1999-01-5631

Forecasting Technology Uncertainty in
Preliminary Aircraft Design

Michelle R. Kirby and Dimitri N. Mavris
Georgia Institute of Technology

1999 World Aviation Conference
October 19-21, 1999
San Francisco, CA

@ A = The Engineering Society

For Advancing Mobility
“Land Sea Air and Space

INTERNATIONAL American Institute of Aeronautics
SAE International and Astronautics

400 Commonwealth Drive 370 L’Enfant Promenade, S.W.
Warrendale, PA 15096-0001 U.S.A. Washington, D.C. 20024

For permission to copy or republish, contact the American Institute of Aeronautics and Astronautics or SAE International.



Published by the American Institute of Aeronautics and Astronautics (AIAA) at 1801 Alexander Bell Drive, Suite 500,
Reston, VA 22091 U.S.A., and the Society of Automotive Engineers (SAE) at 400 Commonwealth Drive, Warrendale,
PA 15096 U.SA.

Produced in the U.S.A. Non-U.S. purchasers are responsible for payment of any taxes required by their governments.

Reproduction of copies beyond that permitted by Sections 107 and 108 of the U.S. Copyright Law without the permission

of the copyright owner is unlawful. The appearance of the ISSN code at the bottom of this page indicates SAE’s ¢
AIAA’s consent that copies of the paper may be made for personal or internal use of specific clients, on condition that
copier pay the per-copy fee through the Copyright Clearance Center, Inc., 222 Rosewood Drive, Danvers, MA 019
This consent does not extend to other kinds of copying such as copying for general distribution, advertising
promotional purposes, creating new collective works, or for resale. Permission requests for these kinds of copying she
be addressed to AIAA Aeroplus Access, 4th Floor, 85 John Street, New York, NY 10038 or to the SAE Publicatiol
Group, 400 Commonwealth Drive, Warrendale, PA 15096. Users should reference the title of this conference wt
reporting copying to the Copyright Clearance Center.

ISSN #0148-7191
Copyright © 1999 by M. R. Kirby and D.N. Mavris. Published by American Institute of Aeronautics and Astronautics
Inc. and SAE International with permission.

All AIAA papers are abstracted and indexed in International Aerospace Abstracts and Aerospace Database.
All SAE papers, standards and selected books are abstracted and indexed in the Global Mobility Database.
Copies of this paper may be purchased from:

AIAA’s document delivery service
Aeroplus Dispatch

1722 Gilbreth Road

Burlingame, California 94010-1305
Phone: (800) 662-2376 or (415) 259-6011
Fax: (415) 259-6047

or from:

SAExpress Global Document Service

c/o SAE Customer Sales and Satisfaction
400 Commonwealth Drive

Warrendale, PA 15096

Phone: (724) 776-4970

Fax: (724) 776-0790

SAE routinely stocks printed papers for a period of three years following date of publication. Quantity reprint rates &
available.

No part of this publication may be reproduced in any form, in an electronic retrieval system or otherwise, without tl
prior written permission of the publishers.

Positions and opinions advanced in this paper are those of the author(s) and not necessarily those of SAE or AIAA. T
author is solely responsible for the content of the paper. A process is available by which discussions will be printed wi
the paper if it is published in SAE Transactions.



SAE Paper 1999-01-5631

Forecasting Technology Uncertainty in
Preliminary Aircraft Design

Michelle R. Kirby and Dimitri N. Mavris
Aerospace Systems Design Laboratory
Georgia Institute of Technology

Copyright © 1999 by Kirby and Mavris. Published by SAE International, and the American Institute of Aeronautics and Astronautic
Inc. with permission.

a manufacturer were to design, test, and mass-produce a vehicle
ABSTRACT - . L
concept consisting of only present day technologies, it is
An evolved version of the Technology Identification, doubtful that the aggressive and conflicting customer
Evaluation, and Selection (TIES) method is presented thatquirements could be met.
provides techniques for quantifying technological uncertainty = These shifting currents of commercial aviation have evoked
associated with immature technologies. Uncertainty in thig response from the current NASA administration in the form of
context implies forecasting. Forecasting the impact of immaturéhe “Three Pillars for Success” program [2]. This program is a
technologies on a system is needed to provide increasedadmap to guide U.S. aerospace endeavors for the next 20 years
knowledge to a decision-maker in the conceptual and preliminaiiyp accordance with the changing environment of future aviation.
phases of aircraft design. The increased knowledge allows féx recent National Research Council report urges that to achieve
proper allocation of company resources and progranthe goals set forth in the “Three Pillars for Success” program,
management. The TIES method addresses the milestonkseakthrough technological capabilities, both evolutionary and
encountered during a technology development program, thevolutionary, will be required [3]. NASA has launched the
sources of uncertainty during that development, a potenti&cenario-Based Strategic Planning initiative to propel the
method for bounding and forecasting the uncertainty, and identification and development of potential technology
means to quantify the impact of any emerging technology. Aandidates to meet the future goals. Yet, the adaptation by
proof of concept application was performed on a High Speethanufacturers or operators of new technologies, which are not
Civil Transport concept due to its technically challengingincremental or imposed by regulation, encounters strong
customer requirements. opposition. Since manufacturers and operators are driven by
economic incentives, conventional or existing technologies are
INTRODUCTION usually preferred [3]. Yet, if a technology can be shown to the
Aggressive performance and economic objectives of futureecision-maker to improve a system at a low risk and without
aircraft concepts warrant the need for a change in the mannersignificant negative impact to other subsystems or economics,
which complex systems are designed. Future concepts mu$te technology may buy its way onto the aircraft. To facilitate
outperform current standards if they are to be viable alternativahis objective in the conceptual and preliminary phases of design,
meeting societal needs. These needs are encapsulated ainmeans to quantify and forecast the impact of emerging
projected commercial traffic growth, changing governmentechnologies, or mix of technologies, has been created. The
regulations, increased throughput, and the desires of the travelingethod is an evolved version of the Technology Identification,
public for comfort, safety, and affordability. Specifically, Evaluation, and Selection (TIES) method developed in
commercial world air travel is expected to grow at a rate of 5.59References [4,5]. In Reference [5], the focus was on a
per year over the next decade [1], resulting in a 71% increasketerministic evaluation of the mix of technologies needed to
over current levels within a decade and increasing 192% in twmeet some customer requirements with a brief discussion on the
decades. In addition, stringent regulations from governmergrobabilistic nature associated with immature technologies. The
entities impose laws on emission and noise levels and increasedw aspects contained herein address the probabilistic nature of
safety while the traveling public desires lower ticket fares andmmature technologies. In particular, a methodical logic is
more flight options. Further, the airlines want more opportunitiesleveloped to create the ability to forecast the impact of any
for profit by lowering operating, support, and investment costsemerging technology, while accounting for technological
All of these objectives are imposing more constraints on futurencertainty.
aircraft concepts from the airframe and engine manufacturers. If



