heneepttoposed redesign method is focused
on planning physical engineering changes andassimed that their information can be

routinely extended to the company’s product docuatem database.

Last but not least, most manufacturing companiepiaa customized engineering change
management process that is tailored to their orgdional needs and strategies. As stated
by O’'Donovan et al., the range of interests anavsiér product design process makes it
hard for a single method to capture various interasd practices [244]. Accordingly, the

key problem for commercially available computerdshshange support tools is typically
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linked to their generalized change procedure thatade to increase their applicability in
companies from diverse industrial backgrounds. Hawethis makes them unsuitable for
application in detailed product redesign procesgisB Aerospace developed their own
change management software because the requiatsdti refine available commercial
packages to suit their organizational needs areepexd as too taxing for them. Their
customized engineering change management packatgsdsibed in [190]. Taking this

into account, it makes more sense to develop thpgsed method in support of existing

change processes than as their total replacement.

While time delays caused by inefficiencies of agdpthange methods, tools or working
environment are difficult to improve without affexg the entire company’s organization,
change processing time can be minimized by elinmgadr reducing process iterations.
In previous Figure 6, engineering change itseifesative in nature as it goes through its
review and approval stages [7Lpch and Terwiesch offered a structural map ofpdeld

change process in actual product company in Figj8re

Arrival of an
officially
recognized ECO

Iteration if not approved

L]
4 : - C )
I Administrative [
v Vv approval 1
Generation of Simulation of new (accounting & finance) Approval and
~|—>| alternatives by > designs at Implementation —
! the engineers CAD level through purchasing
1 Engineering approval
: (project manager)
: \ | ECO Approval Process 4/
|
: Feedback on the Arrival of
—————————————— <— effectivenessof €— modified parts for €
Iteration if not effective the ECO prototypes
Resolved

Figure 13: Engineering Change Process Example [210]
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From Figure 13, change process require iteratidmswvthe proposed modification is not
approved for implementation or when the problenisremain after the product has been
modified. A proposed product modification is regatif it is assessed to be too risky and
remaining problems after modification are commahiye to misinterpreted requirements

or unaccounted change effects by the proposed ehaag [174].

A good change proposal helps to reduce procesttiderby ensuring a high possibility
that the requirements can be met by the proposstlpt modification and having all its
side effects pre-determined in its specificatiorgd®d change planning includes accurate
identification of its implementation tasks and effee allocation of available resources
[111]. As decision-making process is often the tleoeck” point in change management
procedure [316], availability of these details tselp smooth out the process. In fact, a lot
of time can be saved within overall product redesigvelopment if several competitive
change implementation options are simultaneousheiged. Instead of having to restart
redesign planning for each change process iteradomilable backup plans can be used

in cases when the first chosen plan is disappr{z48].

Thus far, it is apparent that the main potentiahndor improvement is to support present
change management process with means to generafgetitve change proposals. This
entails a good change implementation planningegisato screen out infeasible proposals
based on their possible impacts of change propag#ti85, 270] while complementing

the depth of product designers’ experiences [1h5]iew of this, the proposed method is
focused on supporting existing change managemeceps by aiding product designers

in generating good change proposal plans basedeimnrédesign objectives.
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Key note: Summarized scope limitations for this study asteli as follows:

1. The proposed methodology is tailored to the aitaeafesign process.

2. This study does not include change requirementlysiador the aircraft
redesign.

3. The application of the proposed methodology isridésl for the conceptual
or preliminary phases of the reconstruction of @stang baseline product.

4. The main focus on the proposed methodology is ldwenmg of the
physical product engineering changes.

5. The proposed methodology is intended to supporeximting formal
change management process by being an efficiengehdecision-making

aid to generate competitive change implementatiansp

1.3 Research Objectives

The urgent needs to improve product redesign psoeage been sufficiently established

and the scope of this study has been clarifiedéwipus section. In short, this research is

narrowed down to the formulation of an engineedhgnge planning method for product

redesign approach, which is applied prior to thBaition of formal engineering change

management process in the manufacturing compare/nidjor output from this method

is a set of engineering change proposals for arliydeéned initiating product changes.

It should be emphasized that the proposed methggaomeant to be a change decision-

making aid and not an automated change plan gemefdtis is amply summarized in the

following purpose statement for this thesis.

The purpose of this thesis is to develop a methoaaly that supports
decision-making process in product redesign througkefficient

engineering change implementation planning
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In corroboration with the above work intent, seVeegearch objectives are set up based
on current gaps in product redesign methods aneérlinthg characteristics of change
management process. It should be noted that tieesanch objectives are in parallel with
suggestions from several primary engineering chéitegatures such as Eckert, Pulm and

Jarratt [117], Rouibah and Caskey [270] and EcK&erkson and Zanker [115].

Research Objective 1Reduce risks of product redesign process by

incorporating changeability assessment on basdésgn in early stages

Research Objective 2improve identification of potential change effebts

incorporating analysis of direct and indirect chaipgopagation

Research Objective 3improve product change implementation planning by
aiding designers in defining appropriate changetswi space and supporting

their change decision-making process

Research Objective 4Reduce costs and time delays of product redesign

process by generating competitive change implertientproposals

1.4 Thesis Organization

Overall structure for this thesis documentatiodapicted in Figure 14. This first chapter
has built the case for relevance of this reseaycbexiplaining its motivation and pressing
industrial needs. In addition, the study scopeldeen outlined by defining its limitations
and research objectives that guides developmepriopiosed method. Chapter 2 describes
current aircraft redesign process that is the aeéfdcus of this thesis study. It discusses
the challenges in aircraft development processchvhirther shape required steps for the

proposed method. Chapter 3 reports upon extensgratlre review to identify available

39



tools and methods to close identified gaps in aftaedesign practices. Based on gained
knowledge, research questions and hypothesesifostiidy are presented in Chapter 4.
Proposed methodology to address research questiais described within this chapter,
along with an Excel-based computer program to supfsoapplication. Next, Chapter 5
explores research questions and hypotheses thtewggimplementation case studies of
notional aircraft redesign using proposed methdds Thesis concludes with Chapter 6,

which contains final discussion on this researchkvemd suggested future work.

Chapter 2 Chapter 3
Chapter_1 . - Challenges in Current Aircraft Literature Reviews on Current
Research Motivation Derivative Practices Methods and Tools

=)
. 2
=)

Chapter 4
Research Questions and Chapter 5
Hypotheses Notional Aircraft Redesign
Case Study for the Proposed
Proposed Methodology Methodology Evaluation
Development

L 2

Chapter 6
Conclusions and Future Work

Figure 14: Thesis Organization

1.5 Chapter Summary

The progressive shift of product marketplace towardustomer-driven environment has
increased its dynamics. In product manufacturimystry, this leads to changing mindset
from traditional mass production to mass custoromafThis is to cope with rising needs
for manufacturers to improve product’s quality, dtianality and features while reducing
its costs and shorten its time to market [318]niin@nce of product redesign approaches

and engineering changes is becoming more pronouitdesccommon to perceive present
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product development as a continuous change managgmueess [137], which involves
substantial redesigning and administrative efftnt can be reduced only if it is well-
managed [259]. Despite acknowledgement of themiognt effects on product success
today, potential for having a strategic redesigmping is still largely been ignored by

many manufacturers.

At present, redesign approach is focused on elitmigdate product changes or build-in
high design flexibility into original products tdsorb their expected future changes. This
is primarily due to attitudes of product enginesmsl design managers, who view changes
more as a problem rather than an opportunity tarewvg their product competitiveness.
As evident in many product development cases, exprrienced downstream engineers
cannot totally avoid late changes [337]. In additiohile many change implementation
proposals appear deceptively simple [109], theyaasociated with level of complexity
that influences their required amount of effortsl @nocess completion timeframe [112].
Available change methods and tools are limitediaadequate to deal with challenges of
dynamic market environment today. In several casdies, improperly planned redesign
changes have been shown to negatively affect theéupt development process [111] and
this strengthens the belief that current changegases are usually mismanaged. This
situation needs to be properly addressed sinceghatccess today is greatly dependent
on product’s time-to-market, price and quality, @thare significantly affected by a poor

redesign planning [242].

In particular, the main overlooked aspect of pradedesign process is the planning of
its proposed modification. As demonstrated in savacademic research works, notable
competitive benefits could be gained by manufacsuiiethey spent more time planning
their product’s initiating modification [76, 321IThis notion is the primary motivation for

this thesis work to develop a strategic producesegh methodology.
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CHAPTER 2

DERIVATIVE AIRCRAFT DEVELOPMENT

“An efficient control of engineering changes atdegelopment
stage is strategic for aircraft manufacturéers

- Riviere, Feru and Tollenaere (2003)

As stated in previous chapter, the focus of thiglgis on derivative aircraft development
process. This chapter is intended to offer esddmdigkground of current aircraft redesign
strategies. In the first section, eminence of aitaredesign practices and their relevance
to current market challenges are highlighted. Tafogircraft development process is also
described within this section. In the second sectimain challenges of aircraft redesign
process due to engineering changes are recogmziedssociated with identified areas of
improvement. This chapter concludes with the taitpiof steps for the proposed aircraft

redesign method based on gained knowledge so far.

2.1 Aircraft Development Practices

An aircraft is one of the most complex, technolbg@ged, engineered systems [141]. Its
design and development process is a daunting tas& & is not just a system performing
some specified functions but also a revenue gemei@t its operators: the airlines [220].
Very few product industries can match the volatibf aircraft industry where numerous
external factors can contribute to its market dyiwanSystems Engineering Application
Technical Committee in the International CouncilSystems Engineering (INCOSE) has
outlined five main external factors that contribtderards aircraft system environment as

illustrated in Figure 15.
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Figure 15: Primary Factors for Commercial Aircfaftvironment [15]

In general, commercial transport aircraft markegght into two main segments based on
design capacity. The first market sector correspandaircraft systems with more than
100-passenger capacity while the second accomnstiaise with less than that, which
are mostly business and regional types [266]. Airéd Boeing are currently the leading
aircraft manufacturers in the world and they haveaaket duopoly in the 100+ capacity
segment [319]. The second market segment, on ter band, is mostly being served by
various regional manufacturers [255]. For both rmadegments, derivative development
has been a prominent approach in aircraft manufagiuBetween 1980’s to late 1990’s,

only five original designs were introduced intog@rcommercial aircraft market. Boeing
produced their original B757, B767 and B777 aircvetiile Airbus had their A320 and

A330/340 designs [86]. As depicted in Figure 1@, narket during that time period was

filled with more than 20 derivative aircraft [86].
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Figure 16: Previous Aircraft Development Timeline

Over the last few decades, the aerospace markgrbgiessively changed. Many aircraft
manufacturers struggle to survive the market thaharacterized by drastically shortened
production cycle, intensified fierce global compen and increased product variety and
complexity [331]. The marketplace demands morearustation and this leads to more
engineering changes being introduced during dewedop process [267]. Because a new
aircraft development usually takes more than figary, it is highly infeasible to develop
individualized design for each customer airlineislimore common to exploit available
flexibility within existing aircraft designs to ingment the customized options. Based on
Utterback’s industrial innovation model, the cutraarospace industry can be considered
to be in specific phasewith well-established dominant designs, in whitlest market
opportunities exist in incremental improvementsead of revolutionary product designs

[239, 328].

2.1.1 The Significance of Aircraft Derivatives

According to Dassault Aviation, the twin businesslienges for aircraft manufacturers
today are to design and develop technologicalhsbicated aircraft with affordable cost
and in a shorter timeframe [50]. Due to high contioet in commercial aviation industry,
manufacturers are pressured to reduce their dirdeaielopment risks [262]. In view of
this, advantages of aircraft redesign approach ntakere favorable than building new

original aircraft. Besides cheaper and faster teelbp, derivative aircraft also feature an
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improved performance at a lower risk and their camatities to their predecessors can
help avoid significant increase in airlines’ mamdace and operational costs [86]. During
initial development plan for Boeing’s B747X pland®ir production cost was to be kept
down by reusing existing components and factoryingof B747-400 aircraft [58]. This
highlights potential savings of costs and resoubgederivative development. Moreover,
another attractive element of derivative aircraftieir design certification. Unlike a new
original aircraft design that is subject to rigasagafety requirements, derivative aircraft
could avoid such stringent certification processthidut major design changes that can
affect the safety level of its predecessor, it lsanefit from past certification of the latter.
Boeing B737-800 aircraft, for instance, can cagpya nine extra passengers than Airbus
A320 of similar operational class because of itsdpressor’'s exit doors and emergency

evacuation certification, although the latter colgblwith a higher safety standard [86].

In the meantime, new technologies are not the mogéaling factor to airlines [20, 87].
Due to high operational risk of air transportatimrsiness, airlines are more keen to have
high reliability of matured technologies than tgeawith extra risks of new ones [116].
This is evident from lukewarm market response gnaeted Airbus A320 aircraft, which
was seen as too revolutionary when it was firgbohiced into the market due to its fly-
by-wire (FBW) flight controls and composite stru@sl. It took almost two decades later
for these technologies to be fully accepted byniaeket [20]. This demonstrates that big
investment on new original design with too manyotationary technologies could also
be counter-productive and risky for aircraft mamtdigers. In contrast, airlines respond
better when technologies are progressively infuséa existing aircraft once they have
matured and accepted by mass market [89]. Plubpuitthe needs to demonstrate and
validate new technologies in their aircraft off@s$n manufacturers can avoid prolonging

their development program for as much as five eyas [240].
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As shown in Figure 17, Boeing has practiced incragadaupgrade strategy in their B737,
B747, B757 and B767 aircraft programs [258]. It b@observed that prevalent redesign
approaches in aircraft manufacturing are produatfgriming and family modeling [107],

both of which follow evolutionary or incrementalogress of existing designs [84].

In-flight
Entertainment
Systems

R _____

Airframes . .
’ P.E. Garts, Boeing Commercial Airplanes, April, 2001

1970 1980 1990 1995
(747-200) (757/767) (747-400) T77)

Figure 17: Relative System Upgrades on Boeing Aft¢d25]

In product platforming or module-based redesignraaghes, a derivative aircraft can be
developed by adding, removing or substituting aneore modules in its baseline design
[296]. Despite the changes, the redesigned airorafitly retains the basic architecture of
its baseline. Boeing has long practiced this ssatevhich is apparent by observing their
derivative aircraft series. For instance, evenraftere than 30 years of its first flight, the
original B737-100 aircraft design is still visihle its derivative B737-700 [127]. In each
derivative progression, new subsystem technologieoften phased in to extend design
applicability in newly-changed market environme8®,[316]. Overall, the key advantage
of this incremental derivative strategy is its @pito develop a perceptively new aircraft
in a shorter timeframe and with significantly reddefforts as compared to starting from
scratch. By upgrading aircraft subsystems with geawvlailable technologies, its market

relevance is prolonged and its competitivenessaimtained.
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On the other hand, in family modeling or scale-baselesign, architecture of each future
variant in the aircraft family is developed as akage within a single common baseline
[128]. It involves systematic planning of modulgrand commonality for physical and
functional aspects of each product family memb@i[1From airlines’ point of view, an
aircraft design is often measured by its capaaity nge [88, 266] and for that reason,
derivative aircraft family is developed by adjustihaseline design based on its range-
payload relationship. While keeping as much sulesystcommonality as possible with
other members of the aircraft family, payload cayaaf derivative aircraft is reduced to
increase its operational range and vice versa [B@s concept is illustrated in Figure 18.
It can be noted that most derivatives are oftenvddrthrough shortening or stretching of

their baseline aircraft [296].

L Seats

Increase maximum
take-off weight to
increase capacity at
constant range OR
to increase range at
constant capacity

Baseline _—» >
Design Point

Reduce capacity to increase
range OR reduce range to
increase capacity

Range

Figure 18: Development of Derivative Aircraft Fayi86]

Airbus has capitalized on this derivative strategyce their introduction into the large
commercial aircraft market. This approach enabltster development of wide range of
aircraft offerings, which greatly helped them tosepobroad range of the aircraft market

spectrum in shorter timeframe. As the latest magkétant at that time, this capability is
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instrumental for their survival against establislagdraft manufacturers like Boeing and
then-McDonnell Douglas [85]. Thus far, aircraft fities produced by Airbus are based
on three designs: Airbus A300 in early 1970’s (biasdor A300-600 and A310), Airbus

A320 in mid-1980’s (baseline for A318, A319, A32daA321) and Airbus A340/330 in

early 1990’s [85]. By using this family-orientedppach, Airbus is able to provide more
flexibility to their customers to switch orders fincone capacity module to another within
the same aircraft family until time of delivery Wwiut much cost penalties owing to their
inherent commonality features [303]. This is veppe@aling to airlines and a competitive

move that is not able to be effectively offereditigremental development approach [20].

It is important to note that this derivative states not based on an existing design. An
original aircraft design has to be developed asamrhaseline for future derivatives in a
family. This is usually perceived by airlines asisitaneous development of several new
aircraft instead of simple reuse of old design @ets and principles. Airbus has enjoyed
high interests that are typically associated witiwel aircraft developments for each of
their derivative markets by developing only one rimsgign. Nonetheless, this also means
that the process starts off like an original aiftcceevelopment and has relatively higher
risks and costs than step-by-step derivative agbr¢®8]. The ongoing development of
Airbus A350 can be used to demonstrate this camdiBy changing its plan from being
a direct incremental derivative of A330 aircraftaio original baseline design for eventual
A350-800 and A350-900 derivatives, its market emtag pushed back four years behind
initial market introduction of its rival: Boeing 7§90] and its total development cost is
projected to top $15 billion [223], which is siga#ntly higher as compared to a typical

incremental derivative.

To summarize, derivative strategy has a big rotaaficraft manufacturers in maintaining

their market competitiveness. Murman et al. predidhat derivative configurations will
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continue to dominate commercial aircraft systemeketgd239]. Both aircraft platforming
and family modeling strategies offer their own atteges that are relevant with current
market challenges, especially in coping with grayvdustomization trend where original
aircraft development is not a viable option. In ifdd, ability of aircraft manufacturers
to address change requests from customer airlmesdy as during negotiation process
is key to their market competitiveness [268]. Adstun Westland Helicopters revealed
that 10% to 15% of their helicopter redesign costsurred before the sales contract was
signed, which were generally spent on planning irequdesign changes and estimating
their full effects [81]. This puts further emphasis efficiency of redesign planning that
can only be achieved if the change management ggasexecuted in good synergy with

aircraft development process.

2.1.2 Aircraft Development Process

Aircraft design and development is unquestionablgiyy complex process. John Leahy,
the Airbus sales chief, echoed this sentiment wdolmmenting on production delays that
have affected both Airbus and Boeing companiefeir icurrent A380 and B787 aircraft
development, respectively [223]. The shift in aftmarket environment towards a more
customer-driven setting has forced a rethinking sesdructuring of its long-established
development process. In general, traditional araasign and development framework
(shown in Figure 19) has been adapted into a custaimven quality process in Figure
20. This shift is in parallel with other producdisstries, whererfianycompanies have

come to realize that the key to world-competitivedpcts lies in high-quality product

desigri [102]. Instead of sole focus on performances;rait manufacturers today has to
design for ‘affordability” where main challenges are associated with devednp costs

and manufacturing process [284].
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The scope of this study can be associated wittidbality in information and plannirig
phase in Figure 20, specificallgésign planning and specificatidngsks. Main output
from this phase is a documentation of planned despgcification [214], which is similar
to an engineering change proposal for redesigngssoclhough the framework in Figure
20 is focused on original development, aircraftesegn process can be perceived as its
subset due to their shared design and developragkd {33]. Many engineering changes

during original aircraft development occur befaie proposed design gets to production

50



floor [268]. For instance, amid their receivedicr#ms for proposed A350 aircraft design
as a direct derivative of A330, Airbus redesignieel dircraft before it was later approved
for development and production [24, 90]. It tooWwlaole year and at least four definition
reworks before the redesigned A350 proposal wasaseld [89]. This shows that redesign
process can occur during original aircraft desigd development process and is not only
limited to derivative development. Note that instkhiesis work, redesign process of “new

original aircraft” is termed together with deriwagiaircraft development.

Like other product industries, aircraft developmpriacess involves identification of its
requirements, listing of tasks to accomplish thekwand identification and allocation of
required resources for its successful executio@][22esign process of an aircraft system
prior to its production stages can be decompostxthree phases: conceptual design,
preliminary design and detailed design, which eaditionally executed in that sequential
order. In short, conceptual design results in aibda aircraft concept that is tailored to
the established driving requirements, which isnedi through higher fidelity analyses in
preliminary design before a complete specificai®iinalized in detailed design stage.
An example process is illustrated in Figure 21. Aimchallenge to design an aircraft is
its multi-disciplinary nature. This is charactedzey degrees of influences that one of its
design disciplines has on others, such as how geaodic lift and yaw moments drive
the sizing of horizontal stabilizer and rudder, efhin turn affect flight controls system
[262]. In his discussion on flight control systemvdlopment for Boeing B777 aircratft,
McWha acknowledged how interdependent aircraft ystess are and how crucial it is
to consider the overall system integration durisgdesign process [233]. The situation is
more problematic when early design decisions argendth very little hard information

about these interactions [62].
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Figure 21: Aircraft Design Process [262]

In Figure 22, while high level concept and requieets for main aircraft subsystems are
decided during conceptual stage or early prelinyirséep, their interactions are seriously
considered only during the detailed design staigthel early decisions are found to be
mismatched at this later point of development psscéhe aircraft design will be brought
back to its analysis stages once the required designges to remedy the situation have
been proposed. In general, this ‘top-down’ develepnstrategy puts enormous pressure
on designers’ ability to correctly conceptualizeailed aircraft design in the early stages

with very limited knowledge of its final subsystef34].

For products with high design complexity, it is@mmon practice to outsource some of
its development aspects to various sub-contractossippliers [71, 270]. Most aerospace
products today are produced by outsourcing as raach0% of their design elements to
different suppliers [130]. For instance, 70% ofi\ates in Airbus A380 development are

carried out by a network of sub-contractors thabines about 39 companies [31, 266].
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Figure 22: Boeing's Systems Design Environment [31]

Although this “work sharing” strategy reduces ri$tas primary aircraft manufacturers, it
results in a scrupulous change management prdtaispdses as another big challenge in
aircraft manufacturing [176]. Recent problems witkir suppliers during the production
phase have delayed Boeing B787 aircraft almost ddting behind its initial schedule
and Airbus has already lost almost six billion ddl of profits with production problems
of their A380 aircraft [224]. This highlights thesentiality of good coordination between

different parties involved. Table 2 lists out therhrchy of suppliers in aircraft industry.

Table 2: Categories of Companies in Aircraft Depetent Process [31, 266]

Category Description

Prime Main airframe manufacturers such as Boeing andusitbat
Contractors | are responsible for design and final aircraft Systetegration
System manufacturers that are responsible for desid
development of complete aircraft primary subsystems
Suppliers of main equipments for Tier 1 companieddvelop
Tier 2 Suppliers | primary subsystems — usually do not involve in egearch
and development activities
Supplier companies of low capacity that works witer 1 and
Tier 2 companies but not directly with prime cootoas

Tier 1 Suppliers

Tier 3 Suppliers
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To deal with these aircraft design and developrnssutes, several concurrent engineering
(CE) methods and techniques have been introducedtbe years [253]. The main goal
of CE approaches is to bring more design constdirdt are used to be considered later
to the early stages where conceptual decisionmade [105, 196]. This enables a better
coordination between aircraft design and its magtufeng process [155], and improves
the communication between various business pararetsuppliers [174, 316]. Potential
benefits offered by CE methods in aircraft redesign evident in Airbus A340-500/600
derivative development, in which an estimated rédacof 25% development time and
30% costs (equivalent to a saving of about 50 amlEuros) are reported in comparison
to basic A340 development [253, 266]. In relatiorehgineering changes, making good
decisions during conceptual stage is a significa@p towards eliminating the needs for
expensive late changes. CE approaches such asatewd’roduct/Process Development
(IPPD) have been demonstrated to reduce the anoblate design changes in aerospace

product development [227], as highlighted in Figge
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Figure 23: Comparison between Traditional Seriadi@®and IPPD Approaches [14]
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Although CE efforts improve early decision-makirrggess and enable smoother product
information flow [214], issues of design changegédy remain in aircraft development
process. They target efficient execution of desigd development process, which focus
on preventing or reducing emergent changes duedsidn-making or communication
errors [32], but they offer little help to aircrafesigners when it comes to actual change
implementation. In addition, many aircraft manufaets are more inclined to regard the
need for changes during their development cycla psoblem instead of an opportunity
for their product evolution [266]. This underlinge lack of appreciation for engineering
changes among aircraft manufacturers as their pat@mompetitive means. Despite this
negative attitude, manufacturers do concede thaffasient change management during
their development process is an issue that inflegticeir product and organization [268].
Boeing, for instance, encountered a necessaryiggdega critical part in B787 aircraft
when it was already on the assembly line [224]sTian exemplary case to demonstrate
that engineering changes still occur even withagyglication of CE methods. Without the
backing of a proper redesign strategy and suppoct) process can prolong development
downtime that cannot be afforded by aircraft maotufieers. In the case of Boeing B787,
its wing redesign forced a month-long downtime tbast some of its competitiveness

against rival Airbus A350 aircraft [29].

Several industrial standards related to engineetirajnge management that are relevant
to aircraft manufacturing including ISO 10007, R&RO 00023, MIL-HDBK-61B and
ANSI/EIA 649 [273] only offer generic change prosesitlines. None of them suggests
any change impact analysis methods despite emphgsie importance of such process
[273]. Robert Goussault, the Vice President of imfation Systems Division at Dassault
Aviation, commented:When a modification is made, the impact on thegiebas to be
considered very quickly. You have to be able toenth& design changes in days rather

than weeks, and in weeks rather than mdnih8]. From this statement, the challenges
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of engineering changes in aircraft redesign proaeslosely related to the efficiency of
manufacturers in identifying causes of change aatbating its impacts on their product,

process and organization [267].

2.2 Engineering Change Challenges in Aircraft Redesign Process

Redesign process of complex products is rarelygstifarward and is highly susceptible
to problems of change propagation [79]. For onesa&gh case in Westland Helicopters
Company, initial design changes to add a forwaotilny infrared radar (FLIR) turret on
their helicopter design ended up causing modificetito its avionics, fuselage structure
and nose cap, power supply, cabling and piping. [B&]date, several studies have been
done to identify causing factors of design changeserospace industry, such as Riviere
for commercial aircraft development [266] and Hsalefor military aerospace programs
[164]. Among identified change factors in the apex® industry are listed as follows:

» Changes in market needs and product requirements

* Interactions between simultaneous development progor phases

» Identification of product flaws due to design esror

» Advancement of new technologies and obsolescencerdnt ones

» Changes in governing regulations

» Changes in business strategies or scheduling

The presence of engineering changes in aircrafeldpment for both commercial and
military applications should always be expectedarkdon et al. stressed the importance
of a good change management procedure for compbebupts due to the high magnitude
of their change effects. Interviewed engineers iast¥and Helicopters commented that
each kilogram of additional weight from implementesign changes cost them almost

$25,000 and unexpected late changes in their lpgécoedesign averagely cost as much
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as five times higher than if they were handled miyearly stages [81]. The fact that most
engineering changes in aircraft derivative develepinare initiated during early redesign
phases should have been to the manufacturers’ &g With available information
about its baseline aircraft design, a good redesigategy can help to assess proposed
change effects and provide market advantages tafacarers by eliminating necessary
reworks in later stages. But in current aerospadastry, these design changes are often
linked to negative performance effects, prolongedetbpment activities and significant
cost increments, which can be blamed on lack a€ieffcy and responsiveness of many
aerospace companies in their change handling pd2€3]. Clarkson et al. stated that
current industry lacks a clear approach in predictind representing change propagation
phenomenon, and is too dependent on product exgerteanually minimize its effects

[79].

There is no doubt that the advancement of airstafsystems for commercial transport is
outpacing the changes made at its system level [£4rning from Boeing’s problems in
their B787 production, Airbus recognized the impade of efficient change handling at
subsystems level by enabling more times and desigiivement to their sub-contractors
before production of their A350 aircraft is star{f@@4]. If any subsystem deviates from
its initial specifications, proper assessment @fnge effects propagation has to be made
to identify other affected subsystems. The potéttiancrease the efficiency of change
management for aircraft redesign process lies mamntapturing overall change effects
propagation at subsystems level. But with curréop-down’ subsystems development
approach, many system engineers find it difficalptedict how their proposed change
effects can propagate to other subsystems and atheat required modifications should

be expected [229].
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2.2.1 “Top-Down” Aircraft Subsystems Development

An overview of aircraft development process issthated in Figure 24. As depicted in
the figure, aircraft subsystems development starte the overall aircraft system concept
is chosen but before its complete specificatioteiailed out. This is one of the accepted
traditional rules for a good aircraft developmealigy, which is to provide a clear idea to
contractors about the expected role of their subsays without specifying in details how
they must look and perform [153]. However, it igapent that simultaneous subsystems
development by various subcontractors will chaleetige precision of task division made

by aircraft manufacturers [266].

Within competitive concurrent design engineering aevelopment environment today,
aircraft manufacturers make early outsourcing deassof their subsystems development
to distribute risks and costs, and to garner tls bentractors’ skills and competencies to
their advantages [284]. Because aircraft subsystihbe independently developed and
optimized according to specifications in their teiclal and contractual definition [63], it
is important for aircraft manufacturers to thorolygtonsider the effects of any proposed
redesign before providing such details to theingtested sub-contractors and suppliers.
Although initial contract definition often speciéigreliminary installation space volumes
and expected subsystem performances, it is ndtranth later that the actual details can
be finalized by sub-contractors through their owstsm development process [266]. If
there is a deviation from initial concept, manuiaets have to assess subsequent impacts
and update other affected subsystem contractoesfailure to efficiently do so may lead
to expensive reworks during final assembly. Deseymorks for Boeing B787 aircraft on
its assembly line have delayed its market launchlimost 14 months [29] and increased
Boeing’s research and development spending to althose billion dollars to keep the
program on track [106]. Such negative effects habey impact on manufacturers’ image

and their market competitiveness.
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Table 3: Aircraft Development Process Milestone&igtus [266]

Milestone Summarized Description

MO to M2 » Identification of market needs for a new aircrasign
» Selection and optimization of design conceptslierinitial

ML configuration of the new aircraft
M4 to M5 » Definition of task sharing for the aircraft subsyss sub-
contractors
* Finalization of the aircraft design specificatiarsd cost-
M5 to M7 performance analysis for development “go aheadt@amd

* Contract finalization with the launched customelirses
M7 to M8 » Initialization of the aircraft manufacturing proses

M8 toM11 | ° Manufacturing of the aircraft components, finalexsbly
and testing

M11to M13 |« Flight test and aircraft certification

An example of task overview for aircraft manufaetgrin overseeing their subsystems

development process is illustrated in Figure 25.

/ P2: Specify P3: Specify Equipment
Requirements or Pseudo- | Develop, verify the |
and Design ¥ Equipment § equ\pmpent * L =
System Requirements O
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Ly ‘ P15- Manage the Project I_. Responsibility
\ L ‘ P16: Capitalise and Reuse Experience /

Figure 25: Overview of Subsystem Development Poaedirbus [33]

High design complexity of an aircraft indicatesttha parts are interdependent such that
a modification on one part may affect others [43].have a better depiction of proposed
change effects on one subsystem to another, thesériks must be identified. However,

common “top-down” development approach in whichsystems design is determined
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by target aircraft performances often ignores agdbacks to system level and hence to
other subsystems [229]. During initial conceptuasign, subsystems are assumed to be
able to accomplish any operational requirementsdh@aimposed on them by decisions
made at aircraft system level without creating rm@nstraints themselves [229, 262] but
no such guarantee exists. There is a clear dahgedécisions are made solely based on
top system level metrics [181] and mismatches betwsibsystems will induce several
reworks in later development stages. For instaridee redesigned aircraft subsystems
are aimed to be more electrical-based, then highpacity electrical generators may be
required. However, installation of these generatoay require a bigger volumetric space
than initially prescribed, which imposes modificatito airframe structure. Traditionally,
system designers only hope that additive effectsubkystems integration will not affect
overall aircraft requirements and performance goatsl falls within design tolerances
that are incorporated in initial design specifioat [63]. However, as reported in many
product development projects, there ameahy storieson how a seemingly innocuous

change blossomed into a series of costly imp2e].

Unlike original aircraft development that is starfeom scratch, aircraft redesign process
has the luxury of more detailed information avd#atn its baseline design specification.
Instead of just hoping for everything to fall imtaces, aircraft system designers can use
this knowledge to track and estimate change impaater in the process or to predict
possible reworks due to their redesign plan. Subeys interdependencies require that
any proposed redesign plans to consider them samediusly to avoid arédesign chain
reactiori [243]. Proper understanding of feedback and cmgssystem constraints can
prevent costly changes late in the design procedgeovide guidance in the evaluation

of architecture alternatives [229].
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2.2.2 A Better Aircraft Redesign Planning

So far, it has been argued that problems with exgging changes during aircraft redesign
process can be attributed to lack of considerdtomterrelationships that exist between
its different subsystems. With as many as two amblii parts in each aircraft design, their
coordination could not be any more important [258sed on an empirical case study of
Trent 800 aircraft engine at Rolls Royce, systenaittire of interactions between its sub-
components has been shown to complicate overaladtirdesign process. Instead of just
“requirements pass dowrdevelopment of this subsystem imposdsfinitions pass up

flow that can possibly lead to a few large-scalsteay redesigns [243]. This underlines
the needs for sufficient knowledge regarding basesubsystems interconnection before

proposing any design changes to it.

To further emphasize this matter, observations niad&estland Helicopters, the world
leader in rotorcraft design, are listed as follg\@]f
» Designers often fail to realize how their designisiens will affect others
» Several knock-on changes occur during redesigregsyeesulting in changes
typically no more than 4 steps removed from thgahchange
» Estimates of total unexpected changes ranged fébno350% of total amount

of modifications made in each redesign case

Without any change management aids, the respagilsileft on designers to manually

plan product redesigns. In most companies, thenditanslates into tremendous reliance
on senior design staffs to remember all past cheaagd to be able to mentally track them
quickly when required [176]. Under market enviromin&day, demands and pressures
on designers to reduce lead times and to avoidycastision are considerably increased
[47, 304]. In many observed cases, they oftentéaiecognize the complete insinuations

of their proposed changes, particularly in casesomfplex products [38, 142]. Typical
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aircraft system has tens of thousands differenisghat support hundreds of its diverse
functions and they are integrated in various wags treate millions of potential change
critical interconnections [185]. It is rather imgdde to thoroughly understand such high
system complexity and manually identify full enggn@g change effects on its elements,
which are difficult to envisage once they crossrmaries between various subsystems
[247]. In addition, it is rare for designers to badetailed knowledge about the complete
product apart from the portion that they are respgme of [115]. This ultimately leads to
situations where change process is executed withiager planning of their complete

impacts [120, 259].

Aircraft redesign process can greatly benefit friby@ consolidation and reuse of design
knowledge of its baseline [38]. This is acknowledige the development of Memory for
Initial Design of Aircraft Subsystems (MIDAS) toathich is intended to support design
process of utility subsystems during early aircd&tvelopment [105]. Though no further
indication is available in the literature to suggésit this tool has been completed for full
aircraft system design application; its conceptpsus that subsystems interconnections
play a big role in aircraft redesign. Overall, alvs¢ions of redesign challenges in aircraft
manufacturing with regards to the potential ardasnprovements identified in previous

chapter are listed in Table 4.

It can be concluded that current aircraft redegigitess shares similar lack of emphasis
and strategy regarding management of engineeriagges with other product industries.
Although redesigning an existing product is usuplyceived as a less challenging effort
than developing an original product design, itscoate is no less important in securing
market competitiveness for manufacturers. In emvirent of massive product adaptation
today, it is very beneficial for manufacturers vl a viable redesign strategy that can be

improved through design process researches [78Hiflanal methods of prevention and
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early prediction of design engineering changesateenough to provide the best market
competitiveness for manufacturers. Instead, thgitieation needs to be augmented with
an efficient change implementation strategy [26#xt section discusses development of

the proposed aircraft redesign method.

Table 4: Challenges of Engineering Changes in Aftdderivative Development

Area of Improvement Observation in Aircraft Industry

A good baseline for product redesign h
high-quality change characteristics wit
respect to the proposed modification

Common choice of aircraft baseline is
made based on closest performances
target requirements and no serious
consideration is made regarding its
change effectiveness

A strategic redesign planning process

helps manufacturers to gain offered

change benefits without the penalty of
effects

Engineering changes encountered in
aircraft development are often treated |
“as necessary” manner and as a resu|
their effects have been mostly negativ

Change support methods and tools shg
be equipped with capabilities to guide
designers in making the strategically b¢
change implementation decision

to

n
t,

e

Most change management methods and

tools that have been used in aircraft

development process are more focused on

data networking between various busin
partners but no redesign decision-mak
support is offered

2.3 Building a Methodology

ess
ng

The first step in constructing the proposed stiatagcraft redesign method is to identify

available methods and tools that, when modifiedised together, can effectively form

the foundation for a better method. Based on sihthe-art capabilities and potential

areas of improvement recognized from previous ofagiens in aircraft manufacturing

industries, the application gaps between currerthoas and research objectives for this

thesis study can be identified. This knowledge gsithe formulation of steps for a better

aircraft redesign process.
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Research objectives outlined in previous chapteicaie that resultant change proposals
from the proposed methodology should not only dangagood redesign plan but they
also have to be planned in a way that suits theiregents of formal change process in
the company. Therefore, this initial review is feed on extracting the main essences of
process workflow in available product redesign @hdnge management frameworks.
Methods that are identified and discussed herésdesl as follows:
1. Collaborative Management of Engineering Changes-g&D)
. Parameter-based Engineering Change Management
. Change Process Planning

2
3
4. Reverse Engineering and Redesign Methodology
5. “Anchoring and Adjustment” Redesign Strategy

6

. “Design for Assembly”-based Product Redesign Appinoa

2.3.1 Collaborative Management of Engineering Changes (CM-EC)

For complex products such as aircraft, the goodok#iseir documentation is associated
with that of adopted configuration management sydtg their manufacturers. In view of
this situation for aircraft development procesgsji@e proposed a methodology known as
Collaborative Management of Engineering Changes-g&DJ that effectively combines
product configuration management and engineeriag@h management processes [266].
However, instead of developing new change methodisads to enhance its management
process, this framework is more focused on impmyglobal performance of the aircraft
development process [267]. Its emphasis is onieffiadata communication between all
business partners, which is one of the key detemmgnfor success or failure in a product
development project [218]. In other words, its @ingoal is to construct a cooperative
environment for engineering change management gsosere everyone involved can

access updated product information, share resasts,use incorporated change analysis
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methods or tools to investigate change impactsdemide product change solution [268].
By accomplishing this, manufacturers’ responsivenegrocessing their product change
requests is enhanced and its implementation prazsbe executed more efficiently by

providing full control to configuration managers.

CM-EC process framework is shown in Figure 26, Whgconstructed based on studies
in automotive and aeronautics industries. It igd#d into three stages: change proposal,
change investigation and change embodiment. Thigcappn of the proposed method in

this thesis study fits into the change proposal sibere change pre-feasibility studies are

done for implementation planning analysis.

Engineering Stage 1: Engineering
Change ‘ ‘ Engineering Change Initialization‘ Change Proposal
Requests

ECR Initialized
v

‘ Engineering Change Pre-Feasibility Studi)es

J Engineering Change Proposal Stage 2: Engineering

- ! — 1 Change Investigation
’ Engineering Change Impacts and Feasibility Studl)es

Potential Solution Defined
v
‘ Selection and Solution Definitioﬁ1

Solutionto be Implemented Stage 3: Engineering

and Potential Impacts Change Embodiment

J Assessed ECO Released

‘ Associated Documentation Updat*es

4' Documentation Updated

’ New Solution Notification ‘

4' New Solution Notified

Solution Implemented
‘ New Solution Embodimenk ) and NotifiF:ed, and
Documentation Up dated

Figure 26: Collaborative Management of Engineefimgnge$267]
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An aspect of this framework that can be used torawg general change process is its
proposed typology of interconnectivities to trackgmtial change propagation, which is
listed as follows [268]:
» Association links—progression of components’ description throughout
different stages of product lifecycle
* Interface links — closeness of two components in a product systerh as
their positioning, geometry and assembly process
* Dimensioning links— component property that affects definition obter
such as how pipe design diameter is influencedumypdelivery rate
» Organization links — works shared by different business partnersodyct

development process

To summarize, CM-EC framework is aimed to imprdwe ¢fficiency of redesign process
execution by creating a collaborative environmehere change process can be executed
with better data exchange and control. Howevegpidication is tailored to conventional
change strategies such as change front-loading@aveéntion that limits the inclusion of
strategic planning for change implementation [2@8]analysis measures also provide no
insight on how the change process is best apprdaabart from evaluating its execution
efficiency. While its suggested typology of intemoectivities covers aspects of product
and process that can be affected by accommodatiemgineering changes, no method or
tool to improve and support the analysis is dedadlat. Change impact analysis process
within this framework is restricted by capabilitieexisting PLM or PDM systems and
experiences of product engineers, which lacks guuedor its decision-making process
regarding change implementation [120, 199]. CM-ES0 @oes not support simultaneous
change propagation analysis [265]. On the wholenthin advantages and disadvantages

of this method based on research objectives desllia Table 5.
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Table 5: Advantages and Disadvantages of CM-EC

* Improve overall efficiency of chang({ « Lack emphasis on improving
management process execution redesign planning process
through better product data * Lack emphasis on improving and
exchanges supporting change impact analysis

» Assist prediction of change » Do not support baseline assessment
propagation paths through suggestl « Do not support simultaneous changes
typology of interconnectivities planning

2.3.2 Parameter-based Engineering Change Management

Rouibah and Caskey proposed a collaborative charagmgement framework known as
Parameter-based Engineering Change ManagemenkeldiM-EC, this method is more

focused on product change management instead oflbpeocess efficiency. The main

aspect of this framework is its product design peater, which is defined as a particular
circumstance of design variable in a given engingesituation [270]. It can be used to
describe the dimensions of product components dsag/¢heir forces and movements. In
reference to typology of interconnectivities in B\, this parameter is a combination of
interface and dimensioning links. Since most deassiin a collaborative design process
are usually made at this parameter level, it besotine best platform for cross-company

communication and linking of processes, peoplemnduct items [270].

The outline of this method is depicted in Figure B7short, it starts with identification of

required product changes that are mapped to tffeotad product parameters. Based on
defined parameter interrelation or network infonimat other affected parameters through
propagated change effects can be traced. Thesmgi@rs are referred to their physical

components and documentation, and all personnesagtontractors who are involved
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in the product changes implementation are ideutifiased on this information. Detailed

description on how to derive the parameter netvi®ekplained in [270].

" Persons Parameters Product Documents
Definition of s ey
Required Design {User categories) {Network)
Changes ‘ ,

\ @’ 5
l | el
Identification of
Parameters to
be Changed
Identification of
All Change

Impacts

l
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e b Biuo @
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l workflow participants

Record for Process
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References Eﬁi’ﬂ Main Contractor | | Sub-Uontracior A w774 Sub-Loniracior B Eia Siib-Contractor C

Figure 27: Parameter-based Engineering Change Mamag [270]

This collaborative, multi-company change managerframework is developed based on
concurrent engineering concept. It emphasizes amramication supports, collaborative
involvement in change process, consensus in deggsions and management of change
impacts [265, 270]. The latter criterion is the mdriver behind parameter-based change
propagation technique in this method. While it kelp distinguish possible propagation
paths of the initial change effects, the overatigasss relies heavily on the experiences of
decision makers and lacks strategic redesign a@ecrsiaking support. Decision is made
based on parameter values that depend on a congadr@iween various users, which is
subject to biasness of their expertise or pastrexpees [265]. Furthermore, the inclusion
of product attributes or parameters is totally dselamt on user judgment and this creates
modeling problems for complex product systems [28Bere has to be a proper scheme
to balance the product model and the efficiencitgso€hange process. Overall, the main
advantages and disadvantages of this method basessearch objectives are tabulated

in Table 6.
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Table 6: Advantages and Disadvantages of Pararhaterd Change Management

Advantages Disadvantages

* Improve overall efficiency of * Lack emphasis on improving
change management process redesign planning process
execution through better product |« Lack emphasis on improving and
data exchanges supporting change impact analysis

» Assist prediction of change » Do not support baseline assessment
propagation paths through + Do not support simultaneous
parameter-based tracking changes planning

2.3.3 Change Process Planning

Realizing that most available engineering changgasrt methods and tools often ignore
interconnections between a product and its devetopiprocess, Eger et al. proposed an
integrated design framework for planning produaraes. They suggested that a proper
planning method to guide product redesign procasst mave following criteria [120]:
» All design tasks involved in change implementaioocess must be
considered during its planning
* Product designer must be aided in deriving the tleshge implementation
plan, which is based on level of impacts for déferalternative plans
» Resultant plan should provide estimates of incuwertkload, cost and time
delays that are associated with it, taking intaaot also possible indirect

and propagated change effects

The representation of this planning framework lisstrated in Figure 28. It is comprised
of four main stages: initial analysis, case analysolution space and task analysis. The
first task is to construct a baseline product modkls involves identification of existing
interconnections between baseline design partghndrie then assigned with an estimate

of their change propagation risks. Next, drivinguieements are translated into possible
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product modifications to satisfy them. Using inf@tmon in the product model, the list of
alternatives is screened out according to changpagation risks from directly affected
parts. The decision to keep or discard implemearigtian options depends on designer’s
experience but the provided mapping of intercorniaastshould be able to assist them in
identifying possible propagation paths that theghhbtherwise overlook. This is helpful
when dealing with very complex architectures. Hinamplementation tasks outline for
each change alternative plan is generated andesterédesign plan is chosen according

to their associated risks.

Method input Qriginal product New product requirements Generic tasks Constraints
Method execution v ' lterate through alternatives
1. Initial analysis v
2. Case analysis v

3. Solution space
Create Select change . 4. Task analysis

product model

v

Complete
dependency matrices

v

Compute
predictive matrices

alternatives

Identify
initiating changes

Identify
resulting tasks

Identify relevant
generic tasks

'

Create task map by
combining specific
and generic tasks

Impose constraints
on task map

Seek implementation
alternatives

Find “best” policy

v

v

= =

Method output

Task Name | Inputs_|Cutputs

Modified product

oan oo

Product risk matrix

Specific task list

Task map

Figure 28: General Change Process Planning [120]

Though this process framework is well-structureditbdesigners in planning for change
implementation, methods and tools to be appliecetmh of its steps are still essentially
under development [120]. Development of this framawis heavily tailored to Change
Prediction Method (CPM) [273], which is discussadnext chapter. Due to its infancy
state, some aspects of this framework need furéfarements to improve its capability.
For its case analysis in particular, a high relearecplaced on designer’s experiences to
accept or discard prospective change implementati@ms. This is one of the identified

problems for current change methods and tools. Evengh it eases designer’s task by
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identifying potential change effects, there isl tineed for guidance in making change
implementation decision because designers oftea momplete knowledge about their
overall product system [80, 115]. Therefore, tligcisions are biased towards what they
know instead of the overall best. Provision of apger reference can avoid inefficient or

improper decisions for change alternative planning.

Furthermore, while the main idea behind the pursiiihis method recognizes the effects
of engineering changes on product design, thenasée be no formal consideration on

its performance impacts. This is another lackingeas of current change methods and
tools, which focus on process management issuedisnaigard the effects on redesigned
product’s capabilities [116]. In addition to thedledge of which components that have
to be modified and the processes to realize theange effects on product performances
are an important consideration as they dictatabifty to accomplish both its new and

existing operational requirements [176]. The onoiss0f a formal emphasis on this can

be seen as the main deficiency of this methodrtkats to be resolved. On the whole, the
main advantages and disadvantages of this metrsmtilan outlined research objectives

are tabulated in Table 7.

Table 7: Advantages and Disadvantages of ChangmiR@Process

Advantages Disadvantages

* Provide a structured workflow for | ¢ Lack emphasis on strategic redesign
redesign planning process decision-making

* Provide a structured means to trac « Lack emphasis on change impact
change propagation and analyze it analysis regarding product
impacts on product development performances
process * Do not support baseline assessment

* Do not support simultaneous
changes planning
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2.3.4 Reverse Engineering and Redesigh Methodology

From main perspective of redesign practice, basegdmoduct information offers a good
basis to decide on potential path of its evoluteither it should be approached from its
configuration, subsystem, component or paramegxiell[249]. This is useful for change
decision-making procedure, particularly in plannamgd analyzing change impacts on a
product and its process. A general design methodefeerse engineering and product

redesign is proposed by Otto and Wood [248], wisdalkepicted in Figure 29.

Investigation, Prediction
& Hypothesis

l Reverse Engineering

Product Functions
& Forms

| Design Models |

l Modeling & Analysis
| Design Analysis | '
o] :
A 4 A A 4
‘ Parametric Redesign | | Adaptive Redesign | | Original Redesign | } Redesign

Figure 29: Reverse Engineering and Redesign Methgy$248]

This method highlights the fundamental steps toetstdnd and represent a product prior
to its redesign consideration [249]. It consistshwée major phases: reverse engineering,
modeling and analysis, and redesign. Although mogeipproaches for product system
often involve construction of mathematical-basegloysic-based relationships, they are
not always applicable or relevant for redesign pssc This condition is indicated by the
dashed line in Figure 29. In redesign planningaidaptive and original product variants,
it requires qualitative knowledge about product position to identify affected parts or
subsystems. Mathematical-based relationships areatly used for parametric redesign,

where existing product design is modified based@®aptimization process.
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This redesign framework offers a structured apgrdacguide designers in planning for
their product variants, which is highly favored oee-hoc approaches within educational
and industry settings [68]. Application of reveesggineering process to extract necessary
information about baseline product underlines thpdrtance to have an accurate product
system representation while making redesign dewsiblowever, it can be implied that
execution of this method on complex products demmastly physical experiments and
takes a long time to be completed. To obtain reguinformation for creating baseline
product model, this method requires the actual gecbtb be disassembled and analyzed.
In addition, baseline parametric model is develoffgdugh a manual “trial-and-error”
process known as Subtract-and-Operate (SOP) [208], Zhe high extent of manual
processes in this method makes it unsuitable fomptex product systems [247]. There is
also no mention of a strategy to handle engineeariramnges during redesign process. This
is a common paucity of available product redesigrthmdologies, which typically treat

required modifications as a straight-forward desigplementation problem.

All in all, the main advantages and disadvantadeahis methodology based on outlined

research objectives are tabulated in Table 8.

Table 8: Advantages and Disadvantages of Revergmé&aring & Redesign Method

Advantages Disadvantages

* Provide basic workflow for redesig| ¢ Lack emphasis on strategic redesign

process planning
* Support change impact analysis off * Lack emphasis on change
product performances through propagation analysis
manual experimentation » Do not support baseline assessment

* Do not support simultaneous
changes planning
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2.3.5 “Anchoring and Adjustment” Redesignh Process

Dixon and Colton suggested that many product rgdesases have been executed in an
ad-hoc manner because no universal guidance ifablato designers [104]. Based on
their “anchoring and adjustment” process modely th®posed a redesign management
strategy that was aimed to understand and managmamner designers approach their
product redesign problems [68]. In general, itaseloped to capture the common human
reasoning and judgment heuristics that dictatesvineexisting product is redesigned for
new requirements. The “anchoring and adjustmenttibgc relates to the approximation
of redesign solution based on closely similar peabthat has already been solved in the

past [104]. The illustration of this redesign st is shown in Figure 30.

Develop Problem
Statementbased on

Adjust Solution
Customer Needs

l Select Level of
Adjustmentfrom Plan
Assemble “Anchor”
l Update “deltaSpecs” T
Define “deltaSpecs” l Calculate and Check
[target specification— “jump metrics”

current performance]
| Check NO

“deltaSpecs”

lYES

Detail the Derived Solution

Figure 30: “Anchoring and Adjustment” Redesign Fsx:[104]

In short, the process starts with identificatiordesign change needs. Next, an “anchor”
is selected to approximate the redesign soluticedan its proximity to the real problem
in hand. Alternatively said, the “anchor” is ane@dy resolved design problem in the past
that has similar characteristics to the currenbjenm. An evaluation metric, “deltaSpecs”
is defined to measure relative improvements madterestimated solution towards the
perceived actual solution. Adjustment to the soluiis made iteratively and the value of

“deltaSpecs” is re-calculated. Another metric, “umetric” is defined to determine if a
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big “jump” in change or adjustment level is necegsehen no significant improvement
to the value of “deltaSpecs” is recorded. This psscis continued until the “deltaSpecs”
value is 0 or falls within a specified tolerancega, or when the value of “jump metric”

exceeds the prescribed stopping criterion.

The selection of appropriate “anchor” mimics thepbasis on choice of baseline design.
While this method provides a clear workflow for guat redesign approach, designers
still have to manually generate the adjustmentldimerefore, the success or failure of
the redesign development highly depends on thealutity to create appropriate change
plans based on their experiences [68]. This stnatioes not improve the pressure that
designers currently have to endure in planningHeir product redesign or aid them from
making errors in their decision-making. Furthermaaplication of this method seems to
be designated for one modification per run by faoy®n one target performance metric.
As argued before, there are often multiple initlhhnges that need to be simultaneously

considered in real product development cases be¢has impacts are interrelated.

In summary, the advantages and disadvantagessofettiesign method based on research

objectives are tabulated in Table 9.

Table 9: Advantages and Disadvantages of “Anchaigljustment” Redesign

Advantages Disadvantages

e Provide a structured redesign « Lack emphasis on strategic change
process based on target specificat planning

* Support impact analysis on a pre- | « Do not support change propagation
determined target metric analysis

e Lack detailed emphasis on change
impact analysis

* Do not support simultaneous
changes planning

e Do not support baseline assessment
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2.3.6 “Design for Assembly”-based Product Redesign Approach (DBPRA)

Design for assembly (DFA) methodologies are weatbgnized in product manufacturing
industries, which are developed to bring forwaglies regarding assembly operations to
early product design stages [150]. Despite prowarehts of DFA methods in increasing
manufacturer's competitiveness by reducing partagcaimplifying product structure and
improving reliability of their new original desigievelopment; little attention has been
made to apply its scheme to product redesign dd&3].[Realizing the potential from this
overlooked viewpoint, Hsu and Lin proposed a prodadesign method that essentially
combines functional analysis and design for assgifibFA) assessment. The method is
called design for assembly-based product redegpgnoach (DBPRA), which is shown

in Figure 31.

| Identify Constraints |

|

| Identify Problems [€

!

