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SUMMARY

Developments in electric technologies have thenii@eto increase the efficiency and
performance of commercial aircraft. However, withquoper architecture innovation,
technology developments at the subsystem levehatesufficient to ensure successful
integration. Adaptations to existing architectunesk well when trades are made strictly
between equivalent systems which fulfill and indtice same functional requirements.
However, this approach does not provide the archiveth adequate flexibility to

integrate technologies with differing functionaldaphysical interfaces. Architecture
redefinition is required for proper implementatiof non-traditional and innovative

architectural elements.

A function-based process for innovative architeetdesign was developed to provide
flexibility in the definition of candidate architecal concepts. Tools and methods were
developed which facilitate the definition and expltmn of a function-based architectural
design space. These include functional decompasifionctional induction, dynamic
morphology, adaptive functional mapping, reconfaile mission definition, and concept
level system installation. The Architecture Designvironment (ADEN) was built to
integrate these tools and to facilitate the debnibf physics-based models in evaluating
the performance of candidate architectures.

Using functions as the foundation of this processsas in mitigating assumptions which
traditionally govern architecture structures andersf a promising approach to
architecting through flexible conceptualization antegration. This toolset provides the
framework wherein knowledge from conceptual, preiamny, and detailed design efforts

can be linked in the definition of revolutionarychitectures.
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CHAPTER 1
INTRODUCTION

The current operating environment for commercidires imposes increasingly stringent
requirements on aircraft performance. The prospedincrease in the volume of air
travel and in public environmental awareness had te demands for quieter, cheaper,
and more environmentally friendly flight. These k®trdemands, in concert with ever
increasing fuel prices, higher demand for non-plsipa power, and more stringent
federal regulations, impose stark demand for lightaore efficient, and cleaner
technologies to be integrated in the aircraft. paftare simply expected to do more, and
to do it more efficiently. As a result, aircraft siigners are challenged to design
innovative airplanes by integrating new, revolutipntechnologies. The considerations

introduced in this paragraph will be discussedis section.

Demands on Aircraft Design
The steady increase in yearly revenue passenges,mas displayed in Figure 1, increases
the load on current airports and airspace and mheuat of emissions produced by air
traffic. This growth represents an increase of Igea®% in revenue passenger miles in
the last decade. As this growth continues, all®ssatf the aerospace industry must adjust

to meet new demands and challenges.
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Figure 1. US Commercial Air Traffic: Revenue Passeger Miles [1]



With this increase in the use of air travel, regulations are being develogetfrced to
maintain the environment. A growing number of airports have taken medsumit the
amount of noise as shown in Figure 2. These restrictions include mdiatement
procedures (NAPs), curfews, fines, specified limits, quotas, andr atstrictions
imposed by the International Civil Aviation Organization (ICAQ). [These restrictions
impact the design and use of airports and airspace, the alteohtprocedures, and any
changes to aircraft design. New technologies and airocpafigurations have emerged

with the intent of providing means to reduce aircraft noise.
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Figure 2: Growing Airport Commercial Noise Restrictions [3]

The air transportation industry makes up only about 2% of the totgbadlintion

produced. However, with an estimated 5% increase in air tiafftbe next 10 to 15
years, the impact of air transportation on the environment musndretored and
controlled [4]. The Advisory Council for Aerospace Research in EUu(@ARE),

which is a committee consisting of government and industry reqmias/es from across
Europe, has set some environmental goals to be accomplished by tspaaer
community by the year 2020. These include the reduction of carbon demidsion by

50% (equivalent to 50% reduction in fuel consumption) and the reductiortrotisi



oxide emissions by 80% [5]. These goals call for significamprovement in the
efficiency in performance and integration of new technologieshdnlast 30 years the

specific fuel consumption has only decreased by 35% [6].

Designers are not only concerned with their product’s interactidh thie external
environment, but also looking to improve the internal environment of theafair¢he
aircraft cabin must be designed to provide a safe and enjoyableéeexpgefor the
ultimate customers of the airframer (the passengers). Irr eod@rovide passenger
amenities, power is used for operations other than performing the fentirfunctions
of the aircraft. In order to increase the marketabilityha &ircraft within today’s air
transit system, in-flight entertainment systems, meal sssyitcreased cabin pressure
and humidity, and other features are requirements introduced in coralmarcraft
design. At the same time as the overall fuel consumption perssmtended to decrease,

as seen in Figure 3, each passenger increases the comfort requiremseds. pe
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Figure 3: Fuel Consumption per Seat in Long-Range ikcraft [6]

In a report to the Aviation Subcommittee of the Qaittee on Transportation and
Infrastructure of the House of RepresentativesnJg@imlich, the vice president of the
Air Transport Association of America stated thakt today’s consumption rate, every

penny increase in the price of a gallon of jet fdeles an additional $195 million in



annual industry operating expenses. In fact, fr@@02to 2005, the industry’s fuel tab
doubled, from $16.4 billion to an estimated $33idml, even though it consumed less
thanks to increased fuel efficiency [7].” This dratm increase in jet fuel prices in the last

decade can be seen in Figure 4.
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Figure 4: Domestic Airline Jet Fuel Price [1]

Definite trade-offs must be made. The solutionsatb these demands come with
underlying costs. Reducing the aircraft noise amissions is paid for by fuel efficiency.
Increased demand for non-propulsive power removesgy from the engine aircraft
power plants, thereby raising fuel consumption engosing new requirements into the
aircraft architecture. The implementation of a r@ehnology can impose unforeseen
side effects which negate all positive impact. @bglication of new technologies must

be considered at the aircraft level to determimeaverall benefit of the technology.

In order to meet this growing demand under increpsiiff performance requirements
designers must produce a competitive product wis@h compete in the market by

meeting and/or exceeding the regulations whild ptibviding an attractive passenger



environment. This is done by the exploration of atbed concepts and technologies

which have the promise of providing this advancapiability.

Electric Aircraft Technologies
Historically, non propulsive power was distributadd used by means of hydraulic,
mechanical, electrical and pneumatic power. Thesans reflected the technologies
available. Mechanical and hydraulic connectionsengenerally used for flight control
operations and pneumatic energy was bled from tiggne to provide air for other
aircraft functions. Thus the aircraft became a ldyBystem, employing many different

types of power. This hybrid power structure is enthed in aircraft design.

With the development of power electronics there basn a recent emphasis on the
implementation of electric technologies on new raifitcdesigns. Advances in electric

technologies indicate that increased performanegasdable with their implementation in

commercial aircraft [8]. Conventional technologas purported to be reaching the point
at which increased performance is not availableenslectric technologies are at the
point in which they promise substantial benefitspirformance [9]. This concept is

notionally described in Figure 5.
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Figure 5: Technology S-curves [10]

In this figure the two curves represent two comqgetechnologies: A and B. An increase
in performance in each technology (designated byythxis) comes with the expenditure
of some effort (designated by the x axis). Eaclhrietogy has a natural performance

limit and as the performance nears this limit tlxpemditure of effort to increase its



performance begins to yield less and less berléfit.new technology is applied which
has a higher natural performance limit, there ésgbtential to exceed the performance of
the initial technology with less effort. Althouglis example is simply notional, it
represents the school of thought which supportsetkoration of electrical aircraft

technologies.

Groups like the More Electric Aircraft (MEA) by th&ir Force Research Laboratory,
Power Optimized Aircraft (POA) and More Open Electifechnologies (MOET)
organized by the European Union, and the Energintiqed Aircraft Systems (EOASYyS)
program committee from the AIAA have begun to addrihe issues and benefits of the
implementation of more electric technologies incmift design. Some of their
conclusions from the POA research initiative ginsight as to what needs to be done to
truly utilize technologies which promise to increaeverall aircraft efficiency and

reliability.

In June of 2006 a forum (Technologies for Energyi®zed Equipment System, TEOS)
was sponsored by the European Union Power Optimidemtaft Consortium, in which
companies discussed technical developments ocguwith electric technologies [11].

Some of the conclusions from this meeting were [8]:

1. Electric technologies have potential for superierf@mance
2. When implemented within conventional architectusdsctric
technologies yield only a fraction of their potenbahefit

3. Many new technologies are at demonstration level
4. Many challenges and issues still need to be adehless

5. Functional thinking is needed for true integration

The scope of work outlined here is to address fAard & items of conclusion from the
first TEOS forum. These two points address the neetiave a means to integrate
technologies in aircraft architectures. New architexs are needed, and the integration of

new technologies in these architectures must fodofunctional rationale. A means to



create innovative architectures based on the #iréuactions would allow for the

development of better aircraft.

Research Questions
The issues addressed above raise the followingiguest

1. What assumptions are made early on during the wlgsigcess which define the
design of aircraft system and unduly constraindixsign?

2. What is an architecture?
How does architecture play into the effectivenddt® overall design?
How does a functional perspective increase theesysarchitect’'s ability to
produce innovative architectures?

5. How do functions need to be formulated in order adow flexibility in
architecture definition?

6. What would be the process of architecture definRidhat decisions need to be
made and what are the impacts of each decision?

7. What tools are necessary to make these decisions?

8. How can these tools be made to interact appropriatghout limiting design
freedom?

9. How can a process for architecture definition blerad to produce architectures

in an automated manner?

Thesis Scope

This thesis will review the current understandingl ause of systems engineering in
architecture design and definition. A functionakrgmective is proposed to provide the
framework which facilitates definition and redefion of product architecture. Principles

of functional architecture definition are exploreshd tools and methodologies are
identified and implemented wherewith an architexztdesigner can make the decisions
necessary to completely define the architecturés fesis will detail the embodiment of

these tools in a software interface which enharnleesdesigner’s ability to explore the

architecture design space.



It should be noted that, although these principlese developed in the context of
commercial aircraft design, these tools and metluges can be applied to the definition

of any complex system.

The general concept of the airplane is extremelyurea The future improvements on
aircraft performance capabilities rely on the disoy and implementation of novel
technologies or the utilization of the technolodiest are already applied on the aircraft
to their fullest potential. This involves consideyi designs which were previously
disregarded as being too radical or infeasible xyiaging all the possible solutions
available. As computer technology increases theedsp@ which analyses can be
performed, designers have the ability to exploee deeper reaches of the design space
with more fidelity. They can take details into agcnbthat were generally associated with
later stages of design and predict performance togher level of confidence. This
project is to provide the process by which thisiglespace can be defined and explored

in search of the optimal aircraft design.

The motivation behind the research and procesda@wvent detailed in this paper can be
simply understood by organizing it into three smtsi, observation, hypothesis, and
approach.

» Observation:

o Conceptual architectures are defined by assumpaodsgeneralizations
regarding the elements within a system and th&tiomships.

o0 These assumptions affect the traditional processfahctional allocation,
the detailed description of that physical architeet and the performance
calculations based on traditional systems siziogsto

* Hypothesis:

o A functional breakdown which relates functions tbygical form can
provide a more flexible framework for architecturabde-offs and
prevents architectural generalizations.

o With this functional framework, widely variant phgal architectures can

be quickly defined and architecturally unigue msdsin be generated.



o Integrating function based architecture definitimols in a common
platform will provide fluidity to knowledge integtian.
* Approach
o0 Modifications to existing tools and methods willoay them to logically
interact to facilitate the definition of a functiohased architecture

development process.

Background chapters 2 and 3 discuss the obsergatwhich helped vyield this

architecture design process. Chapters 4 throughddfeas how functions must be
formulated to allow them to be flexibly employed amchitecture definition and the

process, tools, methods used to apply these fursctm develop descriptions of physical
architectures. A conceptual example is appliedhapters 8 and 9. In this example a
design space is defined and 3 conceptual archreectire developed.

Summary
In the face of increasingly stringent performaneguirements and constraints, the
commercial transport aircraft must provide increlasemfort, reliability, and availability
in order to compete in today’s air traffic netwoikfficiency in power consumption is
paramount in the design of new aircraft due toitiseeased demand on performance and
the steep increase in conventional fuel pricesrter to operate in this competitive and
demanding environment new technologies are emengittyg the promise of providing
increased capability and efficiency. However, idesr to effectively employ new
technologies and the framework in which they opertte aircraft architecture must be

adapted to take advantage of all improvement pleskiim new technologies.

Following the guidance provided by the Power Opdedi Aircraft initiative in the

European Union, this thesis focuses on architeaefanition with a specific focus on
how functions can be used as the core defining esdenThis will lead to a process and
toolset design with the intent of driving architget generation with functional

requirements.



CHAPTER 2
BACKGROUND: COMPLEX SYSTEMS DESIGN

Complex Systems
Complex systems design is an intricate and higblystrained decision making process
which results in a description of a group of eletadorming an object or process [12].
Each decision details specific physical or behaliattributes of elements within the
system. In this manner the system begins to conakptar physically “take shape.”
However, in the process of defining this systemhed&cision imposes requirements and
limitations which impact other decisions that hawée made. As a result, the freedom of
a design team to make any changes to the systeamlescextremely difficult. “Hard
points” are also imposed on the system. This ocedren elements, interacting with
other elements with fixed definitions, are forceatoi compatibility regardless of
detrimental side effects [13]. Something must cleaingorder to make all of the elements
work together as illustrated in Figure 6.

Figure 6: Forced Integration

A designer must be able to make the correct dewsio ensure the success of his/her
product. Design decisions are conclusions or judgsbased on some body of evidence
in order to bring some physical, operational, anctional definition to a product [14].

Therefore, the effectiveness of a complex systeessgd team depends on its ability to
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achieve rational solutions to design challengestbgctively formulating the problem

and rigorously exploring promising solutions.

The International Council on Systems Engineerinfinde a system as “a collection of
components organized to accomplish a specific fonabr set of functions [15].” This

general definition can be applied to various typesystems. Both an automobile and the
internet are classified as systems. However, eashatvastly different form and must be
approached in very different ways. Thus, a disiimctshould be made between a

complex system and a system of systems.

A complex system, or monolithic system, is commtisd components which only
operate within the context of the entire systenmesehsystem elements are not intended to
be used independently from the system as a whd@p PMn example of a monolithic
system is a personal computer. Many elements ottngplex system can be qualified as
systems on their own (hard drive, graphics cargp&ard, mouse, etc.) and they all
operate to fulfill some task within the overall ®m®. Thus the system (computer) is
comprised of system elements (mouse, hard driee). élowever, each of these system
elements is intended to be used only within theednof the system. The monitor, for
example, could be described as a complex systeit fudfills no function unless it is
integrated with the other elements of the PC. Thmepeder is not a system of systems but
a monolithic system consisting of exchangeable dexnplements. The operation of the
system relies on the performance of the individsydtem elements, and the system

elements are intended to perform functions withenframework defined by a system.

A system of systems consists of a group of auton@r@ements which can and do
operate and fulfill functions independently frometlconglomerate system [16]. The
elements within a system of systems operate talfaffecific functions which are not
necessarily directly determined by the system efesys. They also have been described
as a physically distributed group of elements whidlkroperate by means of central or
distributed management [17] [18], indicating tHa¢ elements within the system can be

and are generally geographically distributed. Theernet, the US Missile Defense
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Network, and the World Wide Air Transportation Netw are excellent examples of
systems of systems. The elements within theseragstelfill functions (often multiple
elements fulfilling the same function), independeftthe system as a whole, which
combine to fulfill an overall task.

To distinguish between a system of systems andrplex system, a complex system is
defined as a group of dedicated, interrelated edsne/hich are organized to fulfill

specific functions, while a system of systems ifingel as a group of independently
operating elements whose combined capability fudfil overall function. For the purpose
of this paper the development of process and themg not directly intended for

application to a system of systems. This allowsdésign of a complex system, like an
aircraft, to be approached from a perspective inclvlelements are dedicated to have
capabilities specified by the system as a whole @motdas a combination of elements

whose combined capabilities are applied to an iaddent system.

Complex System design

The process of complex system design is made aputifple steps which are fulfilled by
distributed entities within an organization. Thesdeps include pre-design, conceptual
design, system level design or preliminary destptail design, and manufacturing. This
research work is directly concerned with the degigases of conceptual and preliminary
design in which early physical attributes of thesteyn are defined. This perspective
approaches the concept of design after the prepulesitivities of problem definition,
requirements analysis, and problem specificatiore lccurred. The boundaries between
conceptual, preliminary, and detail design are sona¢ vague. At some point in
conceptual design, when enough alternative desigms been considered and compared
and the company feels confident with the potentédigns and are willing to invest more
resources, a larger group of specialists are asgigmthe design to develop the concept
further [19].

Conceptual Design
Formulation of the problem occurs primarily withime conceptual design phase in the

design process. Although little to no hardware isdpced during this phase, it is
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considered to be the most important phase of tisggalgrocess [20]. Early decisions
impact the overall incurred cost due to the impghely have on later design phases as
well as future labor, materials, manufacturing, anrall life cycle of the product.
Quality must also be engineered into the producinduthe early phases of the design
and greatly impacts the overall project cost. Thessdy design phases also determine the

ability of a company to introduce the product itlie market quickly [21].

Conceptual design is not intended to guaranteenapsystem performance [22]. Within
this design phase, a framework is developed wheeegineers, manufacturers, and
customers can operate comfortably, can agree t@tgeand can pursue a more detailed
definition. Conceptual design considers the overalderstanding of the primary
functions of the system and investigates to sabeafrequirements can be met and in
which ways this can be accomplished. The delivesatleonceptual design are typically
computer or paper-based, in the form of descrigtioaports, and mathematical models
[22].

This phase in product development generally indutleree steps: problem/project
definition, alternative generation, and alternatedection [21] [23] [26]. Scholars differ

in their illustration and definition of the exeress involved in each step in product

development but all require a process in whichthinee distinct tasks take place.

Moir and Seabridge illustrate the conceptual depiggse as shown in Figure 7.
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The problem definition portion of the design phaakes place in the blocks entitled
customer requirement. Understanding customer needsxtremely important in the

conceptual design phase. The eventual succesprject is determined entirely on the
designers’ ability to ascertain and predict what ¢istomer will need when the product
is deployed. As seen in Figure 7, this informatientaken into account in order to

developn design alternatives. These design alternativesaatiated and compared in
order to determine the most promising solutionscihare to be further developed. In
order to generate these alternatives, brainstornaads, morphological studies and

functional decomposition can be used following &hagistive search to gather as much
data as possible [21].

The product of the conceptual design process igrgédy seen as one or more possible
solutions. The detail of these solutions dependhematurity of the basic technologies
put into operation and the type of design proj28i.|

System Level Design

In many conceptual design models there is an iradiany step between the concept
development phase and detail design, in which thesipal structure, geometries, and
tolerances are determined and detailed drawingdated. This intermediate step is

14



called the embodiment design [24], preliminary desi21], design definition [22], or
system level desid3].