METHODOLOGY

The methodology developed to ascertain the impact of
emerging technologies on aerospace systems is depicted in
Figure 1. The nine step TIES method has been described in
References [4,5] and fits into the modern aircraft design theory
presented in References [6,7]. The current investigation
addresses, in depth, the technological uncertainty and provides a
robust means for assessment. These new aspects are entailed in
Steps 6 through 9 and will be discussed in detail. A brief
overview of the other steps is presented as a basic outline of the
entire method.

OVERVIEW OF STEPS 1 THROUGH 5

The top portion of Figure 1 entails the first five steps of the
TIES method. The process begins by defining the problem
through a mapping of the customer requirements into
guantitative evaluation criteria (also called system level metrics).
Next, a potential class of vehicle concepts, e.g. a high capacity,
long range, subsonic transport or a twin-engine fighter class, is
identified that may fulfill the customer requirements. A
functional decomposition of the class of vehicle is performed via
a Morphological Matrix [8] to identify concept alternatives.
From this matrix, a baseline vehicle is established which contains
only present day technologies. A design space bounded by
control variables such as wing aspect ratio, engine thrust, etc is
then defined for the baseline. This space is investigated for
technical feasibility and economic viability in a Modeling and
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FIGURE 1: OVERALL METHODOLOGY

Simulation environment via the Response Surface Methodology
(RSM) and/or Fast Probability Integration (FPI) technique. If the
probability of success for feasibility and viability are
unacceptable, the decision-maker has the option to expand the
design space, relax the constraints, or infuse new or alternative
technologies. The later option motivates the need for the TIES
method. The current research focuses on the enhancing the
quantification of the impact of technological uncertainty. The
reader is referred to References [4,5,9,10] for more detailed
information regarding steps 1 through 5.

TECHNOLOGY IDENTIFICATION (STEP 6)

If the design space exploration yields an unacceptable
system feasibility and viability, specific technologies must be
identified for infusion. From the Morphological Matrix,
applicable technologies or technology programs for the class of
vehicle under consideration must be identified from the
component alternatives. The designer or decision-maker must
establish physical compatibility rules, quantitative impacts to the
system, and the level of maturation of the technologies to
facilitate the evaluation and selection steps.

Compatibility Matrix

A compatibility matrix is formalized through Integrated
Product Teams to establish physical compatibility rules between
technologies. An example matrix is shown in Figure 2 for three
arbitrary technologies (T1,T2,T3) where a “1” implies
compatibility and a “0” implies incompatibility. It should be
noted that the limiting case of compatibility is a combination of
two technologies. Hence, the matrix is two-dimensional and
symmetric. In this matrix, T1 and T2 are not compatible. As an
example, a composite wing structure could not have HLFC. Due
to the nature of composite structures, the micro-holes needed for
HLFC boundary layer suction would compromise the composite
matrix, creating structural integrity problems. The purpose of
this matrix is to eliminate combinations that are not physically
realizable.

Compatibility Matrix
(1: compatible, 0: incompatible)
T1 1 0 1
T2 1 0
T3 1

FIGURE 2. EXAMPLE TECHNOLOGY COMPATIBILITY MATRIX

Technology Impact Matrix

Once the compatibility matrix is determined, the potential
system and sub-system level impacts of each technology are
established. The impact must include primary benefits and
secondary degradations. In general, the impact of a technology is
probabilistic in nature. The probabilistic nature arises from
various contributing factors, especially if the technology has not
fully matured, i.e. widespread commercial or military
application. Hence, a brief discussion is presented on the unique
aspects of an immature technology. In particular, an
understanding is needed of the following:

« the milestones encountered during a generic technology

development program,

« the sources of uncertainty during that development, and

« the potential methods for bounding and forecasting the

uncertainty so that the impact may be quantified.




Technology Development The solid S-curve is the expected or ideal progression of a

The innovative process by which a technology is developed technology as a function of.progr'am effort. The program
can be qualitatively described through a monitoring of the mgjor ~ @dvances “slowly as many impediments must be initially
milestones achieved from concept formulation to widespread ~ Overcome, advances rapidly for a period and then slows as the
application. As defined by NASA for application in the  €asy improvements” [11] are achieved. The uncertainty bounds
aerospace community, the milestones have been characterized ~ @ssociated with the expected maturation curve are due to the
into a “metric known as the technology readiness level (TRLyinfluencing and constraining factors stated previously, i.e.,
[3]. A description of the NASA defined TRLs is listed in Table 1. résource allocation, political and socioeconomic policies, etc., in
The TRLs represent a checklist for monitoring the progress of @ddition to assumptions made to assess the technology progress.
successful technology program and the expected impact.AS expected, the uncertalnty dlmlnlshes as the program qdvanges
Consideration is not given to the influencing or constraining?nd knowledge and experience increases. The upper limit of this
factors that may alter the progression such as schedule, budggi/ve is typically viewed as a physical limitation of the
market demand, political or socioeconomic policy, physicafunctional capability of the technology and in most instances, a
limitations, etc. The TRLs simply describe the maturation andPOint of diminishing returns.
development process of a technology and provide a basis by |f one were to map this technology progress curve to the
which different technologies can be compared as they progre-s[iq'-S in Table I, the growth curve would be indicative of the
through the gates of maturation. For program monitoring, TRL§OMPonent progression from TRL 1 to $,the program is
are appropriate, but should be mapped to a quantitative scale fccessful. It should be noted that the uncertainty, which is
the purpose of decision making. To do so, one must understaf@duced, is directly attributable to the specific disciplinary
how a generic technology develops and matures. impact, e.g., drag reduction, for which the technology is .belng