Identify Affected
Functional Areas

\ 4
Identify Design
Interrelationships

Select the Next Modify Product to
Ranked Affected Solve Remaining
Functional Area Problem

\ 4
\ 4

\ 4
Select the Highest
Ranked Affected
Functional Area

!

Modify Product to
Solve Problem
A

Finished
Modifying All

Functional YES
Areas?

New Design
Acceptable?

NO

NO

| Detail Redesign Plan |
Figure 31: Redesign Procedure in DBPRA [163]

The process starts when market requirements imgasedification on existing product

design. Based on that, potential assembly probtéatscould result from the change are
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identified. Next, necessary constraints and redetsggets are outlined to govern design
solutions. The existing product is analyzed throfigictional analysis and all functional
areas that are affected by redesign process améfidd. After that, the product design is
further examined to extract all physical relatiapshthat exist between its parts such as
its underlying interface networks. Once this iset@ined, the redesign process is ready
to be executed. Functional area that is affectedntiost is selected first and necessary
product design changes to resolve it are derivedt,Nhe second-ranked functional area
is considered and resolved, and this cycle is naetl until all affected functional areas
have been resolved. Remaining redesign probleras thtt, which are not related to any
product functional areas, are later consideredsaimed. Finally, the modified product is
assessed to see whether all problems have bedueast not, the process is reiterated

until there is no redesign problem left.

This methodology introduces a structured workflawhmw a redesign problem could be
approached. Its application assists product desgnedentifying promising adaptation
plans for “local changes” (component parametriongjes) and “global changes” (system
level functions) [163]. Another aspect that is Higihted by this method is the ranking of
initial changes to be executed. Since differentiregnents can affect similar components
in conflicting manner, the ranking will determindnieh of them has a priority over the
others. Nonetheless, its high dependence on DF&nseltonstricts the identified change
problems to only assembly-related issues [68]his mmethod, change problems have to
be translated into their potential assembly-relassde, which reduces the transparency
of the problem and increases the potential to ow&rinterrelationship between initiating
change problems. Furthermore, the core assumptimotional independence between
product’s functional areas can overlook many imeted change effects that should have

been simultaneously considered during product rgdgsanning.
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All in all, the advantages and disadvantages & tbdesign method based on research

objectives are tabulated in Table 10.

Table 10: Advantages and Disadvantages of DBPRA

Advantages Disadvantages

* Provide a structured workflow for | ¢ Lack emphasis on strategic redesign

redesign process planning

* Manual support of change impact | « Lack emphasis on change
determination through functional propagation or impact analysis
analysis * Do not support simultaneous

changes planning
* Do not support baseline assessment

2.3.7 Comparison of Identified Methods to Research Objectives

From above discussions, available product redemigihchange management frameworks
do address parts of the outlined research objecti#hile none of them independently
provides a detailed solution for identified reséaaceas in this study, their good process
characteristics can be combined to form a bettgfqrin for the new proposed method. It
can be observed that the main reason for this tonds the inherent separation of their
application, whereby none of the identified prodrerdiesign methods considers change
management in their procedure and vice versa.i$hisspite of the fact that there exists
a close relationship between these two areas adiuptalevelopment, which solidifies the

relevance of this thesis study to current prodadtstry practices.

The advantages and disadvantages of all identifiethods are summed up in a Strength,
Weakness, Opportunity and Threat (SWOT) plot depli¢h Figure 32. In short, SWOT
is an analytical method that is used to formulae istrategy by qualitatively evaluates
the competitiveness of current one [195]. Its apijpteon of strengths and weaknesses, as

well as external market opportunities and thraathjghly beneficial to strategically plan
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for preferred performance targets in relative #® ¢ompetition [162]. In this assessment,
identified product redesign and change managenrenteps frameworks are collectively
reviewed and interpretation of their combined SWadt is slightly modified as follows.

First quadrant shows their combined strengthsdffat market opportunities to product
manufacturers. On the other hand, their weakndhagsan provide market opportunities
if strengthened are listed in second quadrant.lliyirdesired process characteristics from
outlined research objectives that are lacking indantified frameworks are highlighted

in joint third-and-fourth quadrant. These missimigecia have been argued to potentially
threaten manufacturers’ market competitiveness wtjards to the effectiveness of their

redesign process.

Opportunity
Quadrantll A Quadrant|
* Total dependence on * Good data and
designer’s experiences in communication networking

change propagationand
impact analysis
* Total dependence on
designer's ability to plan for
the modification

Weakness > Strength

* No consideration of simultaneous changes
* No baseline assessmentis considered

¢ Quadrantlll & IV

Threat
Figure 32: SWOT Plot for Identified Engineering @ga Frameworks

Product data management process has progressivetgved over the last few years and
is the sole identified strength from this revievinidis in line with previous findings that
available change support tools have been mostlystet on smoothing data sharing and
networking in redesign process. This strength ofesu methods can be readily exploited
by the proposed method, as highlighted by quadr&m the other hand, criteria listed in
qguadrants Il and 11l & IV highlight shortcomings wfentified frameworks with respect to

research objectives. They can be classified intw foain areas of concentration for the
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proposed method: baseline assessment, change atigmagnodeling, change impact
analysis and change implementation planning. lddiai assessment and comparison of
identified process frameworks with respect to tHese areas are tabulated in Table 11.

This qualitative assessment is made based onr#fenence literatures.

Table 11: Qualitative Comparison of Identified Rreg Frameworks

CM
g

Areas of Brief Description

Concentration

Redesign
“Anchoring and
Adjustment” Redesign

Parameter-based E
Reverse Engineering &

Change Process Plannin

Establish measures of a go(

Baseline . , :
baseline design with regard
AESESSTIE to required modification * * * * * *
Change Model product system in a
; way that potential change
P'\rﬂoopdagﬁltlon effects propagation can be * * * * * *
9 easily tracked
Change Impact Assess total impact of * * * * * *

Analysis executed engineering chang
Establish criteria of a good
Change

.| change implementation plar]
TlEmer e to aid decision-making * * * * * *

Planning process

LEGEND: *DO Not Support *Fair *Good *Excellent I:I Best per criterion

All these frameworks have a well-structured prodkss that can be used as a reference
platform for the proposed redesign methodologyrmre of them matches the intended
capabilities in accordance to specified researghotibes. The closest amongst them is
change process planning method. While it suppdrésmge implementation planning; its
scope is focused on tasks planning instead of ohecatrategically how to accommodate

changes from the viewpoint of product and its psscdt also does not address baseline
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redesign suitability, which is crucial to justifige decision to redesign a product against
developing a new original design. In fact, nonédentified change frameworks provides
a formal support to assess baseline suitabilitfevk baseline candidates are available in
many cases of product derivative development aeid thoice will influence the success
of the redesign development. A bad baseline cheiteomplicate the redesign process;

contributing to high costs and long developmengtim

Since the proposed aircraft redesign method is@ggddo overcome these shortcomings,
several research questions have been formulatetidorclarification and they are listed

as follow.

1. How to assess whether the redesign risks assoaidtiedelected baseline aircraft
are manageable?
I.  What are characteristics of a good baseline farair redesign approach?

II.  How these characteristics affect the change pr@cess

2. How to efficiently capture potential change effgatepagation within an aircraft
system?
I.  How engineering change effects propagate from octatacture locality
to another?
II.  What are control parameters of change propagation?
[ll.  How to properly model aircraft system to predicaiege propagation?
3. How to assess impact of engineering changes orafiiend its development
process?
I.  What are characteristics of aircraft and its deplent process that can be
affected by engineering changes?
II.  How to sufficiently measure change impacts on tlobseacteristics?

lll.  How to manage overall aircraft redesign risks?
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4. How to competitively plan for required engineergitange implementation into
existing aircraft system?
l.  What are important criteria for a good change im@atation plan?
II.  What are available control parameters in changenpig?
. How to generate implementation plan for requireanges?
IV.  How to select the best change implementation ptaong possible

alternatives?

These questions guide literature review in nexptdraand become the foundation for the
proposed redesign method, which is called “Strat@gnning of Engineering Changes”

(SPEC).

2.3.8 Strategic Planning of Engineering Changes (SPEC) Framework

With respect to observation made in aircraft denweadevelopment process and research
guestions that emerge in previous section, thewma@ation with the steps of the proposed

method is shown in Figure 33.

Sequence of steps for the proposed SPEC methbdssated in Figure 34. In brief, the
main inputs for the methodology come from requireta@nalysis, PDM or PLM system
and preliminary candidate(s) for the baseline deditaving all these inputs, the first step
is to model considered baseline candidates in aushy that change effects propagation
can be efficiently predicted. Next, the model iplegal to assess baseline suitability with
regards to required modifications that have be¢abéshed from requirements analysis,
which is not part of this method. This baselineeasment stage could also be a selection
step if multiple baseline candidates are prelimipaonsidered. If the baseline is valued

to be flexible enough for redesign developmentsids change implementation plans
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are generated. These plans are passed on to dnapeye analysis step, where the effects
of their proposed modification on both product aisdprocess are estimated. Based on
this analysis results, the change proposal optimasanked with respect to some defined
evaluation criteria. This method concludes wittesgbn of the best engineering change

implementation plan, which becomes an input intonl change management process in

the company.

Potential Improvement 1:

Potential Improvement 2:

Identified Areas for
Potential Improvement

A good baseline for
product redesign has
high-quality change
characteristics with
respectto proposed
modification

A strategic redesign
planning process can help
manufacturers to gain
change benefits without
the big penalty of their
effects

Potential Improvement 3:
Change support methods
and tools should be
equipped with capabilities
to guide designers in
strategic change
implementation

Observation in Aircraft
Manufacturing Industry

Observation

Choice of aircraft baseline
designis often made
solely based on closest
performances to target
requirements without any
change consideration

Observation 2:
Engineering changes in
aircraft development are
often treated in "as
necessary” manner and
their effects have been
mosthy negative

Observation 3.

Change management
methods and tools in
aircraft dewelopment are
focused on data
networking without any
decision-making support

¥

¥

¥

Research Questions

Baseline Assessment:

1 ¥vhat are criteria of a
good baselineg?

2 How these criteria affect
change process?

Change Propagation:
1 How change effects
propagate?

2 \What are its control
parameters?

3 Howe to track it?

Change Impact Analysis:
1 What product & process
characteristics are
affected?

2 Howe to measure their
impact?

3 How to manage
redesign risks?

Change Implementation
Flanning:

1 What are criteria of a
gqood change plan?

2 What are its control
parameters?

3 How to generate change
plans?

4 How to select the best
plan?

Steps of Proposed
Methodology

Baseline
Assessment

Froduct Change
Maodeling
Change Impact
Analysis

Change Flan
Generation
Change Plan
Selection

Figure 33: Relationships of Observations, Rese@ustions and Proposed Method
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The process framework in Figure 34 is not yet catgphnd several high-level research
guestions regarding its overall workflow need tcabldressed by literature review in next
chapter. These questions are listed as follow:

1. What are detailed inputs and outputs for eachistépe framework?

2. What are specific techniques and tools requireattmmplish each step?

3. Is any iteration process necessary within the fraonk?

2.4 Chapter Summary

It has been discussed throughout this chapterithele that derivative development has
in aircraft manufacturing industry. This redesigrategy is frequently applied by aircraft
manufacturers to maintain their competitivenessdamireased market competition and
to satisfy emerging trend of customized demands faearlines. Complexity of aircraft

design and collaborative nature of its developntearislate into a complicated redesign

process, which makes it an exemplary case to demadeshe proposed SPEC method.

Without proper assistance from available engingecimange methods and tools, aircraft
engineers have to manually plan derivative redelsaged on their previous experiences.
They tend to follow notions from available desigethods that have been developed for
original development [104] and this often leadsverlooked change effects that have to
be unexpectedly handled during late phases ofdlhieldpment process. For high risk and
high cost products like aircraft, these late charmye detrimental to their manufacturers’

competitiveness and market image. Potential benefia structured change management
in product redesign process have been prelimindeiyonstrated by several concurrent
engineering methods and tools. Dassault Aviatiponed a reduction of design cost and
production time by almost 50% for Falcon 7x airtddvelopment in comparison to their

normal rate by supporting the process with a bett#aborative workspace environment
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[50]. It has been argued that more advantages egained by manufacturers if elements
of strategic redesign planning are also includetthencapabilities of change methods and

tools, on top of their current focus to increasedficiency of process execution.

Several redesign and change management processioaks that are currently available

have been preliminarily assessed to identify paaemhprovements based on observation
in these first two chapters. Although none of themssesses all desired capabilities, their
assessment helps to recognize current gaps thdttodee focused in the formulation of

the proposed method. One highlight from this reviewhe traditional separation between
methods for product redesign and engineering charageagement, even though they are
closely related in securing product market sucdess.believed their combination into a

single methodology can greatly benefit aircraft ofanturers in their redesign process.
Based on the knowledge gained so far, initial fdetion of steps for the proposed SPEC
method has been constructed. The outlined reseaiestions are used to guide literature

review study presented in next chapter.
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CHAPTER 3

LITERATURE REVIEW

“It is neither desirable nor realistic to focus os&ffort on
simply eliminating the engineering changes

- Clark and Fujimoto (1991)

In the big picture, the proposed SPEC methodologgldmentally combines the aspects
of product redesign, change management and sttatbghge implementation planning
processes. A case is made in this chapter thatteeeigh none of the existing works deal
directly with the focused problem for this thesisdy, there are some areas that they can
contribute in the formulation of the proposed methbhe two main goals of this chapter
are to identify the positive and negative aspettavailable methods and tools, and to
assess their relative performance gaps to thefeggkcesearch objectives in Chapter 1.
This provides the basis and further justificatiortlie research hypotheses to be defined

in next chapter.

This literature review is tailored to four main easch areas that have been established in
preceding chapter: baseline assessment, changagatoagn modeling, change impact
analysis and change implementation planning. Sdntieecavailable state-of-the-art tools
that can address the recognized problems in thregss af study and how their knowledge
can improve the current change management framewark identified. The shortlist of
identified methods and tools is presented in Tal@eand they are discussed in details
within this chapter. Although there are other idfegd methods and tools in this literature
study, only the major ones that contribute towdhdsformulation of the proposed SPEC

method are included and discussed here.
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Table 12: Identified Tools and Methods in Resedaas

Research Areas

Identified Tools and Methods

Method for %
Baseline Quantitative System Assessing the
Assessment System Adaptability | Adaptability
Evolvability Factor (SAF) of Product
(MAAP)
Change Functional Cg?ﬁ;%im' Component
Propagation Change Propagation Linkage
Modeling Modeling Model Model
Response
Surface
Chanae Impact Change Progressive Method
Ar?al sisr;) Propagation | Probabilities (RSM) in
v Analysis of Changes Change
Impact
Assessment
Change Change
Implementation | Redesign-IT KRITIK Pl\rﬂe;ﬁggn
Planning ot

3.1 Baseline Assessment Methods

Electronic Industries Alliance’s EIA649 Standardsdibes a baseline design as an
“agreed-to-description of the product attributesagpoint in time that provides a known
configuration to which changes are being addre%$2€7]. This definition supports the
notion that the state of product architecture wifluence how engineering changes can
be implemented into it [332]. A proper baselinees@bn is imperative because the
benchmarking of redesigned product is made witlpeeisto its predecessor [82]. An

improper baseline might mislead the actual benafitsrisks of the redesign process.

In general engineering design, the measure of pt&sdability to be adapted towards the
changes in its environment, requirements and/dnnt@logical advancements is often
referred to asévolvability [271]. It corresponds to the required degreerofpict design
changeability to satisfy the new requirements withcompromising the integrity of its

current architecture [158, 272] and with a moret-effective development process than
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building a new product for similar purpose [74].eTAccommodation of changes is
dictated by the state of product architecture amdetl on the driving requirements;
different baseline systems might require diffedenels of modification. This highlights
the profound implication of product design architee on manufacturer’s ability to
execute the redesign development process [326]ielm of that, this section is focused
on addressing the following research questions:

1) What are characteristics of a good baseline airtwathe redesign approach?

2) How will these characteristics affect the changmpess?

In this literature review, no known formal methadfound to be directly focused on the
assessment of baseline suitability for product segphe particularly from the viewpoint of
its architecture. While there are several standfihitions that have been proposed to
guide the evaluation process; having a structugedntitative means to select the product
baseline is more beneficial [311]. Rowe et al. psyd evaluation metrics for software
system’s capability to accommodate modificatiofi2ifi2] and it is believed that they can
be extended to hardware products. A generalizedrigésn of these metrics from the
viewpoint of engineering product architecture igegi as follows:
* Adaptability : ability to modify or add modules without affedinther
existing modules
» Changeability: ease of making changes to the product or system
* Flexibility : ease of rearranging or modifying the interrelasioips between
different modules to suit the new requirements
» Extensibility: ability of the architecture to support new fuonas and changes
* Enhanceability: ease of incorporating new functionalities inte #xisting

architecture
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In separate study, Fricke and Schulz expanded lihageability definition of physical
product design into its basic principles of simiyicindependence and modularity [138].
Simplicity or ideality of a product architecturesitgn is measured by its number of
interfaces, secondary functions and types of ressurequired, whereby the simplest one
corresponds to the minimum values for each of tfi@h Conversely, the highest level
of architecture independence is present in theymtsdwith minimum affected design
parameters during the change implementation wheheakighest modularity measure is
linked to the minimum number of couplings betwedferent product subsystems [286].
It can be inferred from these definitions that greferred redesign process affects the
smallest number of parts or subsystems, requiresetist amount of new subsystems or
interrelationships and has the lowest developmisks and costs. While these criteria are
clearly recognized, no structured measurement tqahrthat properly relates them to the

product architecture is found.

Based on this realization, as well as the preseatgdments in previous two chapters,
several criteria are outlined to compare the acaged and disadvantages of the identified
methods for baseline assessment. They are listedl@ss:
(i) Provide a structured baseline evaluation scheme
a. Clearly define evaluation metrics to assess thlsility of product
with regards to the required changes
b. Assist the assignment of values for these metrics
(i) Suitable for considered scope of redesign process
a. Provide evaluation metrics that capture the esseofcproduct
redesign process during its conceptual and predirgistages
b. Include consideration of engineering change process
(iif) Scalable to specific engineering change eaibn

a. Allow the evaluation focus on specific engineeralgnge situation
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3.1.1 Quantitative System Evolvability

According to Christian and Olds, all engineeringteyns can accommaodate their required
changes either statically or dynamically [75]. éparate works by Saleh et al., these two
categories of product’s evolvability characteristare designated as robust and flexible,
respectively [277]. These system characteristicsbma further decomposed as shown in
Figure 35, which is closely tailored to the taxornyoaf change that have been proposed
by Rowe et al. [272]. These four classes of systenivability correspond to different

ways that the new requirements can be satisfietthdypaseline design, which are briefly

described in Table 13.

| EVOLVABILITY |

! ¥
| STATIC | | DYNAMIC |
| GENER!ALITY | | apapmaiLiTY || SCALXBILITY | | extensiBiuTy |

Figure 35: Functional Breakdown of System Evoliap[l75]

Table 13: Classes of System Evolvability [74, 75]

U7

Evocl:\f:gé“ty Description
The capacity of a system to accommodate a change in
Generality | requirements without altering the existing arcHiteal design or
implementation strategy
The capacity of a system to accommodate a change in
... | requirements through rearranging existing systempmments
AR BT within the current architecture without changingestcomponents
or their integration solution
The capacity of a system to accommodate a change in
Scalability | requirements by increasing the size of architettomponents to
accommodate increased loads
The capacity of a system to accommodate a change in
Extensibility | requirements through adding new components or giraumajor
change in the architecture or implementation sgsate
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Based on this definition, product evolvability is aggregate quantity that combines the
measures of how well it can accommodate the redjuiredification in accordance to its

generality, adaptability, scalability, and exteiigyp capabilities. For this assessment
scheme, the system is measured by its difficuliglléo be modified to achieve the target
requirements. The quantitative measure is tailoéoea qualitative rating scale known as

Difficulty Scale of Evolvability Analysis (DSEA), hich is presented in Table 14.

Table 14: Difficulty Scale for Evolvability Analysi[75]

Rating Explanation

Easy — Requires little effort to evolve. Some neehtologies might
be implemented but the functionality of most systammponents

1 remains unchanged. The complexity level of theesystlso remains
almost the same.
Moderate — Requires moderate effort to evolve. Soeve

3 technologies might be implemented and the functitynaf some

system components is changed. The complexity lefivile system
increases a little.

Difficult — Requires large effort to evolve. Mangw technologies
9 are required and the functionality of most systemgonents is
changed. The complexity level of the system sulbisi&nincreases.
Very Difficult — Requires very large effort to evel. Many new
technologies are required and the functionalitynokt system
components is significantly changed. The complebeitagl of the
system greatly increases.

27

Before the individual ratings are combined intoirgke evolvability metric, they are
normalized using standard scoring functions. Tloppsed scoring function is introduced
by Wymore [346] and it comprises 12 basic Wymorsiiapes of the family function.
The full description of these functions is avaitaln [100] and the ones applied in this
measurement scheme are SSF1 and SSF7, whichaoeétbetlarger the better” and “the
smaller the better” cases, respectively. These tiume enable a combination or
comparison of metrics that lack a common basis][1@r instance, in a case of “smaller

the better”, a saving of 20 kg can be of less §itamce to product designers when their
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total product weight is already more than 100 kgthe same amount of weight savings
is a significant improvement when the total weighbelow 100 kg. In other words, these
Wymorian functions allow the definition of a thredth where data difference matters
more than when they are located outside the rahge.differs from most measurement
techniques that normalize data to maximum or mimmnvalue and ignore the underlying
weights for each data value against each otherSBtel and SSF7 scoring functions are

depicted in Figure 36 and their mathematical reppredions follow.

05 ===

)
i
i
I
i
!
I
1

L B L B

SSF1: Large input value is desirable SSF7: Small input value is desirable

Figure 36: Plots of Wymorian Standard Scoring Fanst SSF1 and SSF7 [74]

1
1+((B-L)/(v-L)tE2t)

1
1+((B-L)/{v- L)

SSH( L,BS,D) Score= Equation 1 [74]

Equation 2 [74]

SSH( L,BS,D) Score=1-

where: v =input value for the metric

Score=output of the scoring function

L =lower threshold of the input value

B =baseline value for the metric [by definition, tlesalways defined as a
score of 0.5]

S =slope of tangent to the scoring function at thesbas value, which
represents the maximum incremental change in thequgntitative
judgment

D =domain of definition of the scoring function
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Finally, the overall system evolvability measureléined as follows:

Total evolvabilty, f = wx Equation 3 [74]

i=1

n =total number of metrics to be added,= normalized weight for metric
X, =score of metric

For generality measure, or also known as “do-ngthatternative, a score of 1 is given if
the evolved requirements are within the capabdityhe existing product design. Else, a
score of 0 is given instead. On the other handstadability measure is calculated using

SSF7 function while both adaptability and extergibmeasures with SSF1 function.

To summarize, it can be observed that the methays slose to the standard definition of
system evolvability and introduces good qualitatmetrics based on existing product
design. However, it should be noted that the meslvable design is not always the best
baseline for the redesign practice as other impoffctors such as modification costs
and development risks should also be taken intsideration [75]. Apparently, they are

not considered in this scheme. On the whole, ther@dges and disadvantages of this
method are summarized in Table 15 and its qualdatbomparison to the characteristics

of baseline assessment specified for the propoB&LSnethod is given in Table 16.

Table 15: Advantages and Disadvantages of the Qative System Evolvability

Advantages Disadvantages

* Provide a clear definition of * No assistance on valuation of the
potential baseline assessment evaluation metrics
metrics * Not directly applicable for specific
* Provide a structured evaluation engineering change assessment
scheme
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Table 16: Qualitative Comparison of Quantitativestgyn Evolvability
Quantitative System

Required SPEC Characteristics

Evolvability

Provide a structured baseline *
evaluation scheme

Suitable for considered scope of *
redesign process

Scalable to specific engineering *
change evaluation

LEGEND: *DO Not Support *Fair *Good *Excellent

3.1.2 System Adaptability Factor (SAF)

Engel and Browning proposed an extension to thedata ISO/IEC 9126-1 for software
engineering qualities to be the essential measiaegvaluating product architecture
flexibility [125]. Although these standard qualigsessment measures have been tailored
towards software systems, they can also pertdratdware products due to their generic

definitions [125, 136]. The six categories of th&sdors are listed in Table 17.

Table 17: ISO/IEC 9126-1 Characteristics and Sudratteristics [136]

Characteristics Sub-Characteristics
Functionality Suitability, Accuracy, Interopgrablllty, Securifyunctionality
Compliance
Reliability Maturity, Fault Tolerance,' Recoverability, Reliatyl
Compliance
Usability Understandability, Learnability, Operability, Atttaveness,

Usability Compliance
Efficiency Time Behavior, Resource Utilization, Efficiency Cpirance
Analyzability, Changeability, Stability
Testability, Maintainability Compliance
Adaptability, Installability, Coexistence, Replabédiiy,
Portability Compliance

Maintainability

Portability

Accordingly, the quantification of measure for puctidesign flexibility, which is known
as System Adaptability Factor (SAF), is furtheratidsed in Table 18. Derivation of the

metric measurement can be referenced to its sulacieaistics in Table 17. None of the
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standard sub-characteristics is compulsory andr ttiedices depend on engineering
system under interest. A weighting factor for eawdtric is allocated within a qualitative
scale of [0,1], which is assigned to indicate tlsggnificance level in affecting the system
adaptability criteria [125]. Mathematically, the iglets have to satisfy following

conditions:

dwo=1 Equation 4 [125]

1
i<{F,RU,EM,P}

Table 18: Adaptability Metrics Description [125]

Metric Variable  Weight Description

Capability of the system to provide
functions that meet the requirements
when used under specified working
environment

Capability of the system to maintain itg
Reliability R Wy level of performance when used under
specified working environment
Capability of the system to be
understood, learned, used and liked by
the user when applied under specified
working environment

Capability of the system to provide the
Efficiency E W required performance relative to the
amount of resources used

Capability of the system to be modified,
which may include corrections,
Maintainability M W, improvements and adaptation to changes
in environment, requirements and
functional specifications
Capability of the system to be transferred
from one environment to another

Functionality F W

Usability U W,

Portability P W,

Finally, model for the overall SAF measurementafirted as the weighted average of the
six adaptability metrics:

SAF=W.F +W,R+W,U +W.E +W,,M +W,P  Equation 5 [125]
The main emphasis of this assessment is for a medupt design development. While

these SAF metrics can be influential for productcess, some of them are not effective
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in evaluating baseline suitability for the redespocess such as portability criterion.
From their description in Table 18, the only methat is directly related to redesign
process is maintainability criterion. However, nodgline for its evaluation with regards

to existing product architecture is provided irsthiethod.

On the whole, the advantages and disadvantagéssaihethod are summarized in Table
19 and its qualitative comparison to the desireatatteristics of baseline assessment for

the proposed SPEC methodology is given in Table 20.

Table 19: Advantages and Disadvantages of SAF

Advantages Disadvantages

* Provide a clear definition of * No assistance on valuation of the
potential baseline assessment evaluation metrics
metrics * Not directly applicable for specific
* Provide a structured evaluation engineering change assessment
scheme

Table 20: Qualitative Comparison of SAF

Required SPEC Characteristics SAF

Provide a structured baseline evaluation sche *
Suitable for considered scope of redesign proc *
Scalable to specific engineering change evalug *

LEGEND: YK Do Not Support ‘Y Fair Y Good Y Excellent

3.1.3 Methodology for Assessing the Adaptability of Products (MAAP)

According to Willems et al., the main pre-requidite reusing or redesigning an existing
product is the feasibility of its adaptation prageshich is influenced by its design [339].
In other words, the extent on how a product systambe redesigned or reused depends

on its current architectural build-up [340]. Acknedging this fact, Methodology for
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Assessing the Adaptability of Products (MAAP) isposed to evaluate the suitability of
product design for remanufacturing, repair, maiatexe and upgrading/downgrading,
which are the processes involved in typical procagdptation procedure [339]. Under
the scope of this MAAP method, product adaptatoriéwed as an extension of usage
for the existing products beyond their designateerational life [288, 340]. Therefore, it

measures the product suitability to be modifieddatifferent function than the one it was

initially designed for.

Based upon the common task demands for remanufagtuepair, maintenance and

upgrading/downgrading processes, three additioai@gories of product parameters are
included into the adaptation metrics [19, 340]. yherrespond to the design architecture
composition of the product, which are generalizegarts, connectors and spatial metrics
[340]. The adaptation metric is thus comprisededes sub-metrics as shown in Figure
37, which can be further decomposed into their loleeel criteria to qualitatively guide

their value assignment. The calculation for ovepatiduct adaptation measure in this

MAAP method is given as follows:

. 1 .
MAdaptation= Equation 6 [340]
G F + O, Wreman + Wmain_ + erepair + Wup/dowm
:Ureman :umain. :urepair luup/ down
GF = Wspatial + chonnectors parts
:uspatial luconnectors luparts
ereman +Wmain +erepair +Wup/d0wn :Wspatial +Wc0nnectors+Wparts =1

where W = weighting of metri¢ and = valuation of metri¢

The valuation for each adaptation metric and tiweiighting is further discussed.
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Figure 37: Structure of the Adaptation Metric [339]

Despite the subijectivities surrounding the metatues [147], the general guide for their
valuation has been suggested based on Design tan#idy (DFA) methods [52, 340].
For parts, connectors and spatial metrics, they sprecified by the ratio of their
theoretical minimum to their actual present vale. example, from the viewpoint of its
parts composition, the level of product adaptabiBtmeasured by the ratio of minimum
number of parts that it theoretically could havehe existing parts that it currently has.
The closer this measure is to 1, the better thelymtois perceived for adaptation.
Evidently, this valuation assumes that a less cermptoduct design is easier to adapt to

the new environment. Mathematical representatiothis computation is as follows:

ideal # for the parameter Equation 7 [340]
real # for the parameter

:uparameter = (
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In addition, for upgrading/downgrading metric, tloeus is placed on the efficiency of
the product composition in executing its intendexctions. The closer its architecture is
to modularity, the better equipped the productisddaptation. In this MAAP method,
this evaluation is tailored to the requirementsgmrduct modularity that are outlined by
Ulrich [326], which emphasize on the decouplingpobduct functions and interfacial

relationships. The corresponding relationshipsgaren as follows:

# Parts j +( # Functions j
n

MFunctionaDecoupling= . :
# Functionsper part # Parts per functio

Equation 8 [340]

MnterfacidDecouplirg = _real # of decoupledlhks Equation 9 [340]
ideal # of decoupledinks

The suggested evaluation schemes for remainingiasetemanufacturing, repair and
maintenance; have also been detailed out in [3B%hort, these valuations are based on
the work by Hammond and Bras [151] and the Pard®[B30, 339]. Finally, each of the
metrics is assigned with a weighting scale thaicetes their relative importance to each
other. The determination of this weighting valuelasme through the prioritization matrix
that is depicted in Figure 38 for an example werghtase. This comparison is usually

decided based on literature data or expert opifdaAa].

\} .\Q; \\’\ ‘of\.a Q\

& & s & & e

& & & &
¥ N F KL
Remanufacturing] 1 5 0.2 1 70 | 21%
Maintenance] 0.2 1 0.1 1 2.0 6%
Repair] 5 10 I 5 21.0 | 62%
Up/Downgrading] | 1 0.2 | 3.0 9%
3379 100

Legend

10 (row) requires much more investment than (column)
5 (row) requires more investment than (column)
| (row) requires the same investment than (column)
0.2 (row) requires less investment than (column)
0.1 (row) requires much less investment than (column)

Figure 38: Assignment of MAAP Metric Weightings B3
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All in all, this MAAP method evaluates the aptnedgsproduct adaptation process in
relation to its design architecture, where the nemphasis is on direct product reuse at
the end of its operational lifecycle [147, 339]hitpothetically covers all the important
aspects of design adaptability but it should bé&zea that the metric values are best used
in relative manner instead of taken as absolut8][33verall, this method is aligned with
the scope of product redesign approach but it coseveral aspects of product reuse that
are unrelated to the conceptual redesign procdesrdpair and maintenance metrics, for
instance, correspond to problems of broken or @ntiffe parts but such situation is not
within the scope of the proposed SPEC method. M@amrowhile it provides a good
insight on how existing product design influendssaidaptability, more consideration on
how it performs for specific case of changes isin@gl. The summarized advantages and
disadvantages of this method are presented in Tdbbknd its qualitative comparison to

the desired characteristics for the proposed SPEfad is given in Table 22.

Table 21: Advantages and Disadvantages of MAAP

Advantages Disadvantages

* Provide a clear definition of * Not directly applicable for specific
potential baseline assessment engineering change assessment
metrics

» Assist the valuation of evaluation
metrics

* Provide a structured evaluation
scheme

Table 22: Qualitative Comparison of MAAP

Required SPEC Characteristics MAAP

Provide a structured baseline evaluation sche *
Suitable for considered scope of redesign proc *
Scalable to specific engineering change evalug *

LEGEND: YK Do Not Support Y Fair Y Good K Excellent
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3.1.4 Summarized Review of Baseline Assessment Methods

From this literature study, product evolvabilityiterion defined in the quantitative

system evolvability method is taken as the beseggmeasure for redesign. While there
are several alternative definitions and variousrattaristics decomposition that can be
linked to this characteristic, they essentiallyreha common basis. Overall, this criterion
in the scope of product redesign can be describets ability to be adapted towards new
requirements, which will enable its prolonged sesVife or an extended application into

new operational territories [147].

The potential competitive value and the importaincehoosing the right baseline design,
hence the capability to judge product suitabilitjop to its redesign development, has
been clarified and supported by this literatureieev The identified methods highlight
various aspects that are useful in evaluating besevolvability characteristics. Even
though none of them matches the desired functiveslio be directly applied in the
proposed SPEC methodology, as indicated in TableéhZ¥ nonetheless provide a good
basis for the development of a structured guideiinmeasure product suitability for the

redesign process.

Table 23: Qualitative Comparison of Identified BaseAssessment Methods
Quantitative

Required SPEC Characteristics System
Evolvability
Provide a structured baseline * * *

evaluation scheme

Suitable for considered scope ¢
redesign process * * *
Scalable to specific engineering * * *

change evaluation

LEGEND: YK Do Not Support e Fair Y Good IR Excellent
I:I Best per criterion

103



From the qualitative comparison presented in TaBIEMAAP is shown to have the best
evaluation scheme. In fact, it is the only one agtre identified methods that provides a
structured assistance on the assignment of vatudkd evaluation metrics. However, the
evaluation metrics proposed in the quantitativeaesysevolvability method better capture
the essences of redesign process considered stdpe of this thesis study. In terms of
applying their evaluation procedure to the spedtingineering change implementation
case, all three methods perform comparativelysatdlar level. The quantitative system
evolvability method is given the extra edge sirtseeivaluation metrics are closer to that

considered for the redesign case.

3.2 Change Propagation Modeling

One of the main points that are deduced from tkeudision in previous chapters is the
importance for the product model to capture theemsss of its change propagation

potential. The planning for engineering changesnduproduct redesign can benefit from

a good understanding on how its realization affetiter parts in the product architecture.

Interrelationships between various product desigments have been recognized as the
primary medium for change propagation [109, 116] #reir identification is imperative

for better coordination during product developm@b, 273].

For any cases of redesign changes, interdependeneieeen product sub-modules that
are either required, introduced or maintained dutive process must be properly mapped
out to locate exactly the initial modification atal track the likely paths of its effects
propagation [152]. It is also essential to undedtéhe behaviors of these direct or
indirect links as the scale of required rework anost for the development process highly
depend on the propagated change effects [80, X8I7things considered, an accurate

depiction of product design architecture in terrh#change properties is necessary to
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estimate the side effects of its modification [258]was suggested that no matter how
good the engineering change analysis is, its ovpeformance and accuracy heavily

depends on the goodness of product change modégl [17

From the outlined research questions in previowspir, the literature review in this
section is governed by the following subjects:
1) How engineering change effects propagate from octatacture locality to
another?
2) What are control parameters of change propagation?
3) How to properly model aircraft system in order tegict change

propagation?

Several modeling techniques have been developatdftware engineering field for an
automated tracking of program changes througheuwvblution, which normally involve
breaking the computer program into manageable piand links them together through
propagation graph [261, 281]. However, these meilawd fairly inadequate for hardware
product designs because the parametric links betwkgsical parts are less explicit than
those in computer program modules [80]. Unlikewafe products, change propagation
in hardware products depends on the type of demeree[273] and thus the necessary
information about the interconnection needs tormuded into the model. Despite the
modeling phase being the most influential stepetednining the overall efficiency of
the process, it is preferred not to require too Imcemmitment from product designers
[165]. There has to be a well-balanced trade-dffvben the level of details and the cost
of modeling [81]. In case of highly complex produdike aircraft system, this balance

between level of decomposition and amount of detaieven more necessary [34].
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Based on these arguments, several criteria have dagéned to compare the advantages
and disadvantages of the identified system modeimeghods for engineering change
study. They are listed as follows:
(i) Provide a good change propagation tracking scheme
a. Clearly define parameters involved in identifyingtgntial change
propagation paths
b. Provide the means to predict and track change pedjmn paths
(i) Provide a balance between level of details andafastodeling
a. Capture the essences of change propagation pheoarirethe model

without imposing too much modeling commitment

3.2.1 Functional Change Modeling

Every product exists to accomplish a set of fumdicequired by the customers and their
raising expectations translates into improvementreation of new product functions

[347]. Accordingly, product design architecture das perceived as an arrangement of
functional elements in physical chunks that acthes building blocks [327]. The focus

on design functions is suggested to be betterttatying product variants development
and reduced time-to-market production [282]. Thiprimarily because it enables a more
flexible framework for exploring innovative desigiternatives [257] and embodies a

wide range of assumptions with respect to physeaization of the product [326].

In general, product functional modeling or elsewnas functional decomposition is the
process of hierarchically breaking down high-lepebduct functions into their lower
sub-functions [192, 312]. This isf abstract, yet direct, method for understanding a
representing an overall product or artifact funetig159]. In many development cases,

especially for complex engineered systems, thigwall easier and manageable design
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analysis [196, 257]. The constructed functionalfplan is used as a basis for selecting
physical product components and in redesign protiissplatform is often established in
the initial “reverse engineering” step. There ar@ngnavailable methods that can be used
to model a product from its functional perspecti@ne of the identified modeling
approaches is outlined by Stone et al. [312], winciiustrated in Figure 39 for a power

screwdriver unit.

human force human force

Step 1: Gather Customer Needs | direction. _ _ _ _ __ _ ___ _______________________\_.______
+ Interview
- Interpret en/off . ____,
- Rank customer needs '

&

Step 2: Derive Functional Model
- Generate Black Box model
- Create function chains-sequential o
vs. paralle| .
- Aggregate function chains into
functional model

20 regulate
= electricity
elect. T

heat,

torque
quﬂ change rra.nsrmt rotate t dissipate bt
torque |[torque | torque solid torque

screw

heat, noise

Figure 39: Functional Modeling of a Power Screwerij812]

From the standpoint of change study, the primanebeoffered by this functional model

is the added information regarding interconnectibaesveen design parts that are often
ignored by other methods. Apart from how the madifion is realized, change effects
propagation depends on the nature of the dependmstayeen the affected design parts
[273]. This information is helpful to predict thisk and level of the change impacts. In
this model, the links are categorized into threessés of “flow”. energy, material and

signal, which is passed throughout the producbtmfits functional structure [252, 312].

Nevertheless, the functional decomposition processirrently not uniquely defined and
several different functional models could be crédta the same product [192]. This is
among the main reasons why functional modelingregles are not widely utilized in
product development process as it is hard to resalwy modeling conflicts without a
definitive guideline [174]. To date, several wotik®ve been done to alleviate this issue,
including hierarchical functional modeling technegby Bell [46] and identification of

the best functional decomposition by KrishnamacH#&?2]. For this particular method by
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Stone et al., a standard vocabulary known as “fonat basis” has been specifically
developed for the functional decomposition prod26s]. This set of design language is
aimed to regulate the model structure and to fatdithe streamlining of functional
representation in order to resolve the inherentehotonsistencies. A full description of
this “functional basis” is available in [159, 31@espite its introduction, this issue
largely remains because “functional basis” is nett taken as the universal standard for

functional decomposition process.

Furthermore, since this functional model is noteleped for engineering change study,
it lacks the capability to directly support the essment of propagated change effects or
the implementation planning for required modifioati Its main objective is focused on
exploring different conceptual product architecturather than working around a fixed
baseline design [174]. In addition, its model reprgation rapidly grows for complex
systems, which seriously hinders designers frorking and analyzing potential change
propagation paths. Additional efforts are also megfor its graphical representation but

they add nothing to the model applicability andoghcy for change process analysis.

On the whole, the advantages and disadvantagéssaihethod are summarized in Table
24. Its qualitative comparison to the desired ctiaréstics of product change modeling

for the proposed SPEC methodology is given in Table

Table 24: Advantages and Disadvantages of Fundt©nange Modeling

Advantages Disadvantages

» Highlight potential change * Too much modeling efforts for
propagation paths through “flow” features that do not help change
definitions study

» Highly inconsistent process
* Not readily usable for change study

108



Table 25: Qualitative Comparison of Functional Gf@Modeling

Functional
Change Modeling

Required SPEC Characteristics

Provide change propagation tracking schemg *

Balanced model details and modeling efforts Y

LEGEND: kDo Not Support Y Fair Y Good Y Excellent

3.2.2 Component-Function Propagation Model

In contrast to previous functional modeling, mattesed modeling methods have the
advantages of being more intuitive and require é&st in their model development [59,
174]. By far, these methods have gained a hugelaouin facilitating the analysis of
relations for complex engineering systems. Différeassifications of their application
are discussed in [219]. The most common matrix-dbasedeling method is design

structure matrix (DSM), which essentially originefeom N chart method [148].

DSM is traditionally applied to analyze projectksasand organizational development
[219]. For this application, all activities, infoation exchanges and task dependencies in
the project are translated into an interrelatiopshatrix [148] that is used to identify the
personnel to be consulted or informed when any etesnof the project has been changed
[309]. The use of DSM is later extended to inclysteduct modeling and analysis;
predominantly within the modular and platform desigsearches [125, 265]. At present,
it has become a standard tool to model direct fekaor connections between two design
elements [177]. So far, DSM models have been usetiverse industrial practices such

as automotive, aerospace, telecom, electronicetned product industries [59].
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The difference betweenthart and DSM model is mainly due to the fact thatlatter
representation includes the interdependencies duasubsystems beyond the physical
interfaces. Depending on the intended level of rhadletraction, the links could signify
process characteristics, design parameters, anatapel and functional dependencies
[148]. The matrix configuration for product arclutere representation in DSM modeling
approach is illustrated in Figure 40 and it is @uto understand the convention used for
its construction. In short, any off-diagonal mankghe matrix signify that the element of

the row is receiving input(s) from that designabgdhe column.

Three configuration that characterise a system
Relationship Parallel Sequential Coupled
=
Representation n n
A B A B A B
DSM A |X A | X A X [X
Representation B X B X X B X X

Figure 40: DSM Configuration for System Represenitafl48]

As can be observed from Figure 40, DSM model prewid simple and clear means to
assess how change effects might propagate throtgf®product architecture [81, 265].
Within the square matrix representation, produchjgonents or subsystems are identified
by the headings of each row and column, and thepeddencies are indicated by the off-
diagonal marks [133]. It is assumed that thesernglggionships are known prior to the
initiation of this modeling process [64], which tsuproduct redesign approach due to the
well-defined state of the chosen baseline desidinnAall, this DSM modeling is a well-

established method that can provide a good aidanning for product redesign process

[60].

However, since the scope of interdependenciesoadaned in this modeling technique,

there are several key issues regarding the laguiofance in the matrix construction for
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change study. A clear approach to construct thepoont dependencies in the product
matrix model is required to avoid overlooked lirtkat significantly reduce its efficiency

to predict potential change propagation paths. Téasls to the matrix-based modeling
method proposed by Flanagan et al., which combumestional and physical aspects of
the product system to guide the construction of@B& model [134]. It should be noted

that this “component-function propagation” modeteveloped specifically to assist the
change propagation analysis, which makes it higblgvant for this research study. An

overview of this modeling method is shown in Figdfe

‘ Function Breakdown ‘ ‘Component Breakdown‘
o)
8 Function - Function Matrix Component - Component Matrix
‘ Component - Function Matrix r/
|
v
% ‘ Feature - Feature Matrix |
@ v
w ‘ Propagation Paths ‘

Figure 41: Component-Function Propagation Meth@#1

In brief, the method starts with functional and glegl decompositions of the product to
obtain the function-function and component-compomeatrices, respectively. Function-
function matrix is built based on the dependenbietsveen the product functions while
the component-component matrix is created to indigdysical interfaces between its
physical components. These two matrices are cordlibased on the component-function
matrix that relates the components to their intenfdmctions. This combined matrix is
called feature-feature matrix, which is basicallp@M with paired component-function
as its rows and columns heading elements. Basdti®matrix, the propagation paths
can be tracked either from the initiating changéuottion or physical component. More

detailed descriptions on this method are availabl&34].
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For this DSM modeling, the indication of interréteiships between the different parts or
systems is not tailored to the directional flowslwgir inputs and outputs. This diverges
from the traditional matrix-based modeling methtiug have been previously discussed.
Instead, each off-diagonal mark within this compurfenction propagation DSM model
signifies an existing functional or physical conth@t between the system elements and it
is assumed that this change relationship worksth Hirections. The latter criterion can
be implied from the symmetric nature of the resulfaature-feature matrix. An example
feature-feature matrix for a digger is shown inufg42. For this example, the shunting
function of the bucket is the initiating change ahd blue arrows show how one of the

potential change propagation paths can be tracttetother affected parts.

Ams

Am Hydraulics
Bucket Hydraulics
Link

{1} Arm Hydraulic /Carry Load
(J) Bucket Hydraulic /(Carry Load
(K) Hyd Pipes/Carry Load

(L) Bucket Link /Carry Load

(M) Bucket/Tilt

(F} Arm Hydraulic /Raise Load
(N} Arms/Tilt

(G) Bucket/Carry Load

(C) Bucket Hydraulic /Shunt
(H) ArmsiCarry Load

(A) Bucket/Shunt

(B) Arm/Shunt

(D) Bucket Link/Shunt
(E) Arms/Raise Load
(O) Bucket Hydraulic /Tilt
(P) Bucket Link /Tilt

(A) Bucket/Shunt

(B) Arm/Shunt

_% X (C) Bucket Hydraulic/Shunt
AR (D) Bucket Link/Shunt

(E) Arms/Raise Load

X (F) Arm Hydraulic /Raise

X {G) Bucket/Carry Load

X X X (H) Arms/Carry Load

{1} Arm Hydraulic /Carry Load
{J) Bucket Hydraulic /Carry Load
XX {K) Hyd Pipes/Carry Load

X (L) Bucket Link /Carry Load
X X (M) Bucket/Tilt

X X X (N) Arms/Tilt

X X X | X (O) Bucket Hydraulic /Tilt

X X|X[X]X (P) Bucket Link /Tilt

P4 b4 b4

Figure 42: Propagation Path Determination in Feakeature Matrix [134]
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It can be observed that this component-functiopagation model provides a simple, yet
clear and systematic visualization to track potdnthange propagation paths. This is a
powerful aid for the change implementation plannifige model creation might be a
time-consuming task [174] but it immensely assist&lentifying all propagated effects
from modifying any component within the architeetj265]. Moreover, from the way
the model is constructed, the initiating change ponent can be identified by either its

function or physical aspects.

On the other hand, one of the primary problemgHis technique is the inconsistency of
functional product decomposition [174]. The sepayaexecuted physical breakdown can
lead to different level of details, which can capseblems during the combination of the
function-function and component-component matricBisere has to be coordination
between the two decomposition processes such hbgtkioth arrive at similar level of
interrelationship details, which is not discussethie reference sources. Furthermore, the
deduction that any functional or physical link autgically represents a dual-way change
relationship between the product components iseaishg. In real product development
practice, this is not always the case. Though amad components might be responsible
for the same high-level product function togetliels possible that the required changes
only affect one of them. Similarly, the modificationade in one component does not
necessarily mean that all its other physically emt@d components also need to be
changed. Hence the existing physical or functiomddtionship does not necessarily
signify that the change effects will propagate fromto both components. Moreover,
although the product model systematically helpsdentify the potential propagation
paths, it contains no additional information abth& connection that can be used for
change impact analysis. This omission becomes groal given the assumption of an

automatic dual-way change relationship.
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To summarize, the advantages and disadvantagbhsahethod are summarized in Table
26. Its qualitative comparison to the desired ctiaréstics of product change modeling

for the proposed SPEC methodology is given in Ta2lGle

Table 26: Advantages and Disadvantages of Compdnerdtion Propagation

Advantages Disadvantages

* Clear and systematic change * Can be an inconsistent process
propagation tracking without proper coordination
* Manageable modeling efforts between decomposition processes

* Misleading assumption of change
interrelationships
* Not readily usable for change study

Table 27: Qualitative Comparison of Component-FamcPropagation

Required SPEC Characteristics Component-Function

Propagation
Provide change propagation tracking sche *
Balanced model details and modeling effq ) ¢

LEGEND: YK Do Not Support Y Fair Y Good K Excellent

3.2.3 Component Linkage Model

In an effort to avoid the issues associated wittobmsistent functional decomposition
process, Jarratt proposed a modeling techniquelltaséhe observed links between parts
of the product [174]. These links, or better knoaagmcomponent linkages in this method,
are defined as a direct relationship or connechetween two individual parts, sub-
assemblies or modules of the product [176]. Thay lba a physical connection or a
functional association [176], and their interredaghips can be symmetrical or one-way

directional [174].
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The main difference between component linkage amagnd functional analysis is that
the former method starts with physical product degosition. By knowing the specific
physical components, their relationships can beuced in a broader scope than just the
functional connections. For instance, the connachietween two parts due to a shared
manufacturing process can also be representedisnntbdel [176]. The heart of this
modeling method is essentially the DSM represestiatind the steps involved in its

execution are depicted in Figure 43.

o
Select product to be
modelled

Y

(2]
—p=| Identify suitable breakdown
& put into DSM form

Y

(3]
> Identify key linkages in
product

A
(4]
Elicit model by examining
each DSM cell in turn

Figure 43: Product Linkage Modeling Method [174]

In short, the interested product is first physicalecomposed until the required level of
details is reached. Next, types of linkages relatethe interested product analysis are
identified. Besides the product operational or aectural dependencies, any issues or
problems from the past change process can alsorstdered [174]. Finally, the last step
is to identify the interconnections between the ponents for each type of linkages.
Additional information on the type, likelihood ofi@nge propagation and level of change
impacts can be included later into the model. Traegss can also be reiterated to re-
decompose the product for a better illustratiotoomclude additional linkage types to

increase the details of the resultant DSM model.
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To illustrate this method, an example of linkagedelong for a ball point pen is shown in
Figure 44. As can be observed, four types of lielsagre defined for the model. Based on
information in Figure 44, the pen model can be toted. This is shown in Figure 45,
where each linkage type is represented by a sep&&M model. In typical change
process analysis, a combined DSM model is oftenl wgth the change likelihood and
impact values inserted in place of the “X” markisisl proposed that these values are

tailored to the modified FMEA scheme as tabulatedable 28.

INK & BALL-POINT

GRIP )
\ TUBE \
— PG
—
CLIP METAL NIB
CAP GUIDE
LINKAGE DEeFINTION

Mechanical parts are physically, joined or held together
Spatial there is a need for adjacency or orientation between parts
Material parts are fabricated from the same material

Colour parts are the same colour

Figure 44: Ball Point Pen Linkage Modeling [174]

N i B Lk
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o |lFlojElz]o]o o |l-lo|E|Zz]|o]O
Plug X Plug X X
Tube X XX XX Tube
Grip X Grip
Ink & b-pt X X Ink & b-pt
Nib guide X Nib guide
Cap X Cap
Clip Clip
: 2le 2le
Samim:tsenal ol2|a f;l i Colour Links ol e f;! %
2ls|8l=<]2|5]2 Zlelel=|2| 8|2
olF|ojs]|Z2]|o]0 al-jols|Z[o]O
Plug X | |Plug XX X
Tube X Tube
Grip Grip
Ink & b-pt Ink & b-pt
Nib guide Nib guide
Cap X Cap
Clip X | Clip

Figure 45: DSM Representation for Linkage Model&4[[L
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Table 28: Modified FMEA Rating for Change Likelisband Impact Measure [176]

Likelihood of Change Propagating Impact if Change Propagates
0: No Propagation 0: No Impact
1: Very Low 1: Very Minor
2/3: Low 2/3: Minor
4/5: Moderate 4/5: Moderate
6/7: High 6/7: High
8/9: Very High 8/9: Very High
10: Propagation Inevitable 10: Complete Redesign Required

By including the linkage types and the measureshahge likelihood and impact level,
this linkage modeling provides additional inforneatithat is useful for change impact
analysis. The use of DSM model representation esahis method to obtain the benefits
of a matrix-based model. Moreover, as the methaddes on existing components and
builds the relationships around them, it is highpplicable to product redesign process
[174]. The linkage definition can be easily taildre the required information for the

subsequent change impact analysis, which incretssagplication flexibility.

Nevertheless, while the component linkage modéudes change propagation likelihood
and impact measures into its combined DSM reprafient information on the type of
linkages or the current change situation is notsimmred in populating these measures.
Instead, their values are often derived based ewiqus product modification [174].
Since these measures are not tailored to curredupt redesign process, their values can
mislead the subsequent analysis process. In otledswif these values are used to
evaluate the overall risk for the proposed chantesanalysis is readily biased towards
past change targets and ignores the effects ofgehtype and level that currently have to
be handled [273]. A more level and unbiased metbgabpulate these change likelihood

and impact values is thus required.

117



On the whole, the advantages and disadvantagéssaihethod are summarized in Table
29. Its qualitative comparison to the desired cttarsstics of product change model for

the proposed SPEC methodology is given in Table 30.