Generally, during the traditional system level dasphase the physical elements are
arranged into subsystems within the system creaimgmpartmentalized architecture
which carries out system functiof2]. These subsystems are also modeled in detail i
order to size the systems and run analyses reftecin the system level metrics. The
analytical design phase is also an appropriate termsystem level design because it is

the period in which most of the analytical analysiperformed [21].

This segment of the design process determineselagonships of the elements within
the system and how they will be interrelated withire fixed conceptual framework
determined earlier in the design process. It shbeldhoted that decisions on this level
sometimes call for the decisions made earlier, ndurconceptual design, to be
readdressed and altered [21]. However, this reganfig on higher levels becomes
increasingly difficult as the conceptual physicaini begins to take shape. Thus, as an
engineer begins to understand the product morg, fille ability to change the structure

and form of the design diminishes.

Architecture

Architecture is a fundamental, defining characterisf every system and has a large
impact on its ultimate performance. MIT's EnginegriSystems Design Architecture
Committee defined system architecture as a desgwnipf elements within a system and
the interactions between those elements [25]. Otthefinitions describe system
architecture with emphasis on structure and intemacMaier, Sage, and Lynch define
architecture as a grouping of components joinedttey in a way to fulfill some task that
no single element can fulfill individually, or threeans by which proper communication
and interaction between elements within a systeraclsieved [16] [26]. Ulrich and
Eppinger place more emphasis on conceptualizatidnstandards in architecture design
by defining architecture as “the scheme by whiah ftimctional elements of the product
are arranged into physical [elements] and by whilcl [elements] interact [23].”

Addressing all of these perspectives, architect@motks entities and their underlying
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structure whose combined attributes accomplisislada sets of tasks. All products have
a structure and fulfill functions and, in turn, atefined by an underlying architecture
[27].

Varying levels of architecture pre-definition cauaechitectural concepts to emerge
during different portions of the design process].[2&chitectures can come forward
through dedicated architecture definition exercisesan be altered and adapted from
previous concepts. The means by which this ardotecdefinition takes place is
generally determined by the maturity of the tecbgams to be implemented and the level
of definition to the project previous to conceptdasign. Architecture design is crucial to
the success of a project because of its impadhe@mlbility of designers to efficiently and

effectively develop new products [23].

This traditional process of creating a new archiutecor “architecting” is the means by
which a scheme for generalizing elements withinystesn and their relationships is
defined. This scheme dictates the functions whigh falfilled by specific physical

elements and the means of interaction with othesygibms [22].

With the definition of a traditional systems arelstiure, new sets of standards and
interfaces are delineated. Functions are groupgether to form tightly linked “chunks”;

a chunk being a subset of system elements, or stdmy[28], which represent the
physical building blocks of the system [23]. Thebenks are defined depending on their
roles or functions within the system and in a walyiochh minimizes the interactions
between subsystems. This is called clustering [B9}he definition of the subsets of
system elements, system architects define whehne pigysical relationships will occur.
This allows the architect to determine the limitd affect of a change within one subset
on another. These subsystems are laid out physitalletermine the rough geometric

relationships in which interactions are explizg|.

This method of architecture development definesliwf modularity by dividing design

responsibility between entities within an organmat The “systems architecture” is seen
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as a framework in which these systems with preddfimoundaries interact and wherein
external interdependencies remain independenteopliysical definition of the elements
within the subsystemp22]. Following this methodology, assumptions mbst made

regarding the interactions between elements witthe system. These defined
relationships become standards of component irtteradf these standards cannot be

applied the architecture must be expanded to haredleinterrelationships.

Perspective and predefinition play major rolls e tuse and development of complex
systems architectures. Defining a traditional systearchitecture for a complex product
can also adversely affect the applicability of #rehitecture. Working within a fixed
architecture imposes limitations on the performanake the system. Redesign,
evolutionary design, and derivative design areeakkrcises which generally require
definition within a fixed architectural scheme. Ayipg revolutionary technologies to
previously defined architectures can introduce demjnteractions which significantly
change the interfaces of the system. The moduthitacture breaks down when changes
within an individual module induce requirements modifferent module along lines not
predefined by the intermodule interfaces [28]. Admh of predefined systems definitions
can have detrimental impacts on the ability of giesis to predict the actual performance
of the product. This is significant because mogstgte practices assume a pre-existing
architecture framework [30]. Revolutionary systemexqjuire creative methods of
architecture definition. The implications and linibés of the traditional perspective to

architecture definition are discussed in chapter 3.

Optimally, the complex system would be decomposea tharmonious state”, in which
“all elements are divided into unique modules andll.intermodule relationships are ...
completely described in interface descriptions thko fully describe the emergent
system level characteristics [28].” In order to wetely represent the product,
architecture models must capture the relationshgpeween the fundamental elements in a
way which can describe all attributes and combimpetformance of the product.

Furthermore, these relationships should be destiiba way which is not subject to the
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breaching of constructs or assumptions with theochiction of new elements into the

system.

Design Knowledge
For all elements to be adequately captured withis ideal architecture modularization,
adequate knowledge is required to fully descrilmedlements and their interfaces. Each
portion of the design process has specific, siganfi impacts on the success of the
resulting design and contributes to the effectigsnef the design. However, the early
design phases of the process of product definitie, conceptual design, have the
greatest impact on the cost committed for the ptogs a whole. David G. Ullman
displays this axiom in a relationship between langfttime spent on the design and the

project cost (Figure 8) [31].
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Figure 8: Picture of knowledge cost curve

As seen in Figure 8, the bulk of the cost commiitethese two design phases represents
upwards of 75% of the cost committed in the progaen though the actual cost incurred

may not occur until much later. The concept becorsesiewhat troubling when
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additional information is considered. Figure 9 showssimilar cost time curve

superimposed with relationships of the design foeednd knowledge [32].
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Figure 9: Design freedom, knowledge, and cost comttad from Mavris and DelLaurentis [32]

The relationship between design freedom and costnutied is somewhat straight
forward. As the design takes shape in the mind efahgineers and designers its new
physical or conceptual attributes impose costslbfutre activities in the product life
cycle [31]. The first two phases of the design psscdetermine the definition of the
scope of the project and the conceptual embodimiettite final product. With increased
definition, the ability to make changes to the desbecomes increasingly difficult
thereby reducing the design freedom. These desigisides, however, are made with
incomplete quantitative information regarding theipact on the architectural attributes
(concepts, requirements, and technologies) [32]s Timited engineering knowledge
combined with the economical and time constraifth® problem increase the difficulty
of product design. In fact, Ulrich and Eppinger klahat product development involves
so much risk that less than half of all productsigiged could be considered successful
[32].

The development complex system is wholly basecherassumption that the abstractions

developed are valid and applicable to the givengded.evis and Wagenhals state, “The

customer and the architect assume that these canisowill work properly because they
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will be constructed and installed in accordancehveistablished codes and guidelines”
[33].

Lack of knowledge regarding complex monolithic syss early in the design phase
indicates that established codes and guidelinesrmoayet exist or are non-applicable to
a given design. Therefore, applying these assumgptand principles to new aircraft
design can lead to major hurdles in the implemanmatdf new technologies. In order to
provide a competitive product, designers must ntakeright assumptions early in the
design process. These assumptions must be acamdtgerifiable during the process

from beginning to end.

Michael Sinnett, chief engineer of systems develepnfor the Boeing 787 Dreamliner,
spoke about the decision to change the cabin aegsprization method from engine bled
to electrically compressed. This single change te #ircraft architecture imposed
dramatic changes to the predefined or assumedoredaips within the system. Sinnett
said, “When we decided on electric pressurizatiblpwered aircraft empty weight
1,000-2,000 Ib. and fuel burn was down severalgerdut the numbers got muddied as
the 787 got integrated. It's hard to say where weeght has gone [9].” The initial
performance estimates for the technology infusesesys did not take into account the
multiple system level changes which needed to oeatlnin the architecture to facilitate

component integration.

Architecting is generally performed in the embodmndesign phase. The definition and
selection of an architecture depends on the abditythe designers to describe the
architecture. These descriptions are then relatel ammpared to determine which
architecture is the most desirable [34]. Complesteays are typically defined by large,
multidisciplinary architectures. Therefore, it isffidult to capture all of the detail

associated with an architecture with the limitecsigie knowledge available during

conceptual design.

20



Although it may not be explicitly defined by thesilgn team during conceptual design,
the concept is envisaged with some form of architec Assumptions are generally made
as to the architectural definition. These assumpiiom an abstraction used to capture
the general detail of architecture during concdptlesign [35] which can become a
constraining element to further product developmedonsidering the relationship

between knowledge, cost, and design freedom, a oheveloped understanding of the
architecture during the initial phase of design gare critical guidance to the design

team [30].

Thus, there is a necessity to make valid architattdecisions early in the design
process. Steps must be taken early in the desigoegs to develop and use critical
architectural knowledge. Figure 10 displays theditianal relationships between

information within engineering design and marketif3®]. All of the groupings of

information represent decisions that must be madie product design process, each
requiring information and feedback from other decismaking processes. This figure
does not necessarily imply any order, but simplgidates the relationships between

design information.
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Figure 10: Relationships in Engineering Design anMarketing from Gerwin and Barrowman [36]

The concept architecture as defined in this papexr combination of both the physical
form of the product and the relationship betweea ttomposing entities. This is

represented in the red box in Figure 11. In oradeintrease the fidelity the concept
generated during conceptual design, knowledge dagarthe product architecture and
physical form must be infused into the core concaptthis is done, designers can more
directly evaluate the effect of the architecturelmdesired performance.
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Figure 11: Relationships within engineering desigand marketing with increased architectural focus

The National Academy Press published the docurtiBesign in the New Millennium,”

which identifies long-term goals to enable “extréynadvanced product and process
design.” As stated in this document, the ideal tfeg future would be to develop the
capability of combining the two steps outlined poerly (conceptual and embodiment
design) with the process of detail design into design step. This would be enabled
through a process which generates alternativeserrdetes element details and
performance, and facilitates trade-dff®]. In order for this to occur a well-organized

and efficient process for the definition of architeal alternatives must be developed.
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Information and Understanding
Every decision is based on some sort of model [Bif§ existence of data or information
does not translate directly to design success. a@he\of information is dependant on its
level of definition and accuracy. Key to the devehgmt of knowledge is the processing
of raw data in order to form an understanding upich decisions can be made. This
process of formulation requires some form of md88|. The information hierarchy is

shown below in Figure 12.

Examplas:
UNDERSTANDING Situational
Synthesized. visualizad aWareness
Coup d'oeil
e
c
Givas greatar o
situational gj
meaning o B
=
=

[_KNOWLEDGE _| Example:

: g Trzed Intelligence
Evaluated, integrated, analyze report

Gfvag soma
maariing 1o
[PROCESSED DATA] Examples:
Shtuation report
Formatted, plottad, Call for fire
translated, cormelated
Puts in
undarstandsbie
form
Example:
[ raw pATA | Encryptsd
Raw signals transmission

Figure 3. The information hierarchy.

Figure 12: Information Hierarchy from the Department of the Navy [38]
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Understanding is defined as a synthesized and l#sda form of data. This
understanding is knowledge applied to a particslaration yielding a comprehension
and awareness of correlations and details abougitre situation [39]. In order to be
properly understood the data must be processed oaganized to allow it to be
interpreted. Once the data is processed the resedd to be evaluated and analyzed.
Finally this knowledge must be applied to the uhgieg issues in order to aid the

decision maker in deriving a solution [38].

Increasing the amount of engineering knowledge dedign freedom during the

conceptual level requires the definition of robaistl reconfigurable processes which can
be used to quickly construct and assess compleeragsduring the conceptual design
phase. In order for this to occur, accurate modelstrhe easily defined and integrated
early in the design process in order to generate @ocess data appropriate to the

product design task.

The process of working with data in order to geteekmowledge is central to engineering
decision making. Engineers employ science, mathesjatphysics, computing,
economics, probabilistics and many other fieldsnaans to process raw data into a form
of information that can be successfully weighed emapared.

Modeling

For any product and especially in the case of cempystems, it is irrational to expect to
assemble the complete product without first makangevaluation of the concepts and
technologies involved. Tools like prototypes, siniola, and modeling provide insight

into the behavior of individual or groups of systeleament$22].

Models can be lumped into two basic groups: deBeepor predictive. Descriptive
models are intended to communicate or convey sameiple or physical relationship.
This type of model aids in the understanding ofghablem but does not characterize the
behavior of a system or element [21]. Predictivedei® are used to calculate the

behavior of some element under specific conditi®wth varieties of models have their
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place in the conceptual design process. Descriptivdels aid in problem formulation
and concept description during alternative genematvhile predictive models provide a

means to gauge the performance of the design.

Companies incur great risk when undertaking thegdeproduction of large, complex

systems. Therefore, a detailed understanding op#mormance of elements within an
architecture is valuable knowledge to ensure adegparformance and ensure good
return on investment. This places pressure on msydesigners to increase the capability

to accurately and efficiently predict system parfance.

Historical Regression

The application of historical information to predicture performance is prevalent in
well-established fields, like aerospace. Estimatesife attributes of system elements are
often statistically determined by comparing knowystem level requirements or
attributes to historical trends related to thatredat [40]. These statistical relationships
can perform well for traditional systems but requimugmentation with the
implementation of innovative technologies or coafagions [41].

John D. Sterman, Management Director of the SystBesign Group as MIT, states

regarding the work of Donella Meadows and Jenrii@binson [42]:

“Models rarely fail because we used the wrong regiom technique or
because the model didn'’t fit the historical datdl waough. Models falil

because more basic questions about the suitabilitthe model to the

purpose weren't asked, because a narrow boundamyitioal feedbacks,

because we kept the assumptions hidden from teatslior because we
failed to include important stakeholders in thegess” [37].

Historical data is biased on the basis of the uUgithgyr assumptions implemented when

the data was obtained regarding the boundary abdstoess of the relevant systems
under consideration and scope in which the dataoltsned.
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Weight is of large concern during the design ofaamuraft. The weight of this complex
system has a dramatic influence on its performafi¢e extensive source of data
concerning the weight of aircraft components angtesy level aircraft attributes allows
designers to develop complex statistical relatigpsiused to estimate the weights of
aircraft systems [40]. Scaling factors are requivdten the assumptions and element
definitions are breached [35] [41]. These typesnajdels are simply estimates to
represent the cumulative attributes on the syséxl.l They do not take into account the
interactions between elements and do not develaerstanding regarding the driving

relationships and requirement interactions whi@idydifferences in element attributes.

Historical techniques can also be implemented Witbwledge regarding a well-defined
baseline model. With evolutionary changes to thisebae through the introduction of
new technologies or components, assumptions musindge about changes of the
behavior and performance of the baseline [35]. @hassumptions follow anecdotal

evidence and are made using engineering reasoning.

Anecdotal decision making

Due to the abstract and intangible nature of edelsign many decisions are based on
predictions or beliefs about future design requeeta and sometimes unreliable data.
During the conceptual design phase point problerasvary amorphous and, in turn,
complex, leading to difficulty in applying analysiicassessment methods [27]. In these
circumstances judgments stem from historical infition but are subjective, relying
heavily on heuristic rules and the understandirg) experience of individuals or groups

of designers [43].

Heuristics methodology, or anecdotal decision mgkis based on rules of thumb or the
common sense, or contextual sense, and reflecstthtegy of a design to produce an
agreeable solution to avoid catastrophic failureurtdtics can be described as “trick of
the trade” or “engineering reasoning” [27]. Thiseadotal reasoning can provide
direction and insight into a design with vague wigfhn and is useful, but it sometimes

induces systematic and critical mistakes becausesiibject to the biases and stereotypes
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of the parties involved [43]. With the applicatia@i heuristics, design is sometimes

described as more of an art than a science [27].

Integrated Product Design

Due to the multidisciplinary nature of conceptuasign, as shown in Figure 11,
companies often employ a means of coordinating iatejrating existing corporate
knowledge. Integrated Product Teams (IPT) are caegoof experts from diverse
disciplinary, organizational, and systems backgdsuand are employed during the
conceptual, preliminary, and detail design phasks team is tasked with what has been
termed Integrated Product Development (IPD). TheifPsimply a means of facilitating
human resources to develop and process technicalmamket knowledge in order to
formulate design solutions [36] [44] [45]. IPTs amgportant tools to engage in multiple
forms of engineering knowledge processing. IPTs nmgk within these processes to

formulate the design solutions.

Physics Based Design

Physics-based models are analogues of physicatyreald stand in proxy of elements,
groups of elements, or processes and convey infmmeegarding response to stimuli
and performance in the real world. For complex sgstelesign, groups of models are
generally required to provide the information toused by the designer [46]. The level of
fidelity of the process in which data is transfochie knowledge determines the validity,
accuracy, and extent to which the knowledge campglied to aid understanding.
Physics-based models provide a way of analyzing repdesenting the behavior and
attributes of system elements based on their emviemt and provide numerical,

guantitative results regarding component or sygierformance.

Predictive models exist in different forms whichryan fidelity and usefulness. George
Box, prominent statistician in the 2@entury, stated that “All models are wrong, but
some are useful [47].” A model's accuracy is depgerndn its ability to describe the
relationship between stimuli and behavior in alsenable operating conditions. Precise
models also require that the underlying assumptoesaccurate and that the structure of

the model does not limit the application of the mlotb all desired scenarios [48].
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(Example: viscous vs. compressible flow equatiansBernoulli equations, both model
fluid dynamics). Physics-based performance analys@hniques are crucial to the

development of revolutionary or “first-of-a-kindedigng19].

Summary

Organizing a vast group of physical elements intforan which can fulfill functions
requires foresight on the part of the designers. @exsystems design is inherently a
process of making a large number of decisions, edclwvhich defines or refines the
product structure. Often in the process of desagtisions made early in the design
process limit the flexibility of a design and impgolémitations on the decisions that can
be made. This is due to assumptions made in thisideanaking process. Assumptions
can be used to give conceptual structure to thdymtobut may also limit the flexibility
of the design during the infusion of new technoésgi

For commercial aircraft, technology infusion oftencurs at the systems architecture
level. At this point in design, architects are selyielimited as to the amount of change
that is allowed to propagate through the systemorder to limit the number of

challenges that arise in the late phases of desigoess, knowledge is required to
predict, understand and avoid possible issues mhay arise. This generation of
knowledge can occur through many forms of modellmgtorical regression, anecdotal
reasoning, integrated product design, and physasgdb modeling. Models are essential

in the definition of the architecture of a compigstem.