“No single growth pattern describes the development andeveloped and not to other sqbsystems. As resources are invested
diffusion of all technologies. There are general concepts of ho@nd more knowledge is gained about the technology at the
technologies develop, however, and these can be a useful guidg@mponent level, the uncertainty reduces. Yet, when the
[11]. One of the prominent concepts is through ighod of ~ COMPonent is integrated to the system in a relevant environment
analogy to other “well-known physical or biological systems” at @ TRL of 6, the uncertainty of the system increases as shown
[12] such as growth patterns of yeast cell populations. Historicdl Figure 4. This increase results from integration difficulties,
data for various technology concepts, including aircraft speedl€gradation to other systems, manufacturing uncertainties, etc.
steam engines, and fluorescent lamps [13], has revealed ER' ex.a}mple, C|rcqlat|on Control (CC) is gsed to increase the lift
ordered pattern of development that resembles this biologic&RPability of the wing at low speeds and its current TRL is 4, as
growth curve, also known as a sigmoidal curve or an S-curvépplied to a high speed concept. This technology has been
The method of analogy assumes that a technology developmdHgven with various wind tunnel experiments [14,15] to achieve
program will follow this S-curve patteiifia successful program ~ Very high lift augmentation. Yet, with CC infusion into the full
is achieved. A successful program is one that can achieve affyStém, issues concerning integration arise, including power
goals within the allowed budget and schedule. An example geduirements for operation, redundant systems for certification,

curve growth pattern is shown in Figure 3 [11]. available wing volume for ducting, etc. Additionally, prior to the
introduction of the technology, uncertainty already exists in the

_ __ system due to ambiguous requirements, modeling and evaluation
Level Readiness Decription assumptions, to name a few, as shown on the left as the straight

1 Basicprinciples observed and reported ti fth t taint
2 Technology concept and/or application formulated (candidate portion o € system uncertainty.

TABLE |: TYPICAL TECHNOLOGY READINESS LEVELS

selected) However, if the technology development is not assumed
3 Analytical and experimental critical function or characteristic successful, the right hand side of Figure 4 may be obtained. If
4 Coﬁ’;ggfn‘;ﬂfgn“g,eg;’;pff’c’{;lﬁ’gﬁ?‘j,ﬂﬁ,‘i;ed one were to track the actual technology impact at the component
5  Component (or breadboard) verification in a relevant environment and system level as the TRL increases, the mode value of the
6  System/subsystem (configuration) model or prototype confidence interval (distributionyay deviate significantly. This
5 S},i?fgiﬁ%’gﬂ;ﬁi&gﬁﬁgﬂwronmem implies that the technology growth curve does not follow a
8  Actua system completed and flight qualified through test and regular or predictable pattern. Aside, the mode value is defined
demonstration _ _ as the point of largest frequency [16]. For a symmetric
9 Adtual system flight proven on operationdl vehicle distribution, the mode is equivalent to the mean. Although
t Upper Limit (ypically aphysical limitation) uncertainty reduces, the deviation in mode value is not evident

= with increasing TRL shown on the left. In fact, the desired
'\ impact may never be realized unless some physical limitation is
! Devdopment overcome, or breakthrough technology advancements achieved.
The movement of the mode value and the shape of the
N distribution are functions of several factors. Those factors
Derdiopment include the resources allocated to the development of the
technology, the methods and tools used to analyze and design the
technology, the information available, the desired impact level,
e . integration to the system, and disruptive progress. The next step
I is the identification of forecasting techniques to bound, quantify,
Program Effort . . .
and estimate the technological uncertainty.

Technology Progress
(Growth Curve)

FIGURE 3: GENERIC TECHNOLOGY DEVELOPMENT



e forecast must rely on expert, subjective opinions through the
cmimi’ Delphi method with an assumed growth pattern. Subsequently,
Mcmggce the forecast should focus on the evaluation of “the potential
I % } I commercial benefits (and penalties) that might be achieved IF
neyae the (program) is successful” [8] and can be matured to the point
W . X of full-scale application (i.e. TRL=9). As more information and
7 Copapiy data becomes available, the forecast is updated and re-evaluated.
— Based on this rationale, the uncertainty, or confidence limits,
may be bounded based on a logical reasoninghat should
happen as a technology program progresses. For example, one
FIGURE 4: TECHNOLOGICAL UNCERTAINTY may assume that a successful technology program develops
. along a linear trend as shown in Figure 5. Point “A” represents a
Technology Forecasting technology in the infancy stage of development. The desired
The primary purpose of forecasting, in any context, isto  capability of the performance improvement is Point “D” and is
provide the decision-maker with adequate information on which  assumed to be the expert defined impact. This point is not yet
future business decisions and company strategies may be based.  fully realized due to knowledge impediments, and may actually
Two broad categories of forecasting exist: exploratory and  be higher or lower than the expert defined limit. Points “B” and
normative. Exploratory forecasting techniques consider historical  “C” represent other levels of technology maturation. To bound
trends and extrapolate into the future to see what may happen.  the uncertainty of the technology, one must realize the two
“The feasibility of this process depends upon an assumption thaburces. One, the inherent uncertainty associated with the
progress is evolutionary and does follow a regular pattern” [8kechnology development as described previously. Second, there
The normative method begins with future goals and workss uncertainty associated with forecasting the trend. Specifically,
backward to identify the levels of performance needed to obtaithe confidence limits of achieving a desired value “broaden as
the desired goals, if at all achievable with the resourcefhe time frame of the forecast increases, reflecting the growing
available. Either perspective utilizes one, or combinations, Oevel of uncertainty” [18] in knowledge. A tangible analogy of
four traditional forecasting techniques: S-curves, trendhis type of uncertainty is the forecasting of the price of fuel. One
extrapolation, the Delphi method, or scenario development [17Lould forecast what the price of fuel would be for the next day
The first two techniques assume a functional form of previougith a very high confidence. However, the confidence of what
technological growth and extrapolate to a future time. Againthe price will be in fifty years is very low. Now, if one applies
sufficient information must exist for the forecast to be accuratgnhijs analogy to the forecasting of an immature technology impact
and of value to the decision-maker. The Delphi method is & a future time (i.e. TRL), the limits of probability should
structured means of incorporating expert opinions (usuallgpread. Consider Point “A”, since the time frame of the forecast
subjective) through questionnaires and controlled feedback §g large to the desired impact value, the distribution is very wide.
estimate a technology impact and the confidence of achievinget, for a higher TRL value, the confidence or probability of
that impact. Finally, the scenario development assumes soraghieving the desired technology improvement increases since
future status of the world (economic, political, etc.) and itsthe forecast is for a shorter time frame and more information is
influence on the technology progress to shape the developmesgailable regarding the technology.
curve [8,11] and usually disrupts the technology progress at a As shown in Figure 5 for the distributions (“a”,"b”,’c”), the
pre-specified time. uncertainty in achieving the desired improvement is not
If sufficient program monitoring is performed in the early necessarily normally distributed and the mode value should
phases of a development, a technology impact trend may Reviate. In fact, the distribution should be skewed towards the
established. This trend may then be forecasted to a future tingRisired level if the expert opinion is relatively accurate. Based
(or a TRL) and the impact quantified. Yet, if a technology is inon this rationale, shape distributions associated with different
the infancy stages and little information is available as to thgRLs may be established and will be based on qualitative
detailed progress, insufficient information exists for forecastingeasoning, since insufficient data is available for the technologies