Table 29: Advantages and Disadvantages of Compdmekage Model

Advantages Disadvantages

* Clear and systematic change * Information included is based on
propagation tracking past change data

* Manageable modeling efforts

* Include useful change information
for impact analysis

* Readily usable for change study

Table 30: Qualitative Comparison of Component Lg&kalodel

Component Linkage
Model

Required SPEC Characteristics

Provide change propagation tracking sche

Balanced model details and modeling effqg *

LEGEND: YK Do Not Support ‘Y Fair Yk Good K Excellent

3.2.4 Change Favorable Representation (C-FAR)

Recognizing that the change propagation dependbenype of changes made on the
initiating part, Cohen et al. introduced changeofable representation (C-FAR). Its main
objective is to set up a data representation thdd designers in making product
modification and tracking its propagated effect3][8The modeling process is done in
EXPRESS, a programming language that assist pradiefoition through its in-built
modeling schema [11, 83]. An overview of the r@aships between this C-FAR method
and EXPRESS is available in [82].
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In short, C-FAR aims at tracing and predicting gempropagation by identifying the
interactions between the attributes of the prodlements [80, 176, 273]. Each physical
part of the product is modeled as a vector and Higibutes are taken as components of
that vector [83]. The influence of a change madeone component attribute to that of
others is captured in the C-FAR matrix. This chamgerrelationship is supplemented by
the scale of their strength (i.e. high, mediumaw)l based on expert opinions [42, 45,

106]. An example model is shown in Figure 46.

o-Liquid Type — is_contained_in) - Battle Size |

Liquid Quantity Bottle Material

[Liquid Type, Liquid Quantity] Ejﬂ" E{/ HI  [Bottle Size . Bottle Material]
X
C-FAR Matrix

l;r:/l H | «— Semi C-FAR
Matrix

Figure 46: C-FAR Product Representation [83]

In this sample case, two interested entities inedln the design of a bottle are the liquid
and the bottle itself. Both are supplemented with attributes each, which are related to
each other in the C-FAR matrix. The rows represeatattributes of the liquid while the
columns refer to those of the bottle. Value for fing matrix element corresponds to the
influence strength of the liquid attributes on #ad the bottle whereas the second value
indicates the reverse. For instance, the secondamaiAfirst column element of the full C-
FAR matrix shows the connection between liquid qixarand bottle size. The “H/H”
entry implies that the liquid quantity highly inflaces the bottle size and vice versa. Note
that the matrix can also be reduced into a semAR-matrix representation, which only
shows one way relationship. Component attributé thiéiates a change is identified

along with the interested target attribute andd@nge propagation path from the former
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to the latter is derived based on the populatedA®-Fatrix. A numerical scale is used to
represent the level of connection strength durhng dalculation of propagated effects,

which is detailed in [83].

Overall, this modeling method captures the necgs&artors to predict propagated
change effects; which are change type and magniflitis is a big improvement over
other modeling approaches for change process. Hawg\wdoes not provide a structured
plan on how these measures should be derived.iRdélgnbod of change propagation and
the required amount of redesigning efforts areroétssigned with the average over their
past occurrences regardless of the actual chande mahe initiating component [273],
which can lead to inaccurate change propagatiolysisaThe main focus of this method
is the representation of product data informatiather than change implementation [82]

and this explains the lack of emphasis on the v@naf its measures.

In addition, its model build-up is rather complendasubjective, where the identification
of component attributes that can influence andrflieénced by others appears to be
rather time-consuming, especially for complex paiduSince the propagation path is
automatically generated based on C-FAR matricespaarlooked attributes could affect

the overall evaluation. On opposite side of theuargnt, too many attribute declarations
lead towards heavy calculation. Its computationanpglexity and required modeling

efforts makes the application of this method onpprapriate for small and relatively

simple products [80, 184]. Furthermore, this metboty supports the analysis of change
propagation from one attribute to the specifiedeati his restricted capability makes it
inefficient to handle the product redesign procegsgre multiple initiating changes are
usually defined and their propagated effects ctaract with each other. Due to its model

definition up to component attribute levels, ipsssible that a required change will affect
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more than one attribute of the same componenthisitcbndition is not captured by the

C-FAR matrix.

The advantages and disadvantages of this methddlarated in Table 31. Its qualitative
comparison to the desired characteristics of prodhange modeling for the proposed

SPEC methodology is given in Table 32.

Table 31: Advantages and Disadvantages of C-FAR

Advantages Disadvantages

* Clear and systematic change * Modeling efforts can be rather
propagation tracking tedious for complex products

* Include useful change information| ¢ Information included is based on
for impact analysis past change data

* Readily usable for change study

Table 32: Qualitative Comparison of C-FAR

Required SPEC Characteristics C-FAR

Provide change propagation tracking sche *

Balanced model details and modeling effq *

LEGEND: Yk Do Not Support ‘Y Fair Y Good I Excellent

3.2.5 Product Dependency Model

In similar principle to previous C-FAR modeling rhet, Rutka et al. proposed product
dependency model. However, instead of the complitatodel build-up like the former

method, this product dependency model uses DSMeseptation structure. Its scope of
application is also expanded to include other dgwelent process characteristics apart

from the product design.
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In brief, the dependency model between product corapts is based on three criteria as
listed below [273]:

1. Contain information that represents several viewygodr domains of the
engineering system such as requirements, prodcigitecture, design process
or activities

2. Contain additional dependency information that dbss the interconnection
between two items from the same or different dosain

3. Able to be evolved as the overall design represientanatures

A sample product dependency model is illustrateligure 47. Each item included in the
DSM model representation belongs to one of thetifieth domains, which could be

design requirement, product component or design teams in the matrix are equipped
with a set of attributes that describes the natdrtheir interdependencies, as listed in
Table 33. A key attribute included in this produobdel is the process milestone when
the affected component is no longer allowed to loelifred. In such cases, the initiating
change component have to contain the otherwiseagaipd effects within itself. This

attribute accounts for circumstances when the gesign is “freeze” after it has reached
certain stages of product development lifecyclee Thoice to “freeze” components is

normally determined by the company’s regulatiopmcess requirements.

Initiating items

A B C D E [ge ~~""""""""-- -

1
I « |-item: initiating item

X X : « T-item: target item
1 * |-ToC: initiating type of change
1
1
1
1

+ T-ToC: target type of change

A
« |-LoC: initiating level of change
E B X X X -+ T-LoC: target level of change
2 [ 1 - M: milestone >
sC | X : X :
) l-item | I-ToC | I-LoC | T-item | T-ToC | T-LoC M
"D ® Ao || H |[m
A T L D T2 L M1
A T2 H D T2 L M5
E X ~ \
b \
[llern A]_\_)"Itern DI

Figure 47: Dependency Modeling [273]
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Table 33: Iltem Descriptive Attributes

Attribute Description

[-item the component that initiates the change propagation
I-ToC the type of the initiating change
I-LoC the required amount of rework caused by the imiigathange
T-item the component that is receiving the propagatedgheffects
T-ToC the type of change effected on the target item
T-LoC the required amount of rework imposed on the tatgst

M the process milestone when the target componditzsn and

not allowed to change

Referring to Figure 47, the matrix is read fromuroh to row. The expanded descriptive
attributes table corresponds to the included in&drom for element in column A and row
D. For instance, reading first line of the tablenadification of type T1 in item A will
cause a propagated change of type T1 on item Deiizkpg on the modification level,
the level of propagated effects will also be défetr The first line indicates that if item A
is changed with M level, then the effects on itemisO’'1 at level H. However, for the
same T1 change on item A with level L, the propadaffect on item D is of type T2 at
level L. Furthermore, if the change occurs afterMil milestone of the product lifecycle,
no propagated effects will be imposed on item D iteth A has to be modified to match

this condition.

On the whole, this product modeling method improthes change analysis by including
more complete data on how the initiating changes mrapagate to other components.
This facilitates a better indication of possibl®gagation paths. In retrospective, this is
similar to some of the benefits offered by C-FAR they are achieved here with much
simpler modeling efforts. The inclusion of the pFes milestone attribute also better
matches the real product development process. Hawee mention of a structured plan
on how the measures of change likelihood and |®@feimpacts can be derived is

provided. It is then assumed that they will be Ham® historical change data.
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In conclusion, the advantages and disadvantageéssainethod are tabulated in Table 34.
Its qualitative comparison to the desired chargsties of product change modeling for

the proposed SPEC methodology is given in Table 35.

Table 34: Advantages and Disadvantages of Prodegéedency Model

Advantages Disadvantages

* Clear and systematic change * Information included is based on
propagation tracking past change data

* Include useful change information
for impact analysis

* Manageable modeling efforts

* Readily usable for change study

Table 35: Qualitative Comparison of Product Depecgidviodel

Product Dependency
Model

Required SPEC Characteristics

Provide change propagation tracking sche

Balanced model details and modeling effqg *

LEGEND: YK Do Not Support ‘Y Fair Yk Good K Excellent

3.2.6 Summarized Review of Change Propagation Modeling Methods

Many authors agree that the DSM model providesnplg, yet clear visualization on the
possible propagation of change effects within trepct architecture through its simple
square matrix representation [59, 81]. This camnberred from the inclination of many
product modeling techniques to employ it as thepresentative structure. Despite the
fact that DSM model can become very large and tmahalyze for complex systems, it
is perhaps the current best representation foryatochange study at the moment [293].
It is certainly a well-established technique tham @ct as a basis in planning for product

redesign process [60].
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Through their works, Pimmler and Eppinger demonstighat a complete interaction
pattern for system architectures can be adequdledgrated using these matrix-based
methods [257]. Although the basic DSM model doessimdude any information on the
propagation likelihood or the level of change effethese values can be easily added
once the interconnections between the parts haste éstablished. It should be noted that
good redesign decisions require an understandintbeoprocess risks and opportunities
[97] but it has been argued that the current vadnatcheme for these parameters is often
biased towards past changes and thus can be migje&ince designers can be pushed
into a specific decision space by the biasnestaf methods and tools [306], a proper

care must be taken to improve the way these mesaaueederived.

On the other hand, there also seems to be a desagrg as to how the modeling process
is better approached. Authors such as Schaz [282Panmler and Eppinger [257] had
advised that the functional approach is more slatahbt Jarratt disagreed and proposed
that the focus is put instead on physical companghi4]. In general, all engineering
design involves form and functionthere is no form without function and no function
without physical manifestatiérj134] and their interaction actually prompts tbieange
propagation [298]. Depending on the problem inter&sctional approach can be a
better choice than physical approach, and viceavdtsr product redesign, the available
knowledge about the baseline should be exploitesh@smum as possible to guide the
change planning. Because the existing physical computs indicate available redesign
freedom, the physical approach by Jarratt is meesaonable for this study. However,
another main problem that exists in current prodgoietieling for the engineering change
study is the absence of a proper guideline on #tenlce between the development efforts
and the level of details to be included in the ni¢8é, 81]. Not all product components
or aspects is necessary for change propagatiogsas§l 74] and it is important to have

the right set of information for manageable modeé¢,sespecially for complex products.
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Depending on the requirements of analysis taslks]abvel of product details and hence

the model size need to be aptly controlled.

Based on this literature study, summary assessofethie identified product modeling

techniques to the desired criteria for the propd&eBC method is shown in Table 36.

Table 36: Qualitative Comparison of Identified CgarPropagation Models

Functional = Component- Component Product
Change Function Linkage C-FAR Dependency
Modeling @ Propagation Model Model

Required SPEC

Characteristics

Provide change

propagation * * * * *

tracking scheme
Balanced model

details and * * * * *

modeling efforts

LEGEND: *DO Not Support *Fair *Good *Excellent
I:I Best per criterion

From the qualitative comparison presented in T&le product dependency model is
shown to have the overall best characteristics gnodher identified product models for
the scope of change study covered in the proposgttian. This is mainly due to its

simple construction and complete change informdtonhe impact analysis.

3.3 Change Impact Analysis

The most critical phase of engineering change p®de the impact evaluation for the
implemented product modification [176]. This canitglied from the emphasis of many
available standards in product manufacturing imiest Unfortunately, none of these
standards provides change impact analysis methawabras part of their guidelines

[273]. Before the modification can be analyzed ¢cide whether their implementation is
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acceptable, their system-wide effects such as #ftalts in planning, scheduling and

resourcing have to be predicted [152].

In general, this section is focused on addressiaddllowing research questions:
1) What are characteristics of an aircraft and itsettgmment process that can be
affected by engineering changes?
2) How to sufficiently measure change impacts on tlobsgacteristics?

3) How to manage overall aircraft redesign risks?

From this literature study, available methods amalst for change impact analysis in
software engineering are found to be arguably radrenced than those in other product
fields. Nonetheless, the key difference betweetwswsé and mechanical products is that
the latter performance is highly influenced by ¢f@@metries of their physical parts [232].
The parametric links between their parts are lgpsicit [80] and the propagation of their
change effects highly depends on the type of iet@eddencies [273]. This condition
makes most methods and tools in software developnagimer inappropriate for use in
hardware development. Nevertheless, while they aaoa directly applied to analyze the

change impacts on hardware products, their prdcasgeworks can be a good reference.

The dynamic requirements and the fast advancemace pf software market subject
most computer programs to frequent modification6]3Jimilar to hardware product

industries, more software programs are being rgdedi than newly developed and this
is indicated by the usual 70-30 ratio of maintemattcdevelopment research expenditure
within the software community [201]. The “maintecah here refers to the necessary
changes on existing computer programs. In viewisf the importance of change impact
process is shared between the software and hargwadect development. Based on his

research in Butler Cox Productivity EnhancementgRam (PEP), Moreton outlined the
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general process framework for change managemesufiware engineering [237]. This
workflow ranges from identifying the change neeasalyzing its full impacts on the
system, implementing it once approved and upddtiagassociated documentation [216],
as illustrated in Figure 48. From this framewoHe tnain elements of change impact that

need to be focused on are costs and amount of kewequired by the modification.

Single Change

Request

1

v
Review Determine Develop Cost Perform Discuss Document
Change Impact/ Scope & Resource —>| Cost/ Benefit —>  Implication Impact, Cost
Request of Change Estimates Analysis with Customer & Decisions

I I

v v l
Reject Reject Continue
Request Request System Release

Figure 48: General Impact Analysis Step in Softw@nange Management [237]

The change impact analysis is undeniably a crsteyd to the effectiveness of the overall
change planning process. Making strategic plandaajsion requires the overall problem
outlook as change effects for the product sub-ameight be connected to each other
[334], which depends on the applied methods oistamprovide the required information
for the assessment purposes [211]. Generally, timapy goals here are to trace and
analyze the dependencies involved during changeagution [41]. Based on knowledge
gained up until at this point, several essentiéiga of the methods or tools that properly
capture engineering change impact analysis asdaterfior the SPEC method can be
outlined as follows:
(i) Capture the essences of possible change impacts
a. Clearly define evaluation metrics to assess changacts
b. Simultaneously cover both product and process itspac
(i) Provide a structured evaluation scheme for chamgadt assessment

a. Provide a clear evaluation method for identifiednne
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b. Support the evaluation of impacts from simultanechange
propagations
(iif) Provide assessment scheme that is represeataitthe change task

a. Utilize unbiased change information for impact geed

From the background studies, available change impa&thods that are identified to be

relevant to this research study are discussedilasvfo

3.3.1 Change Propagation Analysis (CPA)

This qualitative change propagation evaluation metis proposed by Rutka et al. and it
is tailored to the product dependency model asrdestin section 3.2.5. In this method,
the prospect of change propagation is derived tiir@imple Boolean dependencies that
are based on the information of their dependermeyngth and the required type and level
of the changes [273]. The simulation of changeotdfstarts with the specified initiating
item and the program algorithm is outlined to idgnall interdependencies that are
related to it. In cases when the change type avel e specified, the identified item
with matching labels will become the next initi@giiiem in the propagation path. This

path tracking procedure is continued until the pgadion reaches its stopping criterion.

To better demonstrate this method, an examplesoghple propagation tree is depicted in
Figure 49 that demonstrates three end conditionshi® algorithm. Iltem A here is the

change initiating element and once modified, itgagates the change effects to items B,
C and D. However, since item D is classified asZén”, this path is terminated and item
A has to absorb whatever change effects thattitllyi tries to propagate to item D. For

the other change paths, when item B is modifietyrther propagates the effects to item
E. The path stops here as item E is not intercdedeto any other items. Last but not

least, by changing item C, the change effects appggated back to items A and B.
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However, since item B has already been affecteidelny A at a higher level of impact, it
will not be allowed to change again if the typecbfinge is similar to that previously
imposed. For this algorithm, a lower or similardewef the same type of modification is
assumed to be covered by the previously imposdtehigvel change. On the other hand,
by changing item A again, it will trigger the sampmpagation tree all over again. To
avoid endless change effects propagation, the congpalgorithm is set with a stopping
criterion when a previously changed item is encergtt again. Alternatively, an external

counter can also be set to limit the number ofvedlole propagation steps.

Item A

|
ltem B [item c| [item D

litem E] |item A {Item B!

E Item i : item impacted before with higher LoC

_________

: ltem affects no other items

Figure 49: Simple Change Propagation Tree [273]

Once all propagation paths have been mapped @utistks related to the decision criteria
such as cost, time and other is analyzed. In tlethad, the final level of change defined
for all affected items in the propagation tree alies the maximum value for their specific
type of change and the risk calculation is dependarthis change impact level and its
likelihood [273]. A combined risk value for the digon criteria, also called global risk,

is then derived by combining that of the individuam.
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Overall, this method provides a clear scheme on th@\propagated change impacts can
be mapped and evaluated. The use of product depeydeodel allows an accurate and
efficient tracking of the propagation paths, anel stopping criteria applied in the change
propagation algorithm highlights the various comgrairroles in the propagation tree. In
addition, the risk analysis is done as a post-fgsing step after the paths have been
determined and this allows it to require minimahgutational power as opposed to
include the analysis into the main algorithm it4@lf3]. The downsides of this method
are the facts that it does not detail the speuifiy to evaluate the measures of the risks

and does not consider the process with simultanedtieging changes.

To summarize, the advantages and disadvantagéssofmethod are tabulated in Table
37. Its qualitative comparison to the desired gat®f change impact analysis for the

proposed SPEC methodology is given in Table 38.

Table 37: Advantages and Disadvantages of CPA

Advantages Disadvantages

» Capture complete essences of * No assistance on assignment or
change impact factors evaluation of change impacts

* Allows consideration of both
product and process parameters

Table 38: Qualitative Comparison of CPA

Required SPEC Characteristics CPA

Capture the main essences of change impau *
Clear evaluation scheme for impact assessm *
Representative of the change task at hand *

LEGEND: YK Do Not Support Y Fair Y Good K Excellent
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3.3.2 Progressive Change Probabilities

An identified disadvantage of many change propagagchniques is their assumption of
constant probability across the propagation tréeceSthe propagated change effect also
depends on change likelihood of previous compoinetiite tree, its probability should be
cascading from top to bottom of the product strect[i60]. Alternatively said, in a
multi-level product structure, component commoredithave the potential to affect the
change likelihood for lower-level items dependinghmw they are interconnected to the
initiating part or component [160]. This changeelikood estimate is used to calculate
the measure of change risks, which makes it impbttahave a reasonable prediction of
its value. In the product risk management fiel@, isk model is estimated as the product

of change likelihood and scale of impacts thatdm@nge will produce [80, 176].

Ho and Li proposed an analytical procedure to datetthe progressive probability of an
engineering change for a part or component withuitiflevel product structures. Their
computation is based on several assumptions ochérege propagation [160]:
» Lower level parts or components will not cause tdsmence or propagate change
effects upstream
* The need for propagated changes from multiple miggwel component are

independent to each other

In general, computation for the progressive chargbabilities is given as follows:

P (i) =P, +Y P (i) %P, Equation 10 [160]
0 if itemiis notanimmediateparentof item |
P, =7 0 if engineeriig changeof itemi will notcausechangenitem j
C, otherwise0<C; <1
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where: Pec (] ) the probability of engineering changes isgzbon
item j, j=12...,n

P. the probability of engineering changes for itgm
without considering engineering changes of higher

level items

P.,C. the conditional probability of engineering chasdear

jir~ii

item j resulted from engineering changes in item

An example case is presented to illustrate thispzdation, which is shown in Figure 50.

5 5 6 6 7 5

Figure 50: Example Product Structure for Progres§ifiaange Probabilities [160]

Based on the governing assumptions, change prapadhiiws only from top to bottom
of the tree structure. Furthermore, item 5 hasetiiferent immediate parents: items 1, 2
and 3. Following the second assumption, the changigagation effects from all of them
are taken to be independent of each other. Thelesilen of change likelihood on item 5
is then given as follows:

I:)EC (5) = P5 + [(Pl X I:)51)-'- (PEC (3) x P53) + (P2 X P52)]

Overall, this method only outlines the analyticamputation of the progressive change

likelihood. There are no other elements to askesichange impact analysis is included or
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discussed. Furthermore, the restrictions imposedsbynderlying assumptions limit its
practical use. For many complex product systemgineering change effects are often
propagated in both directions between two compandntaddition, it is impossible to
impose a hierarchical structure for engineeringngeaprocess without prioritizing some

components over the others, which obviously leadsliiased change analysis.

In conclusion, the advantages and disadvantagéssoiethod are tabulated in Table 39.
Its qualitative comparison to the desired criteofachange impact analysis for the

proposed SPEC methodology is given in Table 40.

Table 39: Advantages and Disadvantages of Progee§3iange Probability

Advantages Disadvantages
» Clear outline of change likelihood | « No definition of change impact
estimation parameters or evaluation metrics
* No detailed method to assess change
Impacts

Table 40: Qualitative Comparison of ProgressivergeaProbability
Progressive Change

Required SPEC Characteristics

Probability
Capture the main essences of change impa *
Clear evaluation scheme for impact assessm *
Representative of the change task at hand *

LEGEND: Yk Do Not Support Y Fair Y Good IR Excellent

3.3.3 Response Surface Method (RSM) in Change Impact Assessment

While the computing technology has been signifigaimiproved over the years, the level

of complexity for disciplinary design computationalograms remains the stumbling
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block for a faster design evaluation or verificatid he required high computation times
for these design models restrict the amount of yamogevaluations that can be fit into the
available timeframe during the early phases ofgiepirocess [265]. In similar fashion,
the initial evaluation on the effects of productdifization can take a long time when the
planning of the changes is being constructed. Simeehange effects can determine the
success or failure of a product redesign developniteis rather imperative to be able to
estimate their potential impacts during the redegilgnning to identify all design trade-

offs that are involved [314].

In their quantitative requirements traceability hezt, which establishes the connections
between product requirements and their inflictegdiglte changes, Sutinen et al. used
response surface method (RSM) to quantify the eséich change effects early in the
development process [265]. In short, RSM is applied approximate complex

computational design model by creating a simplepignal meta-model of the process
that allows a faster change impact evaluation mhoee The meta-model is statistically
developed from relative contribution of the inpuriables to the interested system
response, and this knowledge is obtained from aimajythe experiments or simulations

that have been constructed from design of expetsn@oE) technique [191].

The meta-model from this RSM method is known agarse surface equation (RSE)
and it is often taken to be of a second order pwtyial shown as follows:
k k k-1 k
R=by+> bx +> bx +> > hxx +& Equation 11 [191, 265]
i=1 i=1 i=1 j=i+l

where R = response of intered, = intercept termp, = regressed coefficient term for
linear terms b, = regressed coefficient term for pure quadratimggib, = regressed
coefficient term for cross-product terms, x; = input variables of interesg = error term
associated with the second order approximation
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Once the RSE is available, it can be used in ph@®mplex analysis codes to study the
guantitative engineering change impacts from thepesed modification. It should be
noted that this method is extremely useful whenctenge impact analysis is backed by
several simulation studies [265]. For aircraft egstdesign application, this method has
been demonstrated in several works, most promyeéatthis change study is its use in
Technology ldentification, Evaluation and Selecti@fES) method by Mavris et al.
[228]. In that application, the RSEs are used tantjfy different impacts of technology

implementation on aircraft performance properties.

On the whole, RSM can be taken as a powerful methapiantitatively estimate change
impacts during product redesign planning. The edion of possible impacts from the
changed design is supported by the determinatioalafive contribution of the modified
parameters to the interested metrics. Its apptinatin product development process such
as TIES for aircraft system demonstrates its cadipabd capture the change effects on
redesigned product performances, instead of jestévelopment process characteristics
like most change impact analysis methods. Howetshould be noted that the accuracy
of its prediction depends on the approximationrsraf the RSE that must be kept very
small to have meaningful impact estimation. Theasabdel development can be very
time-consuming if the computer-based analysis mukition codes are unavailable and
the application of each model is limited within tihefined output and inputs boundaries
[265]. The advantages and disadvantages of thisodedre presented in Table 41 and its
gualitative comparison to the criteria of changeaat analysis for the proposed SPEC

method is given in Table 42.
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Table 41: Advantages and Disadvantages of RSM an@é Impact Assessment

Advantages Disadvantages

* Provide means to quantitatively |+ Development of meta-model can
estimate change impacts require significant efforts

* Assist screening of impact * Need to be aligned with change
parameters based on their relative process to have meaningful results
contributions on evaluation metric

Table 42: Qualitative Comparison of RSM in Changgact Assessment

RSM in Change
Impact Assessment

Required SPEC Characteristics

Capture the main essences of change impac
Clear evaluation scheme for impact assessm *
Representative of the change task at hand *

LEGEND: Yk Do Not Support ‘Y Fair Y Good Y Excellent

3.3.4 Summarized Review of Change Impact Analysis Methods

Engineering changes can simultaneously affect paituct and its development process.
Having this in mind, it is essential to have properans to predict these two categories of
change effects. In general, the main objectivehaihge impact analysis is to estimate the
extent of effects from the proposed product changbgh can help in deciding the most

proper redesign plan [170].

In many change support methods and tools that bege identified during this literature
study, change impacts are often measured in tefrtieeq@rocess risks involved. By the
definition from risk management field, change riskjualitatively estimated as a product
of change likelihood and scale of impacts that iit produce [80, 176]. Nonetheless,
very few studies are focused on examining chanfgetsfon the product, especially for

complex, multi-level product structure [160]. Itkeown that the modification affects the
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product performance and the exclusion of this asjpem the impact analysis is a serious
oversight. Typical change methods only considerittgact of changes on cost factors
but not so much on time, solution flexibility or ity of the redesigned product [142].

This situation is mainly due to the fact that thecgblinary evaluations are usually very
time-consuming and require tremendous efforts texdseuted during the change analysis
process. One promising method to cope with thilera is RSM. By approximating the

meta-model that represents the high-fidelity analgedes, computation can be made in
a faster pace than having to run the simulatiodystevery time a product element is
changed. Bear in mind that if the meta-model haddoconstructed through manual
experimentation, it might still take too much tieed efforts. Nonetheless, there is a high
need to ensure that the changes do not affectrbaugt’s capability to perform to its

operational requirements, both new and existing.one

Moreover, an unbiased scheme to account for thsilpibses of propagated changes and
their impacts is required. In general, their meastan be made either qualitatively or
guantitatively. Although the qualitative approashgenerally less precise, its results can
be obtained much faster than the parametric forenalguantitative approach [273]. This
choice basically depends on the assessment olge€iiv the proposed SPEC method, its
main objective is to compare and select the bemt@h implementation plan among the
potential alternatives. It is clear that this isstative assessment problem and qualitative

measurement is rather adequate for this method.

To summarize, although none of the identified cleamgpact analysis methods perfectly
matches the outlined functionalities to be direethplied in the proposed SPEC method
as indicated by Table 43, they provide invaluabfermation for the construction of a

better method to assess the consequences of enggeleanges.
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Table 43: Qualitative Comparison of Identified Cganmpact Analysis Methods

Required SPEC Progressive RSM in

Characteristics

Change Change Impact
Probabilities Analysis

Capture the main essences St * Y

change impacts

Clear evaluation scheme fo * * *

Impact assessment

Representative of the chang
task at hand * * *

LEGEND: YK Do Not Support ‘Y Fair Y Good Y Excellent
I:I Best per criterion

From the qualitative comparison in Table 43, CPA tiee better method that captures the
essences of change effects and its definition afuaion metrics considers both product
and its development process. However, it lackswtstred guidance on how the metrics
should be evaluated. On contrary, while the use @1 for prediction of change impacts
needs to be tailored to the change process chasticte it offers a straightforward
scheme on how to appropriately calculate the etialuanetrics. Therefore, it is taken to
have the best evaluation scheme among the idehtifigthods, assuming the appropriate

simulation analysis tools are available.

3.4 Change Implementation Planning

At first glance, the implementation of a productdification might deceptively seem like
a simple task. However it often ends up being ntoreplicated once the actual redesign
process is executed. The study in Westland Helespevealed that their most difficult
and costly redesign projects are actually thosecisted with design retrofits, which
often appear rather straightforward during thaahplanning [80]. It is very rare that the

changes made on one component does not affectlibesd267], especially for complex
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products [273]. Hence the change initiator or immater is responsible to be aware of
all potential propagated effects to decide on tghtrtrade-offs during planning of the

modification [83]. In addition, many redesign caseslve several initiating changes and
their effects can be interconnected [67, 174, 288ording to Han, changes can be
implemented independently or concurrently onlyhgit driving factors have been clearly

outlined [152]. Prioritization for these changes adso be predetermined [134].

On the whole, based on these various elementsapfgehimplementation process, a good
redesign strategy is required as to how the knoydeaf possible risks and impacts can
be used to create a better product modification.dlageneral, this section is focused on
addressing the following research questions:

1) What are important criteria for a good change im@atation plan?

2) What are control parameters that are availabléamge planning?

3) How to generate implementation plan for the reqluoleanges?

4) How to select the best change implementation ptaong possible

alternatives?

The importance of change propagation and impadyses has been emphasized by the
discussion from previous sections. A reliable cleapgppagation tracking is key to the
success of product redesign planning [187] asqiires full knowledge of the possible
downstream process [78]. Nevertheless, becausaeasrgig change has been perceived
negatively within the design process, there isearclack of support tools and methods
when it comes to assisting designers in stratdgigalanning for the best change
implementation. Even if the management of the dgviequirements and the derivation
of the proper product model have been accomplisthede is often little or no support at
all for generating the change implementation alieves and selecting the best proposal

[36]. The information obtained from the change @ggtion and impact analyses is often

140



only applied to assess redesign risks at the highegs level. Jarratt stated that many
research efforts in this engineering change fieldehbeen individually pursued and thus
the application of resultant methods and tools hgteo be streamlined together [174].
This situation needs to be resolved to enable t@ibetoduct redesign planning solution,
which is important because the decisions made dwarly design stages, for example,

can determine as much as 70% of the overall prazhsts [318].

Based on this realization, as well as the argumeratde in previous chapters, several
criteria are outlined to compare the advantagesdisatlvantages of the identified tools
and methods for redesign planning. They are liatefbllows:
(i) Provide a structured redesign strategy
a. Proper use of change information in planning
b. Include proper expert interactions in the process
(i) Provide a proper redesign plan assessment scheme
a. Define proper metrics to evaluate alternative plans
b. Define a structured scheme for plan selection
(iif) Scalable to simultaneous initiating changase

a. Allow concurrent planning of several change implatagons

3.4.1 RedesignIT

RedesignIT is essentially a computer-based todlitheonstructed based on the concept
of model-based reasoning to generate and evalvadeiqt redesign proposals [246]. The
causal reasoning defined between identified phisjoantities of the product design is
the main element that is used to plan for its modiion [176]. In general, the primary
application of this RedesignIT tool is to help pmotidesigners plan for required changes

during the initial stages of the redesign proc&mssed on the inputs of performance
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targets by the user, it will automatically geneitiie best modification plan in accordance

to the change interrelationships defined in thelpob model [247].

Operating principles of RedesignIT tool can be fbyidescribed as follows. First of all,

the product model is constructed. Design paramétetse model are divided into two

categories: target quantities and exogenous qiemtithe setting of the target quantities,
which is allowed to either be maximized or minindzés the translation of the design
goals that need to be accomplished [246]. To aehspecified redesign goals, the setting
for exogenous quantities is varied accordingly tnegate possible combination of
change plans. These potential design change ptensaaked based on their degree of
accomplishing the goals, nature and severity okttie effects to aid designer in making
the selection. To better illustrate the conceptireblthis tool, an example case of a four-
stroke, turbocharged diesel engine is shown inreidil. Note that this representation

details have been reduced for better illustration.
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Figure 51: A Four-Stroke, Turbocharged Diesel Eaditodel [247]
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Assume that the main goal for the engine redesigo have a larger output torque. When
initiated, the program will search for all possiblays to achieve this target. This leads to
the increment of piston stroke, intercooler sizarma of intake ducts, as can be observed
in Figure 51. However, the latter two options haveonstraint condition that opposes the
intended modification and therefore, the pistoolsitris selected as the initial change. By
increasing the piston stroke, it also causes clatgeeveral other quantities such as an
increase in fuel/air mixture and a reduction ofieagdurability. The program algorithm
then automatically searches for the necessary ésatmycounter these undesirable side
effects. This process will eventually be terminatelden there is no more exogenous
guantity that could be changed, even if the unddsgide effects are not yet entirely

eliminated.

It can be seen that the concept behind its exetudially takes into account the strategic
redesign planning. Product model to be used with tiol does not require accurate
numerical inputs but instead, it qualitatively wenkith information regarding the nature
of the causal relationship, the direction of thenwtonic relationship and the qualitative
magnitude of the association [247]. It can be ndited the principles of causal reasoning
is applied to generate the behavior of possiblegbgropagation [247, 289]. In addition,
the notion of exogenous quantities is based oneKell al. [188, 247] while the concept

of qualitative simulation is based on Kuiper ef484, 247].

On the other hand, although the product model doé€ntail numerical input values, it
requires a thorough understanding of the physibsnldethe product design construction.
It is rare that “design rationale” information ieoperly documented in available PDM or
PLM packages [36]. This could be a problematicaditn as designers are required to
have thorough understanding of overall product etsp&vhich is impossible for complex

products like an aircraft system. The situation banmemedied by having the inputs from
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related experts across the development procesthauincreases the required modeling
time and efforts. In addition, to allow for a betessessment of change likelihood, it is
necessary to include an indication of the magnitiodehe causal relationship on top of
their monotonic direction [247]. This is emphasiziging the discussion on available

change propagation modeling techniques.

In addition, the model also limits the applicatmiiredesign process since it assumes that
the product architecture will essentially remaihe same after the redesigning effort.
This can be implied by the way the exogenous qgtiestare defined in the model, which
is static throughout the process. This restricidm@ big disadvantage and needs to be
improved as most redesign projects often involvealle design deviations from the
baseline product architecture. As stated by Haangd methods should consider the
possibility that the applied engineering changds imtroduce new sub-modules into the
architecture instead of limiting their analysis ahbijtity on only changes that can be made
to static product modules [152]. Moreover, the ehusasoning algorithm can also lead
towards unnecessary changes while trying to couhteemerging side effects from the
primary modification. There is no “check and bakihprocess to analyze the trade-offs
between accepting the negative side effects thghtnmot even be significant enough to
cause the product to fail its performance constsaamd incorporating additional changes
to resolve them. This drawback goes back to thé&dirans due to product model and
change propagation tracking. Ultimately, this ocesah high possibility that the added
costs and efforts could exceed those that woule feen incurred by directly fixing the

affected component.

Finally, the concept behind this redesign stratiegyoal-directed. This indicates that the
redesign objective has to be translated into ablk@ltarget quantities within the product

model before the process can be executed. Howtheeredesign process involves more
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than just high-level system performance requiresiehhe cases of specific component
replacement due to new technology implementatisedan customer preferences are
not applicable for this tool since no target qu#giin the product model directly capture
this kind of change motivation. Plus, the automajederation of redesign plans has no
interaction with designers and the redesign plajnuaiecision is solely based on the goal

of satisfying all target quantities regardlesshaf tisks or efforts involved.

To summarize, the advantages and disadvantaghsaohéethod are tabulated in Table 44
and its qualitative comparison to the desired katef change planning analysis for the

proposed SPEC methodology is given in Table 45.

Table 44: Advantages and Disadvantages of Reddsignl

Advantages Disadvantages

* Provide a structured and automatg « No experts interaction
redesign planning strategy * Do not consider redesign risks

» Works without requiring an involved with proposed
accurately numerical change mode modifications

» Generate best redesign plan that | = Potentially entail extra modeling
satisfies target goals efforts

» Consider simultaneous change
implementations

Table 45: Qualitative Comparison of RedesignIT

Required SPEC Characteristics RedesignIT

Provide a structured redesign strategy *
Provide a proper redesign plan assessment sch¢ *
Scalable to simultaneous initiating changes cas ) ¢

LEGEND: YK Do Not Support Y Fair Y Good Y Excellent
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3.4.2 KRITIK

KRITIK (a Sanskrit word that can be translated the ‘designer”) is a design support tool
that contains 17 processing modules that correspmiypical tasks involved during the
product development process [143]. These includeqatures for design retrieval, design
adaptation, design storage, candidate-design gelemd others. It integrates case-based
and model-based reasoning principles to deriveva pr@duct by adapting the existing
design that has the closest characteristics ttatiget requirements [145]. In KRITIK, the
design modification process is taken as a task athaging necessary information
regarding the deficiencies of the baseline desigrtomparison to the target specifications
and based on the differences, changes on somegatssstructure that could make its
performance closer to the desired target are peapfB9]. According to Goel and Craw,
KRITIK was the first autonomous design system follyy addressed case-based design

tasks [144].

The heart of this KRITIK program is the structurghbvior-function (SBF) model that is
constructed from the knowledge of causal behawtwas map the product structure to its
intended functions [145]. In this perspective, aduct system will be represented by the
components, the substances (i.e. energy and nidtewa and the relationships between
them, which describe the specific behavioral stdtéhe product design. Moreover, the
function is treated as a transformation link fromecdbehavioral state to another that
explains how physical elements of the product a&hibeir designated functions [217].
This information is utilized by KRITIK to plan fahe required changes when the output
of the behavioral state (i.e. current product cdpgbdiffers from the target [68]. In

brief, KRITIK’s modification-generation procedurgillustrated as in Figure 52.
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Figure 52: Summarized Redesign Procedure in KRITIK

The process starts with a clear definition of tlesiced functionalities or the modified
target requirements. Based on the product's SBFemad affected functions that will be
considered for the modification process are idettifNext, the differences of its current
functional metrics to the targets are establishre@dases where more than one functional
difference needs to be considered, they are rab&sed on their difficulty level, with the
most difficult one to be resolved is given the laghpriority and considered first. Based
on the underlying causal reasoning for the functin8BF model, possible modifications
to achieve the specific target can be derived. dfarthan one possible way to redesign
the product is available, the potential modificatiaare heuristically ranked according to
their execution difficulty. The program then seaslhrough its database to find whether
a known solution that matches the proposed changeadilable. If not, this program will
abandon the candidate modification and pursueuhsegjuent highest-ranked alternative
plan. Before the start of next redesign cycle i@ subsequent functional difference case,
the model states are updated with the selectedfitatthn. The process ends when all

functional differences have been resolved.
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On the whole, this tool captures many essencesstifagegic product redesign planning
particularly the concurrent initiating changes aiton. By ranking the required redesign
tasks according to their difficulties and updatthg system model before a new cycle of
modification planning is executed, it provides istured scheme to simultaneously plan

for the necessary changes and avoid major comitjatifects.

Nevertheless, there are also a few setbacks thabeassociated with this method. Due
to its case-based nature, the redesign plans astramed by known solutions that are
available in the database. The basic principle nzkltiase-based design methods is to
solve the current problem by retrieving and adaptime closest past solution [143]. It
relies on the analogy to the past problem thatpramide some insights on how to solve
it [217]. Accordingly, the pool of possible chang@ution is limited to the stored cases.
Moreover, the redesign process is executed hete thit assumption that each function
can be localized to certain parts of the produdtictv corresponds to a specific design
case. However, this concept of design case isyamjlicable to many complex product
structures as it is difficult to isolate the designto totally independent areas of decision-
making [217]. In such cases, the existing relatigus between different “case” plans are
overlooked during their individual planning procemsd this situation can affect the
overall performance metrics. Generally, this makeapplication rather limited to small,
simple engineering devices [144]. Additionally, rieglesign focus on the functions might
be a problem to accommodate physically-motivateangkes and it also ignores other
essential evaluation metrics for change plan swhitsarisks and costs. Finally, with
similar argument to the modeling disadvantages edeRignIT, the SBF model requires
thorough understanding of the physic-based priasiplehind the product design in order
to extract all causal relationships between its moments. This require high modeling
efforts since most PDM or PLM systems are not gogapwith such information storage

[217].
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On the whole, the advantages and disadvantagéssahethod are tabulated in Table 46
and its qualitative comparison to the desired gatef change planning analysis for the

proposed SPEC methodology is given in Table 47.

Table 46: Advantages and Disadvantages of KRITIK

Advantages Disadvantages

* Provide a structured and automatg ¢ No experts interaction
redesign planning * Do not consider redesign risks

* Do not require an accurately involved with proposed
numerical change model modifications

» Generate best redesign plan that | ¢« Constrained by the efficiency of the
satisfies the target goals case database

» Consider simultaneous changes |+ Potentially entail extra modeling
implementation efforts

Table 47: Qualitative Comparison of KRITIK

Required SPEC Characteristics KRITIK

Provide a structured redesign strategy *
Provide a proper redesign plan assessment sch¢ *
Scalable to simultaneous initiating changes cas *

LEGEND: *DO NOtSUDPOVt*Fair *Good *Excellent

3.4.3 Change Prediction Method (CPM)

This Change Prediction Method (CPM) is conceiveddsist designers in planning their
product redesign development process and incolipgrdte assessment of change effects
propagation into consideration [80, 176]. Throutshgrocedures, the redesign decision-
making process is supported by the provision dfreged risks that the modification in
one component will affect the others within thestixig design architecture [187]. Based

on two numerical DSMs that contain the measureshahge likelihood and impact for
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each identified dependencies between the produnponents, the risks for making the

initial change is qualitatively quantified [273]h& illustration of this method is shown in

Figure 53.
Methodinput Original product ~ New product requirements
Methodexe cution ‘t L T
1. Initial analysis [
Change
Design/domain Create propagation — }
Inowledge product model model . Modified requirements
¢ 2. Case analysis I‘
Design/domain Complete Identify Predeted
Imowledge dependency matrices mitiating changes change Y
¢ i 3. Redesign
CPM —» Compute Identify
algorithms predictive matrres predicted changes
______—______—______a—b_c‘*_d_e_? ___________ * T R L ______
Method output i N
2 [ [ [ % Modified product
c o] »| K
41T \ X
e = x
3 —_—
L
Product risk matrix Case risk plot

Figure 53: Change Prediction Method [80]

In short, the method starts with an initial anaystiep. In this phase, the product model is
created through its decomposition process. A walidficed product model in terms of its
level of details and cost of populating it is pre¢el, and the suggested rule of thumb is to
consider only 50 or less components [80]. Oncecthraponents have been identified,
their interrelationships are mapped into the DSM aach of them is assigned with their
predictive measure of propagated change risk. Aernal algorithm will compute the
change risks using these values and the resultsog@ated in the product risk matrix.
The representation of this risk matrix follows tt@ncept of risk graph by Coppendale
[80, 91], which is shown in Figure 54. Basicallgettop right-hand corner is the highest
risk area where the propagated change is indidaté@ highly possible and its impacts

are very detrimental to the development process.chior coding utilized in Figure 54 to
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describe the risk level is explained as followst (Bigh risk), yellow (medium risk) and
green (low risk). After that, the initiating modiétions from the driving requirements are
identified and the predicted change propagatiomsdue to their implementation into
the product are automatically generated. The asatrisks for the generated plans can
be calculated from previously computed risk maand the decision to accept them is
made by considering the amount of risks involvedisTprocess can be re-iterated until a

satisfactory redesign plan is derived.

—_
(=]

high
[ J
°

Impact
medium

low

. . 10
low medium high

Likelihood
Figure 54: Sample Representation of Risk Graph [80]

An important concept in this method is the estioratof propagated change risks. A
simple risk model that is defined as a producthange likelihood and scale of impacts
that it will produce is adopted here [80, 176], ebhiis adapted from product risk
management field [13, 80]. In general, the measfiehange likelihood is estimated by
the average probability that changes on a compomidrpropagate to the other based on
its occurrence during past redesign cases. Onttiee band, the change impact measure
is valued in reference to the amount of necessawpnks when the component is affected
by the propagated changes. These two measuresrmnalized within a scale from 0 to

1. A sample calculation for the direct change rssééemonstrated in Figure 55.
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Figure 55: Direct Propagated Change Risk Calcuidg0]

Besides the direct effects, there are also indichenge impacts. It is of high interest to
be able to evaluate the total risks from both diesw@ indirect propagated change effects
during redesign planning process. Here, the cdiomlaof combined change risk is

described using an example case shown in Figurevbigh is assumed to represent all

possible change propagation paths in the samptiuptalesign architecture.

a
Or |
lo.a | And li.0 And {ﬁ(f
b € Iyd, s @ I b iny £
Direction of
b b

evaluation

Figure 56: Example Case for Combined Change Prajoaigaisk Calculation [80]

To calculate the combined risk for change propagdtiom componenrd to b:
R.=1-[10-5,.) Equation 12 [80]
Poy =0y by Equation 13 [80]

where: R, combined risk of change propagation frarto b

p,, directrisk of change propagating from all intechate
components that link betweet to a
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o,. likelihood of change propagation fraato u
(1 direct likelihood of change propagating franto b

by direct impact of change propagating frarto b

Therefore, based on Figure 56:
Ra=1- |_| (1_:0b,u):1_ |_(1_10b,a)(1_10b,d )(1_10b,f )]
R :l_l.(l_lb,aiba)(l Ogalpdl bd)(l O alo i s )J
)

Ra =1_|_(1_|b,aiba (1 g al bl bd)(l Iy albflbf)]

It was suggested by Rutka et al. that CPM is evigeme of the most advanced change
propagation method that is presently available [2TBe output of this method can be
used to aid designers in planning for the leastyrigroduct modification to satisfy the
imposed requirements. According to Clarkson etlad relative success of this method in
the industry lies in its use of only generic infaton but the powerful application of its
outcomes [80]. It should be known that several mggions have been incorporated into
the computing algorithm for the combined changk. i&nce the propagated engineering
change effects can return back to the initial meditomponent and thus creates possible
endless loops of propagated effects, the limietd® three or four propagation steps [80].
This simplification is backed by the notion thatiolye probability rapidly decreases with
propagation steps and thus will not have signifigarpacts in comparison to the ones
calculated in earlier steps. This has been denaissirto be a valid assumption with a

sample application on a helicopter redesign pro[&3s
However, even with this simplification, the amowhtrequired computational efforts can

rapidly increase for large product model [175, 278]Monte Carlo-based calculation

method is proposed to remedy this problem. Innkis estimation approach, the problem
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is further simplified. The probability of changeopagating from one component to the
other connected components is assumed to be mumwalusive to each other, which

means that only one propagation path can be sdleEtes turns the change propagation
problem into a series of “random walk” [175]. Tosare that the probability is mutually

exclusive to each other, the probability of selegimone of the potential propagated paths
is added and they are all normalize to the totabability. It has been demonstrated that
this probabilistic approach arrived to mostly theme conclusive results as the ones

obtained from the original CPM but with much lessnputational time [175].

Despite its usefulness in assisting product dessgmeplanning the engineering change
implementation, there are also several drawbackkisfmethod. First of all, although it
highlights the propagation paths and the risks @atad with them, no direct redesign
planning strategy is involved during the automajederation of redesign plan [120]. The
complete specification of the change plan is autmaldy generated by a computer
algorithm based on the predicted change propagéatesn without any decision inputs
from designers. Furthermore, the change likelihaod risk definitions used in this
method are too broad to capture the essences nfetmopagation. How a component is
affected by the changes will depend on the modiboaof the preceding component in
the propagation path [80]. However, the automatexhge propagation algorithm in this
method does not formally consider such details [25B3]. It relies heavily on the
estimated inputs based on previous change expegdh20, 175, 265], which can lead to
a biased evaluation of the process. Moreover, dowgrto the reference literature, the
required changes are independently analyzed imibtbod [265] and hence the decision
to implement them is based on separate tradedfscthuld easily overlook their possible
interactions. Many product redesign problems detl more than one required initiating
change and their effects are interconnected with @sher [120, 272, 332]. However, it

should be noted that not all change processestodsel considered simultaneously when
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they are totally independent of each other. Lastnot least, this method also requires a
high computational effort for the analysis of largemplex products. Though the Monte
Carlo-based approach has been introduced to dkewame of these problems, its
probabilistic calculation still need a much cleagaidance on how certain parameters are
being defined. For instance, the distribution foamge propagation likelihood or that for
the change risks needs to have a good basis aiititafi which is not clearly outlined in

the reference literature.

Overall, the advantages and disadvantages of tathod are tabulated in Table 48 and
its qualitative comparison to the criteria of changanning analysis for the proposed

SPEC methodology is given in Table 49.

Table 48: Advantages and Disadvantages of CPM

Advantages Disadvantages

* Provide a structured and automatg ¢ No experts interaction during
redesign planning generation of the change plans

*  Works with a simple risk model * Risk evaluation can be misleading

» Provide selection of change plans due to high reliance on past change
based on their risks data

» Consider initiating changes
separately during planning

» Can be computationally expensive

Table 49: Qualitative Comparison of CPM to Desi@rderia

Required SPEC Characteristics CPM
Provide a structured redesign strategy *
Provide a proper redesign plan assessment sch¢ *
Scalable to simultaneous initiating changes cas *

LEGEND: *DO NOtSUDPOVt*Fair *Good *Excellent
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3.4.4 Summarized Review of Change Planning Methods

Based on above discussion, it can be seen thatechasge methods do not include any
implementation strategy in their routines. As staby Clarkson et al., a high reliance is
put on the past experiences of product design expermanually try to minimize the
change effects [79]. In addition, most availablethrods rely heavily on historical data
that can lead to a biased change propagation amalgsce the characteristics of
engineering changes can differ from case to cake)g the average historical measure to
estimate the change likelihood and impact metriceomt considering the differences in
change problem scenarios can mislead the oves&llenraluation. Depending on the type
and level of executed changes, the probabilitycftange propagation phenomenon can
be affected differently. In decision-making progesge information provided through
computer tools highly influences user’s choice ofian [305]. Thus it needs to be

ensured that the provided decision aids are teflgctive of the actual process.

Han suggested that an automated change propagat#dysis should be applied only in
cases with well-defined and static product striegul52]. As can be observed, most
automatically generated change plans assume thyaicph product components in the
existing architecture will remain the same as hafore the proposed initial modification.
This is not always true as some revolutionary ckangan take place and consequently
modify the dynamics between the components. Fdameg, if a pump unit is modified,
the automated redesign algorithm can only captueechanges in the magnitudes of its
already defined parameters. To change from a prigumanp to an electrical pump, for
instance, is definitely out of its capability aspiedict the subsequent propagation paths.
Also, most of these algorithms do not take intooact the concurrent handling of the
initiating engineering changes. Unless the effeatshe various initiating components are
completely independent such that their propagagiatihs will never cross each other,

their interactions have to be considered duringplag. By evaluating them separately,
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their combined effects can be overlooked and tarslme a crucial omission during risk

analysis.

To summarize, although none of the identified cleaingplementation planning methods
exactly matches the outlined functionalities toduectly applied in the proposed SPEC

method as indicated by Table 50, all of them candsal as solid references.

Table 50: Qualitative Comparison of Change Impletagon Planning Methods

Required SPEC

Characteristics RedesignIT KRITIK

Provide a structured redesig

Provide a proper redesign
plan assessment scheme * * *

Scalable to simultaneous
initiating changes case * * *

LEGEND: YK Do Not Support Y Fair Y Good Y Excellent
I:I Best per criterion

From the qualitative comparison in Table 50, CPMvaluated to have a slightly better
method in exploiting the proper change informationgenerate and evaluate plans for
change implementation. Their use of risks meassireonsidered the most relevant to
decide on redesign plans, even though the risksrins of product performances should
be added for a complete assessment. It shouldalstressed that none of these methods
includes any interaction with designers while gatieg the change plans and this is the
main deficiency that needs to be improved. For aoeat handling of initiating changes,

the ranking scheme in KRITIK is considered as tlosinstructured procedure.
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3.5 Other Enabling Techniques and Definitions

Based on previous discussion on available changbaudg and tools, several areas of
improvements to match their capabilities to themaded characteristics of the proposed
SPEC methodology have been recognized. Furtheatitee reviews have been done to
discover several enabling techniques or standafiditilens that are well-recognized in
the industry to close these gaps. Improvements dhatconsidered as urgent for this
research study can be categorized into followimgaiof concentration:

» Derivation of a change impact assessment scheme

» Derivation of a change propagation prediction salnem

As can be concluded from previous sections, anaseli scheme to account for the
possibilities of propagated changes and their ingpacrequired. This is important to
ensure the integrity of the assessment resulthalill also affect the redesign decision
made based on them. The measures can be assigmedagialitatively or quantitatively.
Although qualitative approaches are less predma; tesults can be obtained much faster
than the parametric formulas in quantitative appihea [273]. This choice basically
depends on the assessment objective. For the mo[@RBEC method, its main goal is to
compare and select the best change implementa@ms pmong the possible ones. It is
apparent that the assessment is comparative inenatbich indicates that the qualitative

measurement is also adequate for the process.

3.5.1 Qualitative Change Impact Measurement

To enable change impact analysis, the measureeafigied level of effects from the
modification has to be included into the producarale model. However, during this
modeling stage, no information is yet availabletloa required modification. Without any

information on the specific change type and lewel will be made, the assignment of
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change impact level has to be based only on tleecomnection type and the direction of
the change interrelationship. These change impattica are then used to evaluate the
overall implementation risk. For most engineeringjgcts, the focus of risk analysis is
on the feasibility and viability of the product s and its development process [97]. In
terms of change implementation planning, this dak be divided into cost and process
difficulty to execute the required modification. i¥motion is supported by Huang et al.,
who stated that the competitive measures for ameagng change process can be based
on number of changes, duration of its handling tand amount of cost or efforts that it
requires [167]. Naturally, a difficult design aktion also means a higher cost and longer
development time. A good reference standard theibkan well-recognized is required to

be the basis for the qualitative valuation of ihipact measure.

Based on the study sponsored by General Accouifige of the United States, the
state of required technology that enables the miottube in the intended size, weight
and configuration is perceived as a key factorafeuccessful product development [139,
329]. In this perspective, a low technology magunmplies that more time and money
are required to adequately prepare it for prodset[329]. Several available measures of
technology maturity for equipments or systems hé&een developed for military
application and among them are Technology Readihnes®l (TRL) and System
Readiness Level (SRL) [161].