Justifying and proving a design requires an implatia@n of tools which can accurately

predict the performance of a given system andniisractions. Because of the size and
complexity of a complex system analytical models aecessary in validating and

predicting the performance of the architecture elets1 However, every model is subject
to the assumptions made in its definition. Them@fperspective becomes a driving force
behind the use of function based architecture defin
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CHAPTER 3
BACKGROUND: DESIGN PERSPECTIVE

In order to facilitate the development of architeet knowledge, an appropriate
perspective must be taken to allow the genericndiefn of a product through which
alternative architectures can be defined and actite trade-offs can be considered. The
process of architecture design must be formulaiedas to allow the architect to
efficiently define and alter the complex system &amllitate the process of modeling that
architecture. It must also be able to capture aditate all changes that must be made to
the architecture as a result of architectural dewess A transition from a focus on
physical elements as the central design premiseglthie early design phases to a focus
on functional based architecture definition woultbw for the definition of widely
varying physical architectures within the same fiomal description and requirements
[19]. The tasks that a design is intended to ful@main constant regardless of the

physical implementation of the function.

Including more dependable information regardingh#ecture definition during the
conceptual design process requires that a desan @mploy some type of modeling
technique. This model must be capable of allowihg definition and objective
comparison of various architectural configuratiodoir and Seabridge express the
necessity of developing “soft’ representations aofsystem that can be modeled and
remodeled without incurring excessive cost.” Irstbontext Moir and Seabridge refer to
“soft” as a qualifier meaning physics based simakatmodels which verify design
characteristics and performance without the craatd the physical element [22].
However, the “softness” of the model as stated aboslies on the underlying
assumptions imposed in the modeling structure. sthecture of the model can be such

that the model does not readily allow the redebiniof model constructs.
During the conceptual phase of traditional airceafthitecture design, computer models
represent each of the predefined systems withinattegaft architecture (engine, ECS,

electrical system, hydraulic system). These systemoslels generate attributes and
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relationships along standard architectural inter$gel0]. The attributes of the system are
defined by a general description of other systetmbates. To enable trade-offs to be
performed on the architecture (both elements aladioaships) the routines representing
the systems elements as well as what informatiamgljgassed between elements must be
reconfigurable. This invasive dissection and redidin of the architectural model
requires a means to modify the required routingkiwithe model and to reroute the

information between these routines.

A set of tools must also be identified and devetbpéh which the designer interacts to
make all of the decisions necessary to embodyrittatacture. The scope of this work is
to introduce and develop function based framewot&s]s, and methodologies that
enable the designer to quickly define and asse$stactural performance and provide an

interface in which these architectural decisions losa made.

Product Decomposition
The process of architecture definition follows teme process as conceptual design:
problem/project definition, alternative generati@md alternative selection. The work
presented here addresses the perspective requireg the project definition phase and
the means and interface in which alternatives camgdnerated. Methods and means to
select the architectural alternative are not diyeatidressed in this work. However, with
the theory and tools in place alternative selectechniques can be applied. Cursory
discussion of these techniques will be given laterelated to the first two phases and to

illustrate areas of potential future work.

Tyson R. Browning, Senior Project Manager in theeEprise Productivity Strategy
Group, Lockheed Martin Aeronautics Company, descrilihe traditional systems
engineering approach (the processes of projechitefi and alternative generation) as

including 3 steps [49]:

1) Decomposition of system into system elements
2) Determining the relationships between the systeamehts

3) Reorganize the relationships between the systemesits
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The third step defined by Browning can be seen asfamulation and comparative

process. The first formulation of relationshipsiwibt necessarily meet all performance
criteria or meet all the functional requirements.efdfore, reorganization may be
necessary to improve performance. Equally, a stefddee included which readdresses
the decomposition to reformulate the system elesefte foundation of these three
steps reveals a process that includes the decotigposf the system conceptually and a
definition in a quasi-physical manner wherein elatirelationships are established.

Forsberg, Mooz, and Cotterman visualize this pmdesthe basic Vee model. This is
shown in Figure 13. In this context design is symplprocess of decomposing defining
the problem in some logical sequence and thenratieg the decomposed system while

verifying that specifications are met [50].

Understand Product
Reguirements, Develop Demonstrate and Yalidate
System Coneept and System to Validation Plan
Yalidation Plan

v 4

Integrate Systerm and
Ferform System
Werification to Performance
Specs

Develap Systemn
Specification and Systemn
Werification Plan

Expand Specs into CI Assemble Cls and Perfamm
"Design-to" Specifications ClVerification to Cl
and ClYerification Plan "Design-ta" Specs
Evolve "Design-to"
Specifications into "Build- Inspect to "Build-ta"
to" Documentation and Documentation
Werification Procedures

Fab and Assemble "Code-
to" and "Build-to"
Documentation

Figure 13: Basic Vee Model
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In this Vee model decomposition and definition eisas are performed with foresight as
to the manner in which these will be implemented d&ow success will be later
determined during verification. Then, during in@gwn and verification the designer
revisits the decomposition to determine if the meguents are being met and if the

product decomposition and definition is appropr{at.

In the process of problem definition the engineertasked with understanding and
organizing the design problem. Decomposition is ghe&cess of compartmentalizing a
system into smaller more manageable elements T26$. decomposition identifies these
decomposed elements as the required building blotkhe system. These building
blocks can be combined to form the complete syqtehh Therefore, the manner in
which the system is decomposed determines the frankein which a designer can
construct a variety of architectures. Any combimatof alternative technology choices
can be made and implemented, as long as they tcaiitHin this designated framework.

This is in essence the modular description of yistesn.

Modularity

Architecting is, in essence, the modularizing @& tverall product by means of defining
the fundamental elements with regards to anticgpdtenctional interactions [28]. In
defining an architecture, the fundamental elemenist be defined and characterized in a
way which allows them to logically interact withher systems elements. By defining

these fundamental elements modularly, alternatveigurations can be defined.

Modularity is based on relationships between stimattelements of an architecture [12].
This is due to the fact that functions can takey ekfferent physical forms, with varying

elements and features. McClelland and Rumelharinelemodularity in terms of

relationships between modules. They state that taute is a unit whose structural
elements are powerfully connected among themseaindgelatively weakly connected to
elements in other units [52].” Modularity becomke tmeans in which the complexity of
individual modules is hidden from the whole, andh#tecture acts as the framework in

which these modules interdt].
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Modularization becomes the means in which variesmis or companies can adopt
responsibility for the design and development gbaation of a design. Because the
details of each module are hidden from the vievalbbther entities, often including the
integrators, companies maintain ownership of themgineering knowledge and

experience assets.

Difficulties arise with the modularization of anchitecture. The intermodule interfaces
must be able to change without affecting the irgkerworkings of the module.
Conversely, changes to the internal workings mustinterfere with the intermodule
interfaces [34]. As details are hidden within eanbdule lack of transparency and
interplay can limit the effectiveness of the desia function or attribute of one module
could assist in the performance of a function coeth within another module and this
relationship is not captured by the interface d&fin, the architecture definition

becomes a limiting factor to the performance ofghraduct.

Complex systems are often defined with some intérfdem of modularity. Ulrich and
Eppinger define three types of modularity: slot-mled, bus-modular, and sectional-
modular [23]. Pictorial representations of thesehéectures are displayed in Figure 14.
In this figure the semi-circle, square, and trigngtpresent the system modules of the

systems and the light blue foundation is the aechitres framework.

34



Figure 14: Modular architectures A) Slot-modular, B) Bus-modular, C) Sectional-modular

The first architecture, slot-modular, is the mostnenon in multidisciplinary complex

systems because each module is defined with a emmrgerface. Complex systems often
include vastly varying physical interfaces. Thesedoles must interface in a very
specific means. The traditional definition of thype of architecture was described when

explaining architecture definition and will be |laakat later.

A bus-modular architecture indicates that the fatax of each module is defined with
common interfaces. These are often seen in the fufrrards for computer systems,

electrical bus systems, or standard gauges for amécdl interfaces.

The last typical architecture is sectional-modullnis architecture is characterized by

identical interfaces which can be attached to @ahgromodule by means of this interface

(e.g. standard piping systeni23}].

Implied by the slot and bus modular architectuseBamework within which the system

modules operate. This framework becomes the meanghizh information and data is
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exchanged between the systems or the physical eleuiich structurally supports the
modules. Decomposition defines the manner in wthehbuilding blocks of the system
are defined. Therefore, the perspective taken duiie decomposition process defines
the type of modularity which the product will have.

Modularizing the concept architecture allows flekiy in the definition and redefinition
of architecture concepts. With higher levels of mdadty, many different architecture
concepts can be generated which can utilize vadiffgrent physical means in the
fulfillment of product requirements. This modulgritan also extend to the definition of
modeling and simulation tools for justifying aradture concepts. Modularity in
architecture element definition can improve theligbito model widely variant
architecture concepts.

The perception adopted during the process of deositipn greatly affects the flexibility
of the architecture design. Three general stantfpaian be taken during the process of
decomposition: physical, functional, or disciplipar

Physical Perspective

Physical product decomposition looks at the systernerms of physical elements and
their common physical relationships (spatial orgation, energy type and flow, material,
form). When the system is well-defined, all of thiributes are readily apparent both
visually and substantially. This decomposition he tmost intuitive because it can be
easily observed. It also provides a very clear damn between system elements.
Decomposing a system physically yields a catalagfuphysical parts or groupings of
parts depending on common physical or spatial relskigps.

An example of a physical breakdown would be theodw®wosition of an internal

combustion engine into its elements. Figure 15ldigpa physical decomposition of a
typical pushrod V6 internal combustion engine. Rtalsdecompositions can be easily
described by images and charts. Engineering dranang examples of very detailed and

extensive physical breakdowns.
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Typical Pushrod V6

Harmonic
Damper

Main Bearing Caps
Figure 15: Pushrod V6 Internal Combustion engine piisical Decomposition

As displayed in Figure 15 a physical breakdownhs tlescription of the physical
elements composing the system and their direct ipdlysrelationship. When
decomposing the automobile, the engine has beenedefis a module within that
system. The classification of this engine alsoimigstishes it as a physical entity. V6
indicates that the engine has 6 cylinders and tl#hned or overhead valve designation
indicates that the camshatft is located physicailyiw the engine block. References to
specific engines or types of engines are typicddige with regards to physical definition
(displacement: big block, 50 cc/valve orientatibrhead, F-head, I-head/cycle: 2 stroke,
4 stroke).

In the case of the engine displayed, all relatigpssibetween the elements are defined
mechanically. For other physically defined grougimd element within a decomposition,

there may not be a direct spatial relationship.s€helements are arranged due to other
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physical relationships. Systems like the lubricatgystem can be classified as dealing
with the same material (oil), while others can leeamposed and grouped because of

integrated physical behavior, like the suspensystesn.

Although the physical breakdown is very clear amally understandable, it requires
the reformulation of the decomposition with everftygical architectural change.
Candidate architectures may have widely varyingsp® structure and relationships.
Similar decomposed modules may have extremely rdifteroles or may be excluded
entirely. Assumptions made during the conceptuaigte process regarding physical
implementation of architectural concepts severighytlthe designer’s ability to explore

revolutionary product concepts.
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Figure 16: Physical Breakdown of two train engine andidates

Consider the two complex systems displayed in [eiglé: the steam engine and the
diesel engine. These two candidate systems arededeto fulfill the same functions.
Both are intended to provide the force requiregudl freight or passenger train cars.
They both are intended to operate in the same @mvient and have the same mission
definition.

During conceptual design it is the responsibilifytiee designer to produce the optimal
design. Therefore, he/she must have the capabildgfning various candidate products

for the given design. A physical decomposition @ adequate to allow the necessary
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generality to explore the two alternative architees in Figure 16. The physical
decompositions that characterize each of thesenattee architectures are different.
Analogous components between the two architectimasot always exist. For example,
the boiler is a critical component of the steamimgig architecture while no comparable

component exists in the diesel engine.

Other components may be physically similar butiksgically compared. Both the diesel

engine and the steam engine have a cab, but theo§ithe cab is not necessarily a
reasonable comparative metric without further infation. Considerations regarding the
purpose of the physical component are needed fequade comparison. The activities
that occur in the cab of the steam engine includieiies like shoveling coal or loading

wood and stoking the fire. These activities are mguired in the diesel engine. The
number of operators and operating environment €amed temperature from the boiler)

may be different for each alternative also.

Physical decomposition does not provide an adequemework within which
architecture designers can make innovations andoexmew designs. More generic

building blocks are necessary to allow for innosatwithin conceptual design.

Functional Perspective

The overarching purpose of a design is to fulfdine customer requirement. These
requirements constitute tasks which must be fatlillby the system in order to be
successful. In terms of the architectural defimti@of a product, the customer
requirements are the same regardless of the praahgbitecture. However, product
design can apply various physical means of progidihe same set of customer
requirements. A functional framework provides a sistent platform upon which the

designer makes the decisions to define alternatielitectures.
A function is an action. Gerhard Pahl describesnatfan as the effects of an element on

its surroundings through means of material, eneogynformation. In other words, the

function describes what a product does [53]. Natn &fines functions as a description
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of goals that a product must achieve [54]. Thusnlwoing these two definitions a

function is the objective physical performance givaen element.

The overall actions that a product must perform er@ependent of the method
implementation. Thus, these functions cannot bealized or represented by an object.
Therefore the conceptual embodiment of the funatust be understood in terms of the
result of the function being fulfilled or a represative physical embodiment. A simple
example is the function to “provide light.” Thisrfction represents an action that can be
fulfilled through multiple means. This function mbg fulfilled by a LED, incandescent
bulb, fire, bio luminescent material, etc. The fumetitself does not indicate which
means is most effective, efficient, or preferabiesimply defines the core element of the
product and remains generic enough to allow angiphiyembodiment to be considered.

Generic product definition comes in the form ofdtianal analysis. Systems Engineering
Fundamentals (SEF) describes systems engineeritigeasieans of translating all the
requirements developed through pre-design actsvitieo a functional description of the
system. Functional analysis is the process of &lyicarranging and decomposing
functions in order to create a functional architeet This functional architecture is
simply a description of the system in terms of fiores [55]. In the SEF the functional
architecture refers to the classification of thestsgn by functions only, not the

arrangement of functions within systems at the [@aysevel [26]or clustering. INCOSE

Systems Engineering Handbook (SEH) defines funatianalysis as simply the process

which “determines what the system must do” [15].

Entities within the aircraft industry have recoguzthe need for a deeper understanding
and implementation of functions in their complesteyn. The Power Optimised Aircraft
(POA) project, commissioned through the Europeam@sssion’s 5th Framework
program for Research and Technology Developmens avdask to explore the way
forward for aircraft equipment systems [56]. Onetled findings of POA was that the
way forward for aircraft architecture developmersswthe application of a function

oriented viewpoint [8].
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Consider the two trains again. The tasks that thmdrare to perform are the same
regardless of the technology set upon which theybassed. The train must still provide
forward momentum, contain passengers and cardowfahe tracks, and provide means
by which the speed is controlled. In regards to gheduct level functions, these two
architectures are identical. They simply have d#fé performance in fulfilling the

requirements. Within the framework of systems taskdunctions, any architecture can

be applied.

This benefit of a functional decomposition also dmaes a limiting factor in its
application. It is generic enough to classify aapdidate architecture. However, because
of this generic nature it becomes somewhat nontivéuin definition and application.
Difficulties arise in linking the nonspecific fumehal architecture of a product to the

desired tangible physical form.

Functions are often visualized by their physicaudure. However, the functional
decomposition should not reflect specific physioaplementations, in turn limiting the
exploration of radical concepts. Functional produtécomposition requires an
appropriate level of granularity. The scope of tllecomposition must provide
appropriate detail but be fashioned so as to becoostrictive to physical alternatives.

The level to which the architecture is functionalgfined depends on the extent to which

the concept needs to be developed. The level olutaaty determines the usefulness of
the functional breakdown in product comparison.
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Figure 17: General functional decomposition

For example, the functional breakdown in Figureid@an accurate description of the
functional upper level of an aircraft. However, tlegel to which the decomposition is
carried out does not provide adequate insighttimtcalternative architectures which have
the capability of fulfilling these functions. Theecbmposition in Figure 17 is an

appropriate beginning to a detailed functional kdeavn.

A too detailed functional breakdown can also baetiing in its usefulness during concept
development. Multiple architectural decisions miastmade in the implementation of a
given architecture. Thus, every additional functiecluded in the functional breakdown

impacts the order of magnitude of alternative dedhure candidates. The level of
abstraction adopted for every function within thedtional breakdown is driven by the
scope of the trade-offs that the architect wantsotwsider for that function. For example,
if a designer wants to design a new military grotrahsport vehicle, but is primarily

considering changes in the electrical system archite, the granularity used for
functions that are relevant to the electrical eletmewill be fine. However, the

decomposition of functions relating to impact remise capabilities may be relatively
coarse. The scope of this design may be considerddpendent of the armor

configurations. Both the electrical system and #mmor adopted for the design are
important and will need to be considered in siZing systems, but the design freedom
applied to impact resistance capabilities may by lienited. Conceptual scope is very

important in functional decomposition
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While decomposing a product into Function/SolutiGhains the designer asks the
guestion, “What does the product have to do?” wéneiding the question, “How is this
to be done?” [55]. Thus, approaching the decomioosiabove, the designer would
further investigate the requirements of each offtimetions described in the lowest level
of aircraft functional breakdown. “What does th@duct have to do in order to fly?”
would be answered with a lower level functionatsture. “Produce lift” and “produce
thrust” are appropriate sub-functions for “fly” lserse they can be considered
unequivocal product requirements. For an aircrafbéoan aircraft it must have the
capability of producing lift and producing thrusthe boundary functions of an
architecture are determined and defined througherstanding how the product will
interface with its users and operating environm&hese requirements can be explicitly
defined by an RFP, customer requirements or impasaddards, or can be derived

through knowledge of company processes and engigeexperience [22].

The question “what if ...” becomes useful in functbdecomposition. Once a function
is fully decomposed conceptually testing the validif this product description can be
performed by considering various physical impleragohs and identifying limiting
functional descriptions. If relevant physical atigtives cannot be appropriately described

by the function decomposition, it must be alteretbe generally applicable.

Disciplinary

A disciplinary decomposition is the grouping of raknts within a complex system
depending on their physical relevancy to fit witldefined analysis groupings. These
disciplinary groups represent branches of expettigemust be applied to define product
performance. This is described through an examgdlethe commercial aircraft
disciplinary definition. An aircraft can be deconspd into multiple disciplines:
aerodynamics, structures, propulsion, electrigityeumatics, hydraulics, flight control,
etc. Each one of these disciplines will be takdn ronsideration in the design of the
aircraft. In breaking down the product in termsfofctions, the designer begins to

understand the areas of expertise that will beiredun architecture definition.
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Disciplinary decomposition is very useful in detérmg architecture behavior and

attributes during detailed analysis and optimizatiBlowever, in organizing, defining,

and sizing an architecture disciplinary decompositioes very little to define the system
and must be used in correlation with other architgapproaches.