the mode value of the distribution. For example, if a technolog¥onsidered. However, the distribution definitions should be
were at a TRL of 3, as in Figure 4, one would assume that thaodified, as more information becomes available.

trend continues to reduce. Thus, erroneous results are obtained D
and the forecasted impact would be more optimistic than what besired
could actually be achieved. This is one major difficulty copity Limitof prtbiy
associated with forecasting methods. The irony exists that a good

deal of data is required to sufficiently forecast, but the need for Performance
forecasting is more prominent when insufficient information mprovement
exists, as in the conceptual phases of aircraft design. As will be

shown in later sections, the specific technologies considered fall

into this later category of insufficient information. recent Dy
Capability

Bounding Technology Uncertainty e TRL

If a technology is in the infancy stage of development (low
TRL), the shape of the development curve is not easy to predict, FIGURES: UNCERTAINTY IN FORECASTING A TECHNOLOGY
due to lack of substantial data to establish a trend. Hence, the

Technological Uncertainty
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Desired Technology Impact
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Based on the probabilistic nature described above, a For the purposes of the current investigation, the
Technology Impact Matrix (TIM) is formed for the technologies ~ computational expense is manageable due to the means by which
identified in the Morphological Matrix. Unfortunately, advanced  the technology “k” vectors are modeled. Consider the TIM in
technologies are difficult to assess within a conceptual modeling Figure 6 and a metamodel representation of a system metric [20].
and simulation environment such as a sizing/synthesis tool. If one were to bind each “k” factor element of the technical
Sizing/synthesis tools are typically based on regressed historical vector, a metamodel in the form of a second-order Response
data that limits or removes their applicability to exotic or Surface Equation (RSE), Equation 1, could be generated for each
revolutionary technologies. However, the impact of a technology of the system level metrics [5].
can be qualitatively assessed by introducing technology “k” k k k-1 k
factors. These “k” factors modify disciplinary technical metrics, R=bgy + Z bikj + Z bk + z Z bjkikj (1)
such as specific fuel consumption, cruise drag, and/or component = = =15+

weights that result from a sizing tool. The modification is .. example, “k” factor 1, k is bounded between —10% and
essentially an incremental change in the technical metric, eithgrr40/0 while “k” fa'ctor 4, is ’l;ounded between —4% and +3%

enhancemgnt or 'degradgtlon. In effect, the K fac'tors S'mU|at?Ience, the system metrics could be defined as a function of the
the discontinuity in benefits and/or penalties associated with thq:(,, factors for a fixed geometry using Equation 1, through a

addi;i\on of a nlewt:ec.hnology.f hnol be defined b Design of Experiments [21]. An RSE of this form is thus defined
S a ‘r‘e"su t, the impact of a technology can be Gelined by & each system metric and is valid for the “k” factor ranges

technical “k” factor vector whose elements consist of the benef|t§ ecified. The impact of a technology on a system metric can be

and penalties associated with the technology. Each elementgg luated via a simple calculation of Equation 1 with the

the yecj[or has an estimated lmpa’ct value and an assoc!atg propriate technology “k” vector values. Since the impact of a
distribution based on the technology’s TRL. Not all technologle§echnology is probabilistic, the k" factor elements are
will affect each element of the vector, but the vector MUShicuip tions rather than the deterministic values in Figure 6.

capture f']‘" technologles. An example majmx . for thre_eHence, to quantify the impact on a system metric, a Monte Carlo
technologies that influence four technical metrics is shown Rimulation  is performed with user defined frequency

Figure 6. In the deterministic example in Figure 6, T1 and T%iistributions for each "k’ factor element Thus, a CDF is

affect all “k” factors except for the second, while T2 does no btained for each system metric. If one assumes that the
affect the first or third. Each element of the vector is establishe, hnologies are additive, then a c.ombination of two or more

via the Delphi method, literature reviews, or phySiCS'basegechnologies remains a smple Monte Carlo Simulation on the
modeling [5]. The vectomust include benefitand penalties to RSE. Now, instead of the response, R, being a function of only

accurately assess the impgct.of Fechnologigs. The identificatiq{he “k” vector (i.e., technology), it is a function of the sum of the
of the appropriate shape distribution for a given TRL of the “k”combination of vectors (i.e., sum of technologies). For example,

vector elements is discussed in later sections. if one wants to determine a system metric value due to a

Technologies Considered

= B - combination of T1 and T2, distributions are assignestth
= oL Tomn - aow element of both “k” vectorsThen, a random number generator
E‘; e e — would select avalue for the first element of the T1 vector and the
a K faiord | % 2% 3% first element from the T2 vector, based on the user-defined
FIGURE 6: EXAMPLE TECHNOLOGY IMPACT MATRIX frequency distributions. Then, the two values are added to obtain
a “new” first element that is then inserted into Equation 1 and the
TECHNOLOGY EVALUATION (STEP 7) system metrics value calculated. This is done for each element