Technology readiness level (TRL) is a formal basied for technology evaluation that is
pioneered by National Aeronautics and Space Admnatien (NASA) in the early 1990’s
[329]. According to DoD 5000.2-R, this scheme iprapriate for both hardware and
software use [18, 329], and it is described in &didl.
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Table 51: NASA Technology Readiness Level [279]

TRL Definition

Actual system proven through successful missiomaijmas
Actual system completed and qualified through &est demonstration
System prototype demonstration in relevant envire@mm
System/subsystem model or prototype demonstratioelévant environment
Component and/or breadboard validation in releeantronment
Component and/or breadboard validation in laboyagowironment
Analytical and experiment critical function and@draracteristic
proof-of-concept
Technology concept and/or application formulated
Basic principles observed and reported
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However, it has been argued that TRL is not trelyresentative of the system readiness
for industrial application [279, 300, 329]. Whileettechnology and product development
processes are usually parallel to each other, gagirs are not integrated as demonstrated
in Figure 57. TRL mostly covers “technology riskihich is related to the probability
that the required technology to achieve target pcodapabilities will not mature within
the expected timeframe [299]. In product developnmocess, it is more relevant to
study “technical risk”, which captures the likeldwthat the product will fail to reach its
target requirements due to the risks imposed byegntestate of the technology in terms
of its specific integration into the product systgv9].

Operations & Support

Production Development

System Development & Demonstration

Technology Development

Concept Refinement

Phase of Development

Basic Technology Research

I-x NI wIIZI () I::Ico
Technology Readiness Level

Figure 57: System Development and TRL [279]
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Defense Science and Technology Organization withistralian Department of Defense
use SRL index to assess “technical risk”, whictatailed in Table 52. This SRL index is
perceived to be more appropriate than TRL to assshkssign plan because it relates to
the system readiness to be incorporated into tbeéygat rather than just the general state

of its technological development [245].

Table 52: System Readiness Level [23, 279]
SRL Name Definition
Execute a support program that meets operatiompglcsti
performance requirements and sustains the systéme in
most cost-effective manner over its total life

Operations &
Support

4 lEeusien & Achieve operational capability that satisfies nassneeds
Development

Develop a system or increment of capability; reduct
integration and manufacturing risk; ensure openaiio

A\1”4

System supportability; reduce logistics footprint; implente
Development . 2 X L
3 & human systems integration; design for producihility
, ensure affordability and protection of critical gram
Demonstration : o . S
information; demonstrate system integration;
interoperability, safety and utility
2 Technology | Reduce technology risks and determine appropréeitefs
Development technologies to integrate into a full system
1 Concept Refine initial concept. Develop system/technology
Refinement development strategy

Based on this SRL index, a qualitative change naskg scale that is independent of the
past change cases and is more reflective of theeptenodification process is proposed

for the SPEC method. This modified SRL scale i®giin Table 53.

Table 53: Change Impact Rating Scale

Impact Level Definition

10 The required component modification is at SRL 1
8 The required component modification is at SRL 2
6 The required component modification is at SRL 3
4 The required component modification is at SRL 4
1 The required component modification is at SRL 5
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It can be noted that the modified SRL scale onkecs process difficulty associated with
the proposed changes. However, it is intuitive thra¢ product component can have a
different cost with respect to the others and tioeeg even when two components have a
similar level of change impact, their incurred sosan be significantly different. This is
an essential criterion to be accounted while compadifferent change plans. To
consider this situation, impact rating for eachngeeffect should also be accompanied
by a cost rating. A simple qualitative change susile is proposed for this purpose and it

is defined in Table 54.

Table 54: Change Cost Rating Scale

Cost Level Definition

1 Very Low Cost
4 Low Cost

6 Medium Cost
8 High Cost
10 Very High Cost

3.5.2 Taxonomy for Change Propagation Prediction

In addition to change impact risks, there is alsoead for a standard guideline in the
prediction of change propagation paths. This isallrelated to the identification of the
underlying change interrelationships between diffieparts of the product, which often
of different types and strength [257]. Neverthelesd all information about the product
is required for change propagation analysis [1Td]have a manageable model size, it is
essential to select the right set of informatiosdahon the requirements of the analysis
tasks in hand. In the application scope of SPEGatktthe main analysis requirement is
to accurately and efficiently track possible chapgepagation paths between the product
components. Rouibah and Caskey stated that itsereto assess engineering changes

from the product viewpoint because designers pegciie change process as a decision
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procedure to alter its component parameters [2IM@F is supported by Flanagan et al.,

who stated that designers tasks are often expréssedns of the parameters [133].

However, the derivation of very detail componemtilaites demands a tedious modeling
effort. It is believed that the routine can be diffrgdl without losing its credibility by

using an appropriate taxonomy that can categoheeattributes into their general types
of links. In view of this, Pimmler and Eppinger posed taxonomy for design elements

interaction that is described in Table 55.

Table 55: Taxonomy of System Element Interacti@is/[ 293]

Type of e
Links Description
: The needs for physical space and alignment andegg or
Spatial ! )
orientation between two elements

Energy The needs for energy transfer or exchange betweeelements
Information | The needs for information or signal exchange betvie® elements

Material The needs for material exchange between two eleament

On the whole, this taxonomy considers both funddaieand incidental interactions
between the components. The fundamental interactoa the functional relationships
that can be in the form of energy, material anaaignterchange [126]. Conversely, the
incidental interactions are those that result fitben translation of the functions into their
physical realization [126]. In view of this, thehgme adequately captures all links that
exist between two product components as it takesdncount both their functional and
physical aspects. Moreover, any factors that caifiect the change propagation can be
easily classified into one of these four categomsonly considering this link definition,
the model size is controlled from growing too lavgale still having adequate details for

change process analysis.

Nonetheless, recognizing the type of componentrglggionship is only half of the work

in predicting change propagation. The possibilitgloange propagation also depends on
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in-built design tolerances of the components [1#2}. instance, a small level of change
effects can be “absorbed” by the component withhegquiring any modification if they
fall within its design tolerance. To account forstitondition, the inclusion of change

tolerance scale (i.e. high (H), medium (M) and I@y) for each change relationship is

proposed.

3.6 Chapter Summary

Relevance of the proposed SPEC method in the dupreduct development process is
further validated and supported from the findinfishis literature review. According to
Advance Manufacturing Research Newsletter, manylymb manufacturing companies
still typically take weeks or months to get theewnproduct changes into production and
the subsequent delays mean financial losses thatxaaed the allocated budget [264]. In
addition, there have been many redesign casesansemingly innocuous change that
suddenly blossomed into a series of costly impadidhese signify the urgent need for a
better product redesign planning. Although therariancreasing level of interest in the
field of study for engineering change, very feweash efforts directly address the issue
of change management in product redesign develapfb&n]. In spite of the substantial
increase in research activities, the field is stdhdemically under-developed with many
researches are individually pursued and fragmewittbut proper collaboration to each

other [174].

The focus of literature study presented in thisptéiais based on the identified key areas
for the proposed SPEC methodology: baseline assstsohange propagation modeling,
change impact analysis and change implementatemmpig. The methods and tools that

have been discussed throughout this review aegliggain in Table 56.
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Research Areas

Table 56: Tools and Methods in Literature Review
Identified Tools and Methods

1
Method for 4
Baseline Quantitative System Assessing the
Assessment System Adaptability | Adaptability
Evolvability Factor (SAF) of Product
(MAAP)
Change Functional Cgmponent— Component
; unction .
Propagation Change ] Linkage
Modeling Modeling TR Model
Model
Response
Surface
Chanae Impact Change Progressive Method
Ar?al Sis Propagation | Probabilities |  (RSM) in
y Analysis of Changes Change
Impact
Assessment
Change Cha!”ge
Implementation | Redesign-IT KRITIK Pl\r/le(gtlr(]:(t)lgn
Planning (CPM)
LEGEND: |:| Considered the best per research area

All of them have been qualitatively compared whle required characteristics for use in
the proposed methodology, which are outlined basedhe identified gaps in aircraft

redesign process in Chapter 2 and the researchtogein Chapter 1. Although none of
them entirely matches the desired characteristicshieir respective area of application,
there exists a big potential when their best elésmare combined. The perceptively best
method for each research area according to thetapiad assessment is highlighted in
Table 56 and they are used as the basic buildinckblfor the proposed SPEC method.

This is discussed in following chapter.

Furthermore, based on the general deficiencieshidnag been identified in the qualitative

measurement of change impact, an impact scalegraised on SRL and a simple cost

rating have been proposed. Similarly, for the ol of change propagation path, the
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taxonomy of system element interactions by Pimralet Eppinger is suggested for use

along with a simple rating for the component chatodgrance level.

Using the knowledge gained from this literatureieey several research hypotheses are
formulated to address the research questions ipt€had. These hypotheses, which later
become the main basis in the formulation of theopsed SPEC method, are discussed in

next chapter.
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CHAPTER 4

RESEARCH HYPOTHESES AND PROPOSED METHODOLOGY

“...engineering change is not the problem. How we leand
change, our change proficiency behavior, is thebpgm”

- Ring and Fricke (1998)

Based on the literature study presented in pregechapters, it can be concluded that no
known approach that completely addresses identifggas in the scope of this research is
currently available. The review also highlights thhgent needs and potential competitive
benefits for aircraft manufacturers to resolve ¢hexiesign process deficiencies. Several
promising methods and tools for each area of tpgsed method have been identified
in Chapter 3. The knowledge from the assessmetitese methods and tools is valuable

in the formulation of research hypotheses for thésis study.

The first portion of this chapter is allocated lte formulation of the research hypotheses.
Based on information obtained from the literatie@iew, these hypotheses are derived to
answer the research questions that have beenexithnChapter 2. For remaining part of
this chapter, a detailed explanation of the progd8BEC methodology is presented. As
concluded at the end of Chapter 3, some of theifteshmethods and tools can either be
adapted or combined to create the approaches &br #ap of the proposed method. A
supplementary computer-based support tool is dpeeldo aid in the demonstration of
this method. Towards the conclusion of this chaptex proposed SPEC methodology is

compared to the methods and tools that are refedeioe its step formulation.
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4.1 Research Questions and Hypotheses

Recall the constructed relationships between obsens in aerospace industry, research

guestions and formulated steps of the proposed SR&6odology in Chapter 2. This is

reproduced here in Figure 58.

Potential Improvement 1:

Potential Improvement 2:

Identified Areas for
Potential Improvement

A good baseline for
product redesign has
high-quality change
characteristics with
respectto proposed
modification

A strategic redesign
planning process can help
manufacturers to gain
change benefits without
the big penalty of their
effects

Potential Improvement 3:
Change support methods
and tools should be
equipped with capabilities
to guide designers in
strategic change
implementation

Observation in Aircraft
Manufacturing Industry

Observation

Choice of aircraft baseline
designis often made
solely based on closest
performances to target
requirements without any
change consideration

Observation 2:
Engineering changes in
aircraft development are
often treated in "as
necessary” manner and
their effects have been
mosthy negative

Observation 3.

Change management
methods and tools in
aircraft dewelopment are
focused on data
networking without any
decision-making support

¥

¥

¥

Research Questions

Baseline Assessment:

1 ¥vhat are criteria of a
good baselineg?

2 How these criteria affect
change process?

Change Propagation:
1 How change effects
propagate?

2 \What are its control
parameters?

3 Howe to track it?

Change Impact Analysis:
1 What product & process
characteristics are
affected?

2 Howe to measure their
impact?

3 How to manage
redesign risks?

Change Implementation
Flanning:

1 What are criteria of a
gqood change plan?

2 What are its control
parameters?

3 How to generate change
plans?

4 How to select the best
plan?

Steps of Proposed
Methodology

Baseline
Assessment

Froduct Change
Maodeling
Change Impact
Analysis

Change Flan
Generation
Change Plan
Selection

Figure 58: Observations, Research Questions armqbBed Method

Product redesign and change management proceasesftith a well-defined baseline
[256]. Since the degree of freedom in planningtfa required change implementation is

dictated and constrained by the existing baselbitecture [326], the redesign process
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has to be managed around its current design flayibThe chosen baseline design will

govern the change solution space to satisfy theneguwirements. It should be mentioned
again that apart from the existing aircraft in tharket, a baseline within the context of
this thesis study also includes conceptual airctesigns that require modification before
making it to the production floor [321]. Based tistapprehension, the first two research

guestions are outlined as follow.

Research Question 1 (RQ1): What are characteristics of a good

baseline for aircraft redesign approach?

Research Question 2 (RQ2): How will these characteristics affect

the change process?

The goal of the first research question is to idgmircraft design characteristics that can
restrict its flexibility for the change implemeritat process. In conjunction with that, the
second research question addresses how thesetehigtms govern the possible redesign
plans for the required modification. Most baseliaes chosen based on their proximity to
the target requirements but it is argued that tamshitectural characteristics also have a
big impact on the success of the redesign developnhe section 3.1, several standard
definitions for product’s capability to evolve froits current form have been discussed. It
can be implied from reference literatures that delpgy on product design architecture
and driving change requirements, the complexithefredesign procedure can vary from

one product to another. This assertion is formdlizg the first hypothesis.

Hypothesis 1 (H1): Aircraft design architecture dictates the

complexity of its redesign process.
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Each component within the aircraft design has thein functional role in achieving the
high-level system performances. If the aircraff@@nance requirements are modified or
newly available technologies are to be incorporaméal it, the baseline design has to be
changed accordingly. Since each part generalhydtisegsent manufacturing difficulty, the
complexity of the redesign process is greatly ieficed by which aircraft components are
affected by the proposed changes and the levahpédts imposed on them. Based on
this understanding, the baseline suitability far tedesign case is indicated by how well
its design architecture can cope with the driviaguirements, which is affirmed by this
hypothesis 1. In order to prove this notion, regiegirocess complexity for a few aircraft
systems with different architectural designs haBe@ompared based on the same set of

initiating change requirements.

Furthermore, extending from hypothesis 1, the cexipl of the redesign process can be
strongly associated with the number of affectedspand the types and levels of change
effects that are imposed on them. For the sameaétirthere are different ways that the
change requirements can be realized and this ¢ond#lates to the change propagation
phenomenon. Due to the range of change behaviatrg#th aircraft part can have, there
are some trade-offs while deciding whether the ghagffects should be transmitted to
the next component in the propagation tree or Mbis means that the overall change
impacts, hence aircraft redesign risks, can be gethly controlling change propagation

path. The research questions to address this nateautlined as follow.

Research Question 3 (RQ3): How engineering change effects

propagate from one architecture locality to andher

Research Question 4 (RQ4): What are control parameters of

change propagation?
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The main objective of the third research questtoirecognize the enabling means for
change propagation. By knowing how change effeatsle transferred from one part to
another, the next question is how they can be obiedr and this is the goal of the fourth
research question. With the understanding on hevcliange effects can be managed and
contained, designers can recognize the existingpiley that they have while planning
for aircraft redesign goals. In current “as necggsa@design practices, expected change
effects propagation is always perceived to be rssegsBut as discussed in section 3.4.3,
the change roles of each component can vary ieréifit redesign situations and this can
lead to different change propagation paths. Eachpoment can have one of the general
types of change roles that are described as fqlld]:

» Absorbers— propagate no further changes after being changed

» Carriers — transferring change to others after being cheuge neither

reduce nor add to the complexity of the changelprob
* Multipliers — expand the change problem further by making teneomplex

» Constants— not affected and not causing changes

It is believed that the paths of change propagdtiea can be managed by assigning the
aircraft components with their favored change réleis particular notion is emphasized

by the second hypothesis.

Hypothesis 2 (H2): Engineering change propagation in aircraft
redesign development process can be managed laginlicthe

change role of its components.

Because each component can introduce different #vehange effects, several trade-
offs are involved while making the decision to ap@arone component over the others or

to impose a higher or lower change level on itaadtof the others. If the component
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poses a high development risk when it is modifiad propagates its change effects to
other high-risk components, its change role caddsegnated as a “constant”. In product
manufacturing industry, some of these “constants’/ehbeen pre-determined before the
redesign process is initiated due to company’scgalr business strategy. To corroborate
hypothesis 2, potential propagation paths thatcarstructed by varying the component
change role in response to the same initiating gbsufor the same aircraft design need to

be compared.

In conjunction to hypothesis 2, assignment of congmb change role affects the change
propagation tree by varying the measure of its ghaelated parameters. To accurately
predict the change propagation paths, informatiothese related parameters should be
included into the aircraft change model. Howevevesal issues regarding the trade-offs
between the level of details for the model andakient of its modeling effort have been

prominently raised in literatures, apart from thed®al effectiveness to capture the change

propagation phenomenon. This matter is the goahiifollowing research question.

Research Question 5 (RQ5): How to properly model the aircraft

system to track the potential change propagation?

This fifth research question aims to outline thguieed characteristics of aircraft model
to enable an accurate prediction of the changetsffropagation. Based on the literature
review in section 3.2, it has been establishedttiathange effects are transmitted from
one component to another according to their typeelationship and their level of design
change tolerance. In view of that, if the modificatdoes not affect their functional or
physical interrelationship, no effect is propagdten the initiating component to them.
Moreover, most components are developed with soegeeg of design tolerances. If the

propagated change effects fall within its desiglereomce, the component can absorb
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them without requiring any modification and thiglerthe change propagation tree. These
situations need to be captured by the model thrqughber definition of its parameters.
To control the complexity of aircraft change modéthout reducing its competency to
predict the potential change effects propagatiadhgyaa standard modeling guideline is
necessary. Rationally, a parameter can be explitgfined for the change tolerance level
of each aircraft component but the same cannoppkea to capture the essences of the
change propagation. An appropriate taxonomy fosteng interconnections is required to
enable correct prediction of the propagation tid®s notion is reflected in the following

third hypothesis.

Hypothesis 3 (H3): Potential change propagation tree within an
aircraft design can be predicted by using the taronof system
element interactions and the level of its composesttange tolerance.

In section 3.5.2, the taxonomy of system elemetaractions proposed by Pimmler and
Eppinger is considered to be the best referendectdures the prediction of the change
propagation due to the type of the component intarections. Its application with the

change tolerance level is perceived as the bestfdion in balancing the details and the
modeling efforts for the aircraft change model.haligh many existing change modeling
techniques recognize the needs to categorize fes tyf interrelationships, they do not
formally employ a standard taxonomy. This leadsitech unnecessary information being
included into the model and wasting valuable maodetind computational efforts. On the
other hand, while there are also methods that aihydyparticular taxonomy of system

element interactions or the change tolerance pdearseparately, no reference is found
in the literature that formally utilized both ofettm together for the aircraft change model.
To prove hypothesis 3, this scheme needs to beeapipl an aircraft redesign problem to

demonstrate its structured modeling approach foeaageable model complexity and its
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capability to predict change effects propagationc@mparison with other modeling

techniques can also be done to further supplerhenassertion.

Using both hypotheses 2 and 3, alternative changgagation paths can be mapped out
and their corresponding set of affected componeautsbe identified. The next step is to
evaluate the development risks for these differedesign plans. The following research
guestions are outlined to gather the necessarygeharormation and to find the best

approach to assess the level of change risks.

Research Question 6 (RQ6): What are characteristics of an aircraft
and its development process that can be affecteshbyeering

changes?

Research Question 7 (RQ7): How to sufficiently measure change

impacts on these characteristics?

Research Question 8 (RQ8): How to manage overall aircraft

redesign risks?

At this point of discussion, it can be inferredtttize effects of engineering changes will
not only affect the aircraft architecture but alsodevelopment process characteristics. It
is imperative for designers to be able to distisguall redesign trade-offs during their
decision-making process, especially those withndyto the negative change effects. In
view of that, the sixth research question is foduge identifying the aspects of aircraft
design and its development process that can betaffdy engineering changes. Once
they are identified, the seventh research quesitilninesses how they can be appropriately
evaluated to accurately reflect on their levelrdénsity and urgency during the decision-

making process. Their combined effects indicateotrerall redesign risks for the change
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plan. In section 2.1.1, the utmost value for mactufieers to consider redesign approach
is the capability to produce derivative aircrafittican satisfy the new requirements with
a cheaper and shorter development process thah iake them to produce new original
aircraft. Though this can lead to sub-optimal datiixe designs, most redesign decisions
are often tailored to the estimated risks baseredasign development costs and amount
of reworks involved [116]. The eighth research gioesis designated to resolve how the
overall risks for the change plan can be managedrdimgly. Due to emphasis of change
effects on costs and amount of reworks, redesgks iItan be associated with the affected
components and the cumulative handling time, codtedforts required for their entailed
modification [167]. These factors have been linkedhe change propagation path and it
can be implied that the level of redesign risks lbamanaged through proper planning of

the change propagation tree. This impression isvaddy the following hypothesis.

Hypothesis 4 (H4): Associated risks of aircraft redesign
development process can be controlled by manadiagge

propagation paths.

From hypothesis 2, the management of change praopagaaths can be accomplished
with the assignment of component change role. Basgeithe decision to either absorb or
propagate the changes, the aircraft componentdwidlffected differently. This situation

subsequently leads to different cases of developmgs. In other words, by choosing

whether the component should absorb or propagatetiange effects that are imposed
on it, designers are effectively managing the riskaircraft redesign process. To attest
this hypothesis 4, redesign risks associated willkast two change effects propagation
paths due to the same set of change requiremerte®ame aircraft design needs to be

compared.

175



In relation to hypothesis 4, apparently there lBgamisconception that the redesign plan
with the smallest number of affected componentsagbvcorresponds to the lowest
development risks [344]. For instance, the compbésed change tool by Lin et al. aims
to modify a product design to meet its new requasta with minimum changes [202].

However, based on hypotheses 2 and 4, this peoceistrather misleading and this view

is further emphasized by the following hypothesis 5

Hypothesis 5 (H5): Aircraft redesign plan with minimum number
of modified components does not automatically maammum

development risks.

The proof for hypothesis 5 can be accomplishecmhination with that of hypothesis 4.
In this case, the risks for different redesign plaan be compared with the number of

components that are affected by them.

Last but not the least, the main objective forpghaposed redesign method is to generate
and select the best aircraft redesign plan in respado the driving change requirements.
As the ultimate tie-in for previous hypotheses asgkarch questions, there needs to be
an appropriate procedure on how the knowledge édaso far can be used to generate
and select the best aircraft redesign plan. Thikésobjective for the following research

guestions.

Research Question 9 (RQ9): What are important criteria for a good

change implementation plan?

Research Question 10 (RQ10): What are control parameters that

are available in change planning?
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Research Question 11 (RQ11): How to generate implementation

plan for the required changes?

Research Question 12 (RQ12): How to select the best change

implementation plan among the possible alternatives

Research question 9 is aimed at extracting the nitapocriteria of the aircraft and its
development process that ought to be consideraddliis redesign planning. In general,
the essences of redesign risks can be brokenhetpdrformance and process risks. The
performance risks correspond to the possibility tha aircraft modifications will fail to
satisfy the performance constraints while the peaesks cover the likelihood of failure
to execute the aircraft redesign process withindiseelopment constraints. These risks
can be used as an indicator for the goodness aktlesign plan. By knowing important
metrics to compare different change plans, the tiewg is to identify the change process
parameters that enable designers to manage thamisTaddressed by research question
10. These parameters later become the primary nmeagenerate the redesign plans and
their proper use for this purpose is explored tglhotesearch question 11. Subsequently,

research question 12 seeks the best approacletd #e best among the generated plans.

Redesign risks are closely linked to the changeceffand following hypothesis 4, the
implementation plans are derived by managing tha&ihs of change effects propagation.
In addition, there are commonly several initiateiganges that have to be handled in the
beginning of the redesign process. Most methodeals found in reference literatures
plan for the changes separately. However, it imaahkedged that their effects can be
interrelated when these independently planned aangpagation paths affect the same

components [120, 272, 332]. This leads to the notiat lower redesign risks could be
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obtained if the implementation of all initiatinganiges is planned concurrently, which is

affirmed by following hypothesis.

Hypothesis 6 (H6): Change implementation risks can be
minimized by simultaneously planning for all inttieg changes

in aircraft redesign process.

If the implementation of the initiating changesndependently planned into the aircratft,
there are potential redesign conflicts when theesaomponents are affected by several
of them. This is mainly due to the fact that tharettteristics of those components will be
altered for one change plan and their new condigarot considered during the planning
for the other initiating changes. Therefore, theénested risks from this “one-at-a-time”
redesign planning approach can be misleading ései$ not capture the correct level of
effects imposed on the components. In contrassimyltaneously consider the initiating
changes; the redesign planning benefits from thdatigd components state if they are
affected by another initiating change. This comditenables a better estimation of the
overall redesign risks and helps in making betdesign decisions regarding the change
propagation paths. To prove hypothesis 6, redesgks for the change plan that is
derived by ‘one-at-a-time’ approach needs to bepared with that developed through

simultaneous consideration of the initiating change

To summarize, the flow of research questions anubtieses for this thesis study is

illustrated in Figure 59.
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4.2 Proposed Methodology

Recall the initial formulation of the proposed SP&€&thod, which has been constructed
based on the assessment results of six availabtkipr redesign and change management
frameworks in Chapter 2. From the same assessmeregs, several gaps to the required
characteristics of the proposed method have besriifedd and this knowledge is used to
drive the scope of literature review study in pokog Chapter 3. Several methods and
tools that are presently available are identifiad aompared to the required criteria for
the proposed methodology, and they become the fyasis in bridging the identified

gaps in this research study.

The objective of this section is to apply the knedge gained from the literature study in
formulating the steps for the proposed SPEC metlbggioln addition, an accompanying
computer-based tool to support its implementatsodeveloped and this prototype Excel-
based tool is discussed through a simple demoiwstraase of electrical power system.
The sequence of steps for the proposed SPEC médtigydaas been outlined in Chapter

2 and is reproduced here in Figure 60. Each aftéps is detailed in this section.

Define Change
Propagation Parameters
Create ProductChange

Model

AssessBaseline Change
Suitability

SelectBestBaseline

K= = ——— -

S
Define Change Solution
Space
_________________ Generate Alternative

ChangePlans

Assess Performance
Impacts

AssessProcess Impacts

RankAlternative Plans

SelectBestPlan
LEGEND: - External Activities

[ spec Activities

|:| Areas of Thesis Contribution

Figure 60: Proposed Framework for SPEC Methodology
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As mentioned, a complementary Excel-based airceafesign support tool is developed
to facilitate the demonstration of the proposed GRiethod. The snapshot of the main
program interface of this support tool is depicied-igure 61. Intuitively, each step in

the proposed SPEC methodology corresponds to aridodl step in this tool.

SPEC (X T)

-STRATEGIC PLANNING OF ENGINEERING CHANGES

FOR AIRCRAFT REDESIGN
ﬁa Step 1: Aircraft Change Modeling
% :_ Step 2: Baseline Assessment
e Step 3: Change Plan Generation
.i- Step 4: Change Impact Assessment

h Step 5: Change Plan Selection

Figure 61: SPEC Support Tool Main Program Interface

4.2.1 Step 1: Aircraft Change Modeling

The objective of Step 1 is to produce a well-batdmhaircraft change model for predicting

change effects propagation and analyzing changadtafgo support the decision-making

process during change implementation planning. Hitarature study in section 3.2, the

problems with available change modeling methodsHasen discussed. Subsequently,
they characterize the challenges in developingittwaft change model for the proposed
SPEC method. Based on previous reviews, it has éstablished that the construction of
a good change model must include following consitiens:

» A functional or physical interconnection betweem ttomponents does not

automatically mean that they are change-relatedhoh other
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* A change interrelationship between two componeaésdhot always work in
both directions

» Change effects are propagated only when the typbariges made in the
initiating component matches the type of linksaswith the other component

* A change that is imposed on one attribute of thmpmment might also affect

its own other attributes

The aircraft change modeling procedure for thigpSt¢akes into account all these points.
It is prominently based on Product Dependency Mddetailed in section 3.2.5), which

has been assessed as the best product system chaagiefrom the literature review.

Firstly, DSM representation has been chosen foattegaft change model. This decision
is based on its highly advertised efficiency andsaglity in aiding the analysis of inter-
relationships between product elements. As condludesection 3.2.6, DSM is possibly

the best model representation for product engingerhange study at the moment [293].

Secondly, change modeling process can be approaded from functional or physical
aspects of the aircraft design, which are compleargrio each other. It has been argued
that one of the main emphases in aircraft redegignning is to establish the degree of
flexibility for the baseline design since changepiementation process is significantly
constrained by its existing architecture. In settB2.3, Jarratt suggested that the most
suitable approach to properly capture existinggteshange constraints is by identifying
physical components in the product architecture @skrving how they are interrelated
to one another [174]. The understanding of thetsrnelationships influences the ability
and efficiency of manufacturers to undertake andage the modification made on their
product, particularly in predicting potential changffects propagation [81]. In section

3.5.2, it has been discussed that the predictiochaihge effects propagation can be
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effectively made by modeling the aircraft usingagmamy of system element interactions

by Pimmler and Eppinger [257] and with supplemegniaformation of its component

change tolerance level.

Considering these arguments, construction of theradt change model is approached

from its physical system decomposition and therietationships that exist between its

components are identified based on the taxononsystem elements interactions that is

reproduced in Table 57. In addition, informatiogaeding the change tolerance level for

each component is also included in the aircrafhgeamodel and this is defined in Table

58, which is loosely based on Product DependencgeVischeme.

Table 57: Taxonomy of System Element Interacti@%[ 293]

Type of i
Links Description
: The needs for physical space and alignment andegg or
Spatial ! )
orientation between two elements
Energy The needs for energy transfer or exchange betweeelements

Information | The needs for information or signal exchange betvie® elements

Material The needs for material exchange between two eleament
Table 58: Change Tolerance Level Definition
Type pf Definition Description
Information Scale
Increase The increment in the related attribute level
Attribute Change| Decrease The reduction in the related attribute level
Direction Either Way Both increment and reduction in the related
attribute level
None Have no tolerance and always be modified if th
change effects are propagated
Low Can tolerate low level of propagated change eff
Tolerance without requiring any modification to itself
Level Medium Can tolerate medium level of propagated chan
effects without requiring any modification to itsel
High Can tolerate high level of propagated change

ne

eCts

effects without requiring any modification to itce
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According to Pimmler and Eppinger, it is suggedtet the details of the system model
is at least a level down than that required forsitbsequent analysis study [257]. From
observation made on past aircraft derivative itites, most aircraft design variants were
derived through incremental subsystems developnBased on this notation, the aircraft
change model needs to at least capture the majopa@eents of its subsystems. This is to
ensure that sufficient information is available doasis for impending change analysis is

appropriately covered.

Moreover, in order for the proposed SPEC methodotogoe in line with real industrial
practices, physical decomposition of the aircrgftem is tailored to the standard ATA
Specification 100 (ATA-100). ATA-100 is introducég Air Transportation Association
of America (ATA) as a guideline for aircraft sergiand maintenance documentation. It
covers various types of air transportation vehstleh as turbofan-powered and propeller-
driven aircraft, with each chapter corresponds gpecific subsystem. Due to its wide
coverage of different air vehicle types, not all AT00 chapters are always applicable
for the task at hand. The focus in this researatlysis on commercial transport aircraft
type and in view of this, ATA chapters 46 and 47 ifsstances can be excluded because

they respectively correspond to the armament arapores electronics.

A complete ATA-100 breakdown is available on ATAichl website [2]. ATA chapters

included for aircraft change model in the propoS&EC method are depicted in Figure
62, which is taken from the program snapshot ofdéeeloped SPEC tool. It should be
noted that Federal Aviation Administration (FAA)shproduced their version of ATA-

100, which is known as Joint Aircraft System/Comgrin(JASC) [8]. Both standards are
very much similar to each other but JASC providesearinformation concerning details
of the subsystem breakdown process. Thereforegv#iilA-100 is the main reference in

outlining the breakdown procedure, JASC is usetsasomplementary reference.
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Figure 62: Considered ATA-100 Chapters for Airci@ftange Model

On the whole, the sequence of phases for thisdiesi of the proposed SPEC method is
presented in Figure 63. This step begins with thesigal decomposition of the candidate
baseline aircraft. It is assumed that these baselmdidates have been identified prior to
the initiation of this step and their availableadat the company’s PDM or PLM systems
can be used accordingly for this modeling proc&be. identified major components for
each aircraft subsystem are represented in the B®NEIl, which is then populated with
their existing design interconnections that araiified based on the taxonomy of system
elements interaction. Each of these links is alsni$hed with the information regarding
their change tolerance level. In the end, the maiput from this Step 1 is the completed

aircraft change interrelationship matrix (CIM).

To demonstrate the execution of this Step 1, cenglte modeling example of electrical
power subsystem onboard Boeing B737-200 aircrafigde In reference to its schematic
presented in [180], the simplified block diagramatthighlights its major components is

depicted in Figure 64.
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W Phase 1.1: Physical Decomposition

ah Major Components in
Each Subsystem
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Phase 1.2: Identification of Physical Linkages

Component
Interrelationships

/|| Phase 1.3: Construction ofChange
i Interrelationship Matrix

Completed CIM

W

Figure 63: Overall Workflow for Step 1

| ATA 49 I
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Figure 64: Block Diagram Representation of B737-E@#rtrical Power Subsystem

Referring back to Figure 63, the subsequent stigp tife physical decomposition process
is to list the identified major components into DSdMmat. Once this task is completed,
their intra-relationships are identified in accarda to the taxonomy of system elements
interaction and assigned with respective changgante level. Interrelationship between
the components of different subsystems is thentiiksh in similar manner and ideally,

this is done once all aircraft subsystems have Ipeeseled internally. This is to ensure
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consistency of the aircraft change model wheredisgrepancies that exist can be easily
noted when connecting components for any expedtedrelationships are missing from
the aircraft change model. The resultant changeehfod the electrical power subsystem
is shown in Figure 65. To conclude, summary of gtep-by-step procedure is depicted

in Figure 66.
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4.2.2 Step 2: Baseline Assessment

With the aircraft change model already construateSitep 1, primary goal of this second
step in the proposed SPEC method is to evaluatedieeted baseline aircraft suitability
to undergo its redesign changes. In cases whea thenore than one baseline candidate,
this step becomes the process to select the mpei@ate baseline aircraft with regards

to the driving change requirements.

In previous literature study, several definitionsdarelated metrics regarding product
design adaptability characteristics have been ifiett Despite their different terms, they
essentially share similar basis and are easilye@lep each other. For the proposed SPEC
method, the main emphasis is on the planning oineeging change implementation. In
view of this, the focus of baseline aircraft asse=st process should consider the existing
design architecture since it is known to dictate déivailable degree of design flexibility
for the proposed modification. From the perspectif/@roduct system design, potential
change impacts are closely related to its compjeaitchitecture build-ups and degree of
innovation [174]. The complexity over product desigenerations can be measured by
the number of decomposed elements and the conitgdtetween them [127, 179, 313].
In theory, a product is more difficult to be redgmd when its parts to be modified are
highly dependent on its other parts [221]. Nevded® it should be realized that the most
evolvable design candidate is not always the bpsom for the change implementation
task at hand because it is possible that the psocas still be too costly or risky [75].
Hence apart from the usual baseline selection basdde proximity of its performances
to the driving requirements, development risks #halso be an evaluation criterion to
select the right baseline design. Overall, thegoretl redesign plan is concluded to be the
one that involves a small number of parts, requiss new parts and interrelationships,
and can be accomplished with a low risk and cda38][1All these characteristics have to

be measured in the baseline candidate.
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Based on above arguments and the conclusions mamettie assessment of methods in
section 3.1.4, evaluation metrics from quantitagsystem evolvability method are taken
to be reference measures for the baseline airasaissment with regards to the proposed
redesign changes. However, their definition hasetslightly adjusted to match the scope
of product redesign process instead of new prodeeelopment that they are originally

developed for. The modified definition for the niedris tabulated in Table 59.

Table 59: Modified Aircraft System Evolvability Mats
Evolvability

Description

Metric

The capacity of the aircraft system to accommotteehanged
or new requirements without requiring any changesstdesign
The capacity of the aircraft system to accommottaeaequired
Scalability change by the scaling of its existing design withreguiring any
new components

The capacity of the aircraft system to accommotieeequired
Adaptability change without propagating the change effects ks
initiating components

The capacity of the aircraft system to accommotieeequired
change with the effects propagation allowed

The capacity of the aircraft system to accommottaeaequired
change without increasing its design complexityelev

Generality

Extensibility

Complexity

In addition, recall that it is favorable to havenmum affected parts and interfaces, and
it is also essential to evaluate whether the deveaircraft will maintain the same level
of design flexibility as its baseline. In generalless complex system design minimizes
the risks of propagated change effects becausentponents or parts are not intricately
interlinked to each other. Plus, if the baselinsigie is theoretically flexible, changeable
and enhanceable, its complexity will not markedigrease after it has been modified. In
section 3.1.3, this aspect of product adaptahsitstressed by MAAP through its “parts”
and “connectors” metrics. Since derivative develeptrapproach is dominant in aircraft
industry, it is essential for the derivatives tovdanly a little change in complexity to
allow further incremental development. To accownmtthis condition, system complexity

criterion is added into the evolvability metricg this SPEC method.
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As discussed in section 3.1.1, quantitative syseaivability method does not provide a
structured approach on how these assessment m&tocdd be measured apart from its
proposed DSEA rating scale. Unfortunately, thisleséa focused on high-level system
change assessment and does not directly considespibcific state of baseline design
architecture. In section 3.1.4, it has been coredutiat MAAP is equipped with the best
evaluation scheme that is more transparent foadegptability metrics. The adaptability
criteria used in MAAP can be easily associated \aitbraft system evolvability metrics

defined in Table 59. Based on this, several measeme procedures in MAAP are used
as the reference to derive proper evaluation scHemthe aircraft system evolvability

metrics.

For generality criterion, there are only two po#gibs: whether the requirements can be
satisfied without requiring any changes on thetagsaircraft system architecture or not.
A rating of 0 is given in the former condition withe latter case corresponds to a rating
of 100. This rating assessment is done for eachinEgent and their total becomes the
overall generality risk measure. Similarly, there anly two possibilities for scalability
metric. The baseline aircraft needs to be assesbether it can meet the requirements
through the scaling of its existing design withoedquiring additional new components
and interfaces or not. Accordingly, a rating o@iven in the former scenario to indicate
a low risk level while the latter case correspotala penalty rating of 100. This is done
for each requirement case separately and their hetaomes the overall scalability risk

measure.

For adaptability criterion, the baseline aircradismyn has to be evaluated in terms of its
capability to contain the initiating changes wittive directly affected design architecture
locality. It should be noted that the proposedating changes are assumed to be known

prior to the initiation of this step and the evaioa is executed with respect to specific
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change accommodation tasks from that redesignidaci&s established in section 3.5.1,
the measures for engineering change process chadeel on amount of cost and efforts
that it requires, which translates into its riskghe process fail to meet the requirements
even after the changes have been made. Based onirtC8&dtion 3.4.3, the risk metric
can be evaluated as the product of change liketifao@ change impact ratings, which is
associated to the scheme that has been widelyimgegdduct risk management field [13,
80]. For this proposed SPEC method, the focus iassessment of the different potential
change plans. If a component is considered for fiwadiion, then its change likelihood is
1. Accordingly, its probability is O if it is noncluded in the change plan. On the other
hand, the change impact in this proposed methodessured from two primary aspects
of redesign process that have been established [fterature study: expected cost and
process difficulty to execute the redesign develepinin view of this, the adaptability
risk is measured by Equation 14 and is evaluateddoh individual change requirement.

Note that if the adaptability is not possible, tighest penalty score of 100 is assigned.

[COS]: X I m paCtLeve’ ]without propagati;n
100 if not possible

if possible

Adaptabilty Risk = { Equation 14

where Cost{= change cost metric for initiating component
ImpactLeve]= change impact level metric for initiating compaotie

In contrast to adaptability criterion, the chanffeas are allowed to propagate from the
initiating components to other parts of the basetincraft architecture during assessment
for its extensibility characteristic. With the samguments that have been presented for
the calculation of adaptability score, the matherahtequation for extensibility risk is

given by Equation 15 and is separately calculave@fch change requirement case.
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Cost x ImpactLevel| . _if possible
[ t p ’]wnh propagati;n p Equation 15

Extensibiity Risk = . .
100 if not possible

where Cost{= change cost metric for initiating component

ImpactLeve]= change impact level metric for initiating compaotie

Based on the above equations for change adapyadnilit extensibility characteristics, the
cost and impact levels of the required modificatbonthe affected component need to be
established for the evaluation. In general, chamgle analysis is focused on feasibility
and viability of the product design and its deveh@mt process [97], which is translated
into the levels of difficulty and cost to realizeetrequired modification. In section 3.5.1,
SRL index (as defined in Table 52) has been rezegnas a proper reference for the
gualitative change risk rating that is independanhistorical change cases while at the
same time provides a good reflection of the curokiainge process at hand. All in all, the
change impact and qualitative cost rating scaldsetapplied in this proposed method are

presented in Table 60 and Table 61, respectively.

Table 60: Change Impact Rating Scale

Impact Level Definition

10 The required component modification is at SRL 1
8 The required component modification is at SRL 2
6 The required component modification is at SRL 3
4 The required component modification is at SRL 4
1 The required component modification is at SRL 5

Table 61: Change Cost Rating Scale

Cost Level Definition

1 Very Low Cost
4 Low Cost

6 Medium Cost
8 High Cost
10 Very High Cost
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The above computation for adaptability and extdligilchange risks only focuses on the
initiating change components and does not inclhéepbtential others in overall change
propagation tree. The main reason for this is bezdloe complete redesign plan is yet to
be determined. Even so, the initiating componergssafficient to derive a conservative
estimate of the development risk. If the extengibilisk is calculated to be higher than
the adaptability risk, this implies that changeeef propagation is not desirable and that
measure of adaptability risk is likely to be thetoygossible level of redesign risk that can
be expected for the baseline with respect to timecpéar change requirement. The level
of difference between adaptability and extensipilisks can be perceived as a qualitative
measure of possible reduction or increment of gdaesign development risks that can be
gained by purposely propagating the change efteather components instead of totally

absorbed by the initiating components.

Last but not least, in reference to DFA method, fillewing equation is used to assess

the relative complexity of the modified aircraftsign to its baseline.

ComplexityScore:( newt of parts JJ{ newt of interrelatiorships

— Equation 16
existing# of parts

existing# of interrelatiorships

The interrelationships refer to connections thastelxetween the subsystems and within
each individual subsystem. As aircraft subsysterasugually developed independently,
the design complexity level arises when varioussgstems have to be coordinated by
their separate manufacturers. The higher the codtplscore is; the more complex the
levels of the redesigned system design and itsldeweent process are expected to be in
comparison to its baseline. A highly complex sys@asign is also more susceptible to
the high risks of change effects propagation [1USJng the same reasons as before, this
complexity measure for baseline assessment pracesso focused only on the proposed

changes for the initiating change components.
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Finally, the overall measure of baseline aircraftability with regards to the change task

is defined in the following Equation 17.

Overall Evolvabiltty Risk, f = Zvvixi Equation 17

w, = weighting for evolvability metric
X, = normalized risk score of evolvability metric
i = evolvability metric as tabulated in Table 59

The normalization of risk score for each metridésived by dividing the computed value
with their corresponding worst case scenario. eoregality or scalability assessment, the
worst case is when all driving change requiremangsgiven a score of 100 that implies
they cannot be accomplished with little or no migdifion of the baseline candidate. On
the other hand, for adaptability and extensibititgtrics, their worst condition is for each
initiating change component to be assigned witislagcore of 100. When more than one
baseline candidate are under evaluation, this rarat@n procedure will involve the

worst case scenario among them. By doing thisivésga meaningful risk comparison

between them and properly penalizes the candidéte avhigher number of initiating

components. Note that from Equation 16, the ideafesfor the complexity metric of a

single design is taken as 2, which refers to ths® a@here no significant change in the
complexity level of the derivative design in relatito its baseline is expected. However,
the normalization of this complexity metric is dowéh reference to the most complex
system architecture if more than one candidateomsidered. The resultant complexity
metric value can thus be interpreted as the reldével of design intricacy between the
candidates. After all these assessments have loeepleted, the baseline candidate with
the lowest overall evolvability risk measure canpeeceived as the best for the required
change tasks at hand. Overall, the sequence oégliasthis step in the proposed SPEC

method is illustrated in Figure 67.
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Figure 67: Overall Workflow for Step 2

In brief, the process starts with the identificatiaf baseline aircraft candidates and it is
assumed that they have been modeled in precedam1StThe requirements analysis is
not part of the proposed SPEC method and is presuméave been done prior to its
initiation. Based on the pre-defined change requéngts, the baseline aircraft candidates
are independently assessed to identify their cparding initiating change components
and to establish the score for their system evditysametrics. Once this is completed for
all baseline candidates, the next phase is to cmrtham and select the best baseline for
the redesign task. During this phase, the evolitghiietrics are weighted to reflect their
relative importance, which corresponds to manufactsi preferences in completing their
redesign task. If the manufacturer prefers to hanmeimum affected components and
interfaces, a relatively low weighting can be ass@for the extensibility metric. Finally,
candidate with the lowest evolvability risk scasdaken as the best baseline with regards

to the change requirements.
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To demonstrate the execution of this Step 2, cendidck the previous electrical power
subsystem example. Let assume that the drivingnergents for its redesign process are
as tabulated in Table 62 and Boeing B737-200 has lbhosen as one of the interested
baseline candidates. For simplicity, this demotisinaexample is restricted to only the

change effects on electrical power subsystem.

Table 62: Example Change Requirements

B737-200 Adv
Performance
[338]

Target /
Constraint

Change Requirements

Performance Requirements
1. Flight Range 1750 nmi 2000 nmi
2. Gross Weight 114,000 Ib 116,000 Ib

Based on information in Table 62, generality analaality scores for Boeing B737-200

aircraft against the requirements can be made.Becis current flight range capability

exceeds that of the driving requirement, it eargererality risk score of 0. For the same
reason, a scalability risk score of 0 is assigredHis requirement. In contrast, since its
current gross weight is larger than required, aegaity score of 100 is assigned. For the
scalability risk score of this requirement, it ieg@icted that the design could be slightly
scaled down to improve on its weight charactesstiod thus given a score of 0. Note
that each driving requirement is independently ssese Although it is possible that the
scaling of the design architecture for one requaeimegatively affects its performance
with regards to the other driving requirement, thosnflicts can be taken to be resolved
by further system modifications that are consideneddaptability and extensibility risks

assessment. Overall, the generality and scalabitikg scoring process for this example

case is summarized in Table 63.

196



Table 63: Example Calculation of Generality andl&uiéity Scores

Requirement Generality Scalability
Assessment Assessment

Flight Range 0 0

Gross Weight 100 0

TOTAL 100

“Worst Case Scenario” 2*100 = 200 2*100 = 200

Normalized Score 1 =0.50 0

While the aircraft design can be sized down to cedts gross weight, such scaling down
process can also affect its range capability withdownsizing of the onboard fuel tanks.
To ensure that the penalty does not violate itgearequirement, further weight reduction
is sought through several other alternative sysiesign changes. From the requirement
analysis done prior to the initiation of this medh@vhich is not covered in this proposed
method), it is assumed that this issue is deciddektresolved by the implementation of
electrical starter-generator. As shown in Figure @@wer generation mechanism in the
current electrical power subsystem is accompligheaugh the use of a generator drive
and electrical generator assembly, which can beresipe, heavy and inefficient [260].
The application of an electrical starter-generéohnology in its place can improve the
overall weight characteristic of the aircraft systeespecially with additional elimination
of conventional pneumatic air starter unit for #mgines. This proposed redesign change
to cope with the gross weight requirement will riegsubstitution and elimination of the

existing electrical AC generator and its drive unit

It should be emphasized again that this examplislithe change assessment only on the
electrical power subsystem. In reality, implemepntabf starter-generator unit in place of
conventional constant-speed drive (CSD) and AC ig¢oe assembly affects more than
just the electrical power subsystem. The initiatolgnges to be made can be identified
from the simplified illustration in Figure 68, wiiés based on the description of variable

speed constant frequency (VSCF) starter-generatbimu[124].
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Figure 68: Required Changes for Starter-Generatptdmentation

In this demonstration example, the effects are wengh simplified but a more elaborate
discussion on the installation impacts of staremegator unit on current aircraft system
architecture is presented in following Chapter & fhe time being, based on Figure 68,
initiating change components can be identified esegator drive unit and AC generator
assembly. Because these components are intercedrteceach other, they can either be
assessed together or individually. For this exampley are considered together and the

adaptability, extensibility and complexity riskeaabulated in Table 64 and Table 65.

Table 64: Example Calculation of Adaptability anxténsibility Risks
Adaptability Extensibility

Proposed Redesign Initiating Change e e

Change Component

. Generator Drive +
Electrical Starter- .
Electrical Generator
Generator
Assembly

TOTAL 6*8 = 48 16 =6

“Worst Case Scenario” 1*100 =100 1*100 100

Normalized Score 48/100 0.48 6/100 0.06

Impact Cost Impact Cost

Table 65: Example Calculation of Complexity Risk

Proposed Initiating Change Parts Interface
Redesign Change Component Balance Balance

. Generator Drive +
Electrical Starter- .
Electrical Generato -2 +2
Generator
Assembly

* — * —
(*speculated total parts & interfaces) Aizzr=0el) G le

Ideal Score

Normalized Score (0.91+1.5)/2 =1.21

TOTAL

198



If the change effects were to be contained withalbcality of the initiating components
without affecting the power distribution networlatlthey are connected to, then a power
converter unit have to be installed to regulategbeerated electrical power to match the
characteristics of the existing distribution netkwd49]. To date, technologies for VSCF
starter-generator and power converter unit haeadilr been developed [124]. Therefore,
for adaptability assessment, the system modifinasaaken to be at SRL level 3 (based
on Table 52), which corresponds to a risk ratingoads defined in Table 60. As for
extensibility assessment, the effects are allowdsktpropagated to electrical distribution
network. This implies that the power converter doet have to be installed since the
distribution wirings can be modified to match thengrated power characteristics from
the starter-generator instead. Because VSCF teayydlas been used and demonstrated
on several transport aircraft systems like B737$ MiD-90s [235], its SRL level for the
extensibility assessment is given as 5 and thrsskases into a rating score of 1. For the
cost rating, both adaptability and extensibilityange cases seem to be a significant
departure from current B737-200 aircraft systemigesThis is perceived to inflict
notable changes to manufacturer’s production apglsr networks, and the cost ratings
are assigned to reflect this discernment. Becdusedaptability situation involves the
installation of a power converter unit, it is asgd with a higher cost assessment than the
extensibility condition. It should be noted thae texpected effects from the modification
to the electrical distribution network is not taketo account because the focus is on the

initiating change components and not the propaganes.

On the other hand, considering the proposed subetitof generator drive and electrical
generator units (for both left and right systemghwgtarter-generator units, the number
of total parts is reduced by two. Because the estggnerator unit also introduces new
interlink within the aircraft engine unit (in bo#ngines) for its starting mechanism, the

interrelationship balance is a +2. Note that if dverall aircraft system is considered, the
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subsequent elimination of the existing pneumatics&irter mechanism for instance will

also be factored in the overall interrelationshaabce.

The plot of normalized evolvability metrics for tisample electrical power subsystem,
with an equal weighting of 0.2 for each of themsh®wn in Figure 69. In this weighting
scenario, the overall evolvability risk is computexi0.45.

B Generality M Scalability ™ Adaptability

m Extensibility m Complexity m Overall

121

B737-200 Electrical Subsystem
Figure 69: Evolvability Assessment for Equal Weighs

In general, Figure 69 can be interpreted as folldwst, a generality risk measure that is
close to O indicates that most of the driving cleargquirements are expected to be met
without modifying the existing design. For this exale, the gross weight requirement is
violated and this condition is reflected by the 1z@no generality measure. On the other
hand, it is possible to scale down the aircraftesysdesign accordingly to satisfy each of
the requirements independently and this is refteble the zero scalability metric. Since
this scalability measure is much lower than thahefgenerality metric, the redesign risk
can be taken to be highly manageable. This indy@atlicates that the existing design is
generally not overly inflexible to accommodate tbquired changes based on the notion
that the system design scaling approach is thelsghform of product redesign efforts.

In addition, based on the general practices ofairclerivative development, the design

200



scaling is often the first type of redesign apptottat is considered when designers try
to redesign the baseline aircraft to satisfy newimlyg requirements [296]. On the other
hand, the adaptability risk measure is shown tabeh higher than that for extensibility
condition. This is a highly favorable change sittsince it indicates that the redesign
risk can be potentially reduced by propagating samnge effects from the initiating
components to the other components that is of loeaesign cost and difficulty. Last but
not least, the complexity is assessed to imply hérethe derivative design complexity is
comparable to the existing baseline design. Sitscealue is above 1, it indicates that the
complexity of the derivative design has increasedfthe original baseline. This is not a
favorable situation but it should be noted that ehmination of several other parts and
interfaces external to the electrical power suleysis not accounted here, which should

otherwise improve the complexity score.

In contrast, if the manufacturer highly favors minim amount of changes, the weighting
scenario can be modified accordingly. The assessmsults shown in Figure 70 refers
to the case where the weighting for the generadithgptability and complexity metrics is
assigned as 0.3 while the other system evolvabiigyrics are each assigned with a 0.05
weighting. In general, this weighting scenario cades that it is highly preferred that the
redesign process affects the lowest number of systenponents. As a result, the overall
evolvability risk score has increased to 0.66, Whieflects that the redesign risk level
under such process preference is much higher ttegruhder previous redesign scenario.
This significant jump indicates that this might et the most suitable baseline candidate

if such redesign process preference is strictlyoseal.
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B737-200 Electrical Subsystem

Figure 70: Evolvability Assessment for Minimum Adted Components

All in all, the summary of this baseline assessnpeatess is illustrated in the following
Figure 71.
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Figure 71: Baseline Assessment by SPEC Support Tool

4.2.3 Step 3: Change Plan Generation

As concluded in section 3.4.4, most available cbgrignning methods and tools include
no implementation strategy in their automated ragi They mostly assume the resultant

product design architecture will remain the samé msbefore, which means no addition
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or substitution of parts is allowed except for ihidating components. This is not always
true as some revolutionary changes can take plate@sequently modify the dynamics
of interrelationships between the components. lditexh, their program algorithms do
not consider concurrent handling of the initiaterggineering changes. Unless the effects
from initiating change components are totally inelegient of each other, their interaction
has to be considered during the planning procegsVBluating them separately, their
combined effects are easily overlooked and endaiipgba crucial omission in reflecting

the real extent of impacts from the proposed chamgémentation plan.