Figure 18 shows an example of the three decompaositfor an internal combustion

engine in tree view.
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= Provide Rotational Energy = Crank Shaft = Combistion
- Transfer inear energy to rotational energy Main Bearings Fuels
= Generate Linear Force Main Bearing Caps Cycle
= Combust fuel Flywheel Emissions
= Provide FueljOxidizer Crank Dampners Catylists
= Inject Fuel Idea Transmission
Time Injection Crank Main Bolt = Structural
Pr bl Fuel = Engine Block Vibration
=i Mix FUEI,I'F))CIE!IZET = Cylinders Materials
Atomize Fuel Outlet Valve = Lubrication
Provide Owidizer Spark Plug Oils
= Provide Ignition Tnlet Valve Heat Transfer
Provide Electricity Oil Pan = Manufacturing
Time Spark Mator Mounts Casting
(= Remove Exhaust Products L
=l Piston tMachining
Remaove heat }
ey Pistan Rod Assembly
= Contain Combustion E':': :ear!ng c N EEec:::;'icallb .
Remove Excess Heal O, bl de i Ut,mn
Resist Yibrations Wrrsl: Pr_' Generation
Reduce Friction Piston Rings
Reduce Frickion | Piston Head
Reduce Friction = Cam Shaft
Lobes
Sprocket
Cam Chain
Cam Bearings

Figure 18: Engine Decompositions

Understanding the functional, physical, and disegrly implications of candidate

architecture is critical to developing a succespfolduct design. From Figure 18 we see
each breakdown gives insight to the function, foamg required knowledge that define
an engine. Functional decomposition gives insigthe tasks that must be fulfilled for a
product to function properly and indicates how éheasks are conceptually related.

Physical decomposition becomes an embodiment oti¢fi@ed function and describes

44



physical relationships that must be defined andréxad. Finally, disciplines are the
means by which these physical relationships areenstabd and describe the types of

expertise needed to determine product performance.

Traditional Perspective

Multiple factors are taken into account during ttefinition of these systems and
subsystems. Physical, functional, and disciplifargwledge is used in the division and
allocation of functions to specific generalized teyss. Engineering knowledge,
experience, and organizational structures beconee fHzilitators by which this
decomposition and integration take place. Howewer,the process of traditional
architecture definition, there exists a disconrmttveen the conceptual definition of the
functional and physical structure and the procéssmally embodying and assessing the
attributes and performance of the developed ardhite. The functional description of
the system can be subject to assumed physicabredatps, thus causing the functions to
lose their generality. In addition, legacy modélased on the analysis and performance
of previous products, do not fully capture distiistpng attributes of the new
architecture. Historical regressions and tools th@sesystems generalizations, which are
often used in conceptual design, cannot physiczdigture the true performance of a

revolutionary architecture [32] [35] [37].

Systems Engineering Fundamentals describes fumttemalysis and allocation as the
linkage between requirements analysis and produnthssis. Following the definition of
the system requirements, functional analysis atatation is the means by which the
basic actions of the product are specified anduhetional architecture is defined. This
is done by specifying system states and modes &aadfunctional relationships.
INCOSE's Systems Engineering Handbook states tHanctional analysis and
decomposition can be performed independently ofesysarchitecture, but functional

allocation obviously requires a system architedtstraicture” [57].

Functional allocation is defined as the means bickifunctions with similar assumed
attributes, location, performance requirements, sm® embodiments, or other

relationships are lumped together in subsystems. Départment of Defense Systems
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Engineering Fundamentals [58] document mirrorssiiietiment that these function and
physical architecture generalizations are somewhdependent. In Figure 19 the
functional architecture is mapped against the paysarchitecture indicating their
relationships.
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Figure 19: DOD, SEF Function/Physical Matrix

Systems architectures are developed by “allocatitigg functions to a physical
architectural concept. Thus, functions and theinegalized relationships are used to
guide the definition of an architecture. The conadmrouping functions within systems
is often achieved through “clustering” these comgabprelationships by means of tools
like the design structure matrix. In this conteke tsystems architecture becomes a
generic description of functional implementation q@roduct concept. These

generalizations of lumped functions become thendedi element of the architecture.

Systems
Once the process of functional allocation is cortepleéhe product level functional
interactions are no longer the focus in architectlgvelopment. Each system is defined

as a critical building block of the architecturn€Be systems are groupings of physical
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elements which are grouped together in disciplirgmgups as shown in Figure 20 and
fulfill specific architecture level functions (amanple of systems groupings are the ATA

chapters).
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Figure 20: Aircraft Systems [22]

Each of these systems represents packages whichbmuieveloped in order for the
system to be designed. These packets of work repréise fulfillment of the functions
allocated to this specific system in terms of pbgiscomponents and disciplinary sub-

elements.

An example of the typical aircraft framework was/eleped by the ATA in the 1940s

and is called the ATA chapters. The ATA chapteesarrently used as a framework for
aircraft decomposition [59]. ATA specification 1@dovides guidelines for classifying

the aircraft in terms through numbering schemesgrndping components into standard
systems [60]. The ATA Chapters classify grouping®lements based on physical and
disciplinary similarity and are broken down furtheto segments, or lower level

groupings of similar components. A listing of th& A chapters which group the aircraft

into systems is available in Appendix B.
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Traditionally, the generalized subsystem becomes dtitical building block of the
architecture. These subsystems are physical sysiteemsled to fulfill defined functions.
Trade-offs are made between systems on the uppeeptual level and subsystems on
the system level. These subsystems are either ahyd@Ements or functions which are
grouped together in disciplinary groups. Each ofsth systems groups represents
packages of work that must be accomplished in datehe system to be designed. Once
the functional allocation is completed the highellefunctions no longer serve as defining

elements within the architecture but remain as duee to future developments.

This focus on bounded groupings and simplifiedti@tship between complex modules
drives the concept of architecting towards a dweéni of robust standards and

conventions which regulate information and physre#htionships between systems and
the troubleshooting of changes which propagateutiitahe system. If the perimeter of
the modules changes, or if new interrelationshipprove aircraft performance, the

boundaries between the modules shift. With thes#irgh boundaries it is difficult to

truly predict the performance and attributes oégmated systems.

Architecture definition in this context has a segted structure for several reasons. The
first reason is to minimize the diversity of knoddge required by entities responsible for
designing one module. Limited information is neeegsacross module boundaries. It
also maintains higher levels of interaction betwesnities existing within a given
module [61]. Thereby, the scope of individual sgstemodules becomes well-defined.
Some have even suggested decomposing the archétemoply along lines of company

division to alleviate risk of faulty technical imfaces [62].

The division of disciplines between engineeringrisaindustry partners, and academia
creates an environment in which incomplete undedstg and knowledge is used to
integrate portions of a complex systems interfacepecific, specialized entities. Often
the decomposition of a system reflects risk-shaniekgtionships, in which specific

entities are responsible for large portions ofdkierall architecture. Thereby, the system
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integrator outsources to companies with specifsoueces and training. These entities
buy into the design and assume a portion of thenfiral risk associated with the design
thereby reducing the amount of risk incurred iningkon the whole complex system
design task. In the framework of generalized systearchitecture, the role of the
integrator is limited to the management of inteefabetween the functionally allocated
systems. Integration, in this context, occurs @npérimeter of modules which have been

assigned to different contractors

Many new products tend to emerge through evolutiopaocesses [25]. Evolutionary
design intends that the underlying design conceptsdructure remain unchanged, but
new technologies are implemented within a givenceph architecture to increase
performance [32]. As promising technologies areetlgyed, complex systems adapt to
implement and envelop this new technology. Thidwianary approach generally leads

to architectural innovation.

The addition of technologies promises much improseinto the system performance.
However, these benefits are not seen without inictdn of revolutionary architectures.
Changes to the standard interfaces require retefindf the architecture relationships.
Seemingly simple design changes to one componetiteirsystem can induce changes
throughout the system which are difficult to quBntEvolutionary architecture design
and definition becomes a problem of tracking andapsulating the propagation of a

change to a fixed framework [63].

Typical sizing of these systems during conceptesigh is performed through applying

previously defined codes, which, being based onptréormance of previously defined

products and architectures, are augmented to dstithe performance impacts of a new
architecture containing revolutionary technologiesese performance “deltas” are used
to alter the existing code to estimate impactsest methods and technologies.

Summary
The perspective taken during architecture definitimpacts the adaptability of the

conceptual architecture. Decomposition is the mdanw/hich this perspective plays a
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role in the definition of the structure of the st The fundamental elements of the
architecture can be conceptualized in many diffeneays: functional, physical, or

disciplinary. Physical and disciplinary decompasitapproaches require the designer to
assume relationships between elements of the actiiie. These assumptions simplify
the structure of the system and put all the elesngna reasonable place. However, with
the implementation of revolutionary technologidgese assumptions are no longer valid.
Traditional architectures are formulated using a&tesys approach to architecture
definition and are subsequently subject to therapsions which fix these relationships.

The only breakdown which does not unduly consttiet design space through assumed
physical relationships is a modularity based onftimetions. This is due to the fact that
functions are completely independent of the physacaehitecture. However, functions

must be formulated in a manner which maintainsr timelependence and provides a link

to physical architecture. This formulation of furcts is discussed in the next chapter.
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CHAPTER 4
FUNCTION BASED ARCHITECTURE DESIGN

In order to address the constrictions imposed byraptions made regarding the physical
description of the architecture and internal fumaal relationships during functional
allocation a flexible process of architecture débn is required. Because functions
provide a uniform framework upon which any physitaplementation can be applied,
they were adopted as the central element of theepsoof architecting described by this
paper. Basing the architecture definition of a claxpmsystem entirely on functions is
difficult. Carliss Y. Baldwin and Kim B. Clark s&@t“After some analysis, we concluded
that it is difficult to base a definition of moduly on functions, which are inherently
manifold and nonstatinoary” [12]. The ability toadenpose and define an architecture on
the basis of functions requires an appropriatend&fn of concepts and theory which

enable this adapting, non-stationary framework.

The facilitating capabilities used for this process adopted from the work done by the
Optimized Aircraft Power Architecture (OAPA) granchallenge team from the
Aerospace Systems Design Lab (ASDL) at the Geadiggétute of Technology. The
OAPA team was commissioned by the Energy Optimigedraft Systems (EOASYys)
Program Committee from the American Institute ofr@xeutics and Astronautics
(AIAA) to consider the system level impacts of dfiec technologies on aircraft
architecture definition and integration. This mettedunctional decomposition is also
described in Mehdi Hashemian'’s thesis from the Brsity of Saskatchewan Saskatoon,

“Design for Adaptability.”

Adopting this methodology allows the designer téirdethe level of modularity on the

basis of functions. In so doing, any physical daéon which can be applied to the
fulfillment of the product’s functions can be cahsied as a valid alternative. Therefore,
the relationships between the functions of a prodnd the physical implementation of

these functions must be understood and definetidogesigner. In order for this to occur,
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functions must be organized in a way as to prowadeneans to facilitate physical

definition.
Decomposition

Boundary and Induced Functions

Every physical element within a system is impleradrtb provide some functionality. In
turn these physical elements impose new tasksnhat be fulfilled. This linking of
functions required to accomplish some product leaek is referred to as the functional
chain. There are two different kinds of functionsakimg up the functional chain:

Boundary and Induced.

Boundary functions are functions defined by thedpid requirements, which are non-
architectural specific. These must occur regardidsghe physical description of the
product. Induced Functions are imposed by choiegarding the physical fulfillment of

other functions. Therefore, functions take the fafmew requirements imposed by a

physical system or grouping of physical systems.

Nam Suh describes these relationships by refetonipis as a hierarchy of functional

requirements. He asserts that the functional rements at a certain hierarchical level of
the functional definition cannot be defined untietmeans of physical fulfillment to the

functions within the previous level have been depetb[54].

Mehdi Hashemian describes this as the conceptafsee decomposition. He states that
the functions and sub-functions have a direct daesationship between each other by
means of the physical implementation of the functibhis is displayed in Figure 21. In
this figure functional requirement (FR) is fulfilleby a given solution. This solution in

turn induces additional functional requirements|[64
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Figure 21: Functional decomposition from Mehdi Haslemian thesis

Suh gives an example of this functional hierard®een in Figure 23. Here, a lathe is the
overall concept which can be decomposed into domsiy elements (in the boxes).
These boxes are needed as a fulfillment of a gfuention (indicated by the arrows).
Once an element is defined new functions are defimethis case the use of a gear box
to fulfill some product level function induces theed to fulfill new functions which are
embodied by the spindle assembly, feed screw, ramaef.
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Another simple example for a functional chain ise aefined by the fulfillment of
functions accomplished by a flashlight. This ispthyed in Figure 7. In this case, the
flashlight's main function is to generate light.i¥Hunction is the boundary function
because it must be unequivocally fulfilled by thesign. Many alternatives can be chosen
to fulfill this function. Many elements have thepaaility to produce light. These may
include alternatives like light bulbs, fire, biolumscence, etc. Some alternatives are the
more logical choices because each will induce amodlet of functions that need to be

fulfilled to enable this physical element to work.
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Figure 23: Boundary, Induced, and Function/SolutionChain Generation

Suppose a light bulb is chosen to fulfill the boarnydfunction to generate light. In order
for this function to be fulfilled, another functias induced. This induced function is to
provide electricity. If other alternatives had be#msen, the induced functions may have
been very different. The initial functional breakdo of the product must occur at the
boundary function level. These functions are inezhtb be independent of the physical
implementation and must remain fixed for all arebitiral concepts. Induced functions
are explored after this generic breakdown is addeand actual physical elements are

identified which can fulfill these boundary funatig
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Following this approach, alternative definitionaigortion of the decomposition process.
The alternative elements are the essential builthlogks of a complex system. The

functions describe actions, and the elements thHersadicate behavior.

Alternative definition and functional analysis aiso closely correlated because induced
functions are directly related to which alternasiae included in the architecture design
space. Functional analysis and alternative defimiieed to be performed iteratively as

shown in Figure 24.

W’u

Alternative Definition

Functional Definition

Figure 24: Functional and Alternative Definition

The alternatives and the functional interrelatiopshdefined for each alternative
constitute the architecture design space for tmepbex system. With these in place the
designer can proceed to explore combinations @frratives within this space with
varying interrelationships. This exercise of builglithe design space for the architecture
requires tools which characterize the relationsbigisveen Function/Solution Chains and

the physical system elements.

Implementing induced functions into the conceptaion of the architecture allows the
functional description of the architecture to chesigas decisions are made. These
functional relationships, which are traditionalllssamed or defaulted, govern the
structure of the system, determine the requiremamesach of the elements in the system,
and affect the overall performance of the architect Characterizing these induced
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functions provides for flexibility in the structuref the architecture. By categorizing
physical elements by their impact on the functiequirements on the architecture, the
architecture becomes modularized based on the idumsctwhich the architecture is
fulfilling. Typical architecting “schemes” are refitions of well-understood functional
relationships. However, the effect of revolutionaschnologies on an architecture
requires flexibility which can be captured througte induction of new functional

relationships.

Functional/Solution Chains

Once the boundary and all of the induced functiares identified, this combination of
tasks needed to fulfill the boundary function iscéed as the functional/solution chain
FSC or aggregate function. The attributes of theysgal embodiment of
Function/Solution Chains become product level piglsidescriptions which can be
compared between architectures. The boundary furtiare consistent across
architectures. Therefore, comparisons of architecalternatives could take place on the

basis of functions.

With these classifications of functions, a diffardarm of modularity emerges. This
modularity is based on the fulfillment of functioms a functional framework. In this
functional framework the designer explores theilfaient of all of the functions by the
definition of alternative functional chains. Thikoavs the architecture to take on widely

varying physical forms.

Figure 25 and Figure 26 display the difference leetwa traditional convention for
systems modularity and the concept of functionadinharity.
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Both methods of defining a modular architectureuneq the definition of all of the
physical elements represented by geometric shapegure 25 and Figure 26. However,
the traditional approach adopts predefined systémeyfaces, while the functional

modularity approach allows a flexible definitioneléments within the system.
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Figure 27: Product Trade-offs A) Traditional Systens Modularity, B) Functional Modularity

Figure 27 is an illustration representing the radgbdn of the product architecture. Using
the traditional systems modularity approach systanistechnologies may be exchanged
easily as long as interfaces are preserved. Witbtional modularity any technology can
be applied when called upon by the function. Nouagdion is made regarding
organization. Again, it should be mentioned thatewhinterfaces defined by the
traditional approach are altered significant atierato the architecture definition is
required. Interfaces defined using functional madty are not constricted by physical
definition. However, there may be intricate intéat®nships developed when physical

systems fulfill functions in multiple functional amns.

These functional chains can be compared to theibmfow block diagram, which is a
flow diagram which shows the relationships betwdenfulfillments of functions. In the
context of a function flow block diagram the fumcts are generally arranged in a
sequential order, designating which tasks musubidéd in which order [15]. The idea
of functional modularity does not specify that thesks must be sequential. The
functional relationship defines some physical ogidal interface, through which
information or power is transmitted.

In contrast to traditional methods of charactegzihe functional chains, the process of

inducing functional requirements introduced in théxt does not assume functional

relationships and chains before physical elemengsirecluded in the system. Other

59



processes begin with the definition of a functibowf block diagram [65] and assume
relationships between functions, while this procesgins with the classification of

functions and physical elements and allows thea@stto be built as decisions are made.

With a functional flow block diagram or this methoti functional decomposition there
can be highly intricate interactions between elemeavithin different functional chains.
Hashemian assumes in his work that the functiomattre is ideal, meaning that there
are no relationships between functions except tvparent function and sub-function.
This allows the functional chains to be considaretependently. However, it does not
take possible interactions into account. For examible electrical system on an aircraft
fulfills the function to provide electricity. Thiginction is required by multiple elements
within the functional structure. The requirement fectricity is imposed with the
implementation of electrical anti-icing systems g@fhivould fulfill the function to protect
from ice and the requirement to provide light te ttabin. Thus one physical element is

dedicated to multiple functions.

Considering products on the basis of induced fonstiallows generalized grouping of
induced functions to be made. Some induced funstappear often in complex systems.
For the processes and tools defined in this tbesd general groupings are related to the
use of energy throughout the architecture. Fournmgioups appear: providing,
transforming, storing, and distributing some tygenwaterial, energy, or information.
These functions are entitled power functions beedhsy typically govern the overall
efficiency of the system and track the use of potheoughout the architecture. Power
elements within a complex system provide functiipaior many different elements
within the functional chain. Thus, a single phykielement can fulfill the functional
requirements at any level of the hierarchy. Thigsathe necessity to interrelate the

requirements of each of the functional chains.