The technologies identified in Step 6 are applied to thend each time a new combination of technologies is desired. This
vehicle concept and evaluated. The evaluation provides data aptbcess is automatically performed with the software package
information to the decision-maker whereby selection of theCrystal Ball [22] and the CDF values extracted.

proper mix of technologies is performed. Yet, the search for thBOPULATION OF THE PUGH MATRIX (STEP 8)
mix that will satisfy the customer requirements is dominated by The Pugh Evaluation Matrix [23] is a method where concept

the “curse of dimensionality’. Depending on the number c’fformulation and evaluation is performed in an organized manner.

technologies (n) considered, the combinatoria| problem can the concepts identified in Step 6 form the rows and the system

enormous. If all C,P”‘,P'”a}'or],s are. physmally compauple andmetrics from the problem definition form the columns as shown
assuming only an “on” or “off” condition, ther! 2ombinations

would exists. In addition, the technology “k” factor vector thatm Figure 7. The determ|n|st|p eIt_aments of the matrix are
. L ' e ) .~~~ . populated from the results obtained in step 7 for each alternative
influences a vehicle is probabilistic and a cumulative d|str|but|orgnd metric. Since the metrics are in the form of CDFs. the
function (CDF) must be generated for each combination, furthe&ecision rﬁaker has the ability to select a confidence ’Ievel
complicating the evaluation. If the computational expense of thgssociated with a given metric. The confidence level is also
analysis is acceptable, a full-factorial probabilistic investigation .

could ensue. Yet, if the computational expense is too high (e related to the risk or uncertainty associated with a particular
' ' P P 9 'g'ftgchnolog)’, and the selection of these levels is purely subjective.

finite element analy3|s), an .aIternate _evalua.t|on method_ Fhe corresponding value of the metric at a fixed confidence level
needed. One potential method is a genetic algorithm formulation then inserted into the appropriate cell of the matrix. This

Reference [19] defines genetic aIgont_hms (GA) as *"a class g ocess is repeated for each metric and each compatible
general-purpose search methods...which can make a remarka %hnolog concept

balance between exploration and exploitation of the searc y '
(design) space” to find the best family of alternatives.



B oo pertinent information needed for context from Reference [4] is
é E Alternative 1 presented. For more information regarding the details of the
e beginning steps of the TIES method as applied to an HSCT refer
Evaluation to References [4,25].
Y b\mﬂtﬂzm OVERVIEW OF STEPS 1 THROUGH 5
g‘g [Atemaiver] ‘A In the recent NASA High Speed Research program effort,
O 2 [Atemaive2 B an HSCT was defined as a Mach 2.4, 300 passenger aircraft with
_ a 5,000 nm range [27] and four mixed-flow turbofan engines
2 7% [28]. The system level metrics that must be met for a successful
2 ; Altemative2 HSCT concept are summarized in Table II. Although the TOGW
Metric 2 is constrained to less than®1®s, previous work has indicated
FIGURE 7: POPULATING THE PUGH MATRIX that a nominal value of 750,000 Ibs is desirable for economic
purposes. Baseline and alternative concepts were established via
STEP 9: TECHNOLOGY SELECTION the Morphological Matrix in Reference [4]. The optimal

A Technique for Order Preference by Similarity to Ideal  geometric baseline concept that was established at the end of that
Solution (TOPSIS) [24] is utilized to down select the proper mix  investigation served as the baseline for the current investigation.
of technologies satisfying the system level metrics. TOPSIS  The only exceptions included the use of a fuselage nose droop in

provides a preference order of the deterministic values obtained  Jieu of synthetic vision and a conventional nozzle without a

in the Pugh Matrix, at a given confidence level, resulting in a mixer-ejector nozzle and an acoustic liner.

ranking of the best alternative concepts. The method by which The configurations analyzed in this study were sized for a

TOPSIS ranks the alternatives is described below. 5,000 nm mission with the primary cruise altitude of 67,000 ft at
From the Pugh matrix, each element of a metric vector (i.e,  Mach 2.4. A subsonic cruise portion preceded the primary cruise

a given column) is non-dimensionalized by the Euclidean norm  segment at an altitude of 35,000 ft at Mach 0.9. The payload of
of that metric vector. If so desired, subjective weights may be  the aircraft was assumed 300 passengers with baggage and a
placed on each metric to establish a relative importance. Next,  flight crew of two, nine flight attendants, and a fuselage length of
each metric vector must be classified as a “benefit” or a “cost310 ft with a maximum diameter of 16 ft. The primary geometric
whereby a maximum of a benefit and a minimum of a cost argnd propulsive characteristics of the baseline configuration were
desired. Positive and negative ideal solution vectors are thefescribed in Reference [4] and a three-view is shown in Figure 8.
established. The positive vector elements consist of thall aircraft sizing and analysis tasks for this study utilized an
maximum value of the “benefit” metrics and the minimum valueenhanced [4] version of the Flight Optimization System, FLOPS
of the “cost” metrics. The negative vector is the compliment 0f29], code. FLOPS was linked to the Aircraft Life Cycle Cost
the positive vector. Next, the distance of each alternative fromnalysis, ALCCA [30], code.
the positive and negative ideal solution is measured by the n- The HSCT design space exploration performed in Reference
dimensional Euclidean distance, where “n” is the number of4] revealed that more than 50% of the design space considered
alternatives. Finally, each alternative is ranked from “best” tould meet the LdgFl and TOGW requirements. Yet, the TOFL,
“‘worst” based on the closeness to the positive solution angapp, and FON could only be satisfied by 19.5%, 3.5%, and
distance from the negative ideal solution. These rankings cans5%, respectively. The concept “show-stopper” was the SLN,
change depending upon the level of confidence and metrighich could not satisfy the 103 EPNLdB requirement with any
weightings assumed. combination of design parameters. Since no feasible design
Once the top alternatives have been identified, the decisiogpace exists, the economic viability did not need to be
maker has an abundance of information on which businesfvestigated and technologies were infused. It should be noted

decisions and strategies can be based. One can explore thgt emissions were not considered in the current investigation.
robustness of each alternative with the Robust Design Simulation

method, which has been implemented for various vehicle

o . . TABLE Il: HSCT SrSTEM LEVEL METRICS
concepts [6,25,26]. Additionally, the “best alternative(s)” design