It can be implied from previous discussion thatieegring change planning process for
many complex products can be an overwhelming tasksuggested in the literatures, the
potential change propagation paths in a producigdes a factorial function of its
number of elements [134], which can be extremei lior many complex products. Due
to the numerous possible change propagation pattes consume a tremendous amount
of time and efforts to generate all possible chgplges. However, it has been observed
in real industrial practices that the solution spémr product redesign planning is often
constrained by manufacturers, where some subsysdeensot allowed to be modified
due to company’s management policy because thayt@osnuch or their adaptation is
too risky [115]. For instance, while developingitrengine variants, designers in Perkins
Engines Company reserved several parts of theibasshgine from being modified as
their redesign was anticipated to cause significarease in the development efforts and
costs beyond the preferred limit [118]. This kindresolution effectively reduces the

amount of potential change propagation paths, h#repossible change plans.

From the understanding of this situation, a consiole amount of redesign planning
efforts could be saved if designers are assisted aiproper scheme to reduce their

product change solution space into a more managesid for the practicality of their
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redesign analysis. In other words, the redesignrnpfe can be made more efficient if all
highly risky modifications are screened out earlythe process. By doing so, valuable
computational efforts could be saved from beingnspa those risky change plans that
would be eventually eliminated. In previous sect®.3, it has been discussed that the
change role of each component can vary in diffechiainge situations and this leads to
dissimilar change propagation paths. This mearsatmmponent does not have a pre-
determined change behavior [115]. It can swap rdlesng engineering change process
depending on the nature and magnitude of the padpdg-hange effects, and its role in
the integrated product architecture [175]. In gahdour types of component change role
are described as follow [115]:

» Absorbers— propagate no further changes after being changed

» Carriers — transferring change to others after being cheuge neither

reduce nor add to the complexity of the changelprob
* Multipliers — expand the change problem further by making teneomplex

» Constants— not affected and not causing changes

During redesign planning, designers have the chimiqegass on the change effects from
one component to another [116]. How a componenhiwithe product architecture is
affected by the proposed changes depends on thehegyare implemented [81]. With
respect to different component change roles, tbpggation path will be truncated when
it reaches either a “constant” or an “absorberic8Bithe least risky implementation plan
is highly preferred, this knowledge is applied &tedmine the effective change solution
space by “freezing” risky parts from being subjécde changes by the proposed redesign
plan. This decision influences the ability of systeomponents to accept and propagate
engineering change effects, which can be expldidecbntrol and reduce the likelihood
of further propagated changes [121]. For instatio®,components that are classified as

risky will be assigned the role of a “constant”.
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To decide whether a component is risky enough tecbeened out from the change plan,
it is evaluated from two aspects of redesign dgwakent risks. If the component has a
high risk when being changed and at the same tnogagates its change effects to other
risky components, then it should not be changeds décision is practically based on the
objective to avoid unending change propagationcivis discussed in section 1.2.2 to be
detrimental to the success of the redesign pro¢éssever, if the component has been
determined to be the change initiating compondmn tit should not be designated as a

“constant” or otherwise the redesign goals mightheoable to be successfully achieved.

Observing the change decision-making process hitbeaprincipally broken into several
smaller “pairwise change comparison” sub-tasks whke decision to either propagate
the change effects to the following component & phopagation tree or have the current
component absorbs the impacts to itself is madedoan the perception of which option
leads to a better change risk situation. In otherdw, this relates to the causal influences
of the change decision and its level of impactscdkding to Saaty, one way to resolve
this decision-making problem is the holistic apgtoavhere the factors and criteria that
are involved in the procedure are identified anerdrichically ranked to highlight their
transparent dependencies [276]. From this, thé&tive influence on the overall solution
can be estimated and be used to aid the decisi@ermBhe derivation of a prioritization
ranking through pairwise comparison has been pexpas MAAP procedure in section
3.1.3, which is applied in the determination ofatele importance for the metrics in its

assessment process [339].

Based on observation of industrial practices, thenge solution space for the proposed
SPEC method is established by evaluating the velathange preferences of the aircraft
subsystems and their relative potential of beirigcééd by changes on other subsystems.

This assessment should be made at the subsysteaisristead of at the components
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level because the subsystems are mostly desigreedl@reloped independently by the
various suppliers instead of solely by the primargraft manufacturer. It is unrealistic to
ask them to “freeze” several of their product pavtsle changing the others since each
supplier or subcontractor has their own designnogation scheme. Assuming that each
subsystem comes as a single package from the sygpis more reasonable to decide if

the subsystem as a whole should be consideredddification or not.

Coming back to the pairwise comparison problem rétative ranking of the elements is
derived through a prioritization matrix and to emesthe accuracy and consistency of the
assessment (if it is done subjectively), the mathguld be reciprocal [275]. To generate
and establish the priorities of the elements tleatehbeen measured based on the same
rating scheme, their normalized ratio scale is ugedstated by Saaty, “ratio scales are
the only means to generalize a decision theory antase of dependence and feedback”
[274]. In MAAP procedure, the normalized ratio gca derived by dividing the score of
each element to the overall sum [339], which casden as a slightly simplified version
of Analytical Hierarchy Process (AHP) [274]. An exale to highlight this procedure is

depicted in following Table 66.

Table 66: Sample Calculation to Establish RelaBvierities
Normalized Ratio

C Total Score

Score
A 1 5 0.2 6.2 6.2/23.5=0.26 2
B 0.2 1 0.1 1.3 1.3/23.5 =0.06 3
C 5 10 1 16.0 16.0/23.5 =0.68 1
TOTAL 23.5 1.00

For the proposed SPEC methodology, the first gization matrix is applied to establish
change preference between a pair of subsystems.pHmwise comparison answers the

guestion of how preferable it is to change onei@aler subsystem against the other. This
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measure is made based on the qualitative ratirlg stdable 67, which is modified from

MAAP to suit the assessment focus at hand.

Table 67: Qualitative Scale for Pairwise Changddreace

Rating Scale Description
10 The (row) is highly preferred to be changed than(ttolumn)
5 The (row) is moderately preferred to be changed the (column
1 No preference in changing either the(row) or th@yimn)
0.2 The (column) is moderately preferred to be chartgad the (row)
0.1 The (column) is highly preferred to be changed ttian(row)

On the other hand, the second matrix is appliedetive the relative subsystems ranking
with regards to their likelihood of being affectieg the modification of other subsystems.
In literature review, most available change methads observed to assign this change
likelihood value with the average number of timeat tthe particular subsystem had been
affected by changes made on other subsystem ipaste Moreover, it is often assumed
that the change propagation path can affect only subsystem at a time during the
analysis [175], which is not truly representativier@al industrial practices. The change
propagation tree can split into several brancheswhore than one subsequent change is
made in response to preceding component modifitalio avoid these rather misleading
assumptions, there is a need for a better way iwedthe subsystems ranking according
to their change susceptibility characteristics thadequately unbiased towards unrelated
past changes while being more representative oftihage task at hand. In the proposed

SPEC methodology, this is obtained using the medifirioritization ranking method.

The existing interrelationships between the sulesystare used as the measuring scale to
reflect on their possibility to be changed. Thigliaates that the matrix is not derived
qualitatively through the rating scale presentegrevious Table 67 and it does not have
to be a reciprocal matrix to ensure measuremerdisi@mcy as it is derived quantitatively

from the true state of the existing design. At fhaént, it is known that the change effects
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can propagate between two components if and orthelf are interrelated to each other
[174]. Based on this notion, an appropriate retativeasure of their change relationship
strength is the ratio of how many potential propiagalinks exist between them to their
respective total of change links with others. Hytare interconnected in so many ways to
each other, it is highly likely that the modificati made in either one of them will also
affect the other. In contrast, the change effemtscartainly not propagated if they have

no interconnection at all between each other.

Once the rankings of the subsystems change likaditemd change preference have been
derived, they are mapped together in the sametipdindirectly represents the available
change solution space. Based on the standard awaddle limit set by designers, the
subsystems that have a low change preference bevel high change potential rank can
be classified as a “constant” for the change pliashould be cautioned that proper care
must be taken to not over-constrain the changenaltiees by freezing unnecessarily too

many components from being modified.

After the change solution space has been defilkedpssible implementation alternative
plans are extracted by going through the “reduc@d aircraft model. Several limiting
algorithms have been proposed by available changgagation methods from previous
background studies in section 3.4. By considerregrt and the objective of the proposed
SPEC method, two change propagation guidelineswuaggested as follows:

» If changes imposed on the same change attribiaecomponent come from the
same initiating component twice, then the propagat blocked. This is to avoid
the propagation tree from going into the same loogr and over again.

» If changes imposed on an aspect of a componembarfécting with its previous
effected changes, then the propagation is blockied. is to avoid having infeasible

change plan with respect to all governing requingisie
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With these applied guidelines, the order of execufor each change requirement can be
a significant factor in shaping up the change plagprocess. In typical product redesign
development, several initiating engineering charmyesoften required and their effects
are interconnected [120, 272, 332]. To fully expldhe implementation planning, the
process must be executed in all possible execotiders unless a priority order has been
pre-set beforehand. In view of this, the maximurmrmbar of execution order is estimated
as the factorial of the initiating components.hiéite are two initiating components A and
B, then the first planning process is executeddnsiering A first and then B. In return,
for the second process, B should be consideretd $mmilar action is also taken when the

change effects propagation branches out into niane dne path.

It is clear that this emphasis on execution ordeesitly increases the amount of required
computational efforts for the redesign planningcess. The effects of execution order
only become a factor during planning if differembpagation paths cross each other. To
avoid unnecessary computational efforts, incompatihange solutions should be first
identified. If the change propagation trees frofifiedent initiating components are totally
independent of each other, their execution ordesdmt matter to the overall risks of the
change plans. The full propagation trees are detbyeassuming that no component will
absorb the change effects imposed on them by precedmponent. Hence the effects
propagation will only stop when it encounters arfstant” that has been determined from
the reduced change solution space or when it @sltte previously defined propagation
guidelines. If the proposed redesign changes frdfarent sources on a component are
found to be incompatible, only the execution orfderthose requirements is varied from
their first point of conflict. Once all the changeopagations have been mapped out, the
change roles of the affected system componentsaared to derive all possible change
plans. In order to better illustrate this stephad proposed SPEC method, its sequence of

phases is presented in Figure 72.
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Phase 3.1: Definition of Change Solution Space | |

: ‘ Listof “Frozen” Subsystems

FoR=— Phase 3.2: Generation of Potential Change Plans

Change PlanAlternatives

Figure 72: Overall Workflow fr Step 3

To demonstrate this Step 3, consider again elettpower subsystem of Boeing B737-
200 example. To further simplify the matter, thengtouction of prioritization matrices
for change likelihood and preference is focused @m three subsystems in Figure 64:
electrical power (ATA 24), auxiliary power (ATA 4@nd turbine engine (ATA 72). It
can be concluded from Figure 64 that the electpcater subsystem has one connection
to APU where the auxiliary electrical power is sliggb and one link each with the two
engines that supply mechanical inputs to the gémedaives. No interrelationship exists
between the auxiliary power unit and the turbingiees. Furthermore, suppose that their
total relationships with the other aircraft subeyss is known (which is hypothesized for
the sake of the calculation). The prioritizationtrixafor change likelihood is constructed

as in Table 68.

Table 68: Example Evaluation of Subsystem Changelibood Score

Electrical | Auxiliary Turbine Izt . Total | Normalized
Connection

Power Power Engine Score Score

(*speculated)

Electrical
Power

Auxiliary
Power

Turbine
Engine

1

1/6 =0.17| 2/11=0.18

1/31 =0.03 1 0 S 1.03 0.30

2/31 =0.06 0 1 10* 1.06 0.31
TOTAL 3.44
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Based on Table 68, a higher total score meanghkatorresponding subsystem is more
susceptible to be changed. For instance, therbgtof the matrix corresponding to the
electrical power subsystem can be interpreted lésafe. The measurement value of 1 is
assigned in the first column to signify that angpgmsed change on the electrical power
subsystem (column 1) will undoubtedly affect itsreat design. On the other hand, if the
current auxiliary power unit (column 2) requiresdifiation, the measurement value of
0.17 implies an estimated 17% chance that the éwaiibalso affect the electrical power
subsystem (row 1). This is based on the assumgtatrthe auxiliary power unit has five
distinct interlinks with other subsystems and ofithem is linking to the electrical power
subsystem. An extra value is added to the totalbmurof links for the change likelihood
estimation to represent the possibility of no pggiad change. This extra “link” measure
ensures that the derived change likelihood is niytexclusive [175]. While the actual
modification cannot be specified at this pointlas thange plan is not yet available, this
estimation is based on the notion that if the cleagffects are to be propagated, they will
have to be made through the existing interconnestibat the subsystems have with each
other. A higher amount of interrelationships wither subsystems means higher chances

for the change effects to be passed through thgystdm.

Meanwhile, the ranking of subsystems change preferes derived through prioritization
matrix in Table 69. Recall that the qualitative ioha preference for the subsystems pair

is assigned based on the rating scale definedcewmiqurs Table 67.

Table 69: Example Evaluation of Subsystem ChangéeFRmce Score

Electrical ~ Auxiliary Turbine Total  Normalized
Power Power Engine Score Score

Electrical Power 1 5 10 16.0 0.56
Auxiliary Power 1/5=0.2 1 10 11.2 0.39
Turbine Engine 1/10=0.1| 1/10=0.1 1 1.2
TOTAL 28.4
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Based on Table 69, a higher total score meanautheystem is preferred to be changed in
comparison to other subsystems. For instance,ittsteréw of the matrix corresponding
to the electrical power subsystem can be intergratefollows. Referring to Table 67, a
value of 1 is given to the first column to indicateimilar level of change preference of
the electrical power subsystem to itself. Converstble value of 5 in the second column
indicates a moderate change preference for thérieegower system over the auxiliary
power unit. This indicates that given a choice,glesrs moderately prefer to modify the

electrical power subsystem rather than the auyijawer.

A simultaneous mapping of the subsystems changéildod and preference scores is
depicted in Figure 73. The change role for turkengine is designated as a “constant”
because its level of change preference is extrefogly indicating its perceptively high
change risk in relative to the others. These measarre not to be taken as “absolute” but
should be treated as a relative comparison amongidered subsystems or components.
With this decision, possible change plan alterrestithat have been generated based on
the initiating changes identified in Step 2 arespréged in Table 70. Notice the difference

in the component change roles for the differenngleaalternative plans.

0.6
Electrical Power ‘
0.5
0.4 '.“Auxiliary Power
0.3 Considered as "Frozen"

due to very low change

0.2 preference \
0.1

T

Change Preference

‘ Turbine Engine

0 0.1 0.2 0.3 0.4 0.5
Change Likelihood
Figure 73: Example Subsystem Change Likelihood-Gadfreference Mapping
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Table 70: Example Generated Change Plans

Modified
Component

Generator Drive (1
and 2) + Electrical
Generator (1 and 2)

Change
Role

Absorber

Change Remarks

Combined into a starter-generator unit
Because the turbine engine is “freeze’
from being modified, the starter-generat
has to fit the current mechanical drive
input requirement and still produce the
same required amount of electrical pow

supply.

Generator Drive (1
and 2) + Electrical
Generator (1 and 2)

Carrier

Combined into a starter-generator unit
Produce electrical power supply based
the existing amount of available
mechanical input from the turbine engin

.

AC Bus (1 and 2)

Absorber

Include a power converter unit to matcl
the characteristics of the electrical-base
components.

—

2d

Generator Drive (1
and 2) + Electrical
Generator (1 and 2)

Carrier

Combined into a starter-generator unit
Produce electrical power supply based
the existing amount of available
mechanical input from the turbine engin

.

AC Bus (1 and 2)

Carrier

Changed to match the characteristics of
produced electrical power supply.

the

Affected electrical-

Absorber

based components

Changed to match the characteristics of

the

distributed electrical power supply.

Change Likelihood &
Preference Assessment

(o

.....

nE

Change Plan
Generation

Figure 74: Change Plan Generation by SPEC Suppoit T
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The summarized illustration of this change planegation process is shown in Figure 74.
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4.2.4 Step 4: Change Impact Assessment

Up until this point, the possible change implemgataalternative plans have been made
available from Step 3. The main objective for ttisp is therefore to assess their possible
impacts on both the development process and tlierpence capabilities of the product.
In general, before any modifications can be prgpeecided to be acceptable, its overall
effects including required efforts in redesign plgng, scheduling and resourcing have to
be estimated [152]. In view of this, designer wiidhie change initiator or implementer is
responsible to consider all possible propagatesteftbefore deciding the right trade-offs
during change planning [83]. As emphasized by abéel standards in product industries,
the most critical part of change planning proceghé impact prediction [176]. However,
none of them outlines the suggested change impetysas methods or tools as part of

their guidelines [273].

Based on literature review, the analysis of chagf@grts from the perspective of product
development process can be approached from thédéwdevelopment risks associated
with the implementation plan. In section 3.4.4, CR& been selected as the best change
method with the most proper impact assessment sehénmses a simple redesign change
risk calculation that is widely applied within tipeoduct risk management field [81]. In
reference to this CPM evaluation scheme, the measiuredesign development risks is

calculated as follows:

> [ImpactLevelx Cos{

affectedcomponentt

Maximun Calculatec Proces: Risk

ProcesRiskIndex=

Equation 18

In this case, all components within each implemtgntgplan can be perceived as already

being “chosen” for modification and hence theirmdp likelihood is taken as 1. It should

be noted that this scheme is closely similar toathe applied to estimate adaptability and
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extensibility risks in Step 2. To scale this pracask measure for better comparison, it is

normalized to the maximum calculated value betwberchange alternative plans.

On the other hand, resultant changes made on iitrafaidesign should also be linked to
its overall system performance. It is importanhtt only have a viable redesign process
but also a derivative aircraft that can satisfyitaloperational requirements. For instance,
a spatial change on modified subsystem componamsaffect the aircraft gross weight
and subsequently affects its high-level performakoe this proposed SPEC method, it is
assumed that the relationships between subsystemparent parameters and high-level
aircraft system performance metrics are availabier po its initiation. In section 3.3.4,
the benefits of using RSM to capture the performeantpacts due to design engineering
changes have been discussed. If the subsystemysysli#ionships are not available and
the simulation analysis tool for aircraft performaris accessible, RSM is a good option
to derive them. All in all, by translating the clgeneffects into appropriate estimates of
the performance factors, technical feasibility loé terivative aircraft can be analyzed
against its operational requirements. In cases miitiiple constraints, the metrics can be

combined into an overall evaluation factor as dediby following performance index.

resultantperformanelevel
required performanelevel
required performanelevel
resultantperformanelevel

j if maximums preferred

Performane Metric = (
( ] if minimumis preferred

Equation 19

> [Performane Metric],

Overall Performane Index=— Equation 20
n

wherei = considered performance metric
n = number of considered performance metric

Once the redesign development risk and performamisxes for each alternative change

implementation plans have been obtained, the saeteof the best group of plans can be
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made. All in all, the tasks involved in this changgact analysis phase of the proposed

SPEC method are summarized in Figure 75.

'. Phase 4.1: Process Risk Analysis

Alternative
Change Plans

[ ~ Phase4.2:PerformancelmpactAnalysis

Process Risk &
Performance Indexes

Flgure 75: Overall Workflow for Step 4

To demonstrate the procedures involved in this 8tefhe generated change alternative
plans for the example electrical power subsysteB#d7-200 aircraft that are tabulated
in Table 70 are analyzed. Calculation for the psscesk and performance indexes that
are associated with them is presented as follows Jample calculation is formulated
purely by intuition and should not be taken asua tepresentation of the present state of
industry. Instead, the main goal here is to sing@ynonstrate the procedures in this Step

4. With that in mind, the process risk evaluati®piesented in Table 71.

Table 71: Example Process Risk Calculation for raliéive Change Plans

Modified Component Change Process _Rlsk Process Risk
Role Calculation Index
Generator Drive (1 and 2) + o —
1 Electrical Generator (1 and 2 HErEEs S =4 &
Generator Drive (1 and 2) + . e
2 Electrical Generator (1 and 2 SRS So=n 42
AC Bus (1 and 2) Absorber 6*6 = 36
Generator Drive (1 and 2) + . A
Electrical Generator (1 and 2 SRS 16 =6
3 AC Bus (1 and 2) Carrier 16 =6 42
Affected electrical-based 1A
components Absorber 3*10= 30
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From Table 71, the estimated redesign processfaisglan 1 should be similar to that
calculated for adaptability risk in Step 2. Thisomcause for that particular change plan,
the change role of the combined “generator drives AC generators” is assigned to be
an absorber. This indicates that the initiatingngjes have to be accommodated within
these parts only, which matches the condition &apéability. On the contrary, for plans
2 and 3, their role is switched to a “carrier” ahd propagation of their change effects is
allowed to other components. This condition is Emio extensibility characteristic for
system evolvability measure and hence it can bergbd that the estimated process risk
in this case is the same as the valuation of edidihsrisk in Step 2. Another highlight
of Table 71 is the fact that the average processfar plans 2 and 3 are equal to each
other although the former involves less affectechjgonents. If the process redesign risk
is the sole selection criterion, plan 2 is gengrétle most preferable change proposal
amongst the three options because it is less tisiy plan 1 and requires relatively less
redesign efforts than plan 3. However, it shoulchbted that the process risk evaluation
for plan 3 in this example has been highly simetif(especially with regards to affected

electrical-based subsystems) in order to betterotstrate the calculation procedure.

On the other hand, the calculation of aircraft perfance impacts that are caused by the
design modification requires the established retethips between the affected subsystem
parameters and the high-level system performandaamender interest. Recall driving
requirements that are defined for this exampleabld@ 62. Let’s just focus on the gross
weight requirement for this demonstration purpase the speculated weight effects for
each of change implementation plan are presentéichlbe 72. Again, these estimated

values are purely derived based on speculation.
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Table 72: Example Performance Impact CalculatiorAfeernative Change Plans

% Weight Total %
Plan Modified Component Effects Weight Effects

Performance

Index

*speculated *speculated
1 Generator Drive (1 and 2) + 2% - 20 114900/113680
Electrical Generator (1 and 2 =1.002
Generator Drive (1 and 2) + 0
2 Electrical Generator (1 and 2 b -1.9% 114201%10123796
AC Bus (1 and 2) +0.1% '
Generator Drive (1 and 2) + 20
Electrical Generator (1 and 2
3 AC Bus (1 and 2) + 1% + 1% 114000/11716(
- =0.973
Affected electrical-based
+2 %
components

As can be implied from the notionally constructeable 72, plan 1 corresponds to the
highest weight reduction that will help the B73M20rcraft derivative to be closer to the
target takeoff gross weight. On the other handp @acorresponds to the worst weight
effects since an additional 1% weight is expected t installation of power converter
unit for each electrical-based subsystem. Changéemmentation plan 2 corresponds to a
slightly lower total weight reduction than plan @edto installation of the central power

conversion unit.

All in all, both process risk and performance inelexare passed to the following Step 5
where the alternative change plans are comparddtesmine the best among them. The

summary of this change impact analysis processpgted in following Figure 76.

Redesign Process

Risk Assessment 1
=

Performance Impact
Assessment

Figure 76: Change Impact Assessment by SPEC Suppolt
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4.2.5 Step 5: Change Plan Selection

So far, the alternative change implementation pthas can possibly satisfy the driving
requirements have been derived back in Step 3thi6tep 5, the main focus is to select
the best among the possible redesign plans andekision is made based on the results

of the change impact analysis done in Step 4.

It is known from the literature study that the d®of redesign plan is highly influenced
by its potential consequences [39]. As argued leefitie decision-making process should
consider the estimated effects from both the peeas product performance viewpoints.
Unfortunately, the available change methods thae Heeen identified in the literature do
not directly discuss or emphasize on the latteeetspf the redesign effects. In general,
the development process risk is preferred to bevass possible while the performance
of the resultant design needs to be as close ashp®$o the target requirements. For the
proposed SPEC method, these preferences correptmel highest value for the process
risk and performance indexes that are defined @vipus Step 4. Moreover, the change
plan selection process can be visually aided byreékdesign performance-risk plot. It is
suffice to say that the group of the change implaateon plans that is contained within
the pre-set limits of the development process aistt performance constraints will make

up the potential change proposals for the requiredification.

Coming back to the electrical power subsystem exantipe corresponding performance-
risk plot for its generated change alternative plempresented in Figure 77. As can be
observed from the figure, the weight performancthefredesigned aircraft in plan 3 fails
the performance constraint since it has a perfoomamdex less than 1 (if multiple target
performance metrics are combined into this indaxe enust be taken before making this
conclusion) although its process risk is more fabte than plan 1. On the whole, plan 2

seems to be the best option due to its comparabightvbenefits but significantly lower
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process risk to those of plan 1. In addition, friha assessment of this plot, the possible
redesign trade-offs can be identified and formualateimprove the generated plans in the

case when none of them is perceived as acceptable.
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Process Risk Index

Figure 77: Sample Performance-Risk Plot

In summary, the tasks involved in this final sdlattstep for the proposed SPEC method

are depicted in Figure 78.

1| Phase5.1: Performance-Risk Plot

Potential Change
Proposals

Phase 5.2: ChangePlan Selection

\
- . Selected Change

Proposal

A 4

Figure 78: Change Plan Selection Step in PropoB&_SMethod
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The depiction of this selection in the SPEC supfmwt is shown in Figure 79.

Change Plan Performance-Risk Plot [

PROCESS RISK RANKING
100 +——
Plan2 Plan1 PERFORMANCE IMPACT RANKING
1 T O A 0 0 | 1 L O OO AFFECTED COMPONENTS
0.99
| PERFORMANCE-RISK PLOT |

DOME

101

Performance Index

0.97 tarmr 3

098 —_—

| |
085 }

|
083 0.87 0E9 091 093 083 087 089 101

Process Risk Index

Figure 79: Change Plan Selection Environment byGBHpport Tool

4.3 Summary of Proposed Methodology Activities

With the steps of the proposed SPEC methodologg baen detailed out, their summary

of activities is presented in Figure 80.

if no baseline candidate is satisfactory

2 w;“?g_ Baseline
L s )

= Assessment

L

'_’3 ChangePlan
-~ Generation

1. Physical Decomposition - | 1.ldentification ofBaseline E 1. Definition of Change |
2. ldentification of Physical v Candidates Solution Space
Linkages 2. Evolvability Risk Analysis 2. Generation of Potential
3. ConstructionofChange 3. Selection of Best Baseline Change Plans
Impact Matrix
A A
I
Ifno plan is |- T =====- I
satisfactory
ﬂ ~ -2 ChangePlan ﬂ = 00
L —alln gejection % 7'  Assessment
Formal Engineering € <€ . - <
Change Management 1. Performance-Risk Plot ; s;or;:’::;f: I‘:‘n":;z:'s
Piacedie i the 2.Change Plan Selection 2 Anaiysls

Company
Figure 80: Activities in Strategic Planning of Engering Changes (SPEC) Method
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From the discussion of available change framewarid approaches, the feedback links
are added to represent possible iterations of tla@ge planning process as indicated in
Figure 80. Firstly, the feedback link from baselassessment step into aircraft change
modeling step is required when the preliminary wsial fails to identify a suitable

baseline among the initial candidates. Once the ceawdidates are identified, they have
to be modeled before they can be studied andghisei reason behind this first feedback
link. Secondly, the iteration of the redesign plagrprocess is necessitated if none of the
generated change implementation plans satisfy rikeria set for their approval. In this

case, there are basically two main approachescttrabe done to improve the situation.
By selecting another baseline aircraft that is nretevant, the change solution space is
practically modified and this opens up new oppdties for better implementation plan

alternatives. On the other hand, the redesign isoluigpace can also be improved by
alleviating the change planning constraints witheelecting a new baseline design. Both
of these options are represented by the feedbak& from change plan selection step to

baseline assessment and change plan generati@s, stagpectively.

It should also be realized that the way this predoSPEC method is outlined maintains
the generality of its application, which indicatbat it can also be applied to other types
of products instead of aircraft. As implied frongéie 80, its application requires several
detailed inputs from designers or product expéitese include accurate assessment of
change tolerance and SRL levels for each identémuponent, proficient translation of
driving requirements into initiating changes andrastion of relationships between the
system performance metrics and the component péesndhe accuracy of results from

this proposed methodology will greatly depend andhality of these inputs.

Overall, as detailed in the motivation of this s study, this method is developed as a

change decision aid for designers to plan thearaft modification process. This helps to
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fill the current absence of change planning metrasdttools, and in the bigger picture it
also helps manufacturers to identify related dgmmlent risks and required processes
with their sub-contractors. By knowing more detail®ut their aircraft redesign aspects,
manufacturers can have a better control of thesigies by providing more complete

specification to their sub-contractors and avoig system integration problems later on.
The knowledge gained from this planning procesblesahe return of the design control

to the primary aircraft manufacturers rather thettirlg their designated sub-contractors

or suppliers control and dictate their design etrohary paths.

4.4 Comparison to Existing Methods and Tools

From the above discussion, the procedure for e@ghas the proposed SPEC method has
been formulated in reference to several existinthods that are identified in Chapter 3.
This section is intended to discuss the similagitied differences of these methods to the
final procedures in the proposed SPEC method. Diectives for this discussion are to
highlight the improvements that are achieved toreskithe previously identified gaps in

aircraft redesign process and to distinguish therdmutions of this proposed method.

In section 2.3.7, “change planning process” methasl been evaluated to be the current
best among the identified existing product redesigd engineering change management
methods. A high-level comparison between its praces and those of SPEC method is
depicted in Figure 81. Furthermore, the offeredaatlvges and identified shortcomings
for the change planning process, which are discusséhapter 1, are listed again in

Table 73.
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Table 73: Advantages and Disadvantages of CharageiPlg Process

Advantages Disadvantages

* Provide a structured workflow for | ¢ Lack emphasis on strategic redesign
redesign planning process decision-making

* Provide structured means to track | ¢« Lack emphasis change impact
change propagation and analyze tl analysis on product performances
impacts on development process | « Do not support baseline assessment

* Do not support simultaneous
changes planning

As implied from Figure 81, the proposed SPEC metmaghtains a structured workflow
for the redesign planning process. As describearévious section 4.2.3, the generation
of alternative change plans in SPEC method invopreper tracking of potential change
propagation paths and analysis of their impactsti@rother hand, the implementation of
SPEC method is supported by a strategic redesigroaph that considers the effects on
both development process and performance metritiseoflerivative aircraft, which has
been identified to be missing from procedures ef‘thange planning process” method.
Furthermore, the baseline assessment and the amraolis change planning capabilities
are also incorporated into the procedures of tbpgsed method, which further improves
its application for the intended objective of teisidy. All in all, the improvements that
have been made for the proposed SPEC method ret@videntified disadvantages of

the “change planning process” method for the afitcemlesign process.

The comparison between the reference methods t& &oa the proposed SPEC method

in several of its main application areas is furgmessented in the following sections.
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4.4.1 Aircraft Change Modeling

Based on assessment in section 3.2.6, product depey model by Rutka et al. [273] is

taken as the current best approach to be the raf@rence in the development of aircraft
change model for the proposed SPEC method. Frooaghn in section 3.2.5, its model
construction is mainly intended for automated clearmgopagation prediction and

tracking. Using the defined set of attributes ill€a33 for each component, the potential
change propagation paths are identified. Howevecabse the SPEC method is not
intended to be an automated change plan generkéomiost available change support
methods and tools, the scope of its modeling praee not required to be as extensive
as that of the product dependency model. Basetlismdalization, some elements of the
product dependency model are appropriately modifiefit the purpose of the proposed

method.

An aspect that is of significant concern for tharge modeling procedure is the balance
between model details and required amount of effimnt the model construction. Recall
that the main goal of the proposed SPEC methoa iset a decision-making aid for
designers while planning for their product redesigherefore, its application will be
interactive to their inputs. Instead of trying tceate an extensive database of change
effects propagation that covers all possible chaiy@ations as supposed by the product
dependency model, it is adequate for the aircteihge modeling procedure in the SPEC
method to highlight the existing interconnectiom$ween the components without really
specifying their type or level of change impactscls change details are expected to be
input by designers or system experts during itstimme, which will better reflect on the
present situation of the change tasks at handrréthe pre-defined database that might
be inaccurately derived from historical change dataensure all possible means of the
change propagation are covered, the aircraft misd=instructed based on the taxonomy

of system element interactions that is discussesettion 3.5.2. In addition, from the
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product dependency model, the component changautae is also an important attribute
that will indicate whether the engineering chanffjects can be propagated between the
interconnected components. The taxonomy of systememnt interactions has already
been used in several product modeling approactiesit andirectly. The inclusion of

change tolerance level is clearly one of the gatdrat make product dependency model
the better approach in accurate prediction of chaftgcts propagation in comparison to
other identified methods. By combining these twodelaattributes, the aircraft change
modeling procedure for the SPEC methodology is m@tiched with considerably less

amount of efforts and manageable model size butowit sacrificing its accuracy to

predict the change effects propagation. To congltidecomparison between the aircraft
change modeling approach that is used for SPECadednd the product dependency

model is presented in Table 74.

Table 74: Summarized Comparison of the Change Nuagi€rocedure

Required
SPEC
Characteristics

Provide change
propagation
tracking
scheme

Product Dependency

Model

Predict and track the
change effects
propagation mainly
through the type and
the level of the
modification

Change Modeling
Step in SPEC

Predict and track the
change effects
propagation mainly
through the type and
the level of the
modification

REINES

The aircraft change
modeling approach in
SPEC follows the basi¢
notion of the change

effects propagation in
the product dependengy
model

Balanced mode
details and
modeling
efforts

The model size might
be too large with the
extensive change
database definition ang
the amount of the
required modeling
efforts can be high. Th
accuracy of the changg
propagation can be
compromised by the
pre-defined change

database

The model size and th¢
amount of required
modeling efforts are
controlled through the
use of the taxonomy of
system element
interactions and the
change tolerance level
without compromising
the accuracy of the
change propagation

prediction

—

The use of taxonomy @
system element
interactions and the
inclusion of the change
tolerance level for each
component ensure a
manageable model sizge.
It suits the interactive
application of the
proposed SPEC methad

D
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4.4.2 Baseline Assessment

In previous literature review, no known formal nadhs found to be directly focused on
the assessment of baseline suitability for redegarticularly from the viewpoint of its

architecture. There are nonetheless several sthnédinitions that are proposed to guide
the evaluation process but it is acknowledged tihatng a structured, quantitative means
to select the product baseline is more benefi@al]. With respect to the characteristics
outlined for the SPEC method based on the recodrmaps of current redesign practices,

guantitative system evolvability is perceived as ltest available method in section 3.1.4.

In section 3.1.1, the quantitative system evolvghihethod has been discussed to offer a
structured evaluation scheme for the system reddbigugh its definition of four main
evolvability metrics: generality, scalability, adabpility and extensibility. The definition
for these metrics, as presented in previous TabJeslclosely related to the capability of
existing system architecture to accommodate theined) changes. However, the missing
aspect that is essential in evaluating the increahelesign efforts is the relative measure
of the resultant design complexity in comparisointsgredecessor baseline. In theory, if
the baseline system is highly flexible, changealolé enhanceable, its design complexity
will not drastically increase after its modificatioFurthermore, the proposed evaluation
metrics in this method is mainly focused on highktesn level. This can potentially lead
to misleading conclusions as the generalizatioreqtiired redesign costs and efforts to
those at the higher system level does not appiepyigapture the full extent of their

characteristics.

In the SPEC methodology, the four assessment raetefined in the quantitative system
evolvability method are maintained due to theirdjoess in capturing the essences of the
redesign approach from the perspective of exigtygem architecture. However, to cope

with its inherent deficiencies regarding the remutitdesign complexity and the absence
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of proper evaluation scheme for its metrics, thenidation of the baseline assessment
step for the proposed SPEC methodology also inslsdene elements of MAAP method,
which has been discussed in section 3.1.3. Spaltyfian additional system evolvability
metric called “complexity” is introduced and a mateuctured calculation suggested in
MAAP is referenced for the metrics evaluation. \@hihe system metrics in MAAP are
not directly similar to those defined in the qutative system evolvability method, they
can be easily associated to each other and thidemnthe tailoring of evaluation scheme
based on the suggested MAAP approach. By dointhedjnal baseline assessment step
in SPEC method can be perceived as a combinatiauanftitative system evolvability
and MAAP methods, which inherits the offered adages from both methods but at a
much improved performance than that of their indlil application. On the whole, the

key comparison of the baseline assessment procédtine proposed SPEC method and

the quantitative system evolvability method is swuamzed in Table 75.

Table 75: Summarized Comparison of the Baselinegsaent Procedure

Required SPEC

Characteristics

Quantitative System
Evolvability

Baseline Assessment
Step in SPEC

REINMEIS

Provide a Evaluate the suitability| Evaluate the suitability] The inclusion of
structured of the aircraft system | of the aircraft system | complexity metric
baseline for redesign based on | for redesign based on | based on MAAP
evaluation four evolvability five evolvability method enables the
scheme metrics: generality, metrics: generality, evaluation of relative
scalability, adaptability| scalability, adaptability| design complexity
and extensibility extensibility and between the
complexity derivative aircraft
and its baseline
Suitable for | The metrics evaluation The metrics evaluation The evaluation focus
considered scop{ is made at the high is made directly at the | on directly affected
of redesign system level through | system level where the aircraft components
process the suggested DSEA | changes are being ma(¢ and the application
qualitative rating scale| using the evaluation | of calculation
scheme proposed by | scheme based on
MAAP accepted standards
in the industry
provide more
reliable assessment
results
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Table 75: Summarized Comparison of the Baselinegssent Procedure (cont.)

Required SPEC | Quantitative System

Characteristics

Evolvability

Baseline Assessment
Step in SPEC

REINENSS

Scalable to | The method is The definition of the | The modified
specific originally intended for | evolvability metrics hag definition of the

engineering | the new product been modified to suit | metrics enables them
change development efforts | the application for the | to be properly used tg

evaluation aircraft redesign assess the suitability

process based on the
available system
standards

of the aircraft design
to undergo the
proposed
modification

4.4.3 Change Plan Generation

Most available change methods have been foundcckoday implementation strategy and
this situation is mainly due to the fact that thegaplication scope does not include being
a decision-making aid for designers. In other wptidsir application is more focused on
documenting the redesign plans that have been rtametermined by designers rather
than aiding them to decide on the best way to impl& the required modification into

the product system. A high reliance is put on tkgeeiences of product design experts to

manually try to minimize the change effects [79].

On the other extreme, several change methods aisl doe developed as an automated
change plan generator. In this application, noratigon with designers or experts is
involved during the generation of the change im@etation plans. The planning is
automatically done based on the product changédséa It appears that these methods
rely heavily on historical data that tends to léac biased change propagation analysis.
As the characteristics of the engineering chanfies dliffer from case to case, taking the
average historical measure to estimate the chakeiéhbod and impact metrics without
considering the differences in the actual situatbbthe change problems can mislead the

overall risk evaluation. It is suggested that theomated change propagation analysis is
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applied only in cases with well-defined and sta@tioduct structures [152] since most of
the automatically generated change plans assurhththphysical product components in
existing architecture will remain the same as hafore the proposed initial modification.
This is not always true as some revolutionary ckeantpn take place and consequently

modify the dynamics between the product components.

In section 3.4.4, change prediction method (CPM) Ieeen evaluated as the current best
to be applied in generating and assessing possitdege implementation plans. It was
suggested that CPM is one of the most advancedgehpropagation method that is
presently available [273]. From its descriptionsection 3.4.3, CPM predicts potential
change propagation paths based on the constructddgt DSM model that contains the
information on its components interconnectionsshort, the method assumes that any
existing connection indicates that the change &ffedll be propagated between the two
interlinked components. However, it has been ardhatithis is not always the case since
change propagation also depends on the type aetidéthe modification. On the other
hand, once change propagation paths have been thappehe overall risk is estimated
by CPM using the risk calculation scheme that idelyi used in product risk assessment
field. Briefly, the redesign risk is measured as firoduct of change likelihood and
change impact level. Even though the risk estimaticheme is widely accepted in the
field, problem arises when the measures for chdikgdhood and impact level are
derived through historical change data. Due tdaleethat the condition of change task at
hand might easily be different than previous chaogsges, the analysis results can be
misleading and hardly representative of the preskahge problem. Last but not least,
because CPM is not developed to be a change plarager, it is not equipped with the
ability to explore change solution space or to $siameously analyze different initiating

changes at a time.
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For the change implementation planning procedurthénproposed SPEC methodology,
the main interest is to be able to fully explore tthange solution space and extract all
possible change implementation plans for the regumodification. To accomplish this,
the appropriate change solution space must beatkfim theory, the solution space is
made up by the decision to either allow a compordadign to be affected by the
initiating changes or not. While this practice vsdent in the industry, no known method
is found to formalize this idea. From the underdiag that such decision is often made
by designers based on the business aspects of gbrathnufacturing rather than the
design technical aspects, the change solution spefoeed in the proposed SPEC method
is constructed based on change likelihood and pmefe measures. Change likelihood
corresponds to the measure on how likely a compgom#imeed to be modified from the
changes made in others. Because it is known tleaptimary means for change effects
propagation is the connection between the compsneifitich has been acknowledged by
many available change methods or tools, the comydhat has many links to the others
will have a higher possibility to be affected byanodification. Moreover, to capture the
preference of designers (or the company’s poliny)nodifying the product components,
their inputs are used to sort the components bimdchange preference. Overall, these
two relative rankings are derived using the conoépatio scales that has been suggested
for similar type of assessment problems [274]. Thisrmation helps to aid designers in

deriving the change solution space to be considerethe implementation planning.

Based on the defined change solution space, thaelj@schange implementation plans
can be generated without increasing too much coatiputl efforts by eliminating the

infeasible or unfavorable alternatives. While tloeecidea in CPM to predict the change
propagation through existing interconnections betwthe product components is good,
its execution is improved for the SPEC methodolbgyonsidering the change type and

level. This is formulated in reference to CPA mekhwhich is discussed in section 3.3.1.
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With the inclusion of these propagation critertee prediction accuracy is improved. To
fully explore the change solution space in ordegeaerate change plan alternatives, the
component change roles can be varied. Althoughatknowledged that the component’s
change role can be different in different changgppgation situations [115], no known
formal method is found to take full advantage dé tbonception to study the possible
implementation plans. By allowing the change ratesary, several alternative redesign
plans can be generated. This generation of changkeimentation plans should be made
simultaneously for all initiating changes to avoahflicts during the implementation into
the product. In reference to KRITIK method, which described in section 3.4.2, a
priority order for the initiating changes can bdinled. Else, the planning order for the

driving change requirements can be varied accolylingen no priority is specified.

On the other hand, it is known that CPM estimalesiipacts of the proposed product
modification through the product risk measuremesgduin risk management field. This
scheme is well-recognized and hence it is appleedSPEC method as well. However,
the identified issue with CPM is how the changeslikood and impact measures are
derived from past change data. The analysis rebultssing such data might mislead the
conclusion because the present change situationbeagreatly different than those
encountered in the past. Plus, in the presencewlyravailable technologies, the current
change impacts can be different for the same nuadifin that is made in the past. To
avoid such misleading circumstances, the SPEC rdetbgy interacts with designers to
determine those measures based SRL and cost sattgs. By doing so, the inputs into

the analysis are more reflective of the presenbhgbdask at hand.

Overall, the comparison of the change plan germragirocedure in the proposed SPEC

method and CPM is summarized in Table 76.
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Table 76: Summarized Comparison of the Change G&areration Procedure

Required SPEC

Characteristics

Change Plan
Generation Step in

REINENSS

Provide a
structured
redesign strategy

Predict the change
effects propagation
through any existing
interconnections
between the
components without
considering the changg
type or level

SPEC

Derive the possible
modification plans by
varying the change
roles of the aircraft
components based on
the defined change
solution space. The
change propagation is
predicted through
existing connections
between the
components, the
change type and level

The consideration of
the change type and
level improves the
accuracy of the
change propagation
prediction. In
addition, the full
exploration of the
change solution spag
is made possible by
varying the
components’ change
role

Provide a proper
redesign plan

Estimate the redesign
risk as a product of the

Estimate the redesign
risk as a product of the

The interaction with
the designers allows

simultaneous
initiating changeg
case

simultaneous change
planning

priority definition or in
cases when no priority
is defined, the order is
varied accordingly

assessment | change likelihood and | change likelihood and | more representative
scheme the change impact the change impact definition of the
level, which are pre- | level, which are measures that is
defined in the model | interactively defined byl reflecting the present
database the designers in real- | change task at hand
time
Scalable to Does not support Include the change The simultaneous

planning is important
to avoid any
implementation
conflicts and to allow
full exploration of the

change solution spad

4.5 Chapter Summary

e

Based on the gained knowledge from the literataveew that is presented in Chapter 3,
several research hypotheses have been derivedp@dh@dress the research questions. In
addition, the literature study also highlights #iesence of available methods or tools that
fully capture the essences of aircraft redesigregss. This supports the basic motivation
for this research study that there currently exastaurgent need for a strategic redesign

planning method that not only enables existing pobdlesigns to satisfy the new market
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requirements and demands, but also realizes thahreimost efficient manner possible.
Complete formulation of the proposed SPEC methadldeen explained in this chapter
and while several available methods or tools haenhused as the main references in its
development, most of them are not directly appletthin the method. Instead, some of
their elements and underlying principles have bemnbined to resolve their identified
deficiencies and improve their performance for aapion within the proposed method.
This has been highlighted through the comparisoth@fformulated SPEC methodology

with the referenced methods and tools.
In following Chapter 5, the anticipated capabisitieom this proposed SPEC method are

further demonstrated through two sample implememntatase studies. The results from

these studies are used to support the researchheges made in this chapter.
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CHAPTER 5

IMPLEMENTATION OF PROPOSED METHODOLOGY

“Organization’s efficiency can only be gained ifrtsthods,
techniques and process are aimed at serving cotiyeeti
strategies for engineering change managerent

- Riviere, DaCunha, Tollenaere (2002)

The proposed SPEC methodology has been thorougplgieed in preceding Chapter 4.

In this chapter, two notional aircraft redesigndsts are discussed to address the research
guestions and to verify the proposed research hgses. The main goal of these sample
case studies is not to comprehensively designigalime aircraft system but to highlight
the capabilities of proposed redesign method vatfards to outlined research questions

and hypotheses.

For the first case study, the proposed methodologyplied to select a suitable baseline
aircraft for a sample redesign task. To demonsthaenfluence of design architecture in
dictating suitability of a system to be adaptediferchange requirements, three potential
baseline candidates are evaluated against each bteanwhile, second implementation
case study is aimed to demonstrate full range mhdtated redesign planning procedures
within the proposed SPEC method. In this exampldysttransparency of the decision-
making process from initiating change requiremenutdo selection of the best redesign
plan is shown through a notional aircraft systedesggn scenario. For both case studies,
the devised scenario for change requirements doeeih to more-electric aircraft (MEA)

initiatives.
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Before the sample case studies, first part of¢hegpter presents a general description of
MEA initiatives that are considered as sample cbarguirements. The purpose for their
explanation is to provide some insights on the type level of system modification that
should be expected from their implementation imoceaisting aircraft. This background
knowledge is also useful for the following qualiatassessment of technology readiness

and cost to be realized in aircraft subsystems.

5.1 More Electric Aircraft (MEA) Initiatives

In present aviation industry, there is an ongoiegplution by designers towards an all-
electric aircraft (AEA) design. A study by Lockhe€drporation projected a savings of
nine billion dollars over 16 years of AEA ownersligo airlines in comparison to that of
electrical-hydraulic-pneumatic-mechanical airci8f]. Note that this estimation is based
on a fleet of 300 all-electric, 500-passenger aftcAlthough AEA remains a future goal
within aircraft industry, several more-electricaaaft (MEA) ventures have already been
initiated including those by US Air Force in thelgd990s [335]. This is perceived as a
progressive step towards AEA with technologiesupp®rt an all electrically-operated

aircraft are being developed step by step.

In general, the pursuit for AEA design aims to agpl conventional aircraft accessories
like high-pressure hydraulics, engine bleed aigymnatics and non-electric engine-start
systems with electric generators for a simpler isuade reliable secondary power system
[94, 99]. Instead of having subsystems powered bghanical, hydraulic or pneumatic

means, efforts are being made to have them aliridelty-powered. This enables several
value-added advantages in aircraft operation imetudeduction in subsystem weight and
size, higher reliability and lower maintenance dd$&t 99]. The notion of future AEA is

not entirely far-fetched since most modern aircsgfitems are already designed with as
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much as 92% of electric/electronic operation [Exeing B787 aircraft is Boeing’s first
MEA, which is equipped with ice and rain protectitending gear, flight control, cabin
pressurization and engine starting systems thafudlyeelectrically-operated for the first
time [49]. Cutts reported that although amountesfelarch activities to advance electrical
equipment and subsystems for aircraft applicat@wvemotably increased in recent years,
much of the efforts have been limited to a stamh@ldemonstrator or simulation within

existing electrical architectures [99].

For sample redesign case studies in this chapfptus is placed on MEA technologies

that have been developed for flight controls, igHt entertainment and electrical power

distribution.

5.1.1 Electrical-based Flight Controls

In concert with MEA concept, there is a significpnbgression throughout the aerospace
industry regarding fly-by-wire (FBW) system. Primaidrivers behind this development
are offered advantages of electronic flight costragainst heavy maintenance-intensive
hydraulic, pneumatic or mechanical systems [49]e Butechnological advancements in
FBW field, electronic flight controls have becomstandard in commercial and military
aircraft system [53]. Available options for electi actuation include electro-mechanical
actuation (EMA) and electro-hydrostatic actuatieiifp). EMA uses an electric motor to
directly drive actuator output through a mechangedring mechanism while EHA uses
an electric motor to drive a dedicated hydraulicnputhat provides hydraulic power for
actuator output [99]. Though EHA reintroduces hwticaelements in its operation, they
are self-contained and do not involve the mainraftdydraulic power subsystem. In the
following sample case studies, the focus is puEMA that is categorized under power-

by-wire (PBW) approach. Thus far, it appears thettecal actuation systems are likely
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to require a 270V DC power supply. In the abserfce ew electrical power generation
and distribution scheme, power conversion unitsU&Care installed to rectify existing
three-phase, 115V AC power supply into 270V DC pojd83]. Block diagram for PBW

architecture of electromechanical actuator (EMAjJepicted in Figure 82.

Electrical Electrical

Power Power

Vehicle Actuator Control Motor

Management &Power [ 7| - Gearbox
Computer Electronics Clutch
4
RAM
RAM Position EMA

Figure 82: Basic Configuration for EMA Implementati[322]

In general, EMA consists of a servo-controlled,iafale “speed and direction” electrical
motor, a high-speed gearbox with gear reductionnaeism and a geared rotary actuator
or a linear ballscrew [93]. For flight control amation, primary elements of EMA are
actuator module (AM) and electronic control uniC{#). AM takes care of electrical-to-
mechanical power conversion and mechanical trarssomsirive to control surfaces. In
the meantime, ECU is responsible for EMA positiontcol and loop closure, and control

of its electric motor [93]. This is depicted in Erg 83.

Limit
Stops
Electrical Torque Load
Motor Limiter Clutch Gearing Sensor
Damping Position
" Generator Sensor
I
—>
«—| ECU

Figure 83: EMA Functional Diagram [93]
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The maturity of PBW technology is lagging behindWWBWhile its EMA configuration,
electric motors and high-power electronic drivesehbeen successfully demonstrated in
test flights, their development has yet to be falbecepted within the aviation field [53].
An example illustration of the expected systemgraéon for electrical power and flight

controls subsystems in AEA concept is shown in Fa@4.
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Figure 84: Integrated Electrical Power and ConfdElevator for AEA [132]

For system architecture in Figure 84, four contmiputers and electrical power buses
are used to provide independent power and signédinglevator actuators. Among the

highlights of this expected architecture changeitaréeatures such as electrical actuator,
intelligent power controller (IPC) and integrateolr and signal cable. IPC exchanges
and monitors load current data, which it then sigsplo power management center and
primary flight control computer (PFCC). Other fligtontrol surfaces are also anticipated
to be connected in a similar system architectusggtieand therefore, their actuation will

benefit through cabling standardization [132]. Fe&y84 also shows other system changes

that might need to be made during implementatioBMA into an existing aircraft.
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It can be concluded that EMA technology has alreadjured based on its application in
many areas of aerospace designs, particularly lmidesign [93]. Moreover, it has been
applied for secondary flight controls on commeraiatraft system but its application on
primary flight controls has so far been limitedsammple prototype demonstration due to
safety concerns [93, 269]. Despite its potentiabécthe simplest and the most compact
actuator, its operational reliability is a mainuesfor wider application. Recent research
efforts are looking at several EMA design optioos lfetter load carrying, jam-resistant

and fault tolerant capabilities [49].

5.1.2 Context-Aware In-Flight Entertainment System

Air traveling can cause some degrees of physioddgnd psychological discomfort, and
subsequently introduce negative stress to airpadsengers. Common means to relieve
this situation during flight is by relaxing to megi or music that are available through in-
flight entertainment (IFE) system [207]. IFE hasd®e one of the competitive features
to capture passengers market. It has been obs#raedirlines with a great service and
favorable IFE features on their fleet often gettipper hand from passengers when they
select their air travel options [198, 235]. Thigwamnent is echoed by Francois Quentin,
senior vice president of Thales’ aerospace, who et IFE investment was among the
first things that was considered by many airlineshieir efforts to be more competitive
when the aviation industry emerged from the downtrisis of 2001-03 [317]. To date,

progression of cabin IFE features is illustrateigure 85.

It can be noted that present in-flight entertaintrsyistems are designed and implemented
as an adaptive system, where entertainment serareepersonalized to user’s selection
[119]. For instance, many commercial airlines idahg Delta, Lufthansa, Air France and

British Airways have their aircraft cabin furnishedth a personalized entertainment unit
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at each passenger seat that allows individual tseheof movie or music channels [206].
Though this cabin feature is designed for passshgenvenience to improve their flying
experiences, some passengers still have problemgjdy it due to poor interface design
or limited choices that do not suit their persqoraferences. In either case, IFE’s primary
function to reduce their negative stress is com@echand in some extreme situations, it

can worsen the situation [207].
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Figure 85: Technology Enablers for IFE [45]

To stay ahead of market competition, airlines ha@aegnized the needs to improve their
passengers’ comfort level through their onboardrcamenities, which is a key service
differentiator for many air travelers [7]. This tsato exploration of how IFE system can

be improved and one of the well-acknowledged ideas shift the system operational

logic to context-adaptive.
During the 90’s, the main paradigm for adaptivetaysis shifting from user-adaptive to

context-adaptive. In this case, user’'s implicituiegments drive the system adaptation to

facilitate them in getting their personalized seegi [101, 207]. Today, similar capability
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is proposed for IFE system to improve its functioei@iciency with passengers. This is
described as “Event-Control-Action” coordinated measm [208]. If a psychologically-
stressed passenger is detected not doing anythbsgasitial to cope with his stress level,
IFE inference engine automatically plays a pergpedl|“calming” music playlist that is
based on his available information in the systetaltise. To implement this operational
logic, several changes have to be made to curkdntsiystem architecture. The primary

elements of this proposed context-aware IFE systentighlighted in Figure 86.
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Entertainment Entertainment
Presentation Presentation
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“| Inference Engine |
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IFE Service “ IFE Database “ UserContext
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[ !