Summary
The functional breakdown developed for this procafsarchitecture definition requires
the classification of functions between boundarg emluced functions. Not all functions

that must occur in the architecture are independdnthe physical nature of the
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architecture. Only those which interact with th@isnment in which the product is used
can be defined as fundamental elements of thetaothie. Induced functions also play a
role in fulfilling the overall product functions iorder to support other physical elements
in the architecture. Thus the relationships betwlaantions and physical elements create
functional chains. In these chains, functions rexjghysical elements and in turn the
physical elements induce new functions. These esha&ian be highly interrelated.
Elements in one chain may fulfill multiple inductahctions. In order to formulate these
functional chains in a directed and logical mant@ols and processes must be developed
to manage all architecture decisions that must beenall physical elements in the

system, and all relationships that can exist betvikese elements.
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CHAPTER 5

FUNCTION BASED ARCHITECTURE DESIGN PROCESS

In review of the topics discussed in the previduge chapters it has been established
that aircraft design is a process which is subjectmany conflicting requirements
imposed by the market, regulations, and operatmgrenment. Designing a complex
system, like an aircraft, requires the integratdmmultiple elements within the system.
The process of defining the elements within theesysand the relationships between
these elements is termed architecture design. #athire considerations are generally
addressed in later portions of the design processaae constrained by inappropriate
assumptions made during concept definition. In otdenfuse knowledge forward in the
design process some sort of model must be appliedhwcaptures more detailed
information regarding the architecture. Althoughmabdels can be useful, physics based
models are the only types of models which do nigt @atirely on assumptions and tacit

knowledge.

Traditional approaches to architecture definitiod @nalysis are subject to limitations
because of a hybrid approach to decomposition (phlysunctional, disciplinary). Also,
proper conceptualization and methods have beerilybii@roduced in the previous
chapters. In order to focus the architecture otfioms boundary and induced functions
must be organized in a manner which maintains ¢hetionship between function and

physical definition and guides the organization anplementation of analytical models.

In order to overcome issues associated with thitimaal approach and to maintain the
information necessary to build this architecturefuaction based architecture design
process was defined which is based on functionebm@osition and a systematic and
flexible process for defining the physical naturke the architecture. This chapter
introduces the process and the Architecture DeEigvironment toolset developed for

function based architecture definition and modelifige remaining chapters of this
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document will detail the specific tools and methasplemented in the steps of this

process.

Process for Architecture Design

Architecture definition, like all complex designsks, is a process of decomposing the
product into fundamental elements or concepts atdrohining the means of fulfilling

each one through a synthesis or physical definiporcess. This process for function
based architecture definition is displayed in tree\iagram in Figure 28. The fist side of
the Vee represents the conceptual decompositiod, th@ right side represents the
process of defining an architecture alternativeisTgrocess of architecture design is
meant to link the requirements of a product topitysical form, providing means by

which this architecture instance can be analyzedcampared to other candidates. Thus,
the initial step is the process of understandirgggioduct requirements and the system
concept, and the final step on the left is usirg itiformation regarding the concept to
determine the performance of the defined architectand comparing it to the

requirements.
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Figure 28: Function Based Architecture Definition \ee Diagram
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A brief overview of the process is given here. Mor®rmation regarding the tools and

processes used in this process is given in theviollg chapters.

The designer must first understand the scope ofi¢isegn, the product requirements, and
the governing issues of the design task. This taskides the definition of values of

merit by which architectures are compared (arrowrigure 28) once an architecture is
defined. With these values of merit and the defiseabe (arrow A, Figure 28) the rules
which determine system level relationships for phgject must be defined. These rules
regard the physical installation of elements wittiia system and the information which
will be needed from the functions and physical comgnts. Examples of scope include
the relationship between physical zones within ghgtem and the environment. These
defined installation relationships determine théonmation which is generated when
specific alternatives are defined to zones. Thia idefinition of what happens to the
overall system based on installation decisions t(lessfer relationships, geometric
relationships, drag impact, new induced functioes.). This topic will be further

discussed when installation is introduced.

The scope and requirements of the project andnigtaliation considerations lead to the
definition of the boundary functions of the prodatrows C and E in Figure 28). As
discussed in the section entitled “Boundary andu¢ed Functions.” There is a tight
relationship between the definition of physicaleaittives and the definitions of the
functions of the product, hence, the feed forwand backward relationships between
these two exercises (arrows F and G in Figure Pi&. other upward flowing arrows B
and D indicate a relationship between this funciom alternative definition and the

relationships governing the attributes and effertass of the overall system.

The first step of the definition process is theesgbn of physical alternatives to fulfill the
functions. These decisions are based on the boyfhalactions, the alternatives available
to fulfill the functions, and the functions inducbky alternative definition (arrows H and
). The relationships between these alternativestithen be designated based on the

alternatives selected and their defined attribuAssthe alternatives and relationships are
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defined they must be physically placed within thgstem. This is done during
installation. As this is done the rules governimgtallation (arrow M, Figure 28)
determine if new alternatives must be designatddlfil new induced functions (arrow
N). Finally, once the elements are chosen, netvehréad placed within the system, the
attributes of these elements and the performanctheofsystem architecture must be

determined based on the figures of merit definédlly.

This process was fashioned to utilize the relahgs between functions and physical
elements on the basis of functional induction amdntegrate decisions made about
elements into the definition of an architecturaal#o allows for the modular management
and grouping of all architecture knowledge in a waych facilitates the modeling and

simulation of the architecture.

Architecture Design Environment (ADEN)

Complex relationships developed in the definitidnboundary and induced functions
motivate the definition of tools and processes ubillf steps of architecture design

displayed in Figure 28. These tools utilize a fidaifunctional framework and tightly

integrated process of defining the fundamental gayselements and functional

relationships as well as the definition of the raédive concepts. These tools are
superimposed on Figure 28 in Figure 29 below ant v discussed in the next two
chapters.
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Figure 29: Architecture Design Tools
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The complex relationships and interactions betwstps of the architecture design
process induce the need for tool interplay whiabvptes fluidity and management of all
the decisions made. An object oriented programedalthe Architecture Design
Environment (ADEN) was developed to facilitate thiecess of architecture design and
to address the third portion of the hypothesisrotess integration. This toolset focuses
primarily on the functional to physical definitiaf the architecture represented in steps
3-5 in Figure 28 but was built with the intent otarfacing and utilizing information
generated in other portions of the design.

The scope of this research was to develop the gsoteols, and interface with which a
complex systems designer will be able to define@hitecture design space and easily
identify candidate architectures. This interfaceludes functional and alternative
definition, alternative selection, configurationfidgion, an interface for installation
definition, and a method to defining the operatspace for the architecture. This tool is
intended to be the method by which architecturendefn tools can be integrated to
assess the performance and practicality of multlplgns. Therefore, the description of
the architecture will be defined as a means whidh easily be accessible to existing
integration software. Installation consideratiosteps 2 and 7, Figure 28) and overall
architecture evaluation (steps 1 and 8) are todmelled as external tools integrated into
the ADEN framework. The ADEN information flow diagn is displayed in Figure 30.
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Figure 30: Architecture Definition and Analysis Pracess

This process utilizes functional and physical d&bn tools described in chapter 4. The

design space definition process follows the prilesif functional induction and utilizes
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a functional tree to manage and organize both imetand alternatives. The concept
definition uses the functional tree as the meanselect alternatives in the Adaptive
Reconfigurable Matrix of Alternatives (ARM) and iadicate the axis of the Functional
Mapping Matrix (FMM), which then is used to configuthe relationships. The ARM and
the FMM will be discussed in chapter 7.

To validate the flexibility and applicability of ¢htools, methods, and theory, this
interface will be applied to the architecture dasoj a commercial transport aircraft. In
this case study, the aircraft will be decomposed aandidate architectures will be
developed. In definition of these alternative cgusglimitations and assumptions of this
process will be discussed as well as future woekt thould be required to refine the
process and its implementation. This would incldidieire work regarding the theory
associated with the concepts discussed in thisrpape the requirements of tools and
methods which would be used to manage the infoomajenerated by this process to

physically size and assess the performance ofdfiead! architectures.

Architecture Design Environment

In order to provide the flexibility of design spaaed concept definition the ADEN tool

was designed in an object oriented environmenta AGsual Basic tool, the structure of

the functional breakdown and the instantiation ofygical elements can be easily
manipulated. The tools and principles used in bibth design space and concept
definition processes are reviewed in this sectMaore details about the ADEN tools are

available in Appendix C.

The tools developed to embody this process wemgenievith two main interfaces. These
interfaces are displayed in Figure 31. The firgriface is used to define the design space
of the architecture in terms of the functions amdgible physical alternatives to fulfill
those functions. The second interface is intendad cbncept definition. With this
interface, the architect defines which elementsugesl to fulfill the functions, how these
elements are interrelated, where the elementslacegin the architecture, and how the
mission of the aircraft will be configured. The sifie elements of these tools will be

discussed within the next chapter.

67



Design Space Definition”

= Archischan e St [kt Powe Vosiables
= Mow

[ FigmOsmiamet ] [ Conpuiiy ]

e
P | |

Alternative
Definition

Gt s
e———

S

Figure 31: ADEN Interfaces

These interfaces utilize Visual Basic command aodtrol tools, such as tree and
gridviews, as well as data lists and images. Thent&face allows for the organizing of
the data on the screen in a manner which facifitéte definition of the architecture.
Rules defined during design space definition areduduring concept definition to
manage feasible choices and cause functions tontbeceéd in the ARM based on
decisions made in other portions of the designgssc

The output of this tool is a script based desaipwf the architecture which lists all of
the relationships occurring between models usethén performance analysis of the
architecture. These relationships can occur amoggsiem element models, closely

spaced groupings of elements in zones, and theamiagalysis. These relationships are
shown in Figure 32.
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Figure 32: Model Relationships DSM

The output file consists of a listing of every mbtleat will be needed for simulation, a
mapping of all the relationships between the modefsch exist regardless of the
network connections (attributes relationships, Zogation relationships), and a listing of
each power relationship governed by the FMM. THatieships between the zone
definition and the performance analysis models lagttveen the analysis codes and the
global sizing and performance models are staticafbarchitectures defined. All other
relationships between systems elements and the wib@eling and simulation elements
can change for different architectures defined. Tékationships within the system
elements can change during modeling and simulatiah must be allowed to adapt for

different sizing scenarios. This will be discusfadher in the next chapter.

Each one of the relationships between these madeldefined in the output file,
completely defining the modeling and simulationiemwment. The ADEN toolset acts as
the interface in which architecture decisions dnvadeling and simulation, which occurs

in the background.
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Summary
This functions based process for architecture d&fin requires appropriate
decomposition and a flexible means of alternatiggnition. The decomposition process
involves understanding and translating requiremenéppropriate mission definition and
functions, identifying the terms by which the ditriies of architectural elements will be
used to define the overall critical attributes oie tarchitecture, decomposing the
requirement to boundary and induced functions,idendtifying alternatives which can be
used to fulfill these functions. Physical definitiof this architecture involves selecting
technologies and components to be used in thdlrfudint of these functions, defining the
relationships between these elements, organiziegetielements in some spatial layout,
and assessing their performance in fulfilling tleguirements. Tools were used or
adapted to address each step of this processdiitenture design and will be discussed
in chapters 6 and 7. The Architecture Design Emritent (ADEN) integrates these tools
and provides an interface in which a designer cakenthe decisions necessary to define
the architecture. A benefit of this process of aegosition and definition is that each
physical element must be characterized by all médion necessary to determine its
performance. In so doing, the I/O for modeling andulation are readily available with
the conceptual definition of the architecture. Hclke element in the architecture is
represented by a physical model, this process e®fall relationships between these
models and defines the use-cases of these modedsnialation purposes. By defining
the means by which all architecture elements shbalthterrelated, the ADEN tool has
the capability to bridge some of the gaps betweshitecture conceptualization and

physics based sizing and analysis.
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CHAPTER 6

DESIGN SPACE DEFINITION

In order to develop architectural concepts, ingportant to identify the extent to which
trades will be made and the level to which thishaecture will be defined. The designer
must identify what decisions must be made and adl possible means by which a
solution to these issues can be found. All combnatof possible solutions constitute
the design space for the architecture. In this ggscthe design space for the architecture
is made up of all functions which characterize dnehitecture and all possible physical
elements which can be employed to fulfill thesections. This chapter addresses
development of the functional breakdown, includimgundary and induced functions,
general groupings of induced functions, physicatent characterization, and the means
by which element attributes are defined and inteegrdo the product level (mission

scenarios and zones).

Requirements

Requirements analysis is the means of generatiwagi@ description of desired product

attributes or goals which are logically organizedytide product development. It should
be noted that requirements analysis can be dom®uticonsidering the technologies that
will be implemented in the product. Requirementalgsis considers what needs to be
done by a product and is not troubled with how ¢hase to be accomplished. These
needs include the product’s purpose, the crititayqrs, the performance requirements,
the operational and time constraints, and the ogetar success. David Hays states in his

book “Requirements Analysis” [66],

“It is important not to confuse requirements analygith system design.
Analysis is concerned solely with what some cadl pnoblem space or the
universe of discourse ... Design, in the solutioncsepas the specific
application of particular technology to address drderprise ... There is a
common tendency for designers, when they are ainglygquirements, to

construct the analysis results in terms of a paldictechnology ... They
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go into the effort with preconceptions of what #wdution space is going

to look like, so they seek out problems they alydatbw how to solve.”

Requirements analysis precedes all definition @& fhroduct functions or physical
attributes. Identifying appropriate boundary fuons8 for a product begins with
identifying the environment in which it is to opgrdahroughout its lifecycle regardless of
the physical structure of the product and the i@ahips of this environment and the
product itself. Moir and Seabridge discuss typdasign drivers that are present in the
requirements analysis of an aircraft: safety, cestironmental conditions, performance,
quality, human/machine interface, structure, crawl @assengers, stores and cargo,

functional performance, and standards and reguis{22].

These external influences can be categorized imtberent groupings. The DoD

recommends grouping these requirements in a daaiaish lumps these design drivers
into project requirements, mission requirementstamer specified requirements, and
interface, environmental, and non-functional regunents [55]. This organization of the
desired attributes can be considered as a contepeaations (Con Ops) as described by
the INCOSE [15]. This document gives a complete description af product

requirements and performance metrics.

This description of requirements in the concepbmdrations must then be translated into
inputs to this function based architecting proc@dse requirements generated during
requirements analysis impact the functional desigace by providing the boundary
functions to be fulfilled, defining the sizing segios for each technology, configuring
the constraints and input attributes to the sizimydels, and comparing independently
designed systems performance attributes. Eachesktigroups of attributes is derived

from the different categories of requirements.
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Figure 33: Mapping of Design Drivers to Design SpacDefinition

The inputs to this process and their relationshifith the requirements described in

requirements analysis are described in this section

Boundary Functions
This process of architecting is facilitated by neasf boundary functions. These
functions are the actions that must be achievedhiey architecture, defined by the
architecture’s interfaces with the environment asdrs and the mission description. The
desired actions of the product can be describedrimferred from the requirements
document. These can be stated outright (“the diramast ...”) or can be contingent on
other information in the requirements documents.éxample, the function to protect the
wing from ice or to provide grounding during a ligig strike may not be directly stated
in the requirements document. However, both areesssry functions that must be
fulfilled to design an effective commercial airdraFhese requirements are inferred from
the environmental conditions and the interactidmast the product will have with the

environment.
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Figure 34: Boundary Functions- Interactions betweerArchitecture and Environment

As indicated by Figure 34 a boundary function is description of the interface between
the architecture and all environmental conditidnsorder to allow the architecture to
take any general form, these relationships mugienerated from the requirements alone
and independent of the physical solution [66].

Boundary functions are actions which, when ful@llledirectly accomplish the
requirements of the aircraft. Much of the complgxit deriving standard terminology
and taxonomy for functional definition stems frohe tmissing of boundary and induced
functions. As discussed in chapter 3, an apprapriavel of detail is necessary to
completely define the function and understand therratives available to fulfill the
function later in the process. This boundary fumrctmust be stated in a way which
facilitates the conceptualization of a potentidfifment of the action. Many “typical”
functions for a product do not fit the descriptimina boundary function but are induced
by other architecture decisions. Appendix D showsomparison of typical function

defied by multiple authors. Induced functions Ww# discussed later in this chapter.

Sizing Scenarios
The sizing scenarios are determined by a desanitidthe mission and objectives, the
interfaces, and any constraints imposed on theyatoth aircraft conceptual design,
sizing is typically performed with a mission prefénd fuel fraction calculation. The
mission is segmented into phases, each represenpogion of flight which imposes
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different environment conditions, functional regurents, and constraints on the aircraft.

Examples of four different mission sizing profie® shown in Figure 35 [41].
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Figure 35: Typical mission profiles for sizing (Rayner)

These mission scenarios illustrate the missionirements of four very different aircraft
and highlight different functions that are to befpemed during different portions of the
mission. These mission phases are defined by thmdawy interfaces during each
mission phase. For example, during the cruise gortf the commercial transport
mission, food service may be provided to passengettse cabin. This indicates a new
relationship with the environment space (passenigetise cabin). Thus, new boundary
requirements and attributes (energy requiremegtshift etc) must be captured in the
sizing scenarios. This may not have a direct efdeacthe overall geometry of the aircraft;
however, combinations of requirements and intemfécts can impact the overall
performance of the aircraft. Each combination ¢driactions with the environment which

the architecture will see in its operation mustibed to size the architecture.

Sizing Models
Each function must be fulfilled by some physicaneént or combination of physical

elements. Thus, as functions are defined, physitatnatives must be identified as part
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of the architecture design space. These alterrsativuest be defined and characterized by
their 1/0. Each element must be sized for all g§zoonditions, thus imposing its own
attributes and requirements on the other architecelements differently at each

condition.
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Figure 36: Alternative Characterization

The model representing these physical elementswsllthe generation of new
requirements implying new induced functions. Inagldenctions will be discussed
further in this section. The attributes and requigats of the alternative are dependant on
the constraints and conditions under which it pen and the measure of the
requirement that it must fulfill. These conditioase determined by the sizing scenarios
which size the architecture, the constraints gamgrrthe physical attributes, and the
performance requirements. Characterization of feenents of the architecture allows
these models to be configured and linked in ordeize them concurrently in an iterative

manner.

Post Simulation Performance
The architecture generation process will be disliss the concept definition section.

Once an architecture concept is defined and thmgsiand synthesis is performed,
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candidate architectures are compared and the lesitemture is selected. This
comparison is performed on the basis of the peidoca attributes (metrics) of each

architecture.