space may be re-investigated to determine if geometric Parameter C;?;gglm Units
optimization may further improve on the customer requirementsgomance
[4]. Finally, the individual technologies may be compared on a Approach Speed (Vapp) < 155 kts
one-to-one basis to identify which technology programs have the FAR 36 Stage Il Flyover Noise (FON) <106 EPNLdB
more significant impact on the systems so that resource Landing Field Length (LdgFL) < 11,000 ft
llocation mav be optimized FAR 36 Stage lll Sideline Noise (SLN) <103 EPNLdB
a Yy p ' Takeoff Field Length (TOFL) < 11,000 ft
q 6
Economics
The TIES method described herein was applied to a High f?rq;'t?t'on F;”EGQAZE@ minimize gggzm
Speed Civil Transport (HSCT). This vehicle was a perfect test- ssearch, Leveopment, mg,ca:StS(\éDung mnimize
bed for the TIES method due to the technically challenging average Required Yield per Revenue Passenger < $ 0.10 FY96 $
customer requirements and the need for revolutionary advances _ Mile RPM)
over present day technological capabilities. For brevity, the new Total Airplane Related OpefaE'Tngggg minimize FY9%6$
aspects of the method are emphasized in the current . . Operating Cost plus Interest (DOC+) _minimize Y96 $

investigation, in particular Steps 6 through 9, while only the
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FIGURE 8: BASELINE HSCT CONCEPT

TABLE I11: CONVENTIONAL BASELINE HSCT DATUM POINTS

Metric Basdline Target/ Needed %
Value Constraint Reduction

TOGW 855353 10° ok
TOFL 10707 11000 ok
LDGFL 9231 11000 ok
Vapp 156.3 155 -0.89
FON 107.4 106 -1.34
SLN 110.5 103 -7.28
Acq $* 185.7 reduce nominal
RDT&E* 15205.4 reduce nominal
$/RPM* 0.1085 0.10 -8.5
TAROC* 5.318 reduce nominal
DOC+|* 4.496 reduce nominal

* Economic results are optimistic due to assumed 800

production units

TABLE IV: ALTERNATIVE TECHNOLOGIES

Technology TRL Purpose

Composite Wing [31] 3 Wing weight reduction

Composite Fuselage [31] 3 Fuselage weight reduction

Circulation Control [32,33] 4 Increased low speed performance

Hybrid Laminar Flow Control [34] 3 Cruisedrag reduction

Environmental Engines[28, 35,36] 3 Noise suppression, lower fuel burn
and emissions

Advanced Flight Deck Systems([27] 4  Pilot visualization without fuselage
nose droop weight penalty

Advanced Propulsion Materials[37] 3  High temp. materials, reduced engine
weight, lower fuel burn

Integrally Stiffened Aluminum 4 Wing weight and part complexity

Wing Structure [38] reduction

Smart Wing Structures [39] 3 Reduced flutter and wing weight

Active Flow Control [39] 3 Cruisedrag reduction

Acoustic Control [39] 3 Noise suppression

Compatibility Matrix
(1: compatible, 0 incompatible)

CompositeWing
Composite Fusslage

Circulation Control

‘ Aircraft Morphing

Flight Deck Systems
Propuision Materials
Airframe Structures (wing)
Aerodlastic Control)
Active Flow Control
Acoustic Control

HLFC
Environmenta Engines
Integrally, Stiffened Aluminum

Smart Wing Structures (Active

Composite Wing 11 1 0 1 1 i 0o 0 o0 o0
Composite Fuselage 1 1 1 1 1 1 1 1 1 1
Circulation Control 101 11 101 1 1 1
HLFC 1 1 1 1 0 0 0 1
Environmental Engines 11 1 1 1 1 o
Flight Deck Systems 1 1 1 0 1 1
Propulsion Materials 1 0 1 1 1
Integrally, Stiffened Aluminum Airframé]
1 0 1 1
Structures (wing)
2 Smart Wing Siructures (Active N . N
£ Aeroelastic Control)
5
= Active Flow Control 1 1
"
=
3 Acoustic Control 1

FIGURE 9: HSCT TECHNOLOGY COMPATIBILITY MATRIX

TECHNOLOGY IDENTIFICATION (STEP 6)

Since the probability of success for feasibility was non-
existent for the SLN, eleven technologies and technology
programs were considered for infusion. The technologies, listed
in Table 1V, were identified through a literature search of
potential sub-component alternatives. The primary purposes of
the technologies are aso listed. The TRLs were established by
comparing the information available in the literature to the
definitionsin Tablel.

Compatibility Matrix

A full factorial combination of the eleven technologies
resulted in 2,048 combinations. However, some combinations
are not physically realizable. In order to screen non-realistic
combinations from biasing the results, a compatibility matrix is
created. The compatibility rules for these technologies were
determined from brainstorming activities and literature reviews
and are shown in Figure 9. As a result, this process reduced the
number of aternatives to 273 combinations, which was
computationally manageable.

Technology Impact Matrix

The Technology Impact Matrix (TIM) was constructed for
the eleven technologies based on a literature review of applied
research and expert opinions. The TIM shown in Figure 10
contains the expert predicted impact values if each technology
were matured to the point of full-scale application. In the context
of the technology development milestones described previoudly,
the impact values were those associated with a TRL of 9. The
elements of the technical metric “k” vector are listed on the left.
The elements encompass all technology impacts, although not all
technologies contribute to every element. The technical “k”
vector consisted of 16 elements and was unique for a given
technology. The values shown are conservative impacts from the
cited references in Table IV. The “k” vector included primary
benefits and secondary penalties to both performance and
economic metrics. For example, the infusion of a composite
wing could reduce the sized vehicle wing weight by 20% and the
cruise drag (due to a smoother wing surface) by 2%. Yet, the
costs associated with manufacturing and maintaining this type of
wing are more than a conventional aluminum wing structure.
This secondary penalty was simulated by increased Research,
Development, Testing, and Evaluation (RDT&E), production,
and Operation and Support (O&S) costs.