Available Music, Sensors

Movies, etc.

Figure 86: Architecture for Context-Aware In-Flighhtertainment System [208]

Main functions of entertainment service managenogitt are to register and categorize
all available in-flight entertainment services. e other hand, user-context manager is
responsible to monitor passenger’s activity, phglsamd physiological states [208]. IFE
database is updated with this information and coexbiwith personal data collected from
passengers prior to their flight such as their dgnaphic background. Inference engine
system moderates user-context management anda@mieent services with intelligent
selection stress-reducing entertainment optionemgipng on physical and physiological

state of individual passengers. Thus far, it haanbreported that an experimental study

243



on a passenger demonstrated potential improvenoériiss physical and psychological

comfort through application of context-aware IFEtsyn [208].

Provision of high-quality entertainment in aircraétbin environment presents significant
engineering challenges as passenger expectationseceery demanding and constraints
of power, size, weight and maintainability impod®sdaircraft design can be restrictive.
For instance, individual flat panel display andutiputput controls for each passenger in
existing aircraft system designs have to consummoie than 25 watts [135]. For many
advanced IFE concepts, electrical loads have begegbed to approach nearly 100 watts
per seat and future 600-seat Airbus A380 is expecteequire 360kVa of total electrical
power for passenger loads alone [235]. As suggédstddee from Boeing Cabin Systems
Enabling Technology, technologies behind many IlestdFE equipment are usually not
fully matured when they are implemented and thsslts in several last minute aircraft
redesign efforts [198]. All in all, Figure 86 hirds some of the modifications that have to

be made on current aircraft to implement contexranFE technology.

Thus far, literature references for this contexaeMFE technology seem to indicate that
it is still predominantly in conceptual stage. Whiis implementation might benefit from

matured technologies in other engineering fields tomputing and electronics, it can be
safely concluded that its implementation into awcrait system has yet to be successfully

demonstrated.

5.1.3 Advanced Electrical Power Generation and Networking

In general, many modern aircraft system designsl@mgubsystems that require either
115V AC or 28V DC supply for their operation. Coggently, different power electronic

converters such as AC/DC rectifiers, DC/AC investend DC/DC choppers are required.
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For MEA, the transition of more subsystems intcgieal-based operation is expected to
necessitate a multi-voltage level, hybrid DC and gd@ver supply network that should be
able to convert one form of electrical power to ttker and also its power level [124].
To successfully achieve MEA goals through electnomaver generation and distribution
system, several new technologies have been puisgkdling engine starter-generator

and electrical power loads control and managen#ijt |

Many aircraft systems currently generate their @ntbaelectrical power supply using a
machine/drive mechanism called constant speed ¢d&®) [122]. However, the future
needs for various power types and increased loesraong the main challenges that
this conventional mechanism has to face for MEAliappon. It is predicted that future
electrical power demands will exceed 500kW per magis a result of improved in-flight
entertainment, information service and passengerfat, and additional electrical load
demands from major subsystems like flight contesid landing gear actuation [260]. In

general, the projected electrical power demanceas® is illustrated in Figure 87.
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Figure 87: Estimates for Connected Electrical Laadsuture AEA [131]
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Generator technology that is applied on existingmercial transport aircraft is a 3-stage
wound-field synchronous generator that producesrstant-frequency 400Hz electrical
power supply. In order to cope with varying engspeed, a variable-ratio transmission is
needed between the engine and the generator. réhsntission unit is expensive, heavy
and inefficient, and affects the reliability of pemgeneration mechanism [260]. In MEA
initiatives, several power types that have beersiclemed for electrical subsystem include
constant-frequency 115V AC, variable-frequency 11A¥, variable-frequency 230V
AC, 270V DC and hybrid architectures [99]. So faxperimental results indicates that
the significant increase in electrical power densafudt MEA may only be economically
achieved by using reasonably high voltages AC a@ddidtribution schemes [183]. This
realization leads to the implementation of varidibéguency 360-720Hz system such as
on Bombardier Global Express and Airbus A380 aftd60]. The use of VSCF-based
aircraft electric power systems offers the benefitsicreased reliability, lower recurring

costs and shorter mission cycle times in comparisaonventional CSDs [122].

With the notion of total hydraulic and pneumatioygo systems elimination, another area
that has a high development interest is the replaoé of conventional engine air starter.
In this case, engine starting mechanism is to eetrétally executed by using the electric
power generator as a motor [260]. With the advamrgsin power electronics, control

electronics, electric motor drives and electric maes, VSCF electrical starter-generator
technology emerges as the best replacement to obonal CSD and pneumatic engine
starter mechanisms [124]. It is expected that glsiohannel of 180-kVA capacity will

be required for engine starting [132] and a typio&gration of VSCF starter-generator

technology into an aircraft system is illustratedrigure 88.
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Figure 88: Typical VSCF Starter/Generator Systeg?]1

In its motoring mode, a starter-generator provig@ser to aircraft engine but in reverse,
it receives variable-speed load inputs from theirengluring its generating mode. This
mode switching is controlled by a designated cdletrainit. For most part, this VSCF

technology has matured and already been used aradeaircraft applications, although

in a much smaller operational scale than expectedHA [235]. There are some issues
that need to be resolved before its full appligaiio aircraft system, including a cooling
scheme for starter-generator unit and changesgmerstructure for its accommodation

[260].

Once electrical power has been generated, it nigete distributed to various onboard
aircraft subsystems. Electrical power distributwathin current aircraft system designs is
accomplished without the need for power electrofil&l]. For instance, simple on/off

relays or switches have been used to control tleeatipn of fans and pumps. However,
the move towards AEA creates urgent needs for irgments in power electronics and
their controls [269]. In Figure 89, a study on ABAsign indicates a potential increase in
variety of electrical load demands from future &ieal-based aircraft subsystems, which

then translates into an increase in required lasttiloution groupings.
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Figure 89: Estimated AC Bus Loads in Various WattRgnges for AEA [131]

Power electronics in AEA design architecture aspoasible for three main tasks: on/off
switching of electrical loads (which is accomplidhigy mechanical switches and relays
in conventional aircraft designs), control of efexctmachines and conversion of electrical
power supply [124]. To show different roles of poweectronics, conceptually-advanced

aircraft power system architecture is shown in Feg20.
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Figure 90: Conceptual Advanced Aircraft Power Sysfachitecture [124]
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In Figure 90, VSCF starter/generator system suppéiable frequency AC power to a
bi-directional power converter unit, which convattsito AC constant frequency voltage
for main electrical distribution bus. For this adead electrical power architecture, the
number and length of electrical wires are minimibgdusing intelligent remote modules
to control the loads. Moreover, power managemestegsy (PMS) will take advantages of
interconnections between remote modules to redeak power demand by time-phasing
the duty-cycle of different loads. It also actsaasoverall management unit for electrical

power supply and starter/generator systems.

It is concluded based on available reference titiees that power electronics to support
implementation of high-power electrical power aftisubsystem is not fully matured as
yet. Though several new technologies have beeressfidly demonstrated, such as solid
state power electronics for converting high-levet#ical power from variable frequency
to constant frequency, several issues still nedmeteesolved before this advanced power
architecture can be fully implemented into an aiftcf99]. Among others, these include
concerns over the weight, size, electromagnetarfietence and thermal management of
power converters [260]. On a positive note, seveeal emerging technologies have been
shown to be encouraging including improvementsapacitor technology and design of

motors and controllers, which can eliminate theghtisize and reliability issues [122].

5.1.4 Summary of Considered MEA Initiatives

The current state of considered MEA technologieslm measured based on SRL scale,
which is summarized in Table 77. This informati@ande used to assess redesign risks
and impacts, and to evaluate baseline design dalhfytand extensibility characteristics
with regards to required changes. Individual assess for components that are involved

in implementation of these technologies can be nbaded on previous discussion.
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Table 77: Summarized State of Considered MEA Teldyies

SRL Main Literature

Electro-Mechanical Actuator (EMA) 4 [37, 49, 93, 99, 269, 322]

VSFC High Power Starter-Generator 4 [123, 260]
Power Electronics for Advanced
Electrical Networking 4 [, L2, 2, Ziet)
Context-Aware IFE Systems 3 [198, 207, 208]

5.2 Case Study 1: Derivative Aircraft with Electrical Flight Controls

The focus of this experiment is to demonstratecthrapetency of SPEC method to assist
aircraft designers in making their decision on baseselection with respect to redesign
suitability and risk, apart from the usual emphasigproximity of existing capabilities to
driving requirements. Outputs from this assessmantbe used to reflect on whether the
decision to redesign an existing aircraft systequssified against developing an original
design altogether. As discussed before, if the Idpmeent of derivative aircraft requires
similar amount of costs and market lead times Wit of original aircraft (for the same
requirements), it will be hard to justify the redgsinvestment. In perspective, research

guestions and hypothesis that are directly adddelsgehis first experiment are depicted

in Figure 91.
Research
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Manufacturing Industry Research Area: Baseline —_
- Assessment =%
Observation: RQ; What are criteria of a B o
Choice of aircraft baseline goad baseline for aircraft o -, .
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requirements without any RQQ'.HOW these N 1
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change process? L

Research
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H1: Aircraft design architecture dictates the =
complexity of its redesign process,

Figure 91: First Experiment — Influence of Baselirehitecture
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One of the main differences between aircraft sysdesigns that are available in current
market is their flight control architecture. Thougtany aircraft can comparably perform
similar flight missions, their subsystems are destdifferently. In this example case
study, three potential candidates are considerethéobaseline design. As suggested in
Chapter 2, the competitiveness of aircraft desigmfairlines’ viewpoint is measured by
its capacity and range [88, 266]. Taking this iatwount, change requirements for this

sample redesign scenario are presented in Table 78.

Table 78: Driving Change Requirements for Case \5iud

Target / Baseline Candidate

Requirements Constraints Airbus Lockheed Boeing
A320[1] | L-1011[9] | B727-100 [3]
Flight Range >= 3900 nmi 3000 nmi 4003 nmi 2700 nmi

Maximum Capacity >=234 180 263 149
Gross Weight  <=255,0001b 169,000Ib 466,000 Ib 169,000 Ib

As indicated in Table 78, the considered baselar@ates are Airbus A320, Lockheed
L-1011 and Boeing B727-100 aircraft. The settingsdriving change requirements are
made in reference to Boeing B757-200 [5], whichuees that they are reasonable to be
achieved in real practices. To date, the tendesndy choose a baseline design based on
the closeness of its performances to the drivimggirements. To illustrate this approach,
consider the application of Pugh Evaluation Matnix able 79. For information, this is a
simple but well-recognized multi-criteria decisioraking method that aids the selection
of the best alternative with respect to establistitim point. In this case, the datum for

each performance requirement is taken from themidated target value.
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Table 79: Pugh Performance Evaluation Matrix ofdliag Candidates

Basellne Candidate
Requirements Datum Airbus Lockheed Boeing
A320 L-1011 B727-100

Flight Range >= 3900 nmi
Maximum Capacity >=234 - 0 -
Gross Weight <= 255,000 Ib +

If based on this simple qualitative assessmentkheed L-1011 aircraft appears to be a
slightly better baseline candidate for this redesask than either Airbus A320 or Boeing
B727-100. However, it can also be implied thatodlthem require some modifications
that can potentially affect their performanceshibsen as the baseline. Lockheed L-1011
aircraft will most likely require the scaling doweri its existing system design to improve
on its gross weight performance. In contrast, tkgeeted expansion of their design to
accommodate more passengers and onboard fueldncettieir flight range will increase
the weight of both Airbus A320 and Boeing B727-E)eraft, perhaps over the limit. In
general, two main questions that remain after sygical high-level system performance
assessment for baseline selection are listed lasvfol

1. Which modification will be more difficult and riskip be executed?

2. How existing performances will be affected by thquired system changes?
These are the main deficiencies of present apprtathare targeted to be improved by

the baseline assessment procedure within the ped@@®BEC method.

Based on the formulated change requirements, ¢gisos will describe in detail how the
proposed SPEC method can be applied to selectesteblaseline for impending aircraft
redesign development process or to assess whatheedesign risks of selected baseline
is manageable for the process to be pursued. Tétepart of this section illustrates how

aircraft change models are created based on thadaxy of system elements interaction
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proposed by Pimmler and Eppinger [257]. Next, usivegse system models, the baseline
assessment process is executed to identify andt $bke best one among the considered
candidates. In order to control the problem sizeafonore transparent demonstration of
this baseline assessment procedure, it is assuraedxpected gross weight problems for
each baseline candidate (if they were eventualbseh to be the baseline) will be coped
with EMA implementation in their primary roll comirmechanism. While there might be
other necessary changes depending on their systnteature, this narrowed scope is
perceived as adequate to demonstrate the full dgpzcbaseline assessment procedure
in the proposed SPEC method. It should also bednibigt it is highly possible for the
proposed design changes on each baseline cantiidagedifferent from each other since
they correspond to different levels of performadeéciencies to the target requirements.
For the proposed EMA implementation in this samgaee study, none of the candidate
aircraft designs was originally equipped with stiebhnology and their roll control was

accomplished using hydraulically-operated actudi@ss].

5.2.1 Creation of Change Models

To identify initiating change components, each baseandidate has to be appropriately
modeled. Since the problem scope has been narrdesxed to only redesign changes in
primary roll control mechanism, the constructiorcbfinge model for this first case study
can be focused on aileron control. The models aveldped based on available reference
literatures and their full discussion is presentedppendix A. In summary, all processes
involved in the change model construction for pryn@ll control mechanism in baseline
candidates are listed as follow:

1. Identify baseline aircraft candidates

2. Search available reference literatures subsysteswigtion for each candidate

3. Decompose baseline candidates based on their phgystem description

253



4. Construct DSM change model for each candidate basékeir physical system
decomposition according to taxonomy of system etgnmgeractions
The DSM model for each baseline candidate is pteden following Figure 92, Figure

93 and Figure 94.

y
Model Summary =

ATAS3 | ATAS4 | ATASS | ATASE | ATAS7 | ATA7L | ATA72 | ATA73 | ATA74 | ATATS | ATA76 | ATA77 | ATA78 | ATA79 | ATASO | Interrelationship Matrix |
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— Intrarelationship Matrix
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Fihgure 92: DSM Change Model for Primary Roll CohtbAirbus A3§O
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Figure 93: DSM Change Model for Primary Roll CohtvtbLockheed L-1011
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Model Summary ﬁ
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Figure 94: DSM Change Model for Primary Roll CohtvtbBoeing B727

5.2.2 Assessment of Baseline Candidates

It should be emphasized again that main objectifeékis procedure are to aid designers
in selecting the best baseline for their redespgpr@ach and in evaluating whether their

associated redesign risks is reasonable to fupilneue the derivative development.

Recall conceptual electrical-based flight contraishitecture depicted in Figure 84 and
discussion of its related technologies back inised.1. This is taken to be the eventual
primary roll control system architecture that réesfilom EMA implementation. Based on
this, initiating change components for each baseatandidate can be identified and they
are listed in Table 80. These components are iraffected by EMA implementation,
either through replacement with a new unit or ifestian of additional unit to match the

operational requirements of the new system ardhitec
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Table 80: Identified Initiating Change Components

Baseline Candidates Initiating Change Components

. Left Electro-Hydraulic Servojacks
AITHEES HeD Right Electro-Hydraulic Servojacks

Master Aileron Hydraulic Actuators
Left Outboard Aileron Hydraulic Actuators
Right Inboard Hydraulic Actuators
Right Outboard Hydraulic Actuators
Master Aileron Servo
Left Outboard Aileron Servo
Right Inboard Aileron Servo
Right Outboard Aileron Servo

Left Inboard Aileron Hydraulic Actuators
Left Outboard Aileron Hydraulic Actuators
Boeing B727 Right Inboard Hydraulic Actuators
Right Outboard Hydraulic Actuators
Aileron Power Control Unit

Lockheed L-1011

Based on aileron control schematics presented peAgix A, it is clear that mechanical-
based control systems on Lockheed L-1011 and Bd&#®y aircraft are relatively more
complex than electrical-based control on Airbus @3#craft. This situation is reflected
by the number of initiating change components ibl@&80. EMA implementation has the
least impact on A320 aircraft since its flight cahtis mostly electrical-based. Its only
major change is to replace its existing electrorlytic servojacks with EMA actuators.
On contrary, mechanical-based flight roll controllaockheed L-1011 aircraft is the most
affected by the proposed change. In addition taduylecc actuators, its mechanical servo
units also have to be replaced with those thatedetrical-based. Similarly, hydraulic
actuators and mechanical-based aileron power dammirbon Boeing B727 aircraft also
need to be replaced. It is noted that the numbairlefon surfaces also contributes to the
required redesign efforts; favoring Airbus A320caaft design that only has two ailerons

in comparison to four for Lockheed L-1011 and BgeBv27 aircraft.
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Once all initiating change components are idemtjfibe following step is to evaluate the
redesign risks that are associated with their noatibn. Generality and scalability risk
assessments can be made based on the candidafeirsnpace characteristics as listed in

Table 78. The risk scores are tabulated in Table 81

Table 81: Generality and Scalability Scores foreCasidy 1

R " Airbus A320 Lockheed L-1011 Boeing B727
equirements
Scalab|I|ty Scalablllty Scalablllty

Flight Range 100

Maximum

Capacity 100 0 0 0 100 0

Takeoff Gross
Weight

I I N N N

0 0 100 0 0 0

Score

With regards to Table 81, Lockheed L-1011 appeatseta better candidate based on the

proximity of its existing performances to the dngirequirements compared to the other
two candidates. It can be implied that the assestsafg¢hese two redesign risk metrics is
reminiscence of typical baseline selection apprdaased on proximity of performance
characteristics to target requirements. Althougk known at this point that the primary
roll control mechanism on all candidates is notigged with EMA implementation, it is
hard to identify which one is better suit for theglesign approach from that perspective
based on high system-level information in Table @fhe might ask if Lockheed L-1011
is really the best baseline candidate since itthashighest number of initiating change
components for its EMA implementation. In similashion, despite the fact that Airbus
A320 and Boeing B727 aircraft have the same geie@hd scalability risk scores, do
they correspond to similar level of redesign risks?he proposed SPEC method, these

aspects are captured using extensibility, adajiyalaihd complexity system evolvability
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metrics. The following assignment of change im@aat cost measures is made based on

the description in previous section 5.1.

Table 82 lists the adaptability and extensibiligks for Airbus A320 primary roll control
in relation to EMA implementation. Assessment otability risk is based on whether
the change effects due to installation of the elitbased actuators can be contained
without affecting other components. In Airbus A3®sign, this containment is possible
if the EMA can operate with similar amount of etexdl power that is presently passed to
its servojacks. Based on previous description ofAEMs development is focused on a
270V DC power supply that is not a common attrilaftpresent aircraft electrical power
system. This implies that the current power supplpwer than that expected for EMA
and hence the adaptability risk here relates topthesibility that EMA can be made to
perform with a lower power supply. Since current AMevelopment is taken to be at
SRL level 4 in previous Table 77, this additionpkrational constraint on its application
is assumed to be at lower maturity of SRL leveSBL level for current development of
EMA is considered for extensibility assessmentadidition, measure of change cost is
assigned according to the predicted extent thatidweufacturing process will have to be
changed to accommodate the implementation of pexpdssign changes. For the Airbus
A320 manufacturing process, the cost is not expetdediffer much because its current

design is already highly electrical-based.

Table 82: Adaptability and Extensibility Risk Assegent for Airbus A320

Proposed Initiating Adaptability Extensibility
. Change A A
Redesign Change Remarks ssessment ssessment
Changes Component Impact Cost | Impact Cost
LEf;(;Erlaegltizzo- Changedto | ¢ 4 4 4
EMA Primary . EMA
Servojacks
eligliis Right Electro-
Mechanism Hydraulic Changed to 6 4 4 4
. EMA
Servojacks
TOTAL 48 32
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With similar arguments, Table 83 and Table 84thst adaptability and extensibility risks
assessment for Lockheed L-1011 and Boeing B727aftircandidates, respectively, with
regards to EMA implementation. Adaptability riskoses for both Lockheed L-1011 and
Boeing B727 aircraft are given the maximum 100dach initiating change component.
This reflects the relatively high inflexibility ahechanical-based control scheme onboard
these two aircraft with respect to proposed changesinstance, in order for the existing
aileron servo to contain the change effects wittsimrchitecture locality, its modification
needs to include a mechanism that can convert imgpmechanical control inputs into
electrical inputs for the EMASs. It is highly infebke to realize this without affecting the
electrical power system and their assigned addjiyabsk scores reflect this condition.
On the other hand, reasons behind their extertgiladisessment are mostly similar to that

explained for Airbus A320.

Table 83: Adaptability and Extensibility Risk Assegent for Lockheed L-1011

Proposed N Adaptability Extensibility
Redesign  'mitiating Change Change Assessment Assessment

Component REINES

Changes Impact | Cost Impact Cost

Master Aileron Changed to
Hydraulic Actuators EMA e e 4 g
Left Outboard Chanaed to
Aileron Hydraulic g 10 10 4 6
EMA
Actuators
Right Inboard
Aileron Hydraulic Chg&g:d to 10 10 4 6
EMA Actuators
Primary Right Outboard
Roll Aileron Hydraulic CInEmEEs) 1 10 10 4 6
EMA
Control Actuators
Mechanism| Master Outboard | Changed to
. . 10 10 1 4
Aileron Servo electrical
L(_aft Outboard Chang_ed to 10 10 1 4
Aileron Servo electrical
Right Outboard Changed to
Aileron Servo electrical = = 1 ~
R‘lght Inboard Changed to 10 10 1 4
Aileron Servo electrical
TOTAL 800 112
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Table 84: Adaptability and Extensibility Risk Assegent for Boeing B727
Adaptability Extensibility
Assessment Assessment

Impact | Cost Impact Cost

Proposed
Redesign
Changes

Initiating Change

Change

Component Remarks

Left Inboard Aileron| Changed to 10 10
Hydraulic Actuators EMA
Left Outboard
Aileron Hydraulic Chg&g:d to 10 10
EMA Actuators
Primary Right Inboard
Roll Aileron Hydraulic Chg&g:d 90 10
Control Actuators
Mechanism| Right Outboard
Aileron Hydraulic CInetileEe e 10 10
EMA
Actuators
Aileron Power Changed to 10 10
Control Unit electrical
TOTAL 500 100

In terms of complexity assessment, replacementadispand interfaces associated with
initiating change components is expected to be nma@eone-to-one condition. Each of
hydraulic-based actuators is replaced with an etattbased actuator and new electrical
interfaces requirement is cancelled out by theialmon of hydraulic power lines to the
actuation control unit. Thus no significant chamgelesign complexity is anticipated for
the baseline candidates. Nonetheless, accordipgetaously constructed system models,
roll control system for Lockheed L-1011 aircraffpisrceptively the most complex among
the candidates. Hence the normalization of compjexietric will be made in reference
to its total amount of parts and interfaces. In esraft assessment study, total number
of parts and interfaces refers to the overall aftcgystem but in this case, it is referenced
only to the primary roll control system due to lasfkdata to construct a complete aircraft

model for each candidate.

To highlight the execution of this baseline assesgmrocedure using the SPEC support
tool, the program snapshot that depicts measuremeuts for Lockheed L-1011 aircraft

(as previously tabulated in Table 81 and Tablei83hown in Figure 95.
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Baseline Change Reguirements S|
Input Baseline Candidate(s) Change Information
Select Baseline Candidate:
Frimary Roll Control L-1011 | primary Roll Control A320 | Primary Rell Control 727 |
Generality & Scalability Score Adaptability & Extensibiity Score —
Cha Requirements Target Generality Score Scalability Score
Ly i y iy Define New Initiating Change Component Delete Initiating Change Component
| Flight Range == 3900 nmi | 2 ‘ 2
M ey . | 5 ‘ 0 Initiating Component ATA Adaptability Score Extensibility Score
Gross Weight <= 255000 b | 100 ‘ 0 Master Aileron Hydraulic Actuators ATA 27: Flight 100 24
Controls
Left Outboard Aileron Hydraulic ATA 27: Flight 100 24
Actuators Controls
Right Inboard Aileron Hydraulic ATA 27: Flight 100 24
Actuators Controls
Right Outboard Aileron Hydraulic ATA 27: Flight 100 24
Actuators Controls
Master Aileron Servo ATA 27: Flight 100 4
Controls
Left Outboard Aileron Servo ATA 27: Flight 100 4
Controls
Right Inboard Aileron Serva ATA 27: Flight 100 4
SAVE THE CHANGE INFORMATION FOR CURREMT CANDIDATE Controls
Right Outboard Aileron Servo ATA 27: Flight 100 4
Controls
DONE

Figure 95: SPEC Program Snapshot of Baseline Assggdnput Interface

Individual comparison of system evolvability mesrior baseline candidates is presented
in Figure 96. As discussed before, if the basedisgessment process is solely based on
generality and scalability risks, Lockheed L-10Ypears to be the best candidate since
its present capabilities satisfies two out of thi@enulated requirements. In comparison,
both Airbus A320 and Boeing B727 only satisfy oamgéet requirement. This situation is
reminiscence to the practice of baseline selediased on proximity of its performances
to the requirements. When risks regarding adaptylaihd extensibility redesign efforts
are evaluated, they highlight a different storyorrFigure 96, Airbus A320 visibly has
the best adaptability and extensibility risk scdted imply its proposed redesign changes
are easier to be implemented than for other catebd#n addition, derivative design for
A320 is perceptively less complex than that of akieers, which is favorable in terms of
minimizing risks of change effects propagation [[L15an equal importance weighting is
assigned to these system evolvability metrics,aerall evolvability risk score for the

baseline candidates is shown in Figure 97.
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Normalized Adaptability Risk

Normalized Extensibility Risk

1.2
1.0
0.8
0.6
0.4
0.2
0.0

1.00
| 0.63 0:67
Primary  Primary Primary
Roll Roll Roll
Control L- Control  Control
1011 A320 B727

1.0
0.8
0.6 049
0.42
0.4 - 0.28
02 - l
0.0 -
Primary Primary Primary
Roll Roll Roll
Control L- Control Control
1011 A320 B727

Normalized Complexity Risk Assessment

Overall System Evolvability Risk

Figure 96: Comparisons of System Evolvability Megri
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r 1
Baseline Assessment & Selection li;-J
Weightings for Evolvability Metrics — Select Plot View 1

3 1.0 ]
Generality: 0.2 Generality Comparison \ |
I |
0.8 - — !
Scalability: 0.2 Scalability Comparison \ 1 |
0.6 ———
Adaptability: 0.2 Adaptability Comparison \ I 1 0,?12 |
ot i
- { i |
Extensibility: Extensibility Comparison \ £ | -
0.2 ty Compa 0.2 £ i !
i |
. . - 0.0 — -

Complexity: 0.2 Complexity Comparison \ .

Primary  Primary  Primary
=If the total of the weightings is Overall Evolvability Risk \ Roll Roll Roll
not 1, it will be automatically Control L Control Control
normalized to the total sum. | FOMLirpLL:  LORIn O
1011 A320 B727
REVISE CHANGE INFO |
APPLY WEIGHTINGS B
| DONE OVERALL EVOLVABILITY RISK SCORE

Figure 97: SPEC Program Snapshot of Baseline AssagsResults

The overall system evolvability risk score is a tomed assessment of performance and
redesign process difficulty, which reflects moretba aptness of baseline aircraft for its
derivative development than just the closenesssgierformance characteristics to target
requirements. For this particular weighting scemahfirbus A320 clearly emerges as the
best candidate. Though its current high-level sygperformances are mostly in violation

of the driving requirements, it is concluded framstresult that design changes to resolve
them are relatively easier to make than those ttoerocandidates. In contrast, despite the
closeness of Lockheed L-1011 performances to theinements, its redesign process is

much more difficult and riskier than the others.

To demonstrate a different weighting scenario, mErsa case when manufacturer puts a
high emphasis on having the smallest amount oteftecomponents. This condition can
be translated into a higher weighting for adapiihilsk score, which corresponds to the
difficulty in containing the change effects onlytn initiating change components. In

addition, a higher weighting for generality riskncalso be considered as fewer violated
requirements often indirectly suggest less corsflict be resolved. In this case scenario,

weights for adaptability and generality risk metrire respectively assigned as 0.5 and
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0.2 while other aircraft system evolvability metriare equally assigned with a weighting

of 0.1. Baseline assessment results for this rgdesienario are presented in Figure 98.

- 3
Baseline Assessment & Selection LJ—&-
\Weightings for Evolvability Metrics Select Plot View
: : : 1.0

Generality: 0.2 Generality Comparison

Scalability: 0.1 Scalability Comparison ‘

Adaptability: 2.5 Adaptability Comparison ‘
0:23

Extensibility: 0.1 Extensibility Comparizon ‘ T‘L =}
1 =
(I
i

: —
Complexity: o1 Complexity Comparison
Primary  Primary  Primary
=If the total of the weightings is Overall Evolvability Risk ‘ Rall Roll Rall
not 1, it will be automatically . . .
e et b e | Control L-  Control Control
1011 A320 B727
REVISE CHAMGE INFO |
APPLY WEIGHTINGS
| DOMNE OVERALL EVOLVABILITY RISK SCORE

Figure 98: Baseline Assessment Results for Modiigzighting Scenario

As should be expected, the difference of overatlaability risk score for Airbus A320
to other baseline candidates becomes more prondudacehis weighting case scenario.
This condition is primarily because its number mfiating change components is much
smaller than other candidates, which is exactlyntfaén objective behind this weighting
scenario. In addition, adaptability risks assodatath their modifications are relatively

lower than for other candidates.

5.2.3 Conclusion from Case Study 1

This first implementation case study is concentraginly on one main research area of
the proposed SPEC methodology, which is baselisesament procedure. Due to limited
availability of full subsystems design informationpublic domain, it is hard to create an
accurate representation of existing aircraft desifior that reason, this study is narrowed
down to redesign comparison of primary roll consgstem in three aircraft candidates:

Airbus A320, Boeing B727 and Lockheed L-1011.
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Referring to Figure 91, hypothesis 1 suggestsréadsign process complexity is dictated
by the characteristics of aircraft architectureisTédonception is generally in conflict with
common approach in baseline selection, which favarslidates with close performance
capabilities to the driving change requirementgsesithis condition is assumed to assure
minimum and less risky redesign efforts. As demmast with a simple Pugh Evaluation
Matrix procedure, Lockheed L-1011 is probably cimoas the baseline according to such
notion. However, it is highlighted by results frams case study that such proposition is
not always true because the flexibility of its dgsarchitecture also dictates how difficult
it is to alter the baseline. For instance, rolltcoharchitecture onboard Lockheed L-1011
is relatively complicated and inflexible to acconuhate the proposed realization of EMA
technology. While sometimes it is true that fewearge requirements might induce less
required changes, inflexibility of baseline desaan still make the modification process
very costly and risky even with minimum changesugthe measure of redesign process
complexity based only on amount of required systeadifications is indeed misleading

and this will be further addressed by second cagly s

As indicated by the baseline assessment resultbusiA320 is evaluated as the overall
best candidate with respect to formulated redesagmario. While its current capabilities
are a little short from the governing requirementgomparison to other candidates, its
design architecture is more flexible to cope witbgmsed initiating changes to resolve its
performance deficiencies. A different conclusiomldobe derived for the same group of
candidates in different redesign circumstancesclwvimplies that this result is scenario-
based. For instance, instead of EMA technologyripa@tion, the weight savings could
be accomplished through installation of a bettexvgreto-weight-ratio propulsion system
and this redesign scenario might result in a dfiierbest baseline candidate. Required
system design changes for each baseline to reimdireperformance deficiencies to the

same target requirements can also be different &ach other.
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To summarize, overall system evolvability risk netn this baseline assessment can be
viewed as a compromised balance between typicalibhasselection approach and high
influence of design complexity on redesign proaesds Coming back to hypothesis 1, it
can be observed in Appendix A that primary fligblf control system architecture on the
baseline candidates is of different complexity leieeeach other. Lockheed L-1011 has
the most complex control architecture and consetyibas the highest level of redesign
risks associated with EMA implementation. In costrdor the same EMA requirements,
Airbus A320 design has the lowest level of redesigks since its control architecture is
the least complex among the candidates. Overadl,résult supports the proposition of
hypothesis 1 that redesign process complexityfigenced by system design architecture

characteristics.

5.3 Case Study 2: Notional Aircraft Redesign for MEA

The main goal of this second implementation cagdysis to demonstrate the full range
of proposed SPEC methodology in supporting airatafigners in their decision-making
process during early redesign. In this case, a tatmpotional aircraft model is subjected
to more than one design change, which is a commoenasio in aircraft manufacturing.
In real practice, this whole process involves savenbsystem design teams. This second

case study is also intended to address the reskgpcitheses in previous Chapter 4.

For this case study, it is assumed that the desidrave decided from their requirements
analysis process to implement EMA and context-awdEetechnologies into the notional

aircraft. These change requirements can inducdictamd change effects propagation to
other components in the aircraft system architectihis condition provides the perfect

setting to test the applicability of proposed SR&€thod in aircraft redesign process.
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5.3.1 Step 1: Aircraft Change Modeling

The first step is to model existing design architez of the notional aircraft. If more than
one baseline candidate is being considered, tlheiesponding change model should be
constructed. However, only one notional aircrafitegn is considered in this second case
study. The notional aircraft model is constructenht available subsystems description in
public literatures and the summary of these refa¥ens presented in Table 85. A more
detailed presentation of the DSM model for eactsgsitem is presented in Appendix B
and their overall interrelationship matrix is shoimrFigure 99. Spatial interrelationships
between airframe and structural subsystems of tiemal aircraft system are projected

from Boeing B737 aircraft design cutaways diagréwove in Figure 100.

Model Summary ==
Interrelationship Matrix
21 22 23 24 25 2% 27 B 29 30 31 32 33 34 35 36 I/ 4 52 53 54 55 6 57 71 72 73 74 75 % 72U M 80 Source
ATA 21: A Conditioring [l 1 | [ ] [ | HE =
ATA 22: Automatic Flight ] ] = H EH = | 2
ATA 23: Communications HEE ] [ (5] | T
ATA 24: Electrical Power 3] m H H EH EENE ]
ATA 25: Equipment & Furnishings [l | | | o=
ATA 26: Fire Protection 11| [ = H N [ ]
ATA 27: Flight Controls H EE B =E B H H B
ATA 28: Fuel [ | | [ | ] EEE Revise
ATA 29: Hydraulics @ H B ] || HEN Interrelationship
ATA 30: Ice &Rain Protection m B = || i [ Matrix
ATA 31: Indicating &Recording [ [N 1 I I I HE BN =] i i (o = ||
ATA 32: Landing Gear @ @ H Bl i) i) DONE
ATA 33: Lights 1 H ] |
ATA 34: Navigation HE ] (8 || ||
ATA 35: Oxygen [ m | |
ATA 36: Pneumatics i) i) || || [ e ] [ |
ATA 38: Water & Waste I @ || ]
ATA 49: Auxiiary Power = | || |
ATA 52: Doors & Opening T | [ ] || =
ATA 53: Fuselage =
ATA 54 Macelles &Pylons || ]
ATA 55: Empennage [ H m
ATA 56: Windows m | 1 | ||
ATA 57: Wings [ m i) ||
ATA 71: Power Plants ] ||
ATA 72: Turbine Engine (1 11 |
ATA 73: Fuel Control =] m ||
ATA 74: Ignition @ | )
ATA 75: Bleed Air 1| |
ATA 76: Engine Controls u = [ 1 |
ATA 77: Engine Indicating =) = E = ||
ATA 78: Exhaust H m |
ATA 79: Engine OI HE | |
ATA 80: Engine Starting = = ||

Figure 99: Notional Aircraft Subsystem Interrelasbips
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Table 85: Summary of Notional Aircraft Subsystemsddl Build-Up

General Aircraft
A Gl System Reference

ATA 21: Air Conditioning B737
ATA 22: Automatic Flight B737
ATA 23: Communications B757/B737
ATA 24: Electrical Power B737
ATA 25: Equipment & Furnishings General
ATA 26: Fire Protection B737
ATA 27: Flight Controls B727/B737
ATA 28: Fuel B737
ATA 29: Hydraulics B737
ATA 30: Ice & Rain Protection B757
ATA 31: Indicating & Recording B737
ATA 32: Landing Gear B757
ATA 33: Lights B757/B737
ATA 34: Navigation B757/B737
ATA 35: Oxygen B737
ATA 36: Pneumatic B737
ATA 38: Water & Waste L-1011/B757
ATA 49: Auxiliary Power Unit General
ATA 52: Doors & Openings B737
ATA 53: Fuselage B737
ATA 54: Nacelles — Pylons B737
ATA 55: Stabilizers — Tail Units B737
ATA 56: Windows B737
ATA 57: Wings B737
ATA 71: Power Plants General
ATA 72: Turbine Engine General
ATA 73: Fuel Control General
ATA 74: Ignition General
ATA 75: Bleed Air General
ATA 76: Engine Controls General
ATA 77: Engine Indicating General
ATA 78: Exhaust General
ATA 79: Engine Ol General
ATA 80: Engine Starting General
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5.3.2 Step 2: Baseline Assessment

It is of high interest to explore suitability ofemotional aircraft to undergo the proposed
redesign changes. As can be implied from Tabler@bFagure 100, the notional aircraft
model for this sample case is mostly tailored toards of Boeing B737 aircraft design.
Therefore, it is fair to assume that the notioridraft system has similar performance
characteristics to Boeing B737. This assumptiocoissidered while setting up plausible

redesign scenario for this second example casg.stud

One of the main market factors that contributeh grominence of derivative designs in
aircraft industry is its high market competitionn Axample of a highly contested market
segment is reflected in the competition betweerbhdsrA320 aircraft family and Boeing
B737 aircraft series. In July 2008, Bombardier gairthe competition with their C-series
aircraft line [149]. If the past trend of markethtpetition between Airbus and Boeing is
an indication of future aircraft offerings in thpsrticular market segment, the increased
competition level will introduce more derivative@aft. As the notional aircraft system
is argued to be closest to Boeing B737, the dewvedoyp perspective for this second case

study will adopt that of its manufacturer.

General comparison of characteristics between ctngpaircraft models for this market
segment is presented in Table 86. As discussedhapi€r 2, range and capacity are two
important assessment criteria considered by aglingheir aircraft purchases [88, 266].
Based on Table 86, although passenger capacityaangd characteristics of the notional
aircraft are competitively similar to its compaiiti its gross weight is perceptively much
higher. This condition seems to imply that the présotional aircraft system performs
its flight mission with lower operational efficiepcDespite having comparable passenger
capacity and a shorter flight range, its gross teigy much higher than the other aircraft

designs.

270



Table 86: Comparison of Competing Aircraft Charesties

lhEreEiEraics A320 C130-ER Notional
[1] [6] Aircraft*

Passenger Capacity
Range 3000 nmi 2950 nmi 2700 nmi

Takeoff Gross Weigh 169,000 Ib 139,100 Ib 187,700 Ib
*Based on Boeing B737-900 aircraft performance [4]

To ensure that the notional aircraft system manstatis market competitiveness, a new
redesign is considered for its derivative. Althougis possible to scale down its current
subsystems to improve on its gross weight whilemding its flight range, the increased
competition suggests that its derivative designtbase furnished with new features that
can offer an extra edge against competing airdrait.this example case study, it is taken

that the designers have decided to pursue moreetitimp cabin features.

Parallel with recent focus of technological advaneert in aircraft design field, takeoff
gross weight can be reduced by converting conveatisubsystems into electrical-based.
In view of that, this study involves a redesigncafrent electrical-mechanical-hydraulic
flight control subsystem into full EMA implementati. Based on results from a study by
NASA and Lockheed Corporation on a 500-passengasport aircraft, all-electric flight
control system is projected to save as much as @8% weight in comparison to that of
conventional hydraulic-based system [94]. The nba@akdown of overall aircraft weight
savings projected from this study is illustrated=igure 101. It should be noted that this
study was made during the early 1980’s. Since timemg competitive MEA technologies
have been researched and made available that carage the advantages of all-electric

aircraft system.
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Figure 101: Weight Savings for All-Electric 500-PBsansport Aircraft [94]

At this point, weight reduction for the notionat@aft system can be achieved with EMA
technologies. For this case study, EMA is impleradrndn its primary flight controls for
aileron, elevator and rudder control surfaces,iemflight range is extended to match that
of Bombardier C130-ER. In addition, its derivatigeo be furnished with context-aware
IFE, which is a step forward ahead of current madaenpetition. All initiating change
components for the notional aircraft regarding ¢hpposed redesign changes are listed
in Table 87. Note that the adaptability and extailisf risks assessments are made based
on present MEA description in section 5.1 and tleasares for EMA implementation are

under similar reasoning to that assigned in fiestecstudy for Boeing B727 aircratft.

Subsequently, baseline assessment process is edend its result is depicted in Figure
102. Primary interest here is relative comparisetwben adaptability and extensibility
risk scores. It can be observed in Figure 102ré@sign process risk score dramatically
drops from adaptability approach to that of exteitisy, indicating that the redesign risks
can be possibly reduced through change propagdthisa.is a highly favorable condition

that greatly supports the redesign decision ohtiteonal aircratft.
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Table 87: Initiating Change Components for NotioAmtraft System Model

Proposed Initiati ch ch Adaptability Extensibility
Redesign ™ 'C":J‘O'r?]g o :nntge Rerﬁgglfs Assessment Assessment
Changes P Impact Cost Impact Cost
Aileron Actuators Chg\\/lg: dto 10 10 4 6
Elevator Actuators Chg&g: die 10 10 4 6
EMA Changed to
Primary Rudder Actuators EMA 10 10 4 6
Flight :
Aileron Power Changed to
Controls Control Unit electrical = = &
Elevator Power | Changed to
Control Unit electrical = = &
Rudder Power Changed to
Control Unit electrical = = “
Context- . . Substitute
Aware Fllggtoiggrﬁr']?tmem with several 6 10 6 10
Cabin IFE new units*
* Refer to previougigure 86
.
08 1 B Generality
m Scalability
06 7 B Adaptability
M Extensibility
0.4 m Complexity
W Overall

Notional Aircraft System

Figure 102: Baseline Assessment for Notional Afitcggstem Model

Another thing to note from this result is the stighncreased complexity of its derivative
design in relative to its current system compositibhis is mainly due to addition of new
parts to install context-aware IFE capabilities @amal the aircraft system. On the whole,

it is concluded based on this result that the psedachanges are worth pursuing.
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5.3.3 Step 3: Change Plan Generation

Once risks associated with the redesign proposad baen concluded to be manageable
and competitive enough against pursuing originaraft development, the next step is to
generate possible ways to implement the proposadgds into the baseline design. This
basically explores how the current baseline systesign architecture can accommodate
suggested modification to accomplish the targetireqents. The first procedure for this

third step of SPEC method is to define change wwlugpace for the redesign problem at
hand. In order to establish this, change likelihaad change preference matrices for the

notional aircraft system have to be constructed.

As indicated in previous Chapter 4, change likedthonatrix is directly derived based on
design characteristics of the notional aircrafstéad of using historical change data, the
likelihood of having to change one subsystem assaltr of modification made on another
is aptly reflected by the level of interconneciedt that exist between them. For this case

study, this matrix is automatically generated fritsrmodel and is shown in Figure 103.

Change Solution Space Definition == |

21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 3 49 52 53 54 55 56 57 71 72 B 745 M TP B P A
ATA 21: Air Conditioning 1.00} [0.00{ j0.00] 0.02{ 0.12) 0.00/ j0.00] 0.00] (0.00; .00/ [0.05 10.00{ j0.00] 0.0/ 0.00; 0.13] 0.00] 000} (011 0.12] .00 (0.00} (0.00| 0.07| [0.00{ /0.00] 0.00| [0.00; (0.00{ /0.00] 0.00| (0.00 .00 [0.00]
ATA 22: Automatic Flight 0.00/ (100 0.00/ 0.09 0.0/ 0.00/ 0.06{ 0.00 0.00/ 0.00; 0.01{ 0.00| 0.00/ 023 0.00/ 0.00| 0.00{ 0.00' 0.00 0.03| 0.00 0.1/ 0.00' 0.02 0.00 0.00| 0.00; 0.00/ .00 0.11| 0.06 0.00' 0.00; 0.00|
ATA 23; Commurications .00/ .00 1.00] 0.11| 0.03| 0.00/ 0.00| 0.00 0.00/ 0.06/ 0.04/ 0.00| 0.00/ 0.11 0.00/ 0.00| 0.00{ 0.00' 0.00 0.08 0.00; 0.00/ .00 0.00' 0.00 0.00/ 0.00 0.00/ .00 0.00| 0.00 0.00' 0.00; 0.00|
ATA 24: Electrical Power 0.07)033{ 035 100/ 0.00 0.1 0.01) 010/ 0.03  0.06 021 0.08 0.11) 026 0.1 0.06 010 0.1/ 0.05 0.12) 0.00/ 0.16, 0.00 0.04) 0.04 0.05 0.000.00 0.00] 0.00 0.13{ 0.00 0.00 0.00,
ATA 25; Equipment & Furnishings 0.15 0.0 0.04) 0.00 1.00 015 0.07, 0.0/ 0.00 0.00 0.14 0.03 0.15 0.00 024 0.00, 013 0.00, 0.11| 0.06) 0.00 0.00, 0.00 0.00, 0.00 0.00, 0.00 0.00 0.00; 0.00 0.00/ 0.00 0.00 0.00,
ATA 26: Fire Protection 0.0 0.00/ 0.00 0.04) 0.06/ 1.00 0.00 0.00, 0.00 0.00 0.05 0.3/ 0.00, 0.00 .00 0.00( 0.00 011 0.00, 0.02] 0.00, 0.00/ 0.00 0.00 0.04) 0.00 0.00. 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ATA 27; Flight Controls  0.00 0.10/ 0.00 0.01) 0.06| 0.00 (100, 0.00/ 0.17 0.00 0.05 0.00 0.00, 0.00 0.00 0.00 0.00) 0.00 0.00 0.04 0.00, 055 0.00 .18 0.00 0.00, 0.00 0.00 0.0 0.00 0.00{ 0.00 0.00 0.00,
ATA 28: Fuel 0.00 0.00) 0.00] 0.04) 0.00 0.00 0.00{ 1.00| 0.00/ 0.00: 0.09/ 0.00/ 0.00; 0.00/ .00 0.00| 0.00 0.11| 0.00 0.02{ 0.00 0.0} 0.00 022/ 0.06 0.05{ 0.12| 0.00 0.00 0.00} 0.00 .00 0.00' 0.00
ATA 29: Hydraufics 0.00/ 0.00{ 0.00 0.01| 0.00 0.00; 0.16, 0.00| 1.00 0.00 0.06  0.16{ 0.00/ .00, 0.00' .06 0.00, 0.00 0.00! .09 0.00| 0.00 0.00' 0.02 0.02/ 0.05 0.00/ .00 0.00{ 0.00| 0.00| 0.19 0.00/ 0.00,
ATA 30: Tce & Rain Protection  0.00 0.00] 0.04 0.01| 0.00, 0.00/ 10.00, 0.00| 0.00 100/ 0.04) 0.00] 0.00; 0.06 0.00 0.13| 0.00) 0.00' 0.00' 0.04 0.00/ 0.00 056/ 0.04 0.00| 0.00 0.00/ .00 0.00{ 0.00 0.00| 0.00 0.00/ 0.00,
ATA 31: Indicating &Recording 0.15 0.05 0.16) 025/ 035 030 015 030 0.15 020 100 017, 022 0.06 0.12 010 021 0.4 0.05 0.00, 0.00 0.00, 0.00 0.00, 0.00 0.00, 0.00 0.00 0.12( 0.11) 006 0.10 018 015
ATA 32: Landing Gear  0.00, 0.00{ 0.00, 0.03| 0.03) 0.06 0.00) 0.00{ 0.15 0.00 0.06 1.00 0.00) 0.00 0.00 0.00 0.00 0.00, 0.11 0.07, 0.00/ 0.00/ 0.00 020, 0.00{ 0.00, 0.00 0.00 0.00{ 0.00 0.00{ 0.00 0.00 0.00, DONE
ATA33:Lights 0.00 0.00 0.00{ 0.02 0.05 0.00 0.00 0.00 0.00, 0.00 0.03| 0.00, 1.00 0.0 0.00, 0.00( 0.00, 0.00 0.00, 0.03| 0.00, 0.00/ 0.00 0.09 0.0, 0.00 0.00. 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ATA 34: Navigation 0.00 019/ 0.08 0.06 0.00/ .00 0.00| 0.00 0.00' 0.06 0.01| 0.00 0.00/ 1.00' 0.00' 10.00| 0.00{ 0.00' 0.00 0.05 0.00{ 0.00/ 0.0 0.00' 0.00] 0.00/ 0.00 0.00/ .00 0.00| 0.00] 0.00/ 0.00; 0.00|
ATA 35: Oxygen 0.00 0.00{ 0.00) 0.02/ 0.05 0.00 0.00) 0.00{ 0.00' 0.00 0.01| 0.00 0.00/ 0.00' 1.00: 0.00 0.00| 0.00 0.00/ 0.04 0.00| 0.00 0.00/ 10.00; 0.00{ 0.00 0.00/ 0.00' 0.00{ 0.00| 0.00| 0.00' 0.00/ 0.00,

Preference Limit:

Likelihood Limit:

*Scale from0to 1

ATA 36: Pneumatics 0.07 .00, 0.00/ 0.01] 0.00/ 0.00/ 0.00{ 0.00 0.03| 011 0.02{ 0.00, 0.00/ 0.00 0.0/ [1.00| 0.00{ 0.00' 0.00 0.02/ 0.00 0.00; .00 0.02 006 0.05 0.00, 0.00/ 012 0.00| 0.00 0.00' .00 0.00]

ATA 38: Water &Waste 0.00 0.00) 0.00, 0.02{ 0.06 0.00 0.00; 0.00| 0.00 0.00; 0.04/ 0.00, 0.00; 0.00: 0.00 0.00 100/ 0.00: 0.00/ 0.11) 0.00; 0.00; 0.00 0.00: 0.00| 0.00, 0.00; 0.00; 0.00, 0.00; 0.00| 0.00 10.00; 0.00,
ATA 49: Auxliary Power 0.00 0.00 0.00, 0.01] 0.00 0.03 000/ 0.02 0.00 0.00, 0.02/ 0.00, 0.00 0.00 0.0 0.00) 0.00{ 1.0 0.00 0.01) 0.00 0.00; 0.00 0.00 0.00 0.00 0.00, 0.00 .00, 0.00/ 0.00, 0.00 0.00, 0.00]
ATA 52: Doors & Opening  0.03 0.00{ 0.00, 0.01| 0.03 0.0 0.00) 0.00{ 0.00 0.00 0.01) 0.03( 0.00; 0.00 0.00 0.00 0.00 0.00 100 0.04) 0.00 0.00 0.11 0.02 0.00{ 0.00, 0.00 0.00 0.00{ 0.00 0.00( 0.00 0.00 0.00,
ATA 53: Fuselage 10.41) 014 0311 014] 0.14 012 012 007 027 023 0.00 020 0.19 026 0.41 010 054 0.1/ 0.37 100, 0.00/ 011/ 022 0.02 0.00( 0.00, 0.00 0.00 0.00] 0.00 0.06( 0.00 0.00 0.00,

ATA 54: Nacelles &Pylons  0.00 0.00 0.00| 0.00{ 0.00/ .00/ 0.00| 0.00 0.00' .00 0.00{ 0.00 0.00/ 0.00 0.00' 0.00| 0.00| 0.00' 0.00 0.00 100} 0.00/ .00/ 0.02 0.02; 0.00| 0.00, 0.00/ .00 0.00| 0.00 0.00' 0.00; 0.00|
ATA 55: Empennage 0.0 0.05 0.00 0.02) 0.00 0.00' 016 0.00/ 0.00 0.00/ 0.00 0.00| 0.00 0.00/ .00/ 0.00| 0.00 0.00/ .00 0.01| 0.00 100/ 0.00' 0.00/ (0.00| 0.00{ 0.00' 0.00 0.00| 0.00; 0.00 .00 0.00' 0.00
ATA 56: Windows 0.00 0.00{ 0.00/ 0.00/ 0.00' 0.00 0.00| 0.00{ 0.00' 0.14| 0.00/ 0.00; 0.00/ 0.00' 0.00' ©0.00| 0.00| 0.00; 0.05| 0.01| 0.00| 0.00; 100/ .00, 0.00{ 0.00 0.00/ 0.00' 0.00{ 0.00 0.00| 0.00' 0.00/ 0.00,

ATA 57: Wings 010, 0.05 0.00) 0.02/ 0.00 0.00 024 033( 0.03 0.1 0.00/ 025, 0.30/ 0.00 0.00 0.06/ 0.00, 0.00, 0.11 0.01) 040/ 0.00, 0.0, (1.00, 0.00( 0.00, 0.00 0.00 0.00] 0.00 0.00{ 0.00 0.00 0.00,

ATA 71: Power Plants 0.0 0.00) 0.00 0.02) 0.00 0.12 0.00 0.10 0.03 0.00 0.00 0.00/ 0.00 0.00; 0.00 019/ 0.00, 0.00 0.00, 0.00{ 0.40, 0.00/ 0.00 0.00 (100 019 035 055 0.59 032 025 038 0.52 046
ATA 72: Turbine Engine  0.00, 0.0 0.00, 0.01| 0.00 0.00 0.00 0.03( 0.03 0.00 0.00, 0.00 0.00: 0.00 0.00 0.06 0.00, 0.00, 0.00 0.00, 0.00/ 0.00, 0.00 0.00, 0.05 1.00, 024 018 0.12] 0.00 025/ 029 018 015
ATA 73: Fuel Control 0.00/ 0.00{ 0.00 0.00/ 0.00 0.00' 0.00 0.03{ 0.00' 0.00 0.00 0.00] 0.00; 0.00 0.00: 0.00; 0.00 0.00 0.00! 0.00 0.00/ 0.00; 0.00' .00 0.05( 0.09) 1.00/ 0.00 0.00] 021 0.00| 0.00' 0.00/ 10.00]
ATA 74: Ignition 10.00 0.00/ 0.00 0.00/ 10.00; 0.00/ 10.00, 0.00| 0.00' 0.00/ 0.00| 0.00{ 0.00; 0.00 0.00' 0.00; 0.00| 0.00/ 0.00' 0.00 0.00/ 0.00 0.00/ .00, 0.06( 0.05 0.00/ 1.00 0.00{ 0.00| 0.00| 0.00' 0.00/ 015

ATA 75: Bleed Air 0.0 0.00/ 0.00{ 0.00; .00 0.00' .00 0.00| 0.00/ 0.00/ 0.01) 0.00/ 0.00; 0.00/ 0.00; 0.06{ 0.00 0.00/ .00 0.00{ 0.00, 0.00/ 0.00' 0.00 0.1 0.05{ 0.00' 0.00 1.00| 0.00] 0.00 .00 0.00' 0.00,

ATA 76: Engine Controls 0.00, 0.05 0.00 0.00/ 0.00: 0.0 0.00, 0.00 0.00: 0.00 0.01/ 0.00 0.00; .00 0.00: .00, 0.00, 0.00; 0.00; 0.00, 0.00/ 0.00/ 0.0 0.00, 0.06( 0.00, 024 0.00: 0.00( 100 0.13| 0.00 0.06| 0.00,
ATA 77: Engine Indicating 0.00, 0.02) 0.00/ 0.01) 0.0 0.00 0.00/ 0.00, 0.00 0.00, 0.01] 0.00, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01  0.00 0.00: 0.00 0.00 0.04 0.09 0.00, 0.00 0.00 0.11| 1.00, 0.00 0.00, 0.00,
ATA 78: Exhaust 0.00 0.00) 0.00 0.00, 0.00 0.00 0.00 0.00) 0.06 0.00 0.01 0.00 0.00 0.00 0.00 0.00/ 0.00 0.00 0.00, 0.00{ 0.00, 0.00/ 0.00 0.00 0.05 014 0.00 0.00 0.00 0.00 0.00 100 0.00 0.00

ATA 79: Engine Ol 0.0 0.00, 0.00 0.00; 0.00 0.00 0.00 0.00, 0.00 0.00 0.03/ 0.00, 0.00 0.00 0.00, 0.00( 0.00, 0.00 0.00 0.00( 0.00, 0.00 0.00 0.00 0.17 0.14] 0.00 0.00 0.00 0.1 0.00 0.00 100 0.00

ATA B0: Engine Starting 0.00 0.00] 0.00] 0.00; 0.00 0.00 /0.00 0.00| 0.00 0.00/ [0.01) 0.00{ 0.00; 0.00/ 0.00 0.00} 0.00| 0.00 0.00' 0.00 0.00| 0.00; 0.00/ [0.00 0.06{ 0.05 0.00/ [0.18 |0.00{ 0.00 0.00| 0.00' 0.00/ 1.0,

Figure 103: Change Likelihood Matrix for Notionairéraft System
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The change likelihood matrix in Figure 103 can é&dras follows. Each value represents
estimated probability that subsystem in the cowadmg row will need to be changed if
subsystem in the column has been modified. Foamtst, value in fourth column of the
first row indicates that, if electrical power sub®m is modified, there is a 2% chance
that air conditioning subsystem will be subsequecitanged. This estimation is based on
the fact that 2% of total interconnections that&leal power subsystem has with other

subsystems are linked to air conditioning subsystem

Resultant subsystem change likelihood ranking ated in Figure 104. As expected,
the high-ranked subsystems are those heavily imeercted with other subsystems. For
instance, fuselage is the highest-ranked subsyateirthis indicates that changes made
on any aircraft subsystems have a big potentialgo impact the fuselage. This condition
is primarily based on fuselage’s role to house pidect airframe subsystems, requiring
it to provide sufficient onboard volumetric space them. Power plant subsystem, which
also has a similar role to fuselage but for propulsystem, has been ranked second on
the list. Based on knowledge of subsystems interection within the notional aircraft
system design, it is concluded that this likelihgadking correctly predicts the order of

subsystems that are most likely to be modifiedny l@edesign case.
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On the other hand, subsystem change preferencéxnsato be defined by designers in
accordance to their company’s inclination or manag@ policy. This matrix is intended
to weigh in such considerations into decision-mgkinocess for change solution space.
In this example case study, change preferencengngidetermined based on subsystem
costs. It is simply assumed that the higher theyatbm cost is, the less preferable it is to
be modified. According to Cronin, costs for convenal aircraft system can be broken

down as presented in Figure 105.