These metrics of comparison must also be deschiexn inferred from the requirements
description and are directly related to the perfmoe requirements. Decisions must be
made as to whether the requirement will be handieda means of comparing two
complete architecture concepts or as constrairtteermodeling process. For example,
reliability and safety can be handled through philiig calculations which can provide
gualitative comparison of complete systems. Howespecific safety hazards can be
addressed with specific functions (provide fire m@ssion, prevent disk perforation).
Safety criteria must be handled as guides to whlements can be selected, how these
should be interrelated, and where these would peogpately positioned in the layout.
These performance requirements can be handlednadgioas for architecture generation

or as points of comparison between architectures.

Typically in aircraft design, weight and total fualrn are often the attributes which are
used to compare aircraft designs. Other qualitatmmparisons between products can
also drive the choice between two candidates. ketike overall look, comfort, and the

way in which the product is perceived are moreidiff to compare but can be addressed

by non-qualitative means (e.g. focus groups, svete).

Induced Function Definition
The concept of functional induction was describedchapter 5. However, here we
discuss grouping of induced functions to facilitatedel development. In order to
develop the structure of the model representing #inchitecture concurrently with the
definition of the concept, rules must govern thiatrenships and transfer of information
between physical entities [67]. The induced funionust be formulated in a way which
facilitates model definition. The categories ofucdd functions utilized in this process
are power functions [68] (power distribution, treormation, generation, and storage),

secondary/tertiary functions, and installation ioelth functions.
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Power Functions

The use of energy has become one of the highesteom in commercial aviation.
Energy efficiency by means of fuel consumption igeenue passenger mile is one of the
most critical measures of effectiveness for commakraircraft performance. Every
element used in the aircraft architecture affebts énergy performance of the aircraft.
This occurs directly through energy requirementsperate these elements or through the
means of supporting the physical elements itseHight/lift, volume, and drag/thrust)
[68]. Physical attributes are provided by the gilzmodel of the element itself and are
needed to generate attributes at the overall syleeh while power related information

is directly needed by other system elements. Bhitustrated in Figure 37.
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Figure 37: Power and Attribute Relationships
In Figure 37 we see two system elements: a flashigd a battery. The relationship of

each element to the design environment space isireapin terms of system attributes
(e.g. weight and cost). These are needed in owlesize the integrated system and
ascertain overall effectiveness. However, the igrahips between the two elements

within the system are formed in an interactive gpgrower/work related interaction.

There are multiple ways in which energy is trang@iinto a system or control volume to
perform work: thermal, electrical, mechanical (tmtaal, translational), mass transfer
[69], [70]. Thus, the transfer of any of these ggdypes across the boundary of a system
can be handled by means of functional inductionwd?ovariables can define the
management of energy in any of these energy fomdsnaust be characterized by the

type of power and the attributes of that power asded for the sizing models. For
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example, a specific element in the system may requsource of 110V AC electricity at
some current rating. This device may, however, atpeat different currents or voltages
with some lesser degree of efficiency. Thus, thegyaguality begins to affect the total
amount of electrical power that is required and gedormance of the specific element
within the architecture. The element requiring foever and the element providing the
power must interact in their relationship, bothidang information critical to sizing
both components. These channels of information @vowequirements and
characteristics) must be defined for each poweploogt

Power Requirements

Power Attributes

Figure 38: Power Relationship between User and Prader

The functions defining the use of power variablas be generalized into a few separate
categories. Devices in the product can be usedatsform, store, or distribute energy.
All however are defined by the same function/attié structure and are described in
Figure 36. The categorization distinguishes the®&ep elements by the relationships
between power input and output and their sengtiatsystem level attributes. This will
be described in the following 3 sections.

Transformation Functions

These power management devices fulfill the functmchange the power from one type
to another or to change the power characteristicsa ogiven power type. Each
transformation device fulfills one power functioprdvide one type of power) and
induces another (provide another type of poweryefy straight forward example of a
transformation device is a generator. The genemtorides electrical power by utilizing

a torque producing energy source.
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All power devices can be considered to be someoddransformation devices. However,
the different power functions are defined in sefgarategories to manage the flow of

energy from source to ultimate user.

Provide Power Transformation Provide Power

Type A Device TypeB

Figure 39: Transformation Element

Storage Devices

Storage devices are elements which change theirendepending on operating scenario.
During some portions of the aircraft operationsbhéeries are charged through flow of
energy from the electrical distribution system. @éther points in operation, these
elements become the source of electrical powehé¢odistribution system. Elements
which induce the function to provide some poweretyguring some portion of the

mission and then fulfill the same function at otlpeints can be categorized as power

storage devices.
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Figure 40: Storage Element

Distribution Devices

A distribution device fulfills the function to drdbute energy from one location in space
to another. All energy boundary, transformatiomrage, and generation devices must

receive their energy by means of a distributiormelet. Functionally, the distribution
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device induces the same function that it fulfiléowever, it provides the connection

between a power user and a power supplier.

One unique attribute of the distribution elementits sensitivity to higher level

architecture attributes. Determining the attribuéesl performance of the distribution
device requires knowledge regarding the physicahtion of the elements that this
element connects and regarding the routing betwease elements (distances, volumes,

number of turns, etc.).

Provide Power Distribution Provide Power

Type A Device Type A

Figure 41: Distribution Element

Distinguishing the differences between common pewstated functions allows for

standardization of the means by which informatisrrdlayed between device models.
Energy relationships are critical to the conceptiesign of a product. The effectiveness
of fulfilling functions for a product depends oretbse and flow of energy throughout the

system.

Secondary Functions

Not all actions required by a specific element withn architecture can be directly

related to the power chain. New requirements caattoduted the selection of a specific

element and defined similarly to a boundary funttibhese secondary induced functions

are active only when this parent element is pregetite system.

An example of a scenario in which physical meardudes different functions is a
comparison between a manned and unmanned air @elitllife support functions can
be considered to be induced by the choice of aiphlysystem (a pilot) fulfilling control

related requirements. Having a pilot induces thections to handle food or body waste,
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to provide external view (windows), provide lighdinand to support life (provide
oxygen, pressurization, temperature managemenrkpitaarea) [71]. If providing control
was fulfiled by remote control or advanced autopibystem instead of a pilot a
completely different set of functions are inducedy( real time data and video streaming

to ground).

The differences between architectures of manned tamdanned aircraft are due to
changes to the physical fulfilment of aircraft Inolary functions, and the induction of
different functions based on these decisions. Dejimelationships in terms of induced
functions allows designers to explore areas ofdbsign space which were previously

limited by assumptions regarding the physical reatifrthe product.

Functions are often induced by the combinationlefents within an architecture and
not directly induced by a single element. Thesédrigprder induced functions become
active in the design space when specific combinatiof elements are selected. Logic
characterizing the activation of the functions & &ated, “If all of these physical
elements are present and none of these physicaeste are present, then these new

functions are induced on the system.”

Installation Induced Functions

Some induced functions cannot be inferred by thpeagance of specific elements in the
architecture. These functions can only be discal/bsetaking a system level view of the
architecture. The spatial orientation of the aiitcaad the placement of each element in a
given location can impact the existence of new fions in the architecture design space.
These functions are called installation inducecfioms.

Examples of potential functions which are affect®dinstallation decisions are heat
management, corrosion resistance, noise managemiéndtion control, and hazard
protection. These functions are not always need#édss there is an adverse physical

relationship between elements within the architectu
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Thermal management is often necessary only whehdegeitive equipment is located
near equipment which emits heat. In such a sitnatie functions to insulate or to
remove heat is required. The fact that both of éhetements are present in the
architecture does not induce the function; the tlaat these elements are configured in a

particular manner induces the function.

In general, installation induced functions can ategorized by the effect of an output of
one element on the input of another. A power végialan be defined to represent these
relationships within an installation scheme. Foaraple, if one element emits radiation,
and another element is sensitive to radiation,reabi® must be defined which quantifies
the amount of radiation produced. When radiationtterg elements are located within
the aircraft the amount of radiation emitted becenirgked to the general area in which
the element is located. A given zone’s attributess dependant on the outputs of the
elements within the zone and relationships betwesghboring zones. The sensitivity of
other elements to these attributes causes newidanict become activated. As elements
are located in the architecture, induced functi(eg. protect from radiation) can be
initiated within the area in which an adverse rel&hips exists. These installation
induced functions can be instantiated by multiplenes concurrently within the

architecture.

ZoneA

m
@

Figure 42: Installation Induced Function for thermal Management
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Other induced functions can be induced by taggomes with specific constraints (disk
burst zones, fire suppression zones, etc.). Elesneith given outputs can be prohibited
or exclusively required in a given architectureaben. Thus, as individual elements are
situated in 3-dimensional space, side effects eenargl must be dealt with within the

common context for functions.
Framework Definition

Power Variables

The threads which knit these function-based elesnagether are power and attribute
variables. Each of these variables must be defimexder to characterize each element
and each relationship appropriately. Power varsabkcome the framework upon which
all power functions are managed. The definitiorpofver types and induced functions
must be initially decided and detailed to proviggr@priate flexibly within the design
space. Designers must decide if some relationshipsgoing to be handled through
secondary functions or through power functions. &xample, will thermal power be
handled in terms of heat distribution and transfiron or will it be handled as a

secondary function with thermal attributes?

Power couplings are defined by both power requirdmand attributes as shown in
Figure 38. The power requirement is a simple statgnof how that power is to be
transferred. The characteristics are the attribaed qualities that may affect the
attributes and performance of the either the pgwevider or the final power user. The
conceptualization of this relationship is similar relationships as defined by system
dynamics. System dynamics defined relationshipserms of both an across and a
through variable which are then used to defineedifitial equations for the system. In
the case for fluid flow, system dynamics uses pmesslrop as the across variable and

volume flow rate as the through variable.
The power variable definition for this architectipgocess considers the through variable

(e.g. fluid flow rate) as the power requirement,la/the across variable and all other

attributes (pressure, temperature, Reynolds nunpogity/contamination measurement,
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etc.) are defined as attribute variables. Theseachkeristic can be constrained or
specified by the power user but are defined bydis&ibution system itself based on

upstream power conditions.

Attribute Variables

Some variables are not directly related to the pog&in but are necessary for the
overall sizing of the system. Attributes like cosgight, size, reliability, and others are
not only necessary to perform sizing and synthésisalso act as metrics for comparison
between architectural concepts. These variablest rhesgenerated by the models
representing the individual systems and carriethéosystem level to size the system.
These and other attribute variables are also naged$s perform analysis and zone

attribute calculations.

Element Installation Definition

As these system elements are defined the nextahafuestion is, “How will all of these
pieces fit in the airplane?” or in other words, “S¥twill this grouping of systems look
like?” Will the fuel tanks be in the wing and befbring, or will they hang from the wing
in external tanks? Will the avionics bay be sitdateder the first class cabin? Are the
engines on the wings or on the tail? Where will theding gear be placed? Every

element fulfilling the functions of the system mbstsituated within the system.

Volumetric considerations become paramount in offdersizing to occur. It is not
enough to designate which technologies will be psed these technologies must fit
within the mold lines of the aircraft in an effioieway. Many existing conceptual design
techniques consider the aircraft as a point matis agsumed aerodynamic and structural
performance. In other approaches the layout ofattohitecture can be set to follow
historical manufacturer conventions. These assumgttan be applied in this process of
function based architecture design. However, trabigectural trade-offs require physical
information regarding the interactions betweendygems and these interactions depend
on the placement of these systems within 3-dimersispace.
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Following the definition and integration of systeraements must be situated relative to
each other. The overall aircraft characteristias @ew induced functions must be defined
by where the elements comprising the architecttedaeated. The approach adopted for
this design process was to discretize the conckepdyaut of the aircraft into zones.
These zones can represent different sections oditbeaft (fore fuselage, aft fuselage,
belly faring, tail, wing, leading edge, nacellec.tto the level of abstraction desired.
Each zone is characterized by its relationshiph tié elements dedicated to it and by its
relationships with the other zones in the architext

Not only does this allow for installation inducaghttions to be formulated as discussed
previously, but it provides a means to capturestystem level interrelationships between
the zones that is necessary to size the distributgiworks and perform various analyses
(stability analysis, aerodynamics). These zonestlaeid combined attributes are defined
and interrelated in order to systematically arratige hodgepodge of interconnected
systems and prepare the system for sizing and esisthThe inter-zone attributes are
calculated based on geometry generated by thegspriocess (wing area, span, sweep,

etc).

Figure 43 is a graphical representation of a nalionore electric aircraft architecture,
including the control functions, air conditionin@vionics, galley functions, ice
protection, and in-flight entertainment. The bouydanctions are colored in orange, the
induced functions are colored green, and the pmeerces are marked in blue. The
connections between the elements are also col@dcdilue as mechanical, dark pink as
high voltage AC, pink as low voltage AC, orangehagh voltage DC, and tan as low
voltage power connection. Figure 44 shows the gngupf the architecture from Figure

43 into zones.
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Figure 43: Notional More Electric Aircraft Architec ture
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Figure 44: Elements Grouped into Zones
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The spatial organization not only determines theral “look” and performance of the

aircraft, but also the immediate environment ofheatement within the system. Zone
placement defines groupings of elements that stiteresame immediate environment.
This allows for appropriate sizing of architectuedéments. Element performance and
attributes depend on the power requirements iilfgling and environment in which it is

operating. For example, that attributes and peréoee of the variable frequency AC bus
in Figure 44 are determined by its relationshipthwhe rectifier, filer, and generator, and
all physical relationships with the other elementthe electronics bay. Also, the size of
the wing determines the power requirements andat#s of the ice protection system.
The system level attributes and element zone lmtathust be known to provide

definition of zone environment conditions. Therethe zone attributes can be calculated

and referenced by all the elements within the zone.

The attributes of each zone contributes, in retcomtributed to the overall attributes of
the architecture. By dividing the architecture irgones, the elements within the
architecture not only receive information about émyironment in which they operate,
but the attributes of the system can be combinealltav the entire architecture to be
sized as a whole. By placing the air conditionind AT in the belly faring, the system
level attributes of the belly faring (volume, weigimpact on aircraft drag) are described.
Changing the location of the elements can change zttme attributes, activate or
eliminate installation induced functions, and charge performance of the overall

architecture.

Summary
The architecture design space includes a comptieg of all possible elements which
perform the actions defined by both boundary addded functions. Every element must
be defined with the intention of plugging this ebhinto a grouping of other elements,
exploring its effect on this system as a whole, #ogh replacing it with another element
in order to determine which combinations of eleraemte the most appropriate for the
architecture. The design space must alter and ehavith the introduction of new

elements and induced functions.
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To facilitate this process, the boundaries of eal@dment must be characterized and
sizing models for each element must be defined lwhre able to calculate all boundary
relationships. This includes an understanding ofclwipower types are required and
provided and which attributes will be passed to slgstem (weight, geometry, etc.).
Understanding each element also includes a stuolytathich induced functions may be

required by this element or by this element in covation with other elements.

Methods and guidelines have been presented irsdtison which allow the designer to
define the architecture design space. Requiremaafs to functions, sizing scenarios,
constraints, and mission definition. This mappingrt leads to the exploration of induced
functions and the brainstorming of alternativesalhiulfill those functions. All of this
must be integrated into a complete product requi@n consideration of installation

considerations. This is achieved through architectone definition.
Once this design space has been defined, it musklered. Tools are identified in the

next section which allow for the exploration of latectures in terms of element

selection, integration, and structure.
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CHAPTER 7
CONCEPT DEFINITION

Physical descriptions must be made on multiplel$evEhe definition of the physical
architecture can be reflected in three key acésiti alternative selection, power
relationships definition, and spatial layout configtion. Means must also be provided to
address how the architecture is to be sized baséd mission and use-case scenarios.

Once the product concept space has been defineldaasnoeen decomposed into its basic
elements (i.e. alternatives and functional relaiops) these elements must be organized
in a manner which allows candidate architectureddoeasily defined. This means
selecting the technologies dedicated to fulfill ttundary functions, and imposing the
appropriate induced functions associated with thkecsion and networking of these

technologies.

Deciding the manner by which the Function/Solut@irains will be fulfilled is a primary
task in architecture design. The work representethis thesis focuses primarily on the
first two portions of this concept definition pra@se alternative selection, and alternative
relationship definition. The tools developed to iempent this process include interfaces
in which installation and mission definition tootan be applied and the required
variables can interact with the functional defmiti However, tools performing sizing

and analysis within this framework are areas ftureiresearch and development.

Alternative Selection
Alternative selection is the process of identifyimgich technologies will be involved in
fulfilling the functions of the product. This expadion of the solution space was
addressed through means of morphological analydistphological analysis is a
methodology by which the parameter space of a probtan be examined and the
fulfillment of functions can be investigated. Irethate 1940s, astronomer Fritz Zwicky
developed a tool which was intended as a tool wbigfanized and explored problems

which are multi-element and unstructured [72]. Ttasl is called the morphological
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matrix. The morphological matrix is a mapping akguirement to the means by which it

can be fulfilled.

This morphological matrix has a very simple formheTunctions that must be performed
are listed on the vertical axis of a table and nextach function are all of the possible
means of fulfilling these functions listed withim@w. This matrix displays and organizes
the library of concepts or alternatives that camdm@mbined to fulfill the system functions.
Thus, the morphological matrix is a tool and guiddch is used to investigate potential
combinations of technologies used within a syst&motional morphological matrix for

a conventional commercial aircraft is displayedrigure 45.

controll Lfting [Tandem | Three Flying | Droop Wing
Yehicle Layout Conventional canard Bi plane | Canard wing Surface |Aft Strake Tailless Wing |outer Panels Winglets assymetric
Range {(nm} 4000 5000 6000 7000 Bo0o 9000 10000 11000
Number of Engines 2 3 4 5
Farward
Wing Config C-Wing Rear Sweep | Sweep
Dihedral negative zero positive
Crucifor Triple Inverted Boam Boorn Mounted
Tail configs Conventional T tail m H tail Tail W tail Tail ¥ tail Twin Tail|Mounted Tail| Inveted ¥ Ring Tail
Fuel Type Biodesiel J-88 p4 AvGas
Number of Aisles one two three
Materials aluminum composites |titantiumn steel mixed
fly-by
Controls System fly-by wire | hyrdraulics light
double- tripple-
Trailing Edge single-slotted slotted slotted blown
Simple Folding Bull- |  Multi-
Leading Edge Krueger |nose Krueger|pos, slat
Auxilary Power APU turbine Fuel Cell |Batteries
Engine Type Turbofan Turbojet | Ram Jet | JATO
Cutoff
forward
Wing tips rounded sharp cutoff Hoerner |Drooped |upswept|Aft Swept swept Endplate Winglet
side-by-
Fuselage Cross Section Elliptical Bell-shaped | Round stacked side
# of crew 2 3 4 5 6
# of pan 250-290 290-310 310-330 | 330-350
behind end of pax cargo
Loc. of Crew Rest Area cockpit compartment| hold Overhead
Wing Position Hi low rnid

Figure 45: Morphological Matrix

Each element can be selected in combination wélother elements in the matrix. In this
example the column represents both functions anéigroations that are required from
the product. A decision must be made regarding &agh of these column elements is to
be embodied. For example, there are 12 alternatieesthe definition of tail
configuration. As indicated by the yellow highligid, the conventional tail has been

selected.
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The total number of possible combinations of alkéue elements which can be sued to
fulfill all of the functions and define all of theystems defined on the column can be

calculated using the following equation.
Equation 1

=}

NA = N.