‘ Aircraft Morphing
5. 8
8 4 o ££ & 5
) £ L=
e 82 i
= =
s 3 3 4 5 B 35 38 S8 &
0] I 8] ) s g8 § S
g < | 8§ 3 ¥ 8 &3 22 & o
g 7 i} T E a 5 5 28 T g
g 3 § £ 7 Zg 8% : ¢
3 & = S S 8 25 55 5 <2
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] 2= g
£<
£
Technical K_Factor Vector T1 T2 T3 T4 T5 T6 T T8 T9 Ti0  T1
Wing Weight -20% +5% 10% | 5% +2%
Fuselage Weight -25% -15%
Engine Weight +1% | +40% -10% +5%
Electrical Weight +5% +1% +2%  +5% +5% +2%  +2%
Avionics Weight +5% +2% _ +5% +2% +5% +2%
Surface Controls Weight -5% +5% +5%
Hydraulics Weight -5% +5%
Noise Suppression -10% -1% -10%
Subsonic Drag 2% 2% -10% -5%
Supersonic Drag 2%  -2% -15% -5%
Subsonic Fuel Flow +1% +1% | 2% -4% +1%
Supersonic Fuel Flow +1% 2% -4%
Maximum Lift Coefficient +15%
&S +2% +2% 2% +2% | +2% 2% 2%  +2% +2% _+1%
RDT&E +4% +4% 2% +2% +4% +2% +4% +5% +5% +5%
Production costs +8% +8%  +3% +5%  +2% +1% +3% -3% -3% 3% 3%

FIGURE 10: HSCT TIM (EXPERT PREDICTED IDEAL VALUES)



TRL Distribution Shapes TABLE V: RANGE OF WEIBULL DISTRIBUTION PARAMETERS

As shown in Table 1V, the technologies considered for Weibull Parameter Minimum  Maximum
application were at a TRL of 3 or 4 and insufficient data existed L +5%ki ki
in the literature to establish a well-defined growth curve. Hence, a S%ki 50%ki
the uncertainty of achieving the expert predicted technology B 1 2
impact was estimated based on qualitative reasoning and mapped TOGW o] TOGW e ]
to a quantitative growth pattern. The estimation was performed 76570
via a sensitivity investigation of the system metrics to a Weibulll TOFL 1m0 | TOFL s |
distribution. The Weibull distribution was chosen since it “is a g e e
family of distributions that can assume the properties of othe § LdgFL s LdgFL  ®22
distributions” [22] such as an exponential, normal, or Rayleighf'ﬁj — @ =
The formula that describes a Weibull distribution for a “k” g vawp T vapp w0
vector element is shown in Equation 2, where L represents tt § e ]
apex location of the distributiony, is a scale parameted,is the g FON e FON 209 3
shape parameter, and x is the random variable. An illustration ot P 195 ]
the variation in the different Weibull parameters and the " ©¢] SN s |
influence on the frequency distribution is provided in Figure 11. DA OV DO P DS OV D P
As the shapef)) increases the distribution narrows although the Locsion ()| Sede(a) | srepe(@) Locsion (1) | Scdle() | srepe(@)
mode value slightly shifts from the location of 0.2 and the figyre 12: METRICS SENSITIVITY TO A WEIBULL DISTRIBUTION
distribution shifts from an exponential to more of a typical VARIATION OF TWO PROPOSED TECHNOLOGIES

Weibull. As the scaled)) increases, the distribution spreads and

the mode value shifts even further. As an example, the metric sensitivities due to the addition of

environmental engines are shown in Figure 12. The disciplinary

fx-L H‘H H—B—( -L HEH metrics that the environmental engines influence are: increased

K _ exp X=L 2 . - . - . .

.(X)|Ti = M a 0O E 0a 0O % 2 engine weight and noise suppression from a mixer-ejector nozzle
B 0 x<L and acoustic lining, reduced fuel flow from improved

To establish the appropriate *k” factor shape distribution 1Eorcombustlon efficiency, and increased RDT&E, production costs,

0,
a given TRL, a DoE combined with a Monte Carlo Simulationand.O&S costs. The results §hown below were for a 50./0
confidence level and were consistent for all other levels for this

was utilized, such that a metric was defined in terms of th?echnolo The metrics were hiahly sensitive to the scale
Weibull distribution parameters. For each technology “k” vector gy gnly

. X arameter which stretches out the distribution over a larger
element, §r, in the TIM, the impact value was assumed to tak )

S : fange. Furthermore, some of the metrics (TOGW, TOFL, and
the shape distribution of Equation 2. For each element, a ran

. . Q}aapp) were insensitive to the variation in the “k” vector
of apphcaple values fo_r La, _andB were defined based on the distributions, and varied less than 1% in magnitude as seen on
predicted impact,jkas listed in Tablg V. Based on these rang€Sy e left. This result provided valuable insight to the significance
a Dok was executed for the metn‘(‘:s" in Table Il for a giver, secondary impacts on the system. Specifically, the primary
technology. For each DoE case, the *k” factors were assigned t(?%rpose of the application of the environmental engines was to

approprllate distribution pargmeters .and a Monte Carll educe FON and SLN. This indeed was the impact, and there
Simulation executed. For a given confidence level, the metri

values were extracted and supplied as data to the JMP statisti
package [40]. Eleven DoEs were executed so that the sensitivi&/1
of a metric to a given technology distribution could be

fas minimal influence to other performance metrics. This result
s consistent for the remaining technologies and HLFC is
own for comparison.