2%
1%

P
N
)

Figure 105: Estimated System Cost Breakdown fornv€ntional Aircraft [94]

M Structure
H Propulsion
M Equipment & Furnishings
M Air Conditioning
M Others
M Electrical
Hydraulic
Flight Controls

Avionics

Using information in Figure 105 as the basis fdvssistem pairwise comparison, change
preference matrix in Figure 106 is derived for tlodional aircraft system. The qualitative
measurement of change preference between paireystas is assigned according to
the rating scale defined in Table 67. This changéepence matrix is a reciprocal matrix.
Based on the assigned value in Figure 106 betweeaorditioning and automatic flight
subsystems, for instance, the latter is the magéemed choice whenever designers have
to propagate the change effects to either oneeshtihis assumption is made based on
the higher cost of air conditioning subsystem iatree to automatic flight control, as can
be inferred from Figure 105. Overall subsystem gegoreference ranking is depicted in

Figure 107.
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Change Solution Space Definition iz

Change Likelihood Matrix { Chiange Freference Matrix |

21 22 23 24 25 26 27 78 29 30 31 32 33 34 35 36 38 49 52 53 54 55 56 57 71 72 73 74 75 % 77 7 79 80 Input Change
ATA 21: Air Conditioning LoD/ 020/ 0.20{ 10,0 10.0 '0.10| 500 0.10) 020 010 810 0.10{ 010/ 010/ 0.10 0.10] 0.10] 010 100 100/ 10.0 100 10.0 0.0 10.0] 10.0] 10.0] 10.0] 100/ 100/ 100/ N0.0{ 10.0{ 10.0 Preference
ATA 22: Automatic Flight 5 100 010 100 020 020 100 500 10O 100 020 500| 0.10 0.10 10.0 100/ 10.0 100 10.0 100 100/ 100 10.0/ 10.0/ 10.6| 100 10.0 10.0, 100 100
ATA 23: Communications 100 020 500 100 100 1.00 100/ LOD 100 L0 100/ 100 100 10.0 10.0) 100 100 100 100 10.0 100/ 10.0 10.0/ 10.0) 100 100 100/ 100/ 10.0
ATA 24: Electrical Power 010 100 010 020 010 0.10 010 010 010/ 010/ 010 0.10 0.10] 0.10, 010 10.0 100 10.0 100 10.0 10.0, 10.0, 10.0/ 10.0/ 10.0/ 100/ 100/ 10.0/ 10.0| 10.0{ 10.0
ATA 25: Equipment & Furnishings 010 100 010 010 0.10 010 010 010 010 010 0.10 0.10| 0.10 0.10) 10.0 10.0) 100 100 10.0 100 10.0/ 10.0/ 10.0/ 10.0/ 10.0 10.0 100 100 100 10.0
ATA 26: Fire Protection  10.0 100 100 10.0 100 100 100 100, 100/ 100 10.0 100 100/ 100/ 10.0/ 100/ 10.0, 10.0 10.0 100 10.0 100/ 10.0/ 10.0, 10.6 10.0 10.0 10.0, 100 100
ATA 27: Flight Controls 020 1.00 020 5.00) 100 00 020 010 010 010 010 010 0.10 0.10| 0.10 0.10) 10.0 10.0) 100 100 10.0 100 10.0/ 10.0/ 10.0/ 10.0/ 10.0 10.0 100 100 100 10.0
ATA 23: Fuel 100 500 100 100, 100 010 910 010 010 010/ 010 1.00| 0.10/ 100/ 10.0' 10.0/ 10.0, 100 10.0 100 100/ 100 10.0/ 10.0, 10.0 10.0 10.0 10.0/ 100 100
ATA 29: Hydraulics 500 020 020 100 100 010 010 010 210 010 010 1.00{ 0.10/ 010 10.0 100/ 100 100 10.0 100/ 10.0/ 100 10.0) 10.0/ 10.0 100 100 100/ 100 10.0
ATA 30: Ice &Rain Protection 100 500 180 100/ 10.0 100 160 10.0, 100, 100 100 100/ 10D 100/ 10.0/ 10.0/ 10.0, 10.0 10.0 100 10.0 100/ 10.0/ 10.0, 10.8 10.0, 10.0 10.0/ 100 100
ATA 31: Indicating & Recording 100 100 1.00) 100 100 100 1.00 100/ 10D 100 L0 100/ 100 100 100 10.0) 100/ 100 100 100 10.0 100/ 100 10.0/ 10.0 10.0' 100 100/ 100 10.0
ATA 32: Landing Gear 100 020 0.10| 100/ 10.0 010 910 1,00/ 010 010/ 010 10.0 0.10/ 1,00/ 10.0' 10.0/ 10.0, 100 10.0 100 100 100 10.0/ 10.0, 10.0 10.0 10.0 10.0/ 100 100 el
ATA 33: Lights  10.0/ 100 1.00) 100 100 100 1.00 100/ 10D 100 L0 100/ 100 100 100 10.0) 100/ 100 100 100 10.0 100/ 100 10.0/ 10.0 10.0' 100 100/ 100 10.0
ATA 34: Navigation 100 100/ 100| 100/ 10.0 100 160 10.0, 100, 100 100 100/ 10D 100/ 10.0/ 10.0/ 10.0, 10.0 10.0 100 10.0 100/ 10.0/ 10.0, 10.8 10.0, 10.0 10.0/ 100 100
ATA 35: Oxygen 10.0) 500 100 100 100 100 1.00 100/ 10D 100 L0 100/ 100 100 100 10.0) 100/ 100 100 100 10.0 100/ 100 10.0/ 10.0 10.0' 100 100/ 100 10.0
ATA 35: Pneumatics 100 020 010 100 100 010 910 910 010 010/ 010 1.00| 0.10 0.10) 10.0' 10.0, 10.0, 100 10.0 100 100/ 100 10.0/ 10.0, 10.0 100 10.0 10.0/ 100 100
ATA 38: Water &Waste 100 100 1.00) 100/ 100 100 1.00 100/ 10D 100 L0 100/ 100 100 100 10.0) 100/ 100 100 100 10.0 100/ 100 10.0/ 10.0 10.0' 100 100/ 100 10.0
ATA 49: Auxdliary Power 100 100 010, 100 10.0 010 9.10 1,00/ 010 010/ 010 10.0| 0.10/ 1,00/ 10.0' 10.0) 10.0, 100 10.0 100 100/ 100 10.0/ 10.0, 10.0 10.0 10.0 10.0/ 100 100
ATA 52: Doors &Opening 010 010 £.10( 010/ 0.10 010 010 010/ 210 010 010 0.10{ 0.10 010 1.00 100/ 100 100 100 100/ 10.0/ 100 10.0) 10.0/ 10.0 100 100 100/ 100 10.0
ATA 53: Fuselage 010/ 010 9.10| 0.10] 0.10 010 930 010 010 010/ 010 0.10| 0.10] 0.10| 0.10 100, 0.10, 010 010 010/ 10| 010/ 0.10| 0.10| 0.10] 010 010 010 0.10 010
ATA 54 Nacelles &Pylons 010 010 010 0.10 0.10 030 010 010/ 210 010 010 0.10{ .10/ 010 0.10 100/ 10D 500 020 100/ 10.0( 100 100/ 10.0/ 10.0 100 100 100/ 100 10.0
ATA 55: Empennage 010/ 010/ 0.10| 0.10| 0.10 010 910 910 010 010/ 010 0.10| 0.10] 0.10) 0.10 10.0/ 020/ 1.00 010 100/ 100 1.00| 1.00| 100 100 1.00 100 100 100 100
ATA 55: Windows 010 010 £10( 010/ 010 010 010 0.10 030 010 010/ 210 010 010 0.10{ .10 010 1.00 100/ 00 100 100 100/ 10.0( 100 10.0/ 10.0/ 10.0 100 100 100/ 100 10.0
ATA57:Wings 010 010 910| 0.10| 010 010 010 0.10 010 910 910 010 010/ 010 0.10| 0.10] 0.10) 0.10 100, 0.10, 010 010 100| 10| 010/ 0.10| 0.10] 0.10] 010 010 010 0.10 010
ATA 71: Power Plants 010 010 §10( 010/ 010 010 010 0.10 030 010 010/ 210 010 010 0.10{ .10 010 0.10 100/ 0.10 L0D 010 100/ 100 100 10.0) 10.0/ 10.0 100 100 100/ 100 10.0
ATA 72: Turbine Engine  0.10| 0.10 0.10) 0.10) 0.10| 010/ 910/ 0.10{ 0.10 0.10| 0.10 0.10) 0.10, 010 010 0.10| 0.10| 010 0.10| 10.0, 6.10, 100 010 10.0 010 100 010 0.10| 0.10| 010 010 010 0.10 010
ATA 73: Fuel Control 010 010 010 0.10) 0.10 010 010 010 010 010 010 0.10 0.10) 010 010 010/ 210 010 010 10.0 0.10{ 1.00) 0.10 100/ 0.10 10.0 100 100 100/ 1.00 1.00 100/ 100 LOD
ATA 74: Igrition 010 010 910 010 010 010 010 0.10| 0.10 0.10| 0.10 0.10) 0.10, 010/ 010 0.10| 0.10| 010 0.10 10.0| 0.10, 100 010 10.0 010 100/ 1.00| 100 106 1.00 100 100 1.00 100
ATA75:Bleed Air 010 010 9.10{ 0.10{ 0.10) 010 0.10 0.10) 0.10 010 §10 0.10( 010 010 0.10 0.10 0.10) 010 010 100 0.10 100 0.10 10.0 0.10] 10.0/ 1.0 100 100 100  1.00' 100{ 1.00{ 100
ATA 75: Engine Controls 010/ 010/ 0.10| 0.10{ 0.10 0.10| 0.10| 0.10) 0.10 010 810 01| 0.10| 010 0.10 0.10| 0.10, 010 010 10.0 010 100/ 0.I0 10.0 0.10| 10.0/ 1.00 100/ 1.00/ 100/ 160 100| 1.00| 1.00
ATA 77: Engine Indicating 010 010 0.10 0.10) 0.10 010 010 010 0.10 010 010 0.10 0.10) 010 010 010/ 010 010 010 10.0 0.10{ 1.00) 0.10 100/ 0.10 10.0 100 100/ 100/ 100 1.00 100 100 L0D
ATA 78: Exhaust 010 010 010 0.10) 0.10 010 010 010 010 010 010 0.10| 0.10 010 0.10 010 010 010/ 010 10.0| 0.10/ 100/ 0.10 10.0) 0.10, 100 1.00 100/ 100 100 1.00 160 100 100
ATA 79: Engine Ol 010/ 0.10/ 0.10) 0.10) 010 010 $10 0.10{ 0.10 010 0.10 0.10) 010 010 010 0.10( 010 010 010 10.0) 0.10) L0 010 100 0.10 10.0) 1.00 1.00 1.00) 1.00 100 100/ 100 L0D
ATA 80: Engine Starting. 010 010 010 010 0.10| 010/ 0.10 0.10| 0.10] 0.10] 9.10 0.10| 0.10 D.10| D.10| 0.10| 0.10{ 0.10| 0.10) 10.0) 0.10, 100 010 10.0| 10| 10.0| 1.00| 100 100 1.00 100 100, 1.00 10O

Preference Limit:

Likelihood Limit:

*Scale from 0 to 1

Figure 106: Change Preference Matrix for Notionatraft System
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Figure 107: Subsystem Change Preference Rankingdbonal Aircraft System

In Figure 107, major structural and propulsion ygbsms have been ranked at bottom of
this change preference list. This is in line witle\ypded cost information in Figure 105,
which implies that they are the costliest amongepthircraft subsystems and therefore
are less preferred to be modified. While fuselagmpéd the change likelihood list, it is

however the lowest ranked subsystem in terms aigdareference. This means that it is
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associated with a high level of redesign risksesialthough it is not preferred to change,
modifications made in other subsystems tend to ggafe their change effects to it. By
allowing fuselage to be subsequently changed, litaffiect many other subsystems and
can create an “avalanche” of change propagatiorcope with this situation, fuselage’s
change role can be designated as a “constant” ykdihg so; proposed changes have to
be implemented around existing fuselage strucilmebetter observe this kind of change
likelihood and change preference situation, thankmg scores can be mapped together

on a single plot as shown in Figure 108.

O ATRZ6

0.06

W ATA31

0.04

> ATAR4

Change Preference

ATATL

&
2 Tg ATAT2
0.00 | ke 2 | B ATAS3

0.00 0.02 0.04 0.06 0.08 0.10

Change Likelihood
Figure 108: Change Likelihood and Preference fatidwal Aircraft Subsystems

Constraint limit for both scores, which if violat@tlicates that the subsystem currently
has a higher redesign risk than favored, can bbysdéesigners. If all 34 different aircraft
subsystems have a similar level of change likelthand change preference, their score is
equal to 1/34 = 0.029. This value is set as thetcamt limit for this example case study
as indicated in Figure 108. The shaded red ar¢leirfigure highlights subsystems that
are inside the high-risk region. As expected, fagelis among these subsystems that also
include power plant, wing and turbine engine. THese subsystems are assigned with a

“constant” change role as illustrated in Figure.109
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Change Solution Space

Defintion of the Change Solution Space -

0.08

0.06

[~ ATA 21: Air Conditioning
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|~ ATA 25: Equipment & Furnishings

0.04

[IATA3L

I~ ATA 27: Flight Contrals

™ ATA 29: Hydraulics.

[~ ATA 31: Indicating &Recording
I~ ATA 33: Lights

Change Preference

[~ ATA 35: Oxygen
I ATA 38: Water & Waste
|~ ATA 52: Doors & Opening

0.02

0,00
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I~ ATA 56: Windows
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™ ATA 73: Fuel Control
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[~ ATA 32: Landing Gear

[~ ATA 34 Navigation

[ ATA 36: Pneumatics

I~ ATA 42: Auxiiary Power

|~ ATA 55: Empennage

[¥ ATA 57: Wings

[¥ ATA 72: Turbine Engine
™ ATA 74: Ignition

[~ ATA 75: Engine Controls
I aTA 78: Exhaust

[~ ATA 80: Engine Starting

Change Likelihoed

APPLY SELECTION

Figure 109: “Constant” Change Role Assignment iESRSupport Tool

With selection of “constant” subsystems, changetsm space for generating alternative

change implementation plans is now set. The imptat®n of proposed modification is

not allowed to affect “constant” subsystems, whaffiectively limits propagation paths of

change effects. The change plan generation interg&ashown in Figure 110.

Change Plan Generation (=
- Iritiating Change Components Potential Change Effects Propagation
ATA Component Drivi Change Re k: Receive From ]pm\ﬂe To |
3 1t Entertainment Control Unit  Compebitive Cabin Se d with IFE infer e,
Py "me”d 7° P OISV am shhita RE”!?ET“ il m;:ﬁ ATA  Companent Change Type Change Direction  Change Tolerance
m 27 Aleron Power Control Unit EMA Fiight Cont ﬂe(n\:;spmoumulmalerm o e o Bither Way
27 Eevator Power Control Unit EMA Fight Controls Electrical t to elevator
m ator Power Con! i Flicht Cont \t::rspcvwefoumu elevat 5 s o Bt Way
27 Rudder Power Control Unit EMA Fight Controls Elecrical t o ruddh
= it et L Lo Ema‘;.sm“““’“ FHECE b 5 MainFuselage Volume Either Way None
u 27 Aderon Actuators EMA Fight Controls Changed to EMA
u 27 Eevator Actuators EMA Fight Controls Changed to EMA
u 27 Rudder Actuators EMA Fight Controls Changed to EMA
— Modification Scenario
TR Eliminate Different
Select Initiating Component:
Change Type
Flight Enter tainment Contral Linit
Tape Reproducer | Eliminate Frozen
Companent
Change Type: Change Level;
Bectrical = g Elminate
Vome Medium Conporent with
Blectrical Signal 53} Low Higher Level of
Change Tolerance
Attribute
SIMULATE PROPAGATION | REFRESH PROPAGATION CASE |
TOTAL PROJECTED
Self-Effect on Dther Change Attribute? POSSIELE CHANGE
FROPAGATION
P PATHS:
m‘;a‘ :_—J SIMULATE SELF-EFFECT PROPAGATION i
INSERT ALTERNATIVE PLAN(S) ‘

Figure 110: Change Plan Generation EnvironmenBPBEG Support Tool
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To demonstrate change effects propagation, thegefstopagation that results from the
implementation of new in-flight entertainment catunits for context-aware IFE system

is illustrated in Figure 111. The red boxes indicttat the particular branch of predicted
change propagation paths is terminated by the sporeding component. For instance,
since fuselage is designated as a “constant”, aag effect is allowed to be passed to it
and thus the propagating component has to abserthidginge impacts into its own design
instead. To simplify this example case study, nohether electrical-based components
that are connected to the electrical power busbksirgy considered for reduction in their

power inputs to accommodate the increased demattiditfentertainment system.

AC Transfer Bus 1

(Increased Electrical

Transformer Rectifier Power Supply)

Unit 1

(Increased Electrical
Power Supply) Fuselage

— 31 Other Electrical- (Increased Volume)

based Components
Linked to this Supply
Bus

(Increased Electrical
Power Supply)

Fuselage

(Increased Volume)

AC Transfer Bus 2

(Increased Electrical

Flight Entertainment Transformer Rectifier Power Supply)

Control Unit Unit 2
(Increased Electrical
Power Supply) Fuselage
— 32 Other Electrical- (Increased Volume)
based Components
Linked to this Supply
Bus

Fuselage Fuselage
(Increased Volume) (Increased Volume)

Figure 111: Change Effects Propagation from IFEt@dModification

(Increased Electrical
Power Supply)

The predicted propagation paths from implementatibnontext-aware IFE system and
EMA flight controls are summarized in Figure 11Aid propagation matrix is read from
row to column, indicating that potential changeeef$ are transmitted from modifications

made on row components to the design of column oompis. Components of electrical
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power distribution and generation are affected bghbnitiating system design changes.
If their implementation is individually planned asggested by several change methods,
their cumulative effects on these components nmghte realized until later stages. This
overlooked condition can induce redesign iteratitwas prolong the development process

and increase its costs.

1 2 3 4 5 6 7 B 9 10 11 12 13 14 15 16 17 138 19 20 21 22 23 24 25 26 27 28 29 30 31 32
Flight Entertainment Control Unit 1.@ :::::::::::::::::::::::::: LEGEND:
besest 2L E A e e e e Affected by IFE
pcBus2 3 || | N Implementation
Fuselage 4
Transformer Rectifier Unit1 5[ || || | HiEmEEEEEEEEEEEE R Affected by EMA
Towstomer et uni2 6 | [ o o o
AcTransfergus 1 7 [ |[— | ||| | I § O N Affected by both
AcTransfersus2 8 [ || | ][] | A { implementation
Circuit Breaker 1 9
aireuitBreaker 2 10| ||| I | | | Path Termination
Left AC Generator 11[ || || | i ] I i ("Constant?)
Right AC Generator 12[ | ([ [ I I I I 1] — = = = =
Left Generator Drive 13 ([ | | |C I I I 11 A i
Right Generator Drive 14| | ([ | 1 I {C I I (1] suivmiminiinisninei i)
LeftEngine Cowling 15 || | 1| (| I I 1 I I 1 (1] b — —{ — — — — — F— — — — —|—
Right Engine Cowling 16| 1[I (111111111 b — —{ — — — — — F— — — — —|—
Left Engine Accessory Gearbox 17|~ [ [ (IO T 11 I i
Right Engine Accessory Gearbox 18| ||| [ O 11 I i
Aileron Actuators 18|11\ I A 1 | o
Bevator actuators 20| [ [ IO OO0 OO O O O O o o o e
s N O o o
Autopilot Alleron Actuator A 22
Autopilot Alleron Actuator B 23| T — — =
Autopiot Elevator Actuator A 24| | HEEEEEEEEEEEEE = T
Autopilot Elevator Actuator B 25| ouivninniveien i il — — —{ — — ——
Alleron Power Control Unit 25| ouivninniveien i il .__ —
Elevator Power Contral Unit 27/ | M ._ —
Rudder Power Control Unit 28| o o o (o (e ] | | 1
Aileron Feel & Centering Mechanism 29[ | sl 1
Rudder Feel & Centering Mechanism 30| | sl i
Captain Flight Control Wheel 31| HirEEEEEEEEEEEEEE R .
First Officer Flight Control Wheel 32| | | o o o
Figure 112: Summary of Predicted P tentlal Charfgex: Propagation Paths

By varying the change roles for affected componentsgure 112, several change plans
can be generated. Four different change plans bege effectively constructed for this
example case study and they are described in B&bINotice different change roles that
are assigned for the components, which are a l@yeasit that distinguish the alternative
plans. This role assignment dictates the contrahainge effects propagation and hence
the amount of affected components within each gram.instance, by changing the role
of aileron power unit from “absorber” to “carriewith regards to electrical signal inputs
for aileron control (from Plan 1 to Plan 2), it pegates the change effects to aileron feel
and centering mechanism, and flight control wheg&tsordingly, aileron power control
unit no longer needs to be equipped with mechaiaczalectrical transducer capability.
Instead, supply of roll control inputs from the kpit flight control wheels should readily

be converted into an electrical-based mechanism.

281



Table 88: Change Alternative Plans for Notionalcarft

Modified Component

IFE Control Unit

Affected Change
Attribute
Volume

Change Role

Absorber

Electrical Absorber -
Aileron Actuators Volume Absorber -
Elevator Actuators - : -
Rudder Actuators Electrical Carrier Medium
Aileron Power Control Unit Volume Absorber -
Elevator Power Control Unit Electrical Carrier Medium
Rudder Power Control Unit Electrical Signal Absorber -
Autopilot Aileron Actuators A
Autopilot Aileron Actuators B VOIS AR
Autopilot Elevator Actuators A :
Autopilot Elevator Actuators B = Eenes T i
DC Bus 1
DC Bus 2
TRU 1 Volume Absorber -
TRU 2
AC Bus 1
AC Bus 2 . . .
Circuit Breaker 1 Electrical Carrier Medium
Circuit Breaker 2
Left AC Generator Volume Absorber -
Right AC Generator Mechanical/Force Absorber Medium
. Volume Absorber -
[HE ol L Electrical Carrier Low
Aileron Actuators Volume Absorber -
Elevator Actuators . ) .
Rudder Actuators Electrical Carrier Medium
Aileron Power Control Unit Volume Absorber -
Elevator Power Control Unit Electrical Carrier Medium
Rudder Power Control Unit Electrical Signal Carrier Low
Aileron Feel & Centering
Rudder Feel & Centering . .
Captain Flight Control Wheel Electrical Signal Absorber -
F/O Flight Control Wheel
Autopilot Aileron Actuators A
Autopilot Aileron Actuators B Volume Absorber )
Autopilot Elevator Actuators A . . .
Autopilot Elevator Actuators B Electrical CEOTED Medium
DC Bus 1
DC Bus 2
TRU 1 Volume Absorber -
TRU 2
AC Bus 1
AC Bus 2 . . .
Circuit Breaker 1 Electrical Carrier High
Circuit Breaker 2
Left AC Generator Volume Absorber -
Right AC Generator Mechanical/Force Absorber High
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Table 88: Change Alternative Plans for Notionalcfaft (cont.)
Affected Change

Modified Component

IFE Control Unit

Attribute
Volume

Change Role

Absorber

Electrical Carrier Low
Aileron Actuators Volume Absorber -
Elevator Actuators - : -
Rudder Actuators Electrical Carrier Medium
Aileron Power Control Unit Volume Absorber -
Elevator Power Control Unit Electrical Carrier Medium
Rudder Power Control Unit Electrical Signal Absorber -
Autopilot Aileron Actuators A
Autopilot Aileron Actuators B VOIS AR
Autopilot Elevator Actuators A :
Autopilot Elevator Actuators B = Eenes T i
DC Bus 1
DC Bus 2
TRU 1 Volume Absorber -
TRU 2
AC Bus 1
AC Bus 2 . . .
Circuit Breaker 1 Electrical Carrier Medium
Circuit Breaker 2
Left AC Generator Volume Absorber -
Right AC Generator
Left Generator Drive Mechanical/Force Absorber Medium
Right Generator Drive
. Volume Absorber -
(P el Lt Electrical Absorber -
Aileron Actuators Volume Absorber -
Elevator Actuators . . .
Rudder Actuators Electrical Carrier Medium
Aileron Power Control Unit Volume Absorber -
Elevator Power Control Unit Electrical Carrier Medium
Rudder Power Control Unit Electrical Signal Carrier Low
Aileron Feel & Centering
Rudder Feel & Centering . .
Captain Flight Control Wheel Electrical Signal Absorber -
F/O Flight Control Wheel
Autopilot Aileron Actuators A
Autopilot Aileron Actuators B el Absorber )
Autopilot Elevator Actuators A . . .
Autopilot Elevator Actuators B Electrical CEOTED Medium
DC Bus 1
DC Bus 2
TRU 1 Volume Absorber -
TRU 2
AC Bus 1
AC Bus 2 . . .
Circuit Breaker 1 Electrical Carrier High
Circuit Breaker 2
Left AC Generator Volume Absorber -
Right AC Generator Mechanical/Force Absorber -
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5.3.4 Step 4: Change Impact Assessment

For each generated change implementation plamedtiin Table 88, their process risks
and impacts on performance of the notional airdnafte to be investigated. Firstly, the
assessment of process risks for each alternatareiplmade based on the explanation of
MEA technologies in section 5.1, as summarizedabl& 89. Its change process impact
rating is tailored to current SRL level of relatiedthnologies and assigned based on the

change impact and cost rating scales in Table 60rable 61, respectively.

As can be observed in Table 89, process risk f@ratternative change plans is different
to each other. By controlling change effects prepag with assignment of component’s
change role, redesign process risk can be effégtimanaged. In addition, by comparing
Plan 1 and Plan 2, the number of affected compsneanformer change implementation
plan is slightly less than the latter. But evenutlfio Plan 2 affects four more components
than Plan 1, its overall score for process rigkagbly less than Plan 1. This observation
shows that minimum number of affected componentschvis the common measure of
redesign effectiveness in many available methodsnat guarantee the lowest process
risks or the easiest change implementation proddesnormalized process risks for the
change implementation alternative plans to the mari score among them are shown in
Figure 113 and if solely based on the process Rtk 2 appears to be the best possible
way to implement both context-aware IFE system BRGA primary flight controls into

the notional aircraft system.
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Table 89: Process Risks Assessment for Changenatiee Plans

Impact Cost Reference Total
Rating Rating Technology Risk

Plan Modified Component

IFE Control Unit 8 10 Context-Aware IFE| 80
Aileron Actuators 4 6 24
Elevator Actuators 4 6 24
Rudder Actuators 4 6 24
Aileron Power Control Unit 6 10 60
Elevator Power Control Unit 6 10 EMA 60
Rudder Power Control Unit 6 10 Implementation 60
Autopilot Aileron Actuators A 6 6 36
Autopilot Aileron Actuators B 6 6 36
Autopilot Elevator Actuators A 6 6 36
1 Autopilot Elevator Actuators B 6 6 36
DC Bus 1 1 4 4

DC Bus 2 1 4 4

TRU 1 4 4 Power Electronics| 16

TRU 2 4 4 for Advanced 16

AC Bus 1 1 4 Electrical 4

AC Bus 2 1 4 Networking 4

Circuit Breaker 1 4 4 16
Circuit Breaker 2 4 4 16

Left AC Generator 4 10 VSFC High Power| 40
Right AC Generator 4 10 Starter-Generator| 40

TOTAL 636

IFE Control Unit 4 10 Context-Aware IFE| 40
Aileron Actuators 4 6 24
Elevator Actuators 4 6 24
Rudder Actuators 4 6 EMA 24
Aileron Power Control Unit 4 6 Implementation 24
Elevator Power Control Unit 4 6 24
Rudder Power Control Unit 4 6 24
Aileron Feel & Centering 1 1 1
Rudder Feel & Centering 1 1 Flight-by-Wire 1
Captain Flight Control Wheel 1 1 Flight Controls 1
F/O Flight Control Wheel 1 1 1
Autopilot Aileron Actuators A 4 6 24
Autopilot Aileron Actuators B 4 6 EMA 24
Autopilot Elevator Actuators A 4 6 Implementation 24
Autopilot Elevator Actuators B 4 6 24
DC Bus 1 4 4 16

DC Bus 2 4 4 16

TRU 1 4 4 Power Electronics| 16

TRU 2 4 4 for Advanced 16

AC Bus 1 4 4 Electrical 16

AC Bus 2 4 4 Networking 16

Circuit Breaker 1 4 4 16
Circuit Breaker 2 4 4 16

Left AC Generator 6 10 VSFC High Power| 60
Right AC Generator 6 10 Starter-Generator| 60

TOTAL 532
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Plan

Table 89: Process Risks Assessment for Changenatiee Plans (cont.)

. Impact Cost Reference Total
igellize CemEEner RaF:ing Rating Technology Risk
IFE Control Unit 4 10 Context-Aware IFE| 40
Aileron Actuators 4 6 24
Elevator Actuators 4 6 24
Rudder Actuators 4 6 24
Aileron Power Control Unit 6 10 60
Elevator Power Control Unit 6 10 EMA 60
Rudder Power Control Unit 6 10 Implementation 60
Autopilot Aileron Actuators A 6 6 36
Autopilot Aileron Actuators B 6 6 36
Autopilot Elevator Actuators A 6 6 36
Autopilot Elevator Actuators B 6 6 36
DC Bus 1 1 4 4
DC Bus 2 1 4 4
TRU 1 4 4 Power Electronics| 16
TRU 2 4 4 for Advanced 16
AC Bus 1 1 4 Electrical 4
AC Bus 2 1 4 Networking 4
Circuit Breaker 1 4 4 16
Circuit Breaker 2 4 4 16
Left AC Generator 4 10 VSFC High Power| 40
Right AC Generator 4 10 Starter-Generator| 40
TOTAL 596
IFE Control Unit 8 10 Context-Aware IFE| 80
Aileron Actuators 4 6 24
Elevator Actuators 4 6 24
Rudder Actuators 4 6 EMA 24
Aileron Power Control Unit 4 6 Implementation 24
Elevator Power Control Unit 4 6 24
Rudder Power Control Unit 4 6 24
Aileron Feel & Centering 1 1 1
Rudder Feel & Centering 1 1 Flight-by-Wire 1
Captain Flight Control Wheel 1 1 Flight Controls 1
F/O Flight Control Wheel 1 1 1
Autopilot Aileron Actuators A 4 6 24
Autopilot Aileron Actuators B 4 6 EMA 24
Autopilot Elevator Actuators A 4 6 Implementation 24
Autopilot Elevator Actuators B 4 6 24
DC Bus 1 4 4 16
DC Bus 2 4 4 16
TRU 1 4 4 Power Electronics| 16
TRU 2 4 4 for Advanced 16
AC Bus 1 4 4 Electrical 16
AC Bus 2 4 4 Networking 16
Circuit Breaker 1 4 4 16
Circuit Breaker 2 4 4 16
Left AC Generator 6 10 VSFC High Power| 60
10

Right AC Generator
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Normalized Process Risk Score

Figure 113: Comparison of Process Risk Scores f@anGe Alternative Plans

Nonetheless, it is important to study the extenefédécts that these design modifications
have on the derivative aircraft performance. Tessshis aspect of change impacts, the
underlying relationships between affected subsygterameters and interested high-level
aircraft system metrics are required. In applicatd proposed SPEC methodology, it is

assumed that these relationships are known anthbleato designers, and the procedure
for this methodology does not cover their estabtisht. For this case study, an estimated
relationship is constructed using Flight OptimiaatiSystem (FLOPS) software package
and details for its build-up are presented in AgjperC. Only one system level metric is

considered here, which is gross weight.

Another system level metric that is of high inténesthis redesign case is flight range.
Although change plans derived in previous step atanclude any scaling up or down of
subsystems to extend the derivative aircraft ratige,is automatically done in FLOPS.
While creating input file for FLOPS, the desireyffit range is set to 2950 nmi and all
design characteristics for “constant” subsysterasfrazen by using override parameters.
It is assumed that the automated design scalirsylo$ystems is made without changing

their architectural composition or affecting “camsf’ subsystems. Gross weight effects
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from this automated design scaling are taken tthbesame for each change alternative

plan and thus could be safely omitted from the gegvlans for simplicity.

The constructed subsystem-system weight relatipristpresented as follows:

GrossWeight(lb) = 146487+ 2531 WWFURN+ 3190.3WELE + 2708.1FRSC
+2679.3WAC+ 2370.5FRNA+ 2353.1WAVOIC +1775.9WHYDr 1696.7WAPU

+1187.2WFS$%+817.8WPMSC-792.7WIN+ 203.6WOIL
Equation 21

where: WFURN = Furnishing s group weight, WELEC = Electrical group weight
FRSC = Surfacecontrols weight, WAC = Air conditioning group weight
FRNA = Total weight of nacellesand/or air induction system
WAVONC = Avionics group weight, WHYD = Hydraulics group weight
WAPU = Auxiliary power unit weight, WFSYS=Weightof fuel system
WPMSC =Weight of miscellaneous propulsion systems
WIN = Instrument group weight, WOIL = Engine oil weight

Using this subsystem-system relationship, impendifigcts of each alternative change
plan on the overall aircraft system weight can &neated. The projected weight effects
from affected components are based on providednrdtion in reference literatures and

they are tabulated in Table 90.

Accordingly, gross weight for the derivative airtridnat results from each change plan is
shown in Table 91. The variation of change rolesctomponents of flight control system
seems to have a more significant impact on grosghvbased on the estimated effects.
When conventional mechanical-based flight contigbait mechanism is substituted with
electrical wirings, the weight savings simply ouigiethe smaller weight increment on
electrical power subsystem. On contrary, a compgutinit that operates with different
level of electrical power inputs does not necesadary much in terms of weights based
on current state of electronics technology. Thigpparent by comparing the estimated

gross weight for Plan 1 and Plan 3 with that ohPaand Plan 4 in Table 91.
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Table 90: Weight Impact Assessment for Change Adtive Plans

IFE Control Unit

+2% of WIN

[207, 208]

Aileron Actuators

Elevator Actuators

Rudder Actuators

Aileron Power Control Unit

Elevator Power Control Unit

Rudder Power Control Unit

Autopilot Aileron Actuators A

Autopilot Aileron Actuators B

Autopilot Elevator Actuators A

Autopilot Elevator Actuators B

-70% of WHYD

-5% of FRSC
00 [37, 49, 93, 94,

99, 269, 322]

DCBus 1

DC Bus 2

TRU 1

TRU 2

ACBus 1

AC Bus 2

Circuit Breaker 1

Circuit Breaker 2

Left AC Generator

Right AC Generator

[17, 49, 123,

-40% WELEC | 154" 260, 269]

+2% of WIN [207, 208]

IFE Control Unit

Aileron Actuators

Elevator Actuators

Rudder Actuators

Aileron Power Control Unit

Elevator Power Control Unit

Rudder Power Control Unit

Aileron Feel & Centering

Rudder Feel & Centering
Captain Flight Control Wheel
F/O Flight Control Wheel

Autopilot Aileron Actuators A

Autopilot Aileron Actuators B

Autopilot Elevator Actuators A

Autopilot Elevator Actuators B

-33% of FRSC
°0 [37, 49, 93, 94,

99, 269, 322
-70% of WHYD ]

DCBus 1

DC Bus 2

TRU 1

TRU 2

[17, 49, 123,

AC Bus 1

-30% WELEC | 154" 260, 269]

AC Bus 2

Circuit Breaker 1

Circuit Breaker 2

Left AC Generator

Right AC Generator
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Table 90:

Weight Impact Assessment for Change Adtiive Plans (cont.)

IFE Control Unit

+2% of WIN

[207, 208]

Aileron Actuators

Elevator Actuators

Rudder Actuators

Aileron Power Control Unit

Elevator Power Control Unit

Rudder Power Control Unit

Autopilot Aileron Actuators A

Autopilot Aileron Actuators B

Autopilot Elevator Actuators A

Autopilot Elevator Actuators B

-5% of FRSC

-70% of WHYD

[37, 49, 93, 94,
99, 269, 322

DCBus 1

DC Bus 2

TRU 1

TRU 2

ACBus 1
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Table 91: Estimated Gross Weight for Derivativechaft System

Gross Weight (Ib)

1 166,154.3
2 165,396.1
3 166,154.3
4 165,396.1

Thus far, the change impacts have been deternualistiassessed. Nevertheless, none of
MEA technologies in this study is fully maturedthre context of their proposed system
application and hence their impacts are also aatmutiwith uncertainties. A probabilistic
assessment can be executed instead of the detstimapproach and to demonstrate this,
a Monte Carlo Simulation (MCS) for each affectessistem weight parameter is done.
In the lack of absolute knowledge regarding the@gbrobability distribution for change
effects, they are assigned with a triangular distron. 1000 random cases are executed
for each change alternative plan. Instead of alesidgterministic value, resultant gross
weight from this change impact assessment is npvesented as a distribution. In Table

92, the distribution used for elements of the cleagifiects is defined.

Table 92: Triangular Distribution for Subsystemd®aeters

Change Subsystem Lower Mode Upper
Plan Parameter Limit Limit

WELEC 0.500 0.600 0.700

1&3 WHYD 0.200 0.300 0.400
FRSC 0.925 0.950 0.975

WIN 1.010 1.020 1.030

WELEC 0.500 0.600 0.700

284 WHYD 0.200 0.300 0.400
FRSC 0.640 0.670 0.700

WIN 1.010 1.020 1.030

Accordingly, calculated distribution for the groseight of the derivative aircraft in each
change alternative plan is shown in Figure 114.deangeneration of subsystem weight
parameters during the Monte Carlo Simulation predcgsnade using MINITAB software

and they are assumed to be additive through prelialerived subsystem-system weight
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relationship from FLOPS. For this probabilistic nbha impact assessment, the selection

process for different change plans can be madepecfied confidence level.
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Figure 114: Gross Weight Distribution in ProbabitisChange Impact Assessment

5.3.5 Step 5: Change Plan Selection

Back in Step 2, it is assumed that the pursuihisf derivative redesign approach for the
notional aircraft system is intended to improveniigrket competitiveness. This has been
proposed to be accomplished by reducing its grasghwwhile extending its flight range
through installation of EMA flight controls, andfefing a competitive cabin service with
installation of context-aware IFE. To finalize teelection of change alternative plans,
subsequent effects from their proposed changedaheuweighed if they are justifiable

to be further pursued. With target range of thevddive aircraft is set to match the new
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Bombardier C130-ER aircraft, comparable gross wdiglAirbus A320 (shown in Table
86) is taken as another target requirement conegi@assenger capacity of the notional
aircraft. The deterministic performance and progessindexes for each change plan are
listed in Table 93 and the performance-risk platasstructed in Figure 115. In addition,
to observe if the conclusion from probabilistic ra impact assessment will vary from
that of the deterministic assessment, calculatddxes from probabilistic assessment at

95% confidence level are also depicted in Figure 11

Table 93: Deterministic Performance and Processxasl

Performance Target Estimated | Performance Process
Metric 9 Value Index Index
Range 2950 nmi 2950 nmi

Gross Weight 169,000 Ib 166,154.3 Ib

Range 2950 nmi 2950 nmi
2 : 1.011 0.836
Gross Weight 169,000 Ib 165,396.1 Ib

Range 2950 nmi 2950 nmi
3 1.008 0.937
Gross Weight 169,000 Ib 166,154.3 Ib

Range 2950 nmi 2950 nmi
4 1.011 0.899

Gross Weight 169,000 Ib 165,396.1 Ib

1.008 1.000

Tz Flan? Plah &

Deterministic) {Deterministic}
1011 L
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Plan 2 {Probgabilistic) Plan & {Prabahbilistic
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Figure 115: Performance-Risk Plot for Sample Cdsdy&2
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It can be concluded that both deterministic and@bilistic change impact assessments
point to the same conclusion for this sample casdysAll change alternative plans have
a performance index that is above 1. This is am@m@ging situation, indicating that they

can potentially meet all driving requirements; whis supported by the tabulated data in
Table 93. Among them, plan 2 appears to have thedbrisk for its redesign process and
shares the best performance index with plan 4. Tthaa be perceived as the best way to
redesign the notional aircraft system to satisg/firmulated requirements. On the other
hand, plan 4 can be a back-up redesign plan ifdome reasons plan 2 is rejected during
formal engineering change management process aboptee company. With available

back-up plans, designers do not need to start iggd@socess from scratch and this can

save overall development time.

5.3.6 Conclusion from Case Study 2

This second case study is intended to highlighotrerall range of procedures within the
proposed SPEC method. Though a complete aircrafesymodel that is representative
of an existing one is difficult to be precisely bwvith limited data in public domain, the
constructed notional aircraft model in this samgase study is believed to be appropriate
in capturing the essences of complexity in acturakat redesign process. Results from

this case study can thus be applied to demondutaving research hypotheses.

Hypothesis 2 for this thesis study is re-presemdeigure 116. It puts forward the notion
that change effects propagation can be effectivelpaged and controlled through proper
assignment of component change role. In this secard study, this condition has been

shown and manipulated during the third step ofpfteposed SPEC methodology.

294



Research Area: Change

Propagation ! .| Change Plar
= _ObSt_ervatir?n A RG3: How change effects - aeneration
nainesnng changes in propagate from an architecture . . .
aircraft development are | locality to another? Define Change Solution
often treated in "as Space |

necessary’ manner and

their effects have been R What are contral
mostly negative parameters of change

propagation?

Generate Alternative
| Change Plans

H2: Engineering change propagation in aircraft redesign
development process can be managed by dictating the
change role of its components.

A

Figure 116: Step 3 and Hypothesis 2

During third step of the case study, componentsewtral aircraft subsystems have been
designated as “constants”, which indicates that #tre not allowed to be affected by the

change effects. While generating possible chang#emmentation alternative plans, this

“constraint” has its effects on controlling the nge effects propagation paths. Consider
the potential change effects propagation pathstaumeodification of IFE control unit to

accommodate the new context-aware entertainmetarsyass shown in Figure 117.

DCBus 1

Flight
Entertainment DCBus 2
Control Unit

Other Structural
Subsystems &
Propulsion

Main Fuselage SR

Figure 117: Effect of Component’s Change Role im@je Effects Propagation

Because fuselage has been designated as a “cdnistdrg change solution space, all its
main components are not allowed to change. Subeétuéhis decision, possible change

propagation from IFE control unit to the fuselagéhwegards to its onboard volumetric
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space increase is not permitted. By axing this m@kchange propagation path, other
subsystems such as wing and propulsion systenparedfrom being affected since they
are very likely to require modification if the fuage structure is altered. This observation
supports the idea put forth by hypothesis 2, winchcates that it is possible to manage
change propagation paths by controlling the assegmiaf component change roles. With
this knowledge, designers can effectively defirgrtbolution space and generate change

plan alternatives that will not violate their satut boundaries.

On the other hand, hypothesis 3 is related to $irsp of proposed SPEC method where
aircraft system change model is being constru@eded on literature review study, there
appears to be a reasonable concern with regafdstog the right balance between level
of details for the model and required amount obméf for its construction. With tighter
budget and development timeframe than original pcodevelopment, designers cannot
afford to allocate too much time for redesign piagn However, failure to identify the
right change effects propagation can also be detrial to the overall process. As evident
in helicopter design process in Westland Helicap@ompany, about 50% of their total
helicopter modifications were overlooked duringialichange assessment stage and had
to be abruptly handled [81]. Regarding the changdehsize, Clarkson et al. suggested a
change model composition of fewer than 50 companientheir method, which is hardly
an appropriate size for a complex product systech as an aircraft [80]. Moreover, none
of identified product modeling methodologies durthg literature review study exercises
a formal, standard taxonomy for model constructibims realization leads to hypothesis
3 as presented in Figure 118. In proposed SPECadelbgy, the aircraft system change
model is tailored to the taxonomy of system elenaetractions [257] and equipped with
supplementary information about its components gadolerance level. Accuracy of the
suggested model and its capability to predict cegmgpagation have been demonstrated

in the sample case study.
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Observation 2: Research Area: Change =®1 4 -
Engineering changes in Propagation i i
aircraft development are Define Change

often treated in "as RQ5: How to propetly model Propagation Parameters
necessary” manner and = an aircraft system to track : -
their effects have been potential change propagation? Create Product Change
mostly negative Model

'Hypothesis

H3: Potential chiange propagation tree within an aircraft

design can be predicted by using the taxonomy of system =

element interactions and the infarmation regarding the level
of its component's change tolerance.,

Figure 118: Step 1 and Hypothesis 3

The support for hypothesis 3 is follows. Consideeaample case of change propagation
for a left air cycle machine unit of air conditiogi subsystem. A modification is made on
the unit that increases its required electrical gofwer operation. Using the SPEC support
tool, possible propagation paths for any changedenoa the air cycle machine unit are

shown in Figure 119.

Change Plan Generation (=
Initating Changs Components. Potential Change Effects Propagation
ATA Lemponent g Baguirament {hange Bemarks Receive From ‘ Provide To |
m 3 Fight Entertainment Control Unit  Compeltitive Cabin Services Repiaced with IFE inference engine, a
ol rois Slectrica - o
Bl 7 aderon Power Control Lt EMA Fight Conl l“m output to adercn = e . b Ether Way -
B 27 Sevator Power Control Unit EMA Fight Controls ie::::;l!mns cutput to elevator B 2 tehnese ¥ e e Wag
B 27 Rudder Power Control Uit EMA Fight Contrals ie;::;t!me output to rudder B AcTensens: kil Ether Way
Bl 77 deron Actuators EM Fight Conlrols Changed to EMa = = e S e
Bl 7 Beatorachaivs EMA Fight Conlrols Changed ko EMA
B 7 Rudderactustors EMA Fight Controls Changed to EM4
Modification Scenario

ATA 22: Atomate Fight
ATA 23: Communications

SIMULATE O ITION CASE | i
e P ROPAGATION Predicted change propagation path without
ey = PATHS:
horsy s sarerecrmomenon 6 specifying the change type and level

Figure 119: All Possible Change Propagation Pathair Cycle Machine
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By screening the possible change propagation ptbesd on their type (i.e. taxonomy of
system elements interaction) and modification letred amount of paths is reduced from
six to only one as highlighted in Figure 120. Toasresponds to significant reduction in
computational efforts for the redesign processdardonstrates possible savings in terms
of time and resources when change propagatiomrisatty predicted. It is concluded that
taxonomy of system elements interaction and chaolgeance level enables the system
change model to be constructed with a manageat®eosit without sacrificing its level of
effectiveness in change propagation predictions Ebndition highlights the applicability

of the formulated research hypothesis 3.

[ Change Plan Geneation =)
[ritiaiting Change Components Potential Change Effects Propagation |
AIA Lomponent i Begurenent Change Bemaks Receive From | provide To |

B = Flght Entart; Control Unit  Compstite Cabin Serv Replaced with IFE infisr 2 = |
=7 ' tainment mn’ t Competi .g oss Rkl I d-; _m.sm aTa 7
Bl 27 aderon Power Control Unit EMA Fight Contrals ?(e::\‘c:jmu oulpu to sleron Bl 2 ACTnsfrbsi Hectical Eithes Way. Ndkan
BN 27 Bevator Power Control Uit EMA Fight Controls Elactrical power cutput to slevator
- Rudder Poer Control Linit EMA Fight Contrals &ﬁgﬁw.\s output to rudder
Bl 2 aderonactuaters EMA Fight Controls gmma\‘.i
B > Elevator Actuators EMA Fight Conirals Changed to EMA
B 77 Rudder Actuatores EMA Fight Controls Changed tn EMA
Modification Scanaris
SelectIntaton Conpensrts - Screening option based on change type and

T H change tolerance level

ATA 23: Commuricatons > Ehminate Frozen
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et £ffecton Ot Change Atihute? POSSIBLE CHANGE Predicted change propagation path after
—
PROPAGATION
;r;c:\;'x-l\ j SIMULATE SELF-EFFECT PROPAGATION lrslias the SCreening process
1
]

Figure 120: Change Propagation Paths for Air Citdehine after Screening

Results of sample implementation case study alawdstrate that the generated change
plans correspond to different redesign process ffiskn each other. Since these change
alternative plans are derived by varying the chaotgof affected components, hence by
managing the propagation paths, this can be sesuopport the notion of hypothesis 4.
Moreover, different change plans also involve dédfé number of affected components.

While most available redesign methods seem to foausinimizing the number affected
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components to minimize redesign risks, it has ks®mwn from the results of this sample

case study that such proposition is not always. ffids condition has been emphasized

by research hypothesis 5. The ties of researchthgpes 4 and 5 to SPEC methodology

can be summarized as depicted in Figure 121.

~ Observation in Aircraft
- Manufacturing Industry

Besé'"a_rch
Questions

Research Area. Change Impact

Observation 2;
Engineering changes in
aircraft development are

often treated in "as
necessary” manner and
their effects have been
mostly negative

Analysis

RQ6: What are characteristics
of an aircraft and its
development process that can
be affected by enginesring
changes?

ROT, How to sufficiently
measure the change impacts
on these characteristics?

RQE How to manage overall
aircraft redesign risks?

Research
Hypotheses

H4: Associated risks of aircraft redsesian development process
‘can be controlled by managing change propagation paths.

HS: Aircraft redesign plan with minimurm number of modified
‘components does not automatically mean minimurm
development risks,

|  Assess Perfornance '
Impacts

Assess Process Impacts

Figure 121: Step 4 and Hypotheses 4 and 5

During change impact assessment in the examplestagdg, the generated change plans

have been evaluated with different level of redesigks. The results are summarized in

Figure 122. As indicated, each change plan hafexeit value of process risk index and

this implies that they do not correspond to the esgmocess difficulty. This observation

demonstrates the correctness of hypothesis 4 ash#rge plan alternatives were derived

through management of change propagation pathsabyng the affected components’

change role whenever applicable.
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Figure 122: Redesign Risks and Number of Affectech@onents for Change Plans

In the meantime, the change plans also have diffenember of affected components but
their corresponding risk index value is not exaptigportional to this characteristic. This
condition shows the inconsistency of a common psdjom that minimum affected parts
can guarantee the lowest redesign risks situaimkigure 122, plan 2 is shown to have
the lowest level of redesign process risks buthilgbest number of affected components.
Comparing plan 2 to plan 1, for instance, althoplgm 1 does not affect the mechanical-
based primary flight control inputs mechanism, thegision puts a higher redesign risk
on the design of aileron and rudder power contritisu They have to be developed with
a stable and highly reliable mechanical-to-eleatricansducer capability to convert the
mechanical inputs into electrical power signalstfeeir EMAs. On the contrary, plan 2
involves replacing the mechanical-based mechani#m direct electrical wirings from
cockpit to power control units of the primary fligtontrol surfaces, which is a relatively
simpler redesign task that has already been prtoverork. This observation supports the

notion put forward by hypothesis 5.
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Last but not least, hypothesis 6 suggests thatlifferent initiating change requirements
should be handled simultaneously. This is diffetdain most available change methods
or tools, which tend to favor change planning cailgsis per case basis. It is known that
some modifications can induced conflicting changgpacts on the same components.