1=1
N, = numberof architectuealternaties
N, = numberof alternatiesfor functioni
n=

numbeirof functions

For the example matrix in Figure 45 a total of XBF alternative configurations can be

used in this solution space.

Interactive Reconfigurable Matrix of Alternatives

Tools have been developed which utilize the mabixalternatives to capture the
interdependent design options for very large systeime Interactive Reconfigurable
Matrix of Alternatives (IRMA) was developed as aanse to “integrate objective and

tacit information into the concept selection pra&d33]. With the IRMA, engineers can

use tacit knowledge to identify situations in whitlfe selections of alternatives are
interrelated and can filter the alternative seteddi available. The IRMA allows the

designer to qualitatively explore design optiomsitl the alternative design space, and

understand the dimensionality of the design deesstbat must be made.

Consider the function to provide actuation for cohon an aircraft. This function can be
fulfilled by multiple different physical alternaeg. Traditional large commercial aircraft
actuators are typically hydraulically driven. Srealdircraft and redundant systems often
use mechanically driven actuation which rely onlealand pulleys to provide the force
necessary for actuation. With the push towards empinting electrical technologies in
the aircraft architecture, electrical actuatiomatives have become feasible alternatives
to fulfill the control functions. These electricalystems include electro-mechanical

actuation systems and electro-hydraulic system#) bblizing electricity to move the
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control surfaces [74]. Entries in the morphologicahtrix regarding flight control

functionalities and physical alternatives may ldikk Figure 46.

Alternatives
Hydraulic Actuators
34k psi hydraulic distribution
AC Electrical Distribution

Functions
Actuate Flight Contrl Surfaces

Mechanical Actuators
Cable and Pulley

Electro-Mechanical Actuators
Bk pei hydraulic distribution

Electro-Hydrostatic Actuatars
Push-Pull Contral Rods

Pravide Powrer far Flight Control DC Electrical Distribution

Figure 46: Morph Matrix Entry for Actuate Flight Co ntrol Surfaces

Following IRMA methodology, a decision regardinge tactuators used to fulfill this
function narrows the design space regarding whicissigal element can be used to
provide the power for flight control. For examplg/draulic actuators can be considered
compatible with hydraulic power distribution systeonly. Therefore, with the selection
of a hydraulic actuator in the morphological mattixe design space is limited. This is
displayed in Figure 47 where green cells indicalected alternatives and pink cells
represent alternatives which are incompatible withselected alternative. The functions
to provide power for flight control must be fulédl by a hydraulic distribution system. In
this matrix, for simplicity’s sake, it is assumdtht only one alternative can be selected

for each function.

Functions Al

Actuate Flight Control Surface
Provide Power for Flight Contral

Hydraulic Actutors

ical Actuators

Electro-Hydrostatic Actuators

Mechanical Actuators

kD bution
AL Electrical Distrbution

epsiguydraulic distribution

Push-Pull Cortral Rods

Cable and Pulley

DC Electrical Distribution

Functions

| Alternatives

Actuate Flight Control Surfaces
Provide Pawer for Flight Control

Hydraulic Actuators

Electro-Mechanical Actuators

Electro-Hydrostatic Actuators

Wechanical Actuatars

34k psi hydraulic distribution
AC Electrical Distribtion

Bk pei hydraulic distribution

Push-Pull Cantrol Rods

Cable and Pulley

DC Electrical Distribution

Figure 47: Design Space Limited by CompatibilitiegIRMA)

Relationships between elements in the morphologitatrix are determined by
compatibility scenarios as defined by the desiggireer and stored in the form of
compatibility matrices. As specific elements artected, other elements can be either
eliminated based on incompatible relationships otoratically selected based on

required architecture relationships. Figure 48 moaonal compatibility matrix given by
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Engler, Biltgen, and Mavris [73]. The red cells izate where an incompatible
relationship exists. During the selection procésan element is selected in the IRMA,
all selections with incompatible relationships adicated by this matrix are marked as
invalid. For example, in this example matrix, tledestion of a nose inlet position, the
engine type can no longer take the form of a ramjebcket. This is indicated by the red

1 relationship in the matrix.

Inlet Position

Position

Figure 48: Compatibility Matrix for the IRMA [73]

Using the IRMA reduces the number of alternativest tare available to the user. The
alternatives with incompatible combinations are seed from the design space. This is

performed mathematically by augmenting Equatios $een in the Equation 2.
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Equation 2

I_Jlijk Ry =R R ERGA = A

-1 n

Minc inc

I_Jcij+z I:Jlijk Ry EFRGR ERGA =

Ming Ny
= ]:1 k:j+1

NC:IjA—z

j=1

|
>

0 :otherwise

N, = Totalnumberof conceptswvailable
n, = Numberof functions

n,. = Numberof incompatiblities

A = Numberof alternatiesfor functioni

A= A“AZ,AS’...’A]

C,; = Numberof alternatiesfor functioni duringincompatible scenarig
C] :C]-] ,Czl ’C3] ,"',C
|« = Intersecton betweernncompatillity scenariogandk

nj

I« = Numberof alternatiesfor functioni duringincompatihlity intersecton|;,
F,;, F, = Functiongelatedby intersecton|
A, A, = Alternativesrelatedby intersecton |,

Without taking compatibilities into account for thempatibility matrix in Figure 48, the

number of possible combinations is 25. There are éiptions for engine type and five
options for inlet position. With the compatibilitpnditions from Figure 48 the number of
possible alternatives is reduced to 16 due to ag@vezlationships between rocket type
and inlet position. A tool developed to investigtie effects of compatibility scenarios

on the design is detailed in Appendix E.

Adaptive Reconfigurable Matrix of Alternatives (ARM)

The basis behind the IRMA is a constricting desspace. Incompatible relationships
between physical elements limit the number of corations that can be selected.
However, it is typically used with a well-definedtf functions having assumed static
relationships between functional requirements. Tdus is subject to the same limitations

as the functional analysis and allocation portiarfs the design process, where
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assumptions as to product structure can limit tlesigh flexibility. Compatibility
constraints between physical elements depend amassphysical relationships required
between these elements. In order to avoid thesergu®ons, a new method of alternative
selection is proposed with tools based on this w@wagpfunctional breakdown.
Relationships between alternatives and functionghia new tool are subject to the
inductions of new functions based on physical neguents, not just elimination of

elements do to assumed incompatibilities.

Configuring the means of providing actuation carabddressed using induced functions
instead of incompatibilities. With this approacle tthesign space grows with selection of
physical elements based on induced functional rements. Considering the same
example as in Figure 47, the process begins welsgime boundary function (“Actuate
Flight Control Surface”). However, in contrast tbet method of incompatibility

elimination, the supplementary functional requiratsedepend on the selection of flight

control device as displayed in Figure 49.

Functions Alternatives
Actuate Flight Control Surfaces Hydraulic Actuators— Electro-Mechanical Actuatars  Electro-Hydrostatic Actuators—— Machanical Actuators
Functions |Alterpat

Actuate Flight Copfralsusee Hydraulic Actuators

Electro-Mechanical Actuators  Electro-Hydrostatic Actuators  Wechanical Actuatars
Provide Hydraulic Power for Flight Cumm\| 34k psi hydraulic distribution

5k psi hydraulic distribution

Functions Alternatives
Actuate Flight Control Surfaces Hydraulic Actuators Electro-Mechanical Actuators Electro-Hydrostatic Actuatars — Mechanical Actuators
Functions Alternatives
Actuste Flight Contral Surfac Huchaulcdatentars ettaeestmmenetme
Priwice Mecharical Power for Flight Contrl{ — Push-Pull Cantrol Rods Cable and Pulley

Figure 49: Design Space Expanded by Induced Functiqd ARM)
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Another benefit of basing the morphological matixinduced functions is an increased
ability to allow for redundancies and multiple mstiations of elements within the
morphological matrix. Incompatibilities cannot beposed when each function can be
fulfilled by multiple means. The hydraulic actua@re not incompatible with cables and
pulleys, but cables and pulleys simply cannot Hulfie functional requirements of
hydraulic actuators. A possible redundant mecharicaelectrical actuation system

would negate the incompatibility typically usedtire IRMA.

The Adaptive Reconfigurable Matrix of alternatiVédRM) was designed to manage the
functional and physical breakdown of the architetihrough acting as a hybrid of the
IRMA and the function/means tree. This tool reldbesh alternative interactions in the
form of compatibilities and utilizes the inductiah functions in a hierarchical manner
[54]. The ARM provides an adaptive framework upohick the architecture can be
defined. All boundary functions are listed in ae thitial design space. As alternatives
are selected to fulfill these boundary functiomgjuced functions appear in the matrix.
After this manner, functional structure of the atetture adapts following the logic
developed during design space definition. The ARMI tcan also be configured to
respond to compatibility constraints which can tithie design space. Using the ARM in
concept definition provides a flexibility to expéooptions that are difficult to represent
with the static functional breakdown used in th&iR

Power Relationship Definition

Once the alternatives have been selected the ame$fips between them must be
established. Some induced functions have the dagabifulfill functional requirements

for multiple boundary functions. This is often tb&se when considering the structure of
the transformation and distribution of power. Matgments within the architecture can
place requirements on different power distributietements. These relationships
dramatically change the structure of the functioct#ins and the requirements of the
enabling technologies. Many of these relationskgas exist and must be specified for a

given architecture.
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Design Structure Matrix

Defining and redefining relationships of elemenithim a system can be accomplished
using the design structure matrix (DSM). The DSMp@hdency structure matrix [75]) is
a square matrix with identically named columns amas. Each cell within the matrix

represents a potential relationship between sysments. If a relationship exists

between the elements this is indicated in the spording matrix cell.

The DSM can be applied to many forms of problemhsah be used for managerial
purposes by representing relationships betweenl@ewpteams. Analysis routines can
also utilize the DSM by representing the data floetween modules in a simulations
code [76].

The relationships can be directional when the matpresents a system of sequential
tasks, or it can be bi-direction when the matrigresents information regarding data,
materials, and/or energy transfer relationslifsd. Depending on the direction of data
flow in the matrix, one half of the matrix alongetdiagonal is feed forward and the other
half is feed back. The DSM in Figure 50 is defifgdseven elements labeled A through
G. The Xs represent locations where interactioriobetween these elements. In this
matrix the horizontal elements require some inputredationship with the vertical

elements (as designated by the Xs). Thereforagekdtionships below the diagonal are
feed forward relationship, while the elements abdke diagonal are feed back

relationships.
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A X
B X X
C Feed Back
D X X

E X

F Feed Forward

G X X

Figure 50: Design Structure Matrix

In traditional design, the DSM provides means tiingesystems’ relationships and to
either organize the elements or actions withingys&tem to reduce the number of feed-
backs (sequencing) or “cluster” all of the relasbips close to the diagonal in order to
characterize elements that should be grouped hilyigelated systems [49]. A DSM
application most relevant to this project is comganbased, or architecture DSM [49].
This method uses the matrix to explore various itectures configurations by
interrelating physical elements within a systemth/Afhis tool each element represents a
physical component and the relationships within thatrix designate how these

components relate to each other.

Functional Mapping Matrix

Using an architecture based on a functional stractinat changes with physical

decisions, there must be a tight relationship bebmiie means of alternative selection
(ARM) and the tool defining the interrelationshipsr a large system which includes
multiple physical elements, the resulting matribn dze very large. However, not all

elements within the system can have direct, logiekdtionships. In order to guide the

architect in defining the relationships betweements, the DSM was adapted to have
columns and rows which change with the selectioditéérent physical elements in the

design space. With knowledge regarding the bouedasf these elements this adapting
DSM also limits the user to define connections whiegical relationships can occur.

This tool is called the functional mapping matfMM).
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When an element is selected in the ARM, informatiegarding its power inputs and
outputs is delivered to the FMM. The FMM is genedaby listing all of the power inputs
for the technologies currently selected along thesrof a matrix, and all of the power
outputs along the columns. This matrix changesyetrere the ARM’s technology suite

is redefined.

Consider the notional matrix in Figure 51. In thgitrix the functions “condition air”,
“protect from ice”, “provide lift”, “interface withpilot”, and “provide control” are either

boundary functions or secondary/tertiary inducettfions.
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Figure 51: Notional Design Structure Matrix

These functions are all being fulfilled by a specédlement. The diagonal of this matrix
is marked in black, indicating that a physical edatcan not be configured to receive its

power inputs from itself.

100



The power structure of each attribute limits thenber of relationships that it can have
with other elements. By replacing the functionfal&tive mapping with a
function/alternative/power variable mapping the elrsions of the matrix changes. This

is the form of the Functional Mapping Matrix. Timatrix is displayed in Figure 52.

I 23]
i 8 o 8
C |- 2 3 - QD
slEl B |Em|d|5|m|E
o5 B (Z|Q|=|S|L|=
= E= e = e e L e
“I5| 2 |2|2|2|2|3|2
O o o (oo o o (e
=z
=
[x1]
|_
o
- - m
Functional Mapping 3| | . gl |E
c c |2 | |=Z
- @ |0 (S - L.
atrix 2181 5 2| |25 |2
o T [ 8 U}-'_‘ . $
=l & |s| |@|P|e|a
ol 2 |Eln|Els|T|E
o 5 (D€ L=
ol = [Al2|x|Z|2]|S
=
— =i
g = o ™
o Tlo| |2 =
o 2lg *E oo
Sl2| |25 |=|¢2
|| 2ol w|E
m|lo|El®m L5 =
. . S| (ool =5|0|=2
Function Alternative Power T(Z|Q(T ||| |O|=
Condition Air Electric ECS AC Electrical
Air Flowy
Frotect From lce Freu Heating Compressed Air
Prov. Thrust Turbojet Engine Fuel
) . ) AC Electrical
Filot Interface Digital Displays DC Elocirical
Frov. Control EHAS CC Electrical
Prov. AC Elec. DG hechanical
Frov. Alr Source Ram Scoop A Electrical
. DC Electrical
FProv. Fuel| Fual Sys w/ Inertin .
y g Mitrogen Gas
Prov. DC Elec Inverter AC Electrical

Figure 52: Notional Functional Mapping Matrix
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Note that this matrix is not square. Some of tleneints within the architecture are also
not present. The conventional wing does not appedhis matrix because it has no
power relationships with other elements in the entrrarchitecture conceptualization.
There can also be more than one input or outpum faogiven element. The electrical
ECS system requires AC electricity and air flonmiarly, the turbojet engine provides
both mechanical power and compressed air. The Flbliadicates where connections
can occur based on power type; the element oretheekeiving power from the element
on the top. These are indicated by the tan gridrcohteractions can be indicated by

placing a token in one of the tan grid locations.

The matrix in Figure 52 does not show multiple sesravailable for each power type.
However, as the number elements increases and dadufunctions and systems are
defined, alternative configurations are availablhis not only allows for new

architectures to be defined, but it also allowstha explorations of the failure scenarios.
If certain functions cannot receive their power uiegments when elements are
deactivated, then a redundancy must be definethidfpotential power provider is no

longer available during a failure scenario, thiketo can be moved to another location
which provides this for this power requirement. fEiwy, the designer indicates where

power must be rerouted during different failurensceos.

Some of these relationships cannot change in difteflight scenarios. An integrated
drive generator has a mechanical power connectitmam engine. In the event that the
engine is disabled, the IDG, by its nature, caro®teconfigured to receive power from
another engine. In contrast, an electrical distidrmusystem can be configured to receive
power from any number of generators. If one geperfails, this distribution network
can receive power from another generator. The redattnetwork will have different
performance attributes to be taken into accourthénsizing, but it has the capability to
receive energy from multiple sources at differemtes. Therefore, when a connection is

defined it is characterized as a fixed or flexit@&tionship.
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Spatial Orientation/Installation

The third task in configuring candidate architeeturs defining of spatial relationships
between the alternative elements. As discussdukiprevious chapter, induced functions
like cooling requirements, hazard zones, and fragation zones are all related to the
installation considerations of the aircraft. Otegstems attributes like efficiency, length,
and size of distribution systems depend directlywdrere the elements are situated in
relationship to the others. Thus, a means mustriéaded whereby these considerations
can be taken into account by the system architect.

An interface is required in which the designer geates where each elements exists in
the system. A notional zone breakdown is displayeBigure 53. Elements selected to
fulfill the architecture functions can be given anrerical value representing where they
are physically placed. This image represents theceyt for the aircraft and the
framework within which it will be sized. Each zonaust be individually sized based on

the mission requirements and the geometry of thepoments within them.
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Figure 53: Aircraft Installation Zone Definition

The details of the calculations governing all ingerd intra-zone relationships for an
aircraft depends on what attributes and requiresneme necessary to perform the
analysis and size the architecture. The spatialngegment of the architecture must
translate the overall aircraft geometries andhaitas into variables used in the modeling
of each physical element. The zone attributes, um,t determine the structural,
aerodynamic, and stability attributes of the aiftcra

Mission Definition
One fundamental purpose of this process of ardltedefinition is to infuse more detail
and information into conceptual design by linkiig tconcept (requirements, functions)
directly to the physical attributes (elements, tiefeships). This would allow the
conceptual designer to concurrently define the ept@l architecture and the
corresponding modeling and simulation environm&hte modeling is accomplished by

mathematically defining the elements and theirti@tahip, while simulation inherently
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requires the replication of states in which thisdelcoperates and how the requirements
change for all operational states. The ADEN envitent provides means by which
alternative use-case scenarios can be identifiedl latked to their corresponding
requirements mapping. This allows for more detailbe introduced in the mission

analysis of the architecture and a configuratioredundancy scenarios.

Tools were developed which allow the definition tbe states in which architecture
operates, or use-cases. This was designed in aotaisjented manner to allow the user
to alter the mission conditions or requirement®iider to explore improvement to the
design. An object oriented mission definition wouldso allow for flexible

reconfiguration of the order of mission tasks grsents.

Three things are necessary for the sizing situatiorbe defined: the configuration of the
architecture, the external conditions, and thehaftes of this sizing case relative to the

other sizing scenarios.