Based on the above sensitivity investigation, a more detailed

investigated. look at the individual “k” factor element distributions ensued.
Lo-02a= S Pod S The focus was to identify the Weibull distribution parameter
values that could mimic the total uncertainty of the technology
impact as the TRL varied. In essence, bound the uncertainty of
i [ the technology impact, as was shown in Figure 4 and Figure 5, so
02 018 047 0155 014 02 011 002 007 016 that a quantitative assessment could be performed. For brevity,
L=-02,0=5%k B=15 ' L =-02, a = 300k, B=15 the investigation resulted in the location defined as tlievéitue
from the TIM and a shape valyg, of 2 for all technologies. The
only parameter that varied was the scalg §¢nd was defined
‘ ‘ based on the TRL as shown in Equation 3.
-0.2 -0.192 -0.184 -0.175 -0.167 0.2 0.151 0.101 0.052 0.002 a|k| e S :300/0k| —(TRL —l) (300/0k| 5%k|) (3)
L=-02,a=5%k,B=2 7 L =-02 o = 30%k, B=2 b=k A=

As a visual aid, the variation in wing weight reduction due
to a composite wing is shown in Figure 13. For a composite
wing, the expert predicted the impact on the wing weight was to
be a 20% reduction. This value was achieved when the TRL
reached 9 since all technology developments were assumed
successful. The impact was assumed deterministic at this point.
Yet, at lower TRL, the uncertainty in knowledge about the

-0.2 -0.194 -0.188 -0.182 -0.176 -0.2 -0.163  -0.127  -0.089 -0.053

FIGURE 11: VISUALIZATION OF A WEIBULL DISTRIBUTION



technology was represented by the more spread out distributions

shown. As the TRL increases, the variability reduces and the

mode value approaches the expert defined value. This logic was

used for all technology “k” vectors and the distribution scale
parameter used corresponded to Equation 3. The shape of these
distributions followed the rationale of the technology uncertainty
described in earlier sections.

TECHNOLOGY EVALUATION (STEP 7)

The technology evaluation was performed by creating a
metamodel of each system metric in Table Il as a function of the
“k” vector elements. The metamodels were second-order RSEs
as in Equation 1. The RSEs were created with a DoE by
bounding the “k” vector elements of the TIM. The ranges used to
generate the RSEs are summarized in Table VI. The “0” implies
no change in the technical metric, while a negative denotes a
reduction and a positive an increase. Once Equation 1 was
determined for each metric via the statistical package, JMP [401

the 11 metric RSEs were used to rapidly evaluate technolog)T,OGW

TABLE VI: BOUNDED NONDIMENSIONAL “K” F ACTORS

Technical Metric “k” Factors ~ Minimum ~ Maximum
Elements (%) (%)
Wing Weight -35 7
Fuselage Weight -40 0
Engine Weight -10 46
Electrical Weight 0 22
Avionics Weight 0 21
Surface Controls Weight -5 10
Hydraulics Weight -5 5
Noise Suppression -21 0
Subsonic Drag -19 0
Supersonic Drag -24 0
Subsonic Fuel Flow -6 3
Supersonic Fuel Flow -6 1
Maximum Lift Coefficient 0 15
0&S -2 17
RDT&E 0 39
Production costs -12 30

892528

855352
583504

combinations as described previously. As a visual aid to thr,
decision-maker, a full factorial deterministic investigation was

OFL

11100

10707
7629

performed and shown as a prediction profile in Figure 14. On: g

9517 4

9231
5984 4

can immediately determine which technology had the most
influence on a given metric when turned “on”. Recall that the vam

159.4

156.3
1204

SLN was the concept “show-stopper” for technical feasibility. As
can be seen, T5 and T11 both significantly reduced the SLM.™"

107.4
107.4
7744

when turned “on”, as indicated by the negative slope of the
sensitivity. Hence, both technologies show promise for achieving

1105
1105
847

a feasible design, but, the compatibility rules were not inherery,,,
in the sensitivities shown, and care should be taken before
arbitrarily turning “on” a mix of technologies. If T5 and T11
were both turned “on”, the SLN results would be meaningless,
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since both technologies were engine concepts and only one cang s re 14: FULL FACTORIAL DETERMINISTIC TECHNOLOGY

be applied.

The next step of the evaluation process was to assess the
impact of the compatible technology combinations in a
probabilistic space. This was performed by assigning the
appropriate Weibull distributions, as defined by Equation 3, to
all the technology “k” vector elements. As described previously,

a Monte Carlo Simulation was executed on the metric RSEs for

each of the 273 combinations of technologies with the Crystal ¢
Ball software package [22]. As an example of the evaluationt
step, the impact of three technology combinations on the TOGW £
is shown in Figure 15. The variability of the CDFs is a function * “
of the number of uncertain parameters. The combination
including four technologies has the largest variability. These
results were similar for all metrics and technology combinations  »
consisting of 273 CDFs per metric. 0

ity

760000

.024

018t

01214

Frequency

0061

.000°

-0.150

-0.100

Wing Weight Reduction
(for Composite Wing)

FIGURE 13: EXAMPLE TRL “K” F ACTOR DISTRIBUTION
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FIGURE 15: EXAMPLE TECHNOLOGY COMBINATION CDFs

POPULATION OF THE PUGH MATRIX (STEP 8)

Four Pugh matrices were used in the current investigation.
One consisted of the deterministic values, and the remaining
three were populated by extracting the 10%, 50%, and 90%
confidence levels from each CDF. Each matrix was 273 by 11,
where 273 represented the number of alternatives and 11 the
number of system metrics. Each of the matrices were used in
Step 9 to determine the best mix of technologies to meet the
system metrics.

Ti1




TECHNOLOGY SELECTION (STEP 9) TABLE VIII: D OMINANT TECHNOLOGY MIXES
The TOPSIS method was used on all four Pugh matrices to Concept Technology Mix Concept Technology Mix

identify the best mix of technologies. Each metric was classified 1 T4+T6+T7+T11 6  T2+T4+T5+T7
as a “cost” since minimization was desired. Furthermore, various 2 T3+T4+T6+T7+T11 7 T2+T3+TA+TE+T7+T11
weighting factor scenarios were considered in the ranking 3  T2tT4+T7+TIl 8 T2+T3+T4+T6+T11

. 4 T2+T3+T4+T5+T6 9 T2+T3+T4+T5+T6
process, and ranged from heavy performance to relatively evenly o 15, 13,764 T8+T10+T11 10 T2+ T3+TA+T5+T6+T7

distributed, as listed in Table VII. TOPSIS was executed for
each Pugh matrix and each weighting scenario. The top 15 5 (aq6rce allocation investigation was performed by a

tec.hr;ﬁ'logy compmanc()jns wetre cci_mpared lIorbtea}ch dm_a;:‘nx angomparison of the infusion of the individual technologies to the
weighting scenario and an Interesting resutt obtained. The Samgy,, entional configuration, and evaluation of the deviations in
10 combinations ranked in the top 15 regardless of the Wﬂghtﬂ}getric values. The SLN and the $/RPM are shown in Figure 16
or confidence level considered. Although the