The ties of research hypotheses 6 to SPEC metleodiepicted in Figure 123.

Research
Questions

Research Area: Change

* Observation in Aircraft Implementation Planning
- Manufacturing ll_-"_ldu_st_ry. M RQ9: What are impartant
criteria of a good change
Observation 3 implementation plan?
Change management
methods and toals in RQ10: What are control
aircraft development are parameters in change ank Alternative Plans
focused on data > planning?
retworiang without any | SelectBestPlan |
decision-making support R@11: How to generate =
implementation plan for the
required changes?

RO12: How to select the best
change plan amang the
possible alternatives?

Research
Hypotheses

'HB: Change implementation risks can be minimized by
simultanecusly planning for all initiating changes in aircraft <€
redesign process.

Figure 123: Step 5 and Hypothesis 6

Situation of potential change conflicts have beemanstrated in the sample case study.
While considering the redesign tasks for IFE cdnirat and EMA, change propagation
paths from both initiating system changes pasautiireelectrical power distribution and
generation components. This is shown in Figurefb24 better description of the change

circumstances.
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Figure 124: Projected Conflicting Change Propagafaths for Sample Case Study

If change implementation of context-aware IFE systand EMA are separately planned,
it is highly possible that the components of eieatrpower distribution and generation
have to be redesigned more than once. This is bedhe required power supply increase
from both implementations are considered separaietlyany conflicting or mismatched
redesign requirements for electrical power subsysiee usually only recognized during
later redesign stages. Once this problem is idedtiinother round of redesign planning
is required. However, if both changes are simubasty considered from the beginning,
these conflicts can be recognized and resolvechdutie first redesign planning cycle.
Though the complexity of the redesign planning psscusually increases tremendously
by considering simultaneous initiating design ctemgts offered benefit of not having to
reiterate the whole redesign cycle can be takeruteeigh the increase in computational
difficulty. By avoiding the need to reiterate thatiee redesign cycle, the process risks are

also reduced. This realization effectively suppbstsothesis 6.

In summary, results of this sample case study teetfemonstrate the formulated research

hypotheses for this thesis study.
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5.4 Contributions of the Proposed SPEC Methodology

The intellectual contributions that are presentethis thesis study have been introduced
in the first two chapters of this thesis but thais they have been realized throughout the
research works without a proper mention. Recali e main purpose of this research is
to develop a methodology that supports designensaking their decisions regarding the
planning of their aircraft redesign. In view of ththis section intends to highlight and
discuss the values of contributions from the prepoSPEC methodology in addressing
the identified challenges in aircraft redesign piag process. To summarize, primary

contributions of this proposed SPEC methodologyliated as follow:

A decision-making aid for aircraft redesign planning
A structured baseline assessment and selection scheme

A structured method to define change solution space

> W bR

A structured and unbiased analysis of redesign risks

5.4.1 Decision-making Aid for Aircraft Redesign

As discussed in Chapter 1 and Chapter 2, the pexm of aircraft redesign process is
gaining momentum with the shift towards a custodrgren market environment. The
rise of redesign approaches has led to the inci&asiegineering change volumes during
product development process but this subject has baatively under-researched [174].
Most redesign process is presently executed ime&zessary” manner without a proper
strategic planning and the main focus has alwags loe “damage control” rather than
product improvement [30]. This is an unfortunatieiaion given the potential benefits
that could be gained by manufacturers if their \agive development is strategically

planned. It has been argued throughout this thkatsf the redesign process is correctly
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approached, the change effects can be appreciabisnimed and competitive advantages

of the resultant derivative design can also be mepdd.

Without proper assistance from change support ndstloo tools, aircraft designers have
to manually plan the whole redesign process baseth@r past experiences. In many
instances, they tend to follow available methodg Hre meant for original development
[104] and this often results in overlooked chanffects that have to be unexpectedly
handled in late development stages. A case studyeastland Helicopters showed that
about 50% of their total helicopter modificationgr& overlooked during initial change

assessment stage and had to be abruptly handlpdj8te redesign strategy is common
in aircraft manufacturing, the utmost advantagehitained by the fastest manufacturers
to develop their range of aircraft options withowdking any costly errors. This relates to
the current “Better, Faster, Cheaper” goal in gamos industry [239], which stresses on

redesign planning efficiency.

Moreover, the capability of aircraft manufacturemsaddress change requests from their
customer airlines as early as during their negotigbrocess is important for their market
competitiveness [268]. The same study in WestlaalicBpters showed that 10% to 15%
of their helicopter redesign costs occurred befoeesales contract was signed and it was
used for planning required design changes and ginedlitheir effects [81]. This insight
puts a big emphasis on the efficiency of redesignmpng, which can only be achieved if
the engineering change process is executed in gguergy with the aircraft development
process. It has been suggested that no ready-teaftseare package that fully supports
all aspects of change management process is dyreardtilable [259] and this is a key

absence considering its prominence in today’s ntarke
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To compare the foundation of available redesigrhodd and tools with the basis for the
proposed SPEC method, one can ask this questienth®process of implementing the

required modification on the aircraft design is @gehed? For many available methods,
this situation is coped by simply applying the nimdtion and implementing subsequent
changes that are required for its accommodatioeryeprojected design change is taken
as necessary and they are implemented in an “&ss&y” manner. But there is another
key question to aircraft designers during theiresegn planning process: what is the best
way to implement the required changes such thaptbeess risks are minimized and the
competitiveness of the resultant derivative is mmazed? The answer to this question is
the groundwork for the proposed SPEC method. Hasaid that, the key contribution of

this proposed method is the offered capability ésiginers to properly and structurally

plan the implementation of any required aircrafiige changes with the goal of having a

minimum development risk, yet still has a competitproduct for the market.

A major difference that sets this proposed redesigthod apart from the available ones
is how it treats engineering changes. Instead fgdang all predicted design changes as
necessary, the change roles of affected componetite propagation paths are varied to
derive alternative redesign scenarios that coutdr@lly be of different risks level. By
exploring the full extent of the specified changkison space, the best redesign plan can
be efficiently and effectively identified. Thesdfdrences have been indirectly discussed
through comparison of the SPEC method with existedgsign and engineering change
methods in section 4.4. As demonstrated by thengesample case study, several change
implementation plans can be derived for the sarhefsequired modifications. Because
they often correspond to different risks level &xle other, the best implementation plan
could be overlooked if no thorough redesign assessis made during planning. In the
same case study, it is shown that “one-at-a-tiredésign approach that is reminiscent of

typical “as necessary” manner often results in aerworked redesign plan. Due to this
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situation, it often ends up being less efficiend é&ss competitive, not to mention costly.
In contrast, by strategically plan the requiredngd@implementation, development risks
are minimized while producing a competitive derivatdesign that satisfies the driving
requirements. This capability is the main contriduiand advantage that is offered by the

proposed SPEC methodology for aircraft redesigegss.

In accomplishing this goal, several process elementhe proposed SPEC method also

stand out on their own as a significant contributiathin their application scope. Their

individual advantages are worth mentioning and #reydiscussed in following sections.

5.4.2 Baseline Assessment and Selection Scheme

Redesign process takes place against the rich baokg of knowledge and experience
that is embodied within the current design, whilthie starting point for change process
[109]. According to EIA649 Standard, the baseliesign acts as a known configuration
basis to which any proposed modification is beiddrassed and planned [297], and this
supports the notion that the state of product gechire will influence how the required

engineering change can be implemented into it [332E of the identified drawbacks for

current redesign practices lies in baseline se@leqgirocess, which is always either taken
too lightly or focused solely on existing desigmpahilities. At present, baseline designs
are mostly chosen based on the proximity of thapabilities to the target requirements
or simply because they are the natural choicerforemental progression in the product

family [105].
As demonstrated by the first sample case studg,fecus on design performances might

not completely reflect the suitability of a baselicandidate with regards to the required

design reworks. Such high-level approach does osider the existing state of baseline
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architecture. Working with existing or finished drect designs, even at conceptual level,
often comes with less flexibility in terms of theadlable degree of freedom to implement
design changes [115]. This underlines the limitediomposed by baseline design on the
redesign approach and the challenges to selechdisé suitable design for the adaptation
or customization tasks [117]. It has been suggestaidan effective baseline possesses a
highly evolvable design architecture [74]. In sugpaf this idea, Pimmler and Eppinger
emphasized on choosing the baseline based onpi#bitity to be modified [257]. Taking
this argument into account, it appears that the&ypaseline selection for redesign lacks
consideration of design architecture influences@mplexity and competitiveness of the
development approach. It is projected in a proguady that 80% of the total design and
manufacturing cost for the development processcistgd by the baseline choice [343].
In view of this, the selection procedure shouldalensider redesign cost-effectiveness

and required amount of reworks [178].

In the proposed SPEC methodology, baseline assasssngone through the evaluation
of system evolvability metrics as defined in Tab® This assessment scheme, which is
derived based on quantitative system evolvability RIAAP methods, enables designers
to not only assess the redesign suitability of sebae candidate from the viewpoint of its
current performances but also the aptness of idieg design architecture. This offers a
balanced measurement of baseline suitability wegpect to the actual redesign tasks at
hand. Moreover, weighting scenario for the evollfgbmetrics can be varied to match
the underlying preference of manufacturers in pagstheir derivative aircraft process.
Instead of focusing only high system-level perfonee evaluation like most available

methods, this scheme is more reflective of thesigtledevelopment characteristics.

Overall, this baseline assessment procedure aglgrags in choosing the best baseline

design for the redesign process and in evaluatimgiiver the estimated redesign risks can
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be competitively justified. In view of the latteordition, redesign development approach
has to be more cost-effective than building a needpct for similar purpose [74]. The
offered capability for designers to either selé& best baseline design for the redesign
tasks or evaluate the appropriateness of the iguesvelopment risks is an advantage
that is not available in any of the identified red@ methods. A good baseline is vital in
having an efficient redesign process and the affesgpability by the proposed baseline

assessment scheme has been highlighted in thedsststudy.

5.4.3 Definition of Change Solution Space

The planning process for the required change imeiteation into its baseline design can
be an overwhelming task, especially when the desagnplexity is high and the amount
of initiating changes is abundant. As suggesteefi@rence literatures, estimated change
propagation paths in a product is a factorial fiomcof its elements [134], which can be
extremely high for complex products such as aitciafie to numerous possible change
propagation paths, tremendous amount of time diatdteis usually required to generate
all possible change plans. This situation can redhe competitiveness of the redesign
process, which is often constrained by limited digwment timeframe and lower budgets

and resources than those allocated for new prathwalopment.

Many available change methods and tools try to esfdthis issue by simplifying their
change propagation algorithm. The original CPM rodiHor instance, effectively limits
its prediction of change effects propagation toydhtee or four steps after the initiating
component [80]. This simplification is made basedlte assumption that the probability
of change rapidly decreases with each propagatemand becomes too insignificant to
be considered. On the other hand, the Monte-Canlsion of CPM further simplifies the

propagation path tracking by assuming change peatpayglikelihood from any product
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component to be mutually exclusive. This turns ¢hange propagation problem into a
series of “random walk”. It is concluded that thsssumption does not significantly affect
the analysis results in comparison to the origBM and they are achieved with much
less computational time [175]. However, these aggiams are still a main concern since
they do not represent real practices in the ingluestd are in great conflicts with the true

characteristics of change propagation phenomenon.

At this point, one might ask if there is a propexyo reduce the required computational
efforts in redesign planning while still maintalmetprocess integrity with regards to real
industrial practices and change propagation phenomen the proposed SPEC method,
this issue is tackled by taking advantage of inglistrend in product redesign process.
In general, the available change solution spaceeesign planning is governed by the
change roles for each of the product componentaieSubsystems are not allowed to be
modified due to company’s policy because they tmsimuch or their adaptation is taken
as too risky [115]. During the development of themgine variants, designers in Perkins
Engines reserved several parts of the baselinenerigpm being modified because their
redesign was anticipated to cause a significamease in development efforts and costs
[118]. This kind of resolution effectively reducttge potential change propagation paths,
hence the possible change plans. Taking this oaservinto consideration, considerable
redesign planning efforts could be saved if desigaee assisted with a proper scheme to
reduce their product change solution space intaaageable size for the practicality of
their redesign analysis. In other words, the ragiepianning can be made more efficient
if all risky modifications are screened out eartythe process. Valuable computational
efforts could be saved from being spent on thossmgh plans that would be eventually

eliminated regardless.
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During redesign planning, designers have a choigass on the change effects from one
component to another [116]. How a component withaproduct architecture is affected
by the proposed changes will depend on their implaation [81]. The most significant
effects on change solution space are made whempareent is not allowed to change at
any circumstances. As the least risky change imgieation plan is preferred, effective
change solution space can be derived by “freeaziisf} product components from being
subjected to any changes by the proposed redekignrporder to control and reduce the

likelihood of further propagated changes [121].

To decide whether a component is risky enough twamé it to be screened out from the

change plans, its evaluation can be made from speds of redesign development risks.
If the component has a high risk when being charagetat the same time propagates its
change effects to other risky components, thehatikl not be changed. This decision is
made to avoid unending change propagation, whishbkean discussed in section 1.2.2 to
be potentially detrimental for the redesign succegsvever, if the component has been
determined as a change initiating component, itikkhnot be designated as a “constant”

or otherwise the redesign goals might not be ableetsuccessfully achieved.

In the proposed SPEC method, definition of the gleasolution space is supported by the
measures of change likelihood and change prefefflen@ach component. Its application
has been demonstrated in the second sample calse which shows its offered benefits
and efficiency in assisting designers to determaipeoper solution space for their aircraft
redesign planning. Subsequently, the redesign pigrefforts can benefit from a better-
defined solution space. This enables designerffitheatly explore the available change

solution space while keeping their redesign effattsiinimum level.
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5.4.4 Redesign Risks Analysis

The most critical phase in engineering change poechange impact evaluation [176].
This can be implied from the emphasis of availatdadards in manufacturing industries
[273]. Before a product change is decided as aabémtits system-wide effects including

the total required efforts for its planning, schigtyand resourcing have to be estimated
[152]. A strategic planning decision requires aerall problem outlook since the change
effects for the product sub-areas might be condetcteeach other [334], which depends
on applied methods and tools to provide the requiteormation for assessment purposes
[211]. The main objective of change impact analysito estimate the extent of effects

from the proposed product changes, which can metfeciding the most proper redesign

plan [170].

Engineering changes can simultaneously affect thdyzt and its development process.
It is essential to have proper means to estimasethwo types of change effects. In many
available change support methods and tools, chiamgacts are often measured only in
terms of process risks. By definition from the rreknagement field, change risks can be
estimated as a product of change likelihood antestfampacts that it will produce [80,
176]. Few methods include the examination of ergying change effects on the product,
especially for complex, multi-level product desgjructure [160]. It is known that design
modification will affect product performance and #xclusion from the change impact
analysis should be taken a serious oversight. Aamplete redesign risk assessment can
mislead the selection of change plan since it ssiixbe that the plan with the lowest risk

level might produce a derivative product that doefssatisfy the driving requirements.

In addition, redesign risk evaluation in availablenge methods and tools often depends
on historical product change data. This situatepriobably due to the fact that most of

them are developed as a data storage system aadiméed operational capability. The
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use of historical data can mislead the conclusiaaerbased on results from the change
analysis process since the current change situatidrcharacteristics of the redesign task

at hand might significantly differ from those exelin the past.

In summation, there is a need for a change risk/sisascheme that is unbiased and truly
representative of redesign task at hand. The asady®uld also consider change effects
on the derivative product performance. To addreisssituation, change analysis process
in the proposed SPEC methodology refers to the &Rhg scale. This enables a better
assessment of change impacts that is not tiedstorfdgal change data, which might be
outdated or wrongly represent the criteria of pnésedesign task. The combination of
process and performance risks is applied to s#iedbest change implementation, which
improves the lack of product consideration in aafalé change methods. As demonstrated
in sample case study, this allows designers to has@mplete picture with regards to the
development risks that are anticipated for the ghgran and its effects on the derivative

product performance capabilities.

5.5 Chapter Summary

In this chapter, full application range of form@dtsteps for the proposed SPEC method
has been aptly demonstrated. Based on the resoiistivo sample implementation case
studies, research hypotheses for this thesis dtatlg been properly demonstrated and
validated. This strengthens the case made for ¢lreldpment of this proposed redesign
method and supports its applicability within thegent aircraft manufacturing industry.
Moreover, the new contributions from this propoSREC method have been discussed
and outlined, which highlight the suggested valokthis research work to engineering

community in general.
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CHAPTER 6

DISCUSSIONS AND CONCLUSION

“Changes are a vital part for the engineering ofcassful
systems, and it is necessary to understand chaarge$o have a
good grip on them, as the entire product develofmpetess

can be described as a continuous change manageruéss’

- Fricke, Gebhard, Negele and Igenbergs (2000)

As outlined in the first chapter of this thesis flocal point of this research is to develop
a methodology that supports the decision-makinggs® in aircraft redesign through an
efficient engineering change implementation plagnWith the increased prominence of
aircraft derivative strategy and the progressivaynplex aircraft design, redesign tasks
become very difficult to be efficiently executed tgsigners without a proper decision-
making aid. The proposed method addresses thisiggaveed that is also recognized by
many product companies and academic institutiorigeteery important in surviving the
competitive customer-driven market environment yodemong the reference literatures
that also highlight this issue include Eckert, Palind Jarratt [117], Rouibah and Caskey
[270] and Eckert, Clarkson and Zanker [115].

To support this primary research goal, four magsrearch objectives have been outlined
in Chapter 1. They are derived based on observafiorustrial practices within general
product manufacturing regarding redesign procebss@& objectives are recalled here as

follow.

Research Objective 1Reduce risks of product redesign process by

incorporating changeability assessment on basdésgn in early stages
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Research Objective 2improve identification of potential change effebis

incorporating analysis of direct and indirect chapgopagation

Research Objective 3improve product change implementation planning by
aiding designers in defining appropriate changetsmi space and supporting

their change decision-making process

Research Objective 4Reduce costs and time delays of product redesign

process by generating competitive change implertientproposals

Based on these research objectives, the scopésahtsis work is further refined by the
observation in present aircraft industry and by dleeeral review on methods and tools
available for the redesign process. This is dissdiseroughout Chapter 1 and Chapter 2,
which identifies four main areas of study in thedurct design field as the current gaps in
aircraft redesign process and 12 research questoaddress them. The proposed SPEC
methodology is developed based on the needs ttveedeese redesign gaps. In view of
this, literature review of existing methods andls$othhat could potentially be integrated
into the proposed method are presented in Chaptaszd on the knowledge of current
state-of-the-art methods and tools, six researglottneses are derived to help answer the
governing research questions in Chapter 4. Theamehtation of the hypotheses and the

demonstration of their effectiveness are preseint&hapter 5.

To conclude this thesis study, this chapter isndésl to highlight the research work done
with regards to the outlined research questionshympibtheses, and to recapitulate their
contributions. In addition, several recommendatianth regards to future research work

based on this study are also discussed.

314



6.1 Revisiting Research Questions and Hypotheses

Based on the outlined research motivation and dbatified research needs in the early
chapters of this thesis, research objectives that o be resolved by this thesis work are
established. To accomplish them, several researestigns are defined and addressed by
the literature study. Based on the knowledge gafrmd this review, the solution paths
for the research questions are supported withdhadlated research hypotheses, which
are incorporated into the procedures of proposdeCSiethod. This section is intended

to reflect on the research questions and how theyraated by the hypotheses.

6.1.1 Baseline Assessment

Product redesign process is started with a welhddfbaseline [256]. Since the available
degree of freedom in planning for the required geaimplementation is highly dictated
and constrained by the choice of baseline, thesigdgrocess has to be managed around
its existing design flexibility. Alternatively sagithe baseline design governs the available
change solution space to satisfy the driving resmuents and hence a proper care should
be taken while selecting the baseline for redeajgproach. To assess whether a baseline
candidate is suitable for proposed redesign chanige<riteria of a good baseline design

has to be determined. This need is addressed biyshevo research questions.

Research Question 1 (RQ1): What are characteristics of a good

baseline for aircraft redesign approach?

Research Question 2 (RQ2): How will these characteristics affect

the change process?
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In section 3.1, some standard definitions for poaapability to evolve from its current
form have been discussed. It can be implied frdereace literatures that the complexity
of the redesign procedure can vary from one protiueinother depending on its design
architecture and driving change requirements. Basetthis knowledge, it can be inferred
that the state of existing aircraft system architecdesign has a notable influence on the
risk and complexity levels of its required redesmocess. This assertion is formalized

by the first hypothesis.

Hypothesis 1 (H1): Aircraft design architecture dictates the

complexity of its redesign process.

This hypothesis emphasizes the significance ofgdearchitecture considerations while
selecting the suitable baseline for derivativeraitcapproach. So far, most baselines are
chosen based on their proximity to the target megoents but their architectural design

characteristics also have significant effects andiaccess of their redesign development.

In Chapter 5, the proposed baseline assessmergdunecis applied on three candidates:
Airbus A320, Lockheed L-1011 and Boeing B727 basedhe formulated design change
requirements. From this experiment, it has beemasltbat the baseline aircraft selection
that is based solely on the immediacy of its curcapabilities to the requirements does
not always result in the best redesign risk coadgi This condition is due to the fact that
the amount of required redesign efforts and the and difficulty of the process cannot

be properly reflected by the high-level aircraftfpemance characteristics.
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6.1.2 Change Propagation

The planning for engineering changes can benefihfa good understanding on how its
implementation into the product architecture wifieat the other parts. Even for similar
aircraft design, there are several ways that tlaagé requirements can be realized. Some
trade-offs are involved in deciding whether the ng® effects should be transmitted to
the following component in the propagation treeot. This also implies that the change
impacts, hence the aircraft redesign risks, camaeaged by controlling the propagation
path. In order to accomplish this, the essentié¢ria of engineering change propagation
need to be well-recognized to enable a better gtiedi of its likelihood and an accurate
assessment of its impacts on the chosen basetirafaidesign. The following research

guestions are outlined to address this notion.

Research Question 3 (RQ3): How engineering change effects

propagate from one architecture locality to andher

Research Question 4 (RQ4): What are control parameters of

change propagation?

In section 3.2, relationships between product deslgments have been acknowledged as
the principal medium for propagation of change @¢109, 116]. Their identification is
imperative for a better process coordination dupngduct redesign development [257,
273]. In the reference literatures, change roletli@er components is observed to vary in
different change implementation situations, whiolhrespond to different change effects
propagation paths and different level of changeaaotg This leads to the belief that the
paths of change propagation tree can be contraleidmanaged by assigning the aircraft
components with their preferred change role. Tlugom is emphasized by the second

hypothesis.
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Hypothesis 2 (H2): Engineering change propagation in aircraft
redesign development process can be managed layinlicthe
change role of its components.

This hypothesis underlines the influences of conepbichange roles in affecting change
effects propagation throughout the aircraft desagrhitecture. By varying their change
role within the redesign plan, the change effeets loe effectively contained within the
preferred architecture locality. In general, thenponent change roles can be varied as a

“constant”, “absorber”, “multiplier” or “carriers’which have been described in [115].

Through the second implementation case study pregém Chapter 5, it has been shown
that different change propagation paths can berel@ithy varying the change role of main
components in the notional aircraft system modathHpropagation scenario corresponds
to a different set of affected aircraft componed level of redesign risks. This is due to
the fact that each component has different chaegawor and hence produces dissimilar
change impacts. By comparing different scenarios,preferred role for the component

can be selected in the eventual change proposal pla

On the other hand, the prediction of change prap@gaath is often made based on the
interrelationships between the components. Thigates that the aircraft change model
has to be equipped with proper change informatioorder to accurately predict potential
change propagation paths. Several issues regattngade-offs between level of details
and required modeling efforts have been promineaiised in reference literatures, apart
from accuracy of the modeling technique in captytime change propagation. This is the

main goal for the following fifth research question
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Research Question 5 (RQ5): How to properly model the aircraft

system to track potential change propagation?

Based on literature review in section 3.2, engimgechange effects are transmitted from
one component to another according to their typmtefrelationship and level of design
change tolerance. Engineering change effects aapagate from one component to the
other within the product architecture if and onfiythere is an interconnection between
them [174]. Moreover, if the propagated changectsféall within the component design
tolerance, it can absorb them without requiring emodification. These conditions need
to be captured by the aircraft change model thrqugiper definition of its parameters.
Although many change modeling techniques recogtiieneed, they do not formally
employ a standard taxonomy. This leads to unnegegsarmation being included into
the model and valuable modeling and computatioffatte become wasted. A standard
modeling guideline is required to control the chamngodel complexity without reducing
its competency to predict potential change propagataths. This notion is reflected in

the following third hypothesis.

Hypothesis 3 (H3): Potential change propagation tree within an
aircraft design can be predicted by using the taronof system
element interactions and the level of its composesttange tolerance.

In section 3.5.2, the taxonomy of system elemetaractions proposed by Pimmler and
Eppinger has been considered as the best modealidglime to capture the prediction of
change propagation based on type of componentaorieections. Its application with the

information of change tolerance level is found &the best foundation in balancing the
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details and modeling efforts for the aircraft chamgodel without depreciating its ability

to accurately predict potential change propaggteths.

Based on the notional aircraft redesign case stu@hapter 5, it has been shown that the
predicted change propagation paths using the tamgraf system element interactions
and the level of component’s change tolerance oasl as those made by several other

available change modeling, if not better, but veitimsiderably less modeling efforts.

6.1.3 Change Impact Analysis

From the emphasis of many available standardsadymt manufacturing industries, it
can be inferred that the most critical part of deprocess is its impact evaluation [176].
One of the main difficulties in redesigning a prodis to capture its undesirable side
effects [247], which often do not only affect tlaegeted properties but also other product
characteristics [314]. To decide whether a proposkeange implementation plan is
acceptable, its system-wide effects including #wuired efforts for planning, scheduling
and resourcing the redesign development have tesbmated [152]. It is important to
have the overall problem outlook while making stgit redesign planning decisions as
the change effects for product sub-areas mightdmnexcted to each other [334]. The

following research questions are outlined to adsltbis issue.

Research Question 6 (RQ6): What are characteristics of aircraft
and its development process that can be affecteshbyeering

changes?

Research Question 7 (RQ7): How to sufficiently measure change

impacts on these characteristics?
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Research Question 8 (RQ8): How to manage overall aircraft

redesign risks?

It has been established in reference literaturas ehgineering changes affect not only
the aircraft architecture but also its developmmicess characteristics. It is imperative
for designers to be able to distinguish all redesigde-offs during their decision-making
process, especially those with regards to negatinange effects. In section 2.1.1, the
utmost value for aircraft manufacturers in consitteredesign approach is the capability
to produce derivative aircraft design that satsstiee new requirements with a cheaper
and shorter development process than it will thleent to produce a new original aircraft.
Although this can also lead to sub-optimal deriatiesigns, most redesign decisions are
often tailored to the estimated risks based onsigdedevelopment costs and amount of
reworks [116]. In view of this, redesign risks da related to the affected components
and the cumulative handling time, cost and efftrtg is required for their modification
[167]. This is related back to the management ahgle propagation paths, which can be
controlled in order to manage the overall aircraftesign risk. The following hypothesis

avows this perception.

Hypothesis 4 (H4): Associated risks of aircraft redesign
development process can be controlled by manadiagge

propagation paths.

As discussed before, different change propagatathspcan have different set of affected
components and because they usually have differertge behaviors, change effects on
different components can vary from each other. Tdasls to a different level of overall
aircraft redesign risk. As stressed by this hypsigieghe redesign risk can be managed by

selecting change propagation paths with the lowestall risk.
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From the notional aircraft redesign experiment rafter 5, the variation of change risks
between potential change plans has been demonistidte change implementation plans
are effectively derived by varying the possible rada propagation paths and this shows

the possibility to control redesign risks by cotliingg change propagation.

Based on the literature review, there is a big omseption that redesign plan with the
smallest number of affected components always spomds to the lowest development
risks [344]. For instance, the computer-based ohdagl by Lin et al. aims to modify a
product to meet its new requirements with the mimimnumber of changes [202]. This
perception is rather misleading because the ovpraluct change risks is dependent on
the type of required modification and affected comgnts. The following hypothesis is

outlined to denounce this notion.

Hypothesis 5 (H5): Aircraft redesign plan with minimum number of
modified components does not automatically meanmim

development risks.

As can be observed from the results of the notiairataft redesign case in Chapter 5, it
is clear that the change implementation plan wigmall number of affected components
does not necessarily correspond to a lower overd#sign risks compared to the change

plan with a higher number of modified components.

6.1.4 Change Implementation Planning

At first glance, product redesign process mightrséeceptively like a simple task but it
often ends up being more complicated once exec&ad.tie-in for previous hypotheses

and research questions, the knowledge gained s@affabe used to select the best aircraft
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redesign plan among the possible ones. Based ogl@heents of change implementation
process, a good redesign strategy is required itteghe product modification planning.

This is the main intention for the following reseglaquestions.

Research Question 9 (RQ9): What are important criteria for a good

change implementation plan?

Research Question 10 (RQ10): What are control parameters that

are available in change planning?

Research Question 11 (RQ11): How to generate implementation

plan for required changes?

Research Question 12 (RQ12): How to select the best change

implementation plan among possible alternatives?

Redesign risks can be broken into performance amckps risks. Performance risk refers
to the possibility that the aircraft modificationlifail to satisfy performance constraints

while process risk covers the likelihood of failuceexecute aircraft redesign procedure
within the allocated development constraints. Thedes can be used as an indicator for
the goodness of a redesign plan. In addition, npaiagluct redesign cases involve several
initiating changes and their effects can be intenexted [67, 174, 218]. Many available

methods or tools cope with this situation by plawgnior the changes separately in order
to minimize computational efforts. However, it iskaowledged that their effects can be

interrelated [120, 272, 332]. Overlooked interatsidbetween the proposed change plans
for different change requirements can cause ura@sirchange effects that increase the

redesign risks when they are implemented into itoeadt. This leads to the notion that a
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lower redesign risk is possible if all initiatinganges are concurrently planned, which is

affirmed by the following hypothesis.

Hypothesis 6 (H6): Change implementation risks can be
minimized by simultaneous planning of all initiggichanges in

the aircraft redesign process.

In Chapter 5, the projected redesign risks for geaplans that are derived concurrently
and separately for all initiating changes have kdisoussed through the notional aircraft
redesign experiment. As emphasized by this hyp@helsange plans that are constructed
by considering the change requirements simultarigoersd to have a lower likelihood of

requiring iterations and redesign risks.

6.2 Summary of Research Contributions

The main contribution from this thesis researchlwerthe development of the proposed
SPEC methodology, which is expected to improveeffieiency and quality of derivative
aircraft planning process. By being an effectiveisien-making support for designers, it
helps to guide them in planning for the best pdesiedesign scenario in accordance to
their company’s capability. It starts with the asswent of baseline candidates on which
the redesign changes will be applied and ends thélselection of the perceptively best

plan on how the modification could be realized itite chosen baseline design.

Another main contribution from this thesis is tleniulation of the baseline assessment
procedure. To fill the identified gaps in baselgsdection practices, the proposed process
provides a more thorough outlook on suitabilitytted baseline candidate to undergo the

proposed redesign changes. In addition to the foouthe closeness of performances to

324



the target requirements, it allows designers toa gasights about the risks and difficulty
level associated with the redesign process if draiclate design is indeed chosen to be
the baseline. This is made possible by having isessment efforts to focus also on the
existing system architecture characteristics, wiiabe a big influence on the flexibility
to accommodate the suggested changes. With thertamgoe of a suitable baseline, this

process helps to reduce the overall complexityarstis of the redesign process.

Furthermore, the definition of change solution gpiscthe third main contribution of this
research. By exploiting the general trend of reglepiractices in the product industry, the
proposed procedure enables designers to efficientigtruct the available solution space
for their redesign planning process. This allows fill exploration of possible change
plan alternatives without wasting costly computagioefforts on analyzing plans that
will be discarded due to known preferences of thsighers’ or company’s policy. In
other words, by having the change solution spafieettand mapped out, designers can
focus their redesign efforts more efficiently oamhing the alternative change plans that

have a higher possibility to be selected.

Last but not least, the fourth contribution fronmsthesearch is the redesign risk analysis
procedure. While the traditional change analysisrofelies heavily on historical data to
measure the level of propagated change impact#shkkelihood, it is suggested that the
analysis is based more on the current change soeatanand. Instead of relying on the
past data that can mislead the entire analysislesing, the assessment is based on SRL
rating scale for the suggested design changes.iJaken to be more representative of
the risks involved in the present redesign taskthieumore, the impact analysis focuses
on both the process and product, in which therlaispect is notably missing from many
available change methods and tools. The propossck@ure resolves this situation and

allows designers to have a complete picture ofribles involved for each generated
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alternative change plan. This aids them in makithgtéer change plan selection and also

increases their understanding of the overall rgghegrocess situation.

6.3 Avenues of Future Works

From one perspective, the work that has been domleis thesis research can be treated
as the beginning of a much larger effort to impraueraft redesign process, or product
redesign process in general. Within this sectiemesal ideas on how the results from this

study can be further used in future works are share

6.3.1 Extension of Example Problems

The sample problems presented in this dissertatierintentionally made simple, as the
main goal here is to demonstrate the capabilitiedhe proposed SPEC methodology. In
view of that, the application of this method onaamtual aircraft redesign problem is seen
as the natural way forward. To accomplish that,régpiired inputs into the method have
to be established first and among others, thesedaaccurate subsystems model for the
baseline candidates and underlying relationships&den aircraft component parameters

and its system-level metrics.

6.3.2 Exploring New Application Territories

Since there are many interesting factors that etiagaas the driving sources for the need
of aircraft redesign approach, it is foreseen the proposed SPEC method can also be
applied with several different objectives insteddh sedesign planning support tool. For
instance, newly available or emerging subsystermnigogies are among the drivers for

derivative aircraft development but implementingrthfor certain aircraft components or
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subsystems is not always a “plug-and-play” mati#ost of the times, implementation of
the new technologies require other system modifinatthat can also point to other new
technologies. In view of this, the proposed metbad be used as a technology planning
support, in which the decision to pursue a newneldgy can be thoroughly assessed in
regards to its impacts on the current aircraftesystlesign due to integration issues and
identification of other related technologies thae davorable to be simultaneously
pursued for the future development process. Acagiyj the technology implementation
into the aircraft system can be made in the mdst#¥e manner without having to wait

for another cycle of technology development fordtieer required technologies.

Furthermore, because of its generic nature, thpgsed SPEC methodology can also be
applied to other product types apart from aircegfitem. A slight modification to some

of its procedures might be necessary to better mtte characteristics of the various
product redesign processes but it is not expededeta huge variation from the one

formulated in this study.

6.3.3 Application with Modeling and Simulation Environment

The description of the proposed method indicates its application can highly benefit
from the use with a modeling and simulation envinent. Instead of having a static
evaluation of aircraft performance metrics basedi®imed RSEs whenever a subsystem
parameter is modified as a result of the proposeeésign changes (as demonstrated in
the second implementation case study), a moreaictige decision-making environment
can be made available if the programmed SPEC stuppalris executed in a real-time
connection to the aircraft performance analysis. tbois situation is expected to allow a
better understanding of the change situation andgps improve the screening procedure

of the potential change alternative plans for aevedficient change planning process.
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6.4 Personal Note

It should be noted that more than half of the ¢$fanvolved in realizing this thesis study

have been focused on the development of the ExasebSPEC support tool. Despite the
fact that this support tool is not the main obpeetof this research, it is nevertheless the
most essential element that enables the succedsfubnstration of this proposed SPEC
methodology. The reason for this situation is thyh level of aircraft design complexity.

Although the components for each of its subsystesdets have been limited to only 30,

the resultant subsystems interrelationship DSMilisvery large to be assessed manually.
In this case, considering each subsystem has 3@auwents, the size of overall aircraft

DSM model is 1020 x 1020. With such big matrix, thedel construction and the change
effects propagation tracking are not an easy tasketmanually executed. On one hand,
this experience further solidifies the belief oé #xisting urgent need for a better product
redesign method and tool to aid designers in prapfor changes. On the other hand, the
development of SPEC support tool has been limitethb time constraints and the focus
on aircraft redesign problem. This means a lot nmoggovements can be made to better

its future execution and application.

Another part of this research that is worth mentignis the interesting side fields of
study that keep presenting themselves throughdaittibsis research. Some of them have
been incorporated into this study to some extehtdboe to the high interest of having a
manageable research size and scope, several efdhess of study have to be left behind
for future exploration. For instance, a more elégaathodology to identify and resolve
the potential change propagation conflict betwedierént initiating change paths is an
exemplary aspect of product redesign study thabtsincluded. Another example is the
redesign trade-offs during product requirementdyamsato assist designers in selecting

the best possible system modification to satisg ribquirements. The identification of
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many interesting areas in the product redesignystigt have yet to be fully explored
supports the notion put forth by Jarratt [174] &ddght [344] that this product redesign

field has more to be developed unlike the origpralduct development.
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APPENDIX A

FLIGHT ROLL CONTROL MODELS FOR CASE STUDY 1

A.1 Primary Roll Control Mechanism on Airbus A320

Primary flight roll control on Airbus A320 is achkied through the deflection of available
aileron surface on each wing. These control susfare actuated by electro-hydraulic
servojacks and their position is determined throtighprocessed signals from sidestick

controllers by elevator and aileron computers. @Vethe schematic of this roll control

mechanism is depicted in Figure A.1.
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SEC Spoiler and elevator Y Yeliow system
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Figure A.1: A320 Roll Control System [338]

The corresponding DSM system change model forgtmsary roll control mechanism of
Airbus A320 aircraft is constructed through physi@composition process of the above
system. This is presented in Figure A.2, whichutpat from Excel-based SPEC support
tool. It should be noted that the modeling progssmly focused on primary roll control,

which involves position control of aileron surfaces
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Figure A.2: DSM Change Model for Primary Roll Caritof A320 Aircraft

A.2 Primary Roll Control Mechanism on Lockheed L-10.1

In Lockheed L-1011 aircraft design, primary flighbtl control is achieved by four aileron

surfaces and their control mechanism is illustrateigure A.3.
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Figure A.3: Lockheed L-1011 Aileron Control Systérmhematlc [338]
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In short, control inputs are supplied by the captai first officer from either one of the

control wheels. These inputs are passed througimdioation of cables and pushrods to
master aileron servo, which is located at left smrooaileron. Through mechanical links,
other aileron servos receive their respective rsitg inputs from the action of master

Servo.

The corresponding DSM system change model for pgim@l control mechanism of the

Lockheed L-1011 aircraft is constructed throughgitgl decomposition process of the
above system. This is presented in Figure A.4, wiscoutput from Excel-based SPEC
support tool. It should be noted that the modefinaress is only focused on primary roll

control, which involves position control of theaaibn surfaces.
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ATAS3 | ATAS4 | ATASS | ATAS6 | ATAS7 | ATA7L | ATA72 | ATA73 | ATA74 | ATA7S | ATA76 | ATA77 | ATATS | ATA7S | ATABD | Interrelationship Matrix |
ATAZ1 | ATA22 | ATA23 | ATA24 | ATA2S | ATAZ6 [ATAZ7 | ATA2S | ATA2S | ATAZD | ATA31 | ATA32 | ATA33 | ATA34 | ATAZS | ATA35 | ATASS | ATA43 | ATAS2 |

Intrarelationship Matrix

L ATA 27: Flight Controls

134 56 7 B9 10:11 13

Source

Captain's Control Wheel
First Officer’s Control Wheel
Master Alleron Servo

Master Aileron Hydraulic Actuators

Receive

[ NI R S S

Left Qutboard Aileron Servo
Left Outboard Aileron Hydraulic Actuators
Lost Motion Device
LEGEND:
Interconnect Override Bungee
Right Inboard Ailleron Serve 9 l:l Spatial
Right Inboard Aileron Hydraulic Actuators 10 5
Right Qutboard Alleron Serve 11 . L
Right Qutboard Aileron Hydraulic Actuators 12
I:I Energy
. Material
Revise
Intrarelationship
Matrix
DONE

Figure A.4: DSM Change Model for Primary Roll Canitof L-1011 Aircraft

332



A.3 Primary Roll Control Mechanism on Boeing B727

Primary roll control of Boeing B727 aircraft is aeted by the positioning of four aileron
surfaces, two for each wing. Control inputs aréated through either one of the control
wheels, which are then mechanically passed toaailpower control unit. In summation,

this roll control scheme is depicted in Figure A.5.
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Figure A.5: Roll Control Aileron System on Boeing 2 [338]

The corresponding DSM system change model for pgim@l control mechanism of the
Boeing B727 aircraft is constructed through phyisitcomposition of the above system.
This is depicted in Figure A.6, which is outputrfraghe Excel-based SPEC support tool.
Once again, note that the modeling process isfoelysed on primary roll control, which

involves the position control of aileron surfaces.
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Figure A.6: DSM Change Model for Primary Roll Canitof B727 Aircraft
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APPENDIX B

AIRCRAFT SUBSYSTEMS MODEL FOR CASE STUDY 2
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Figure B.1: DSM Model for ATA21 Subsystem of thetidoal Aircraft System
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Figure B.2: DSM Model for ATA22 Subsystem of thetidoal Aircraft System
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Figure B.5: DSM Model for ATA25 Subsystem of thetidoal Aircraft System
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Figure B.8: DSM Model for ATA26 Subsystem of thetidoal Aircraft System

338



Model Summary [

atas? | atazr | atazz | atAa73 | ata7a | atars | ataze | atazz | atas@ | ATA79 | ATABD |  InterrelatonshipMatix |
ATAZ1 | ATAZ2 | ATAZ3 | ATA24 | ATAZS | ATAZ6 | ATA27 | ATAzs [ATAZS ] aTazo | ATA31 | ATA32 | ATA33 | ATA34 | ATA3s | ATA3s | ATA38 | ATA%9 | ATAs2 | ATASS | ATAS4 | ATAss | ATass |

%

— Intrarelationship Matrix
Bl i o0 rrmics

System A Hydraulic Reservoir 1
Standby Reservoir 2

System B Hydraulic Reservoir 3
Fire Shut-Off valve 1 4

Fire ShutOff Valve 2 5
6

7

8

g

w

HENENENNNNNEEE B EEEE

Source

Receive

Engine-Driven Pump 1
Electric Motor-Driven Pump 1
Engine-Driven Pump 2
Electric Motor-Oriven Pump 2
Electric Motor-Driven Standby Pump 10
System A Hydraulic Distribution Lines 11
System B Hydraulic Distribution Lines 12
Standby Hydraulic Distribution Lines 13
Hydraulic Transfer Pump 14
System A Pressure Sensor 15
System A Pressure Regulator 16
System A Quantity Sensor 17

LEGEND:

D Spatial
. Information
Bl e
. Material

HENENNEEE EENNEEE B

[
E
|
&

:
:

| INNEREREREREREREREEE

[l _NENNENENE BENEEEE

i

14
n

(LTI T TTITTIIT T =

HEEEE NN NENRRERRNEE

@

Revise
System B Pressure Sensor 18 Tntrarelationship
System B Pressure Regulator 19 Matrix
System B Quantity Sensor 20

DONE

Figure B.9: DSM Model for ATA29 Subsystem of thetldoal Aircraft System
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Figure B.10: DSM Model for ATA30 Subsystem of thetNnal Aircraft System
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Figure B.11: DSM Model for ATA31 Subsystem of thetNnal Aircraft System
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Figure B.12: DSM Model for ATA32 Subsystem of thetNnal Aircraft System
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Figure B.14: DSM Model for ATA34 Subsystem of thetldnal Aircraft System
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Figure B.16: DSM Model for ATA36 Subsystem of thetldnal Aircraft System
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Figure B.18: DSM Model for ATA49 Subsystem of thetNnal Aircraft System
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Figure B.21: DSM Model for ATA54 Subsystem of thetNnal Aircraft System
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Figure B.29: DSM Model for ATA75 Subsystem of thetNnal Aircraft System

.
Model Summary [==)

ATA21 | ATAZZ | ATAZ3 | ATA24 | ATAZS | ATA26 | ATA27 | ATA28 | ATA29 | ATA30 | ATA31 | ATas2 | ATA33 | ATA34 | ATA3S | ATA3s | ATA38 | ATAd9 | ATASZ | ATASS | ATAS4 | ATASS | ATASS |

atas7 | atazr | atazz | avazs | atap | atarzs [ ATAZS | atazz | atars | atan | atAs) | ImercltorshpMaiix |

- Intrarelationship Matrix

B ATA 76: Engine Controls

1 2 3 4 5 6 Source

Left Engine Synchronizing Unit 1

Right Engine Synchronizing Unit 2 ¥

Left Engine Power Lever 3 a

Right Engine Power Lever 4 2

Left Engine Emergency Shutdown Breaker 5 o
Right Engine Emergency Shutdown Breaker &

LEGEND:

D Spatial
. Information
-
. Material

Revise
Intrarelationship
Matrix

DONE

Figure B.30: DSM Model for ATA76 Subsystem of thetNnal Aircraft System
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Figure B.32: DSM Model for ATA78 Subsystem of thetNnal Aircraft System
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Figure B.34: DSM Model for ATA80 Subsystem of thetNnal Aircraft System
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APPENDIX C
APPROXIMATED SUBSYSTEM-SYSTEM INTERRELATIONSHIP

MODEL FOR CASE STUDY 2

The aircraft subsystem-system interrelationshipsagproximated through application of
Flight Optimization System (FLOPS), which is a paldlomain synthesis and sizing tool
for aircraft system design. For additional inforroat this FLOPS tool is developed by
NASA Langley Research Center and is taken as by f@bust modeling and simulation
code for subsonic commercial transport aircrafetyfil91]. However, it is good to note
that FLOPS is not developed for engineering chag@ysis and its design parameters

are mostly not allocated at the subsystem comperewntl.

For the sample demonstration case study, the stetaircraft system level performance
metric to be considered is takeoff gross weighthefnotional aircraft system, which is a
formulated driving redesign requirement. The inputraft system model into FLOPS is
tailored to design characteristics of Boeing B780-&ircraft that has been validated by
the EDS design team in ASDL. This is taken to begpropriate model to estimate real
performance of the notional aircraft system desigice its subsystem models have been

mostly constructed based on Boeing B737 desigrantsi

As can be implied, there are too many subsystemnpeters that can be used to construct
this relationship. Nevertheless, most design pararsén FLOPS that can be specifically

used for a particular aircraft subsystem have ltkemmnes regarding their weights. These
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available weight correction factors can be useddace the change effects on the overall
aircraft system weight. To further simplify the stmuction of system-subsystem weight
relationship, the weight parameters have been isedegown to the ones that are taken to
be most likely affected by the initiating desigranlges. The list of considered subsystem

parameters is tabulated in Table C.1.

Table C.1: Considered Subsystem Weight ParametéisOPS

Design Parameters Description [230]

Total weight of nacelles and/or air

FRNA : .
induction system
Weight of miscellaneous propulsion
WPMSC systems such as engine controls,
starter and wiring
FRSC Surface controls weight
WFURN Furnishings group weight
WHYD Hydraulics group weight
WAVONC Avionics group weight
WELEC Electrical group weight
WESYS Weight of fuel system
WAPU Auxiliary power unit weight
WIN Instrument group weight
WAC Air conditioning group weight
WOIL Engine oil weight

Effects of these 12 design parameters on ovenaltedi system gross weight are studied
through set-up experimental cases based on desaxperiments (DoE) principle. Using
MINITAB, fractional factorial experimental desigri 828 runs (2*) is constructed and
each parameter is taken as 2-level with values ™ and 1.25 for the lower and upper
level, respectively. Because these parameterssaatveeighting factor to the internally
computed subsystem weights in FLOPS, it is knovat they have a linear relationship

with the overall aircraft system. The flight ranige the experiments is set to 2950 nmi,
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which is taken as the desired range capability whiitmake the notional aircraft system
derivative more competitive in comparison to itsreatly “estimated” 2700 nmi in Table
86. Based on the experimental results, the follgvaimple stepwise regression process is

done in MINITAB.

Stepwise Regression: GW versus FRNA, WPMSC, ...

Al pha-to-Enter: 0.15 Al pha-to-Renove: 0.15

Response is GWon 12 predictors, with N = 128

St ep 1 2 3 4 5 6
Const ant 166263 163072 160364 157685 155314 152961
WFURN 25317 25317 25317 25317 25317 25317
T- Val ue 42.54 48. 22 54. 14 62. 88 73.89 93. 96
P- Val ue 0. 000 0. 000 0. 000 0. 000 0. 000 0. 000
VELEC 3190 3190 3190 3190 3190
T- Val ue 6. 08 6. 82 7.92 9.31 11. 84
P- Val ue 0. 000 0. 000 0. 000 0. 000 0. 000
FRSC 2708 2708 2708 2708
T- Val ue 5.79 6.73 7.90 10. 05
P- Val ue 0. 000 0. 000 0. 000 0. 000
WAC 2679 2679 2679
T- Val ue 6. 65 7.82 9.94
P- Val ue 0. 000 0. 000 0. 000
FRNA 2371 2371
T- Val ue 6. 92 8. 80
P- Val ue 0. 000 0. 000
WAVONC 2353
T- Val ue 8.73
P- Val ue 0. 000
S 1683 1485 1323 1139 969 762
R- Sq 93. 49 94. 97 96. 04 97. 09 97.91 98.72
R- Sg(adj) 93. 44 94. 89 95. 95 97. 00 97. 83 98. 66
Mal lows C-p 1477998.5 1140906.8 898027.9 660285. 4 474183.3 290810.1
PRESS 368471906 289009159 231174294 172756394 126115329 78640087
R- Sq( pred) 93. 28 94.73 95.79 96. 85 97.70 98. 57

354



Step
Const ant

WFURN
T- Val ue
P- Val ue

VELEC
T- Val ue
P- Val ue

FRSC
T- Val ue
P- Val ue

WAC
T- Val ue
P- Val ue

FRNA
T- Val ue
P- Val ue

WAVONC
T- Val ue
P- Val ue

VHYD
T- Val ue
P- Val ue

WAPU
T- Val ue
P- Val ue

WFSYS
T- Val ue
P- Val ue

WPNMSC
T- Val ue
P- Val ue

W N
T- Val ue
P- Val ue

WO L
T- Val ue
P- Val ue

S

R- Sq
R-Sq(adj )
Mal | ows C-p
PRESS

R- Sq( pred)

7
151185

25317.0
116. 88
0. 000

3190. 3
14. 73
0. 000

2708. 1
12. 50
0. 000

2679.3
12.37
0. 000

2370.5
10. 94
0. 000

2353.1
10. 86
0. 000

1775.9
8. 20
0. 000

613

99. 18
99. 13
186359. 4
51248934
99. 07

8
149489

25317.0
166. 49
0. 000

3190. 3
20. 98
0. 000

2708. 1
17.81
0. 000

2679. 3
17.62
0. 000

2370.5
15.59
0. 000

2353.1
15. 47
0. 000

1775.9
11. 68
0. 000

1696. 7
11.16
0. 000

430

99. 60
99. 57
91017.5
25467751
99. 54

9
148301

25317.0
237. 39
0. 000

3190. 3
29.92
0. 000

2708.1
25. 39
0. 000

2679.3
25.12
0. 000

2370.5
22.23
0. 000

2353.1
22.06
0. 000

1775.9
16. 65
0. 000

1696. 7
15.91
0. 000

1187.2
11.183
0. 000

302

99. 80
99. 79
44340.1
12633526
99. 77
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10
147484

25317.0
333.73
0. 000

3190. 3
42.05
0. 000

2708.1
35.70
0. 000

2679. 3
35. 32
0. 000

2370.5
31. 25
0. 000

2353.1
31.02
0. 000

1775.9
23.41
0. 000

1696. 7
22. 37
0. 000

1187.2
15. 65
0. 000

817.8
10. 78
0. 000

215

99. 90
99. 89
22193.9
6447126
99. 88

11
146691

25317.0
1286. 22
0. 000

3190. 3
162. 08
0. 000

2708. 1
137.58
0. 000

2679. 3
136. 12
0. 000

2370.5
120. 43
0. 000

2353.1
119.55
0. 000

1775.9
90. 22
0. 000

1696. 7
86. 20
0. 000

1187.2
60. 32
0. 000

817.8
41.55
0. 000

792.7
40. 27
0. 000

55.7
99. 99
99. 99

1384. 4
437769
99. 99

12
146487

25317.0
4607. 34
0. 000

3190. 3
580. 60
0. 000

2708.1
492. 83
0. 000

2679. 3
487. 59
0. 000

2370.5
431. 40
0. 000

2353.1
428. 22
0. 000

1775.9
323.19
0. 000

1696. 7
308. 78
0. 000

1187.2
216. 05
0. 000

817.8
148. 82
0. 000

792.7
144. 26
0. 000

203.6
37.06
0. 000

15.5
100. 00
100. 00

13.0

34414. 2
100. 00



Based on this, the subsystem-system weight rekttipris given as follows:

GrossWeight(lb) = 146487+ 2531 WFURN+ 3190.3WELE + 2708.1FRSC
+2679.3WAGH2370.5FRNA- 2353. IWAVOIC +1775.9WHY B+ 1696. 7WAPU
+1187.2WFS8+817.8WPMSG-792.7WIN+ 203.6 WOIL

To further check for the goodness of this derivadtronship, 50 random cases have been
generated and run in FLOPS. The resultant restigsgdgram of the actual vs. predicted

values obtained from the random cases is presamtedure C.1 below.

Histogram of Residual

Frequency

-20 -15 -10 -5 0 5
Residual

Figure C.1: Residual Histogram for the Random Cases

As can be observed from Figure C.1, the residusitbgram effectively follows a normal
distribution, justifying the goodness of the dedvwelationship. The residuals magnitude
is also rather insignificant against the high greesght value. On the whole, it is taken
that this estimated system-subsystem weight relship can adequately capture the real

relationship based on its measure of goodnessriszsabove.
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