Mission Segment Architecture Configuration

It can be assumed that the technology set indiciatedn architecture will not change
mid mission. However, the way in which power isnsferred between elements can
change during operation. Functions can be fulfiltlsdreceiving power from different

sources during different portions of its missiomefefore, for a given technology set
defined in the ARM, multiple FMMs can and should denerated for different sizing,

use-case, and failure scenarios. Each sizing soemaist be linked with a specific FMM,

thereby defining the configuration of the architeet during that sizing case. This
changes the way in which functions are fulfilledridg different mission scenarios. In

turn, this allows for deeper levels of architectirade-offs and exploration into product

performance.

The overall physical parameters of the product alivays be derived from the physical
parameters of the elements composing the architecihe weight will be the sum of the
weights; the volume will depend on the volume @& domponents, and so on. However,

depending on the boundary of the system, poweabks may be transferred from the
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environment to the components. If the boundary afhigecture concept lets the
environment (or assumed architecture configuragiternal to the design space) handle
the functions to provide fuel, for example, thel fizenks and distribution system will not
be modeled as system elements. In this case fis¢¢rag modeling must be done in
combination with the sizing and synthesis calcalai Conceptualization of the
architecture with power relationships crossing bio@eindary must occur at the system

level.

The boundaries of the system must be defined toigeoadequate flexibility in the
configuration of the architecture. If power relathips cross the boundaries of the
system it may represent a physical assumption wimaits the flexibility of the design

space.

Mission Segment External Conditions

The means in which an aircraft or any product edugreatly influences its overall design
and performance in fulfilling its functions. Forample, simply changing the operating
altitude and cruise speed required significantlgnges the optimal propulsion cycles,
sweep angle, and wing size required. Fulfilling filnection to carry passengers from one
location to another can be accomplished more @ffegt at one specific operating

condition, depending on the technologies appliethéarchitecture. A turboprop aircraft
will have a much different optimal operating poinén a turbofan driven aircraft. At the
very least, altitude, range, and Mach number focheaission segment must be defined in
order to allow the designer to investigate chartgebe design depending on variations

in external operating conditions and stimuli.

Mission Segment Sequential Calculation

The sequence in which these sizing scenarios doellaged must take be taken into
account in order to capture the change in overadrait attributes during the mission.
Each mission segment requires information from ipress mission segment to perform

accurate analyses.
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An example of these changing attributes througlomission is weight. Weight is one of
the driving factors in aircraft design becausetsfimpact on the requirements on the
thrust and lift requirements of the aircraft. Weighso important that it is often used as a
surrogate measure of effectiveness for aircraftopeance. As the aircraft goes through
its mission it loses weight due to fuel burn. Weigpse f) is defined as the ratio of the
aircraft weight after a mission segment to theraftadake off gross weight as shown in

Equation 3.

Equation 3

As the aircraft proceeds through the mission thaghtefraction is continuously
changing. The total fuel burn for eaghis calculated as the product of all the previous

weight fractions for each mission segment (Equadipn

Equation 4

To find each weight fraction one must capture tffeces of fulfilling the functions
required in this mission segment. Energy basedioekhips can be developed which
relates weight loss, range, performance, aerodysnand propulsion. One of the

simplest of these calculations is the Breguet R&fggeation (Equation 5).

v(L .
Range = ( D)In V\/ir_utlal
gTSFC | Whinal
_[ Range(g)CFSFC)}
pee vbp)
Equation 5
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In order to allow for the reconfiguration of the ssion definition the analysis of each
segment can be handled discreetly. Each is defiseadfollow on to a previous segment,
thereby referencing the approprigieand other factors. The order in which mission
segments are performed change the initial weighdttiivn for each mission segment.
Using an object oriented process for sizing, eafpment can be adapted and new
segments can be included while still preservingatbiéity to calculate the total fuel burn,
weights, and other attributes which require seqaksizing. This is displayed in Figure
54.
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Figure 54: Mission Segment Integration

The sizing of the aircraft includes high levelsiteraction between the fulfillment of
specific functions, explicit conditions imposed tme architecture, and the physical
relationships defined for the system. This depth @dow for intricate interrelationships
between component attributes and the entire missiahe aircraft. By integrating the
use-case scenario definition with functional magpithe conceptual designer can truly

assess the impact of architecting decisions opdn®rmance of the aircraft.
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Summary
This process of architecture design manages therge®ons made in assigning groups of
physical elements to a boundary function or a fonet chain. The defined physical
elements must be limited to the task of individfuadction specified in the breakdown.
The architecture design space is only subject $araptions in the matching of specific
physical technology to a function, in the modeliofyarchitecture elements, and the

definition of induced functions.

The purpose of the ADEN Concept Definition toolRM, FMM, Installation, Mission

definition) is to provide the means of investiggtirpossible combinations and
relationships that most effectively utilize the @atial technologies to be applied to the
architecture. Each tool provides a means of makperific decisions which define the
architectural concept and configuring an architectmodel. The adapting functional
breakdown ensures that side effects are not ouertbavhich may lessen the benefit of a
technology on the product as a whole. The FMM ptesi a means to configure
architecture relationships and investigate altéveatelationships during all use-case
scenarios. As the physical fulfillments of the atetture functions are chosen,
relationships can be configured and changed forh eaperating condition. The

installation definition interface provides meanswalyich each architecture element can
be housed and contained somewhere in the archigediinally, all interactions between
the use-case environment conditions and the aothieecan be defined with the ADEN
toolset. In this way all three dimensions of aretitire definition (elements,

relationships, structure) can be configured andhgéd through interactions with simple
and flexible tools without requiring drastic rewsi and reconfiguration of the models

used in sizing the element of the architecture.
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CHAPTER 8
AIRCRAFT ARCHITECTURE DESIGN SPACE DEFINITION

The architecture design space is defined by thetifums of the aircraft, the alternatives
included in the architecture, and the potentiahtrehships involved in with these
alternatives. This chapter reviews the functiond ahlernatives involved in a proof of

concept design space for commercial aircratft.

Functions

In order to develop a flexible design space, thindien of a product’'s functions must
occur without biases and constraints developed revipus design projects. Lester
Faleiro, project manager for the European Unionhfietogy Project “Power Optimised
Aircraft” and assistant chair of the EOAsys Techhi€Committee in the AIAA, stated
that in order to address the development of therénedectric aircraft” a new vision is
necessary. He asserts that this revisiting of titegration of the architecture requires
approaching the design “through the eyes of a diifd.” In keeping this statement, the
functions of the aircraft were designated in a wdych did not over-define the actions
described by the function, and allows for geneutlliment of these function.

Boundary Functions

In simplifying the statements of what an aircrafusndo, the functional breakdown
shown in Figure 55 was developed. This tree straagivery helpful in the definition of
functions. It allows the designer to be as genasipossible, and refine the functions to
the level of detail desired. The difficulty and bgaof the functional breakdown lies in
the ability to succinctly and accurately embody plieposes and uses of a product in the

most straightforward manner possible.
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Move Carry

Figure 55: Functional Breakdown of a Commercial Traasport Class Aircraft.

The underlying requirement of this type of aircreftto “transport.” The dictionary
definition of the term transport is “to carry, mow convey from one place to another”
[78]. Fundamentally, the functions of an aircra o move from one location to another
and to carry objects (passengers and cargo) onatliis.

The two upper level functions defined for a commadraircraft belong to any transport
vehicle. Distinctions are made between an airceaftl other transport vehicle in
exploring the subsequent hierarchy of functionse Timction “to move” is broken into
three lower level functions: to fly, to guide, atdcontrol. First, operation within the air
transportation system requires that the aircrafstnfly. Second, in order to travel from
one place to another the vehicle must have a nmeaascertain its position relative to its
source, destination, and potential obstacles eter@auide). Finally, the aircraft must
also allow response to guidance information to s movement (Control). Exploring
the function to “carry” yields three sub-functiornie:contain, to host or maintain, and to
access. All elements must be kept in the vehiclé m®ves (contain); they must be kept
in a desired state during transport (host); ang thast be deposited and retrieved in the
transport vehicle (access). Hence, the functioredhkdown in Figure 55

All induced functions will be discussed later instlthapter as alternatives and power
types are defined. The function “to contain” istf@dly managed by the installation tools
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described earlier in which these elements are geavia place in the architecture. The

structural requirements to contain the architecéleenents may also be managed through

zone definition.

By exploring each of these functions and the uwydegl actions embodied by these

functions, an extensive hierarchy of functions bandefined. The lowest levels of this
tree are the boundary functions for a transpoegmaty aircraft. This tree is displayed in

Figure 56.
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Figure 56: Boundary Functions for a Transport Categry Aircraft

For the purposes of proving this process and géngraandidate architecture the
number of functions has been limited to those Bibrassociated in trades between more
electric and conventional aircraft. As seen in Fgw7, the number of functions
comprising the function to guide has been reduceunfeight to one (“Provide
Navigation”), and the airframe and wing related diimns are removed from the fly,

access, and contain categories.
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Figure 57: Condensed Boundary Functions for a Transort Category Aircraft

This set of boundary functions will be used to drithe design of the candidate
architectures. This reduced set of boundary funstis appropriate for this exercise of
comparing conventional and more electric aircrattha@ectures and will suffice for a

proof of concept. However, in consequence to tediction of functions considered in
the architecture, the degrees of freedom assocwtédthis design space and the ability

to innovate on revolutionary concepts is reduced.

Induced Functions

As discussed in the previous chapters, inducedtifume appear in the architecture as a
result of power relationships within the systemstafiation conditions, and directly
induced functions. All induced functions stem frahe requirements induced by the

physical elements which will be used to fulfill thenctions described above.

Power Induced Functions

Power Variables

The number of induced power functions depends emtimber of power types that will

be used to define this system. For every power,tybeee induced functions are

automatically created; to transform, to distribwied to store this type of power. If these
power types are to be used in the architecturdsjlalision elements, and transformation

or generation elements must be defined for thisgsaype. Power generation functions
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are not automatically defined. These must be gésetay the user, depending on which

power types are needed.

The power types defined for this architecture drmews) in Table 1. This table lists the
power variables defined for this architecture amel power characteristic variables that

are included in the relationships. For this testeca power types were defined.

Table 1: Power Types

Power Type Power Characteristics
Voltage \%
AC Electric kVa Current amps
Frequency Hertz
) Voltage Vv
DC Electric kvVa
Current amps
. Temperature psi
Pneumatic Ibm/s
Pressure F
' Pressure psi
Hydraulic lbm/s
Temperature F
_ Torque Ib-ft
Mechanical hp
RPM rpm
Voltage \%
HVAC Electric kvVa Current amps
Frequency Hertz
) Voltage Vv
HVDC Electric kvVa
Current amps
Source Temp F
Thermal Btu Sink Temp +
Overall Heat Transfer Coefficient | Btu/h-ft"2
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With these power variables defined, 25 power fuomdi appear in the functional
breakdown. These are displayed in Figure 58. Tisisdf power variables could be
expanded to include many more in order to eithéowalmore technologies to be
considered or facilitate the modeling and simulatof this system. Not all power
induced functions must be fulfiled by physicaleaitatives unless required by other
architecture elements. Power variables may alsprioearily identified as channels for
the definition of installation induced functionsdado not require specific alternative
fulfillment. For example, thermal relationships miat necessarily mean that there must be
elements which distribute, store, or transform ritedrenergy. This power type may be
used to indicate where induced thermal protectiomctions must occur on a zone-by-

zone basis as discussed in chapter 7.
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Figure 58: Power Induced Functions

Installation Induced Functions

For this conventional layout, the aircraft was ded into 38 zones to house components.
This zoning is displayed in Figure 53. Dividing thiecraft into zones allows functions to
be induced if elements with certain inputs and otg@re installed in close proximity to
each other. This zone breakdown also provides teagement of attributes for aircraft

and element sizing.

For this test scenario, only thermal managemeniessare taken into account as
installation induced functions. When an elementirga thermal output is placed in a

zone a new function appears in the functional teak to provide thermal protection
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for the elements in the zone. These functions ningst be fulfilled by physical elements
which manages the heat produced by this systemphgical attributes of this thermal
management device, or even its presence in themsyss based on the amount of heat
produced and the sensitivity of elements within #ome. The physical model for the
element intended to insulate or remove the heat tfee system may indicate that it has
no weight or volume, and requires no power, ifnet amount of heat provided by a heat

producing element is enough to warrant the presehtiee system.

Secondary/Tertiary Induced Functions

Secondary/Tertiary induced functions are directlguiced by specific elements when
selected in the design space. They allow for thmiehtion of assumptions regarding
how the architecture will be configured. For thesttcase, it was assumed that the aircraft
is manned and carries passengers. It has a coomahtayout and is fueled by Jet A.
Many of the structural and installation designasidrave been defaulted and excluded
from this specific design study. These assumpti@move much of the necessity of
including many secondary/tertiary functions. Howevéhermal protection induced
functions were included for the electrical powestdbution elements and the electrical
actuation elements. Regardless of proximity to othevices, these elements must be

cooled to prevent damage to themselves.

Including secondary/tertiary induced functions ecessary to create a robust design
space. However, for brevity sake the number of tions considered was reduced. This,
in turn, reduces number of physical elements addni@ogies that must be placed in the

architecture.

Technologies
After all of the functions of this aircraft have dsedesignated, alternative technologies
must be brainstormed for the fulfillment of eachto# functions. These elements must be
characterized by their power relationships, attebuand all other inputs and outputs. In
order to develop architectures that are “more etgcand conventional, a variety of
conceptual alternatives must be defined. The caioead aircraft can be classified as a

hybrid mix of power usage. Devices on the aircuéifize electric, hydraulic, mechanical,
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and pneumatic power to fulfill the functions. Thetmation behind the “more electric

aircraft” is the utilization of a single power typElectricity is more assessable and
controllable than other power types, and redudmgriumber of transformations between
power types removes unneeded losses in the sy$tartheory is that by requiring only

electricity and distributing this power efficientifhigh voltage) the aircraft becomes
lighter (less components), more efficient (lesagfarmation and more controllable), and
also more dependable (reduce maintenance timé)idrsection, technologies associated
with conventional and more electric technologiefl e discussed and included in the

architecture design space.

Not all possible technologies have been reviewedhis work. This discussion of
alternative technologies represents some of theegmia which are generally associated
with the conventional vs. more electric aircrafides. In full application, this catalogue
of technologies could represent a survey of alividdial part suppliers’ inventory of
potential technology solutions. This would requiepresentative characteristic and
power models for each of the available technologies

Actuation Technology

The function to provide roll, pitch, yaw, and graumovement control are fulfilled by
some type of actuation device. This device providdsanslational force to deflect the
flight control surfaces or provide steering. Foypes of technologies were included in
the design space to provide the translational gneeguired to actuate the control
surfaces. Each of these devices requires a ditfayge of power transmission to be
provided. These technologies are the mechanicalatmt the hydraulic actuator, the
electro-hydrostatic actuator, and the electro-meiciah actuator. Other actuator concepts
exist which utilize one or combinations of thesevposources, but were not included in

this design space for the sake of brevity.

Mechanical Actuator

Mechanical actuators were commonly used early mraft design. Originally these
actuation systems consisted of elements which ttjreéanslated the movement and

force of the cockpit controls to movement of thentcol surfaces. This was done by
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means of pulleys, rods, and cables. In larger &irawhere the forces on the control
surfaces are large, this simple actuation systenoisas feasible. Thus, servo tabs and
other devices were developed to reduce the amoumbdroe necessary to move the
control surface [79]. The mechanical actuator carcharacterized as a physical element

with a weight and volume which requires the funttio distribute mechanical power.

Hydraulic Actuators

The amount of force required to deflect the consrgfaces increases with larger aircraft.
Hydraulic power provides the capability of delivegia large load. The hydraulic system
is powered by pumps which generate pressure imydeaulic distribution system. This
pressure is translated to a translational forcent@ans of a servo-valve which allows
pressure to be applied to a hydraulic piston. Hydraulic piston applies force to the
control surfaces. The hydraulic actuator is charamtd by a volume and weight, and
requires hydraulic power distribution. Its attribsitdepend on the mission and size of the
aircraft, as well as the pressure of the hydrafilied provided by the hydraulic

distribution system.
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Figure 59: Hydraulic Actuator [80]

Electro-Mechanical Actuators

As seen in Figure 60, the electro-mechanical act&tdA) is made up of a mechanical
gear and screw system which converts rotationgjumrfrom an electric motor into a
translational force to actuate the control surfadt¢ese actuators can receive either AC or
DC electrical power to drive their motors. These types afatots have traditionally only
been used for functions of the aircraft like trimmdmor actuation because of problems

with response time and translational force. Jamnsran issue that is also involved with
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mechanical actuators due to many interfaces in wkadures can occur. Advances in
rare earth material for high power DC motors, sdidte switching devices, and
lightweight controls have increased the viabilitf wsing EMA for flight control

applications [74]. With application of these teclogpés, failures can be reduced with
penalties in complexity, cost, and weight. For thessesons the EMA is typically not
used for primary actuation, however, with technolaggvances, performance may

increase to the point of increased feasibility [81].

Gearbox

b Ballscrew
Actuator
Motion
Figure 60: Electro-Mechanical Actuator [81]

Electro-Hydrostatic Actuator

In order to mitigate jamming and response time dssproblems which are typically
associated with the EMA, electro-hydrostatic acttsat¢EHA) utilize a localized

hydraulic force. These actuators use a hydrauktopi to provide translational force;
however, this piston is not connected to a centydrdulic system. This device has its
own supply of hydraulic fluid and its own presstie¥ generating device, often in the

form of an electrically driven fixed displacement hydragplimp.
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Figure 61: Electro-Hydrostatic Actuator [80]

The EHA eliminates the requirement to distributelraylic power, thus eliminating the
weight and volume from the aircraft as well as otim@intenance issues associated with
the central hydraulic system. This device still mostconnected to a power distribution
system to drive a hydraulic pump. Each EHA is alorhore complex than a simple
hydraulic actuator. It not only requires its own built inyeo transformation device, but it
also becomes a source of thermal energy which im@ighanaged. The attributes and
characteristic generated by a model representiisgdvice have similar relationship to
the EMA. However, this element does exhibit a therawdput that was not present with

the other actuation devices.

ECS Technology

The environment control system is tasked with pimg a comfortable and safe
passenger environment under potentially dangeromsditons. This environment
manipulation includes elevating temperatures aedgures higher than those present and
cruise altitudes, removing ozone and other partiealrom the incoming airflow, and
providing oxygen. Cabin pressure is maintained ahiaimum of 8000 ft pressure-
altitude with temperatures ranging between 65 ahdF Humidity is also managed in
order to prevent ice from forming in the pneumadtibing and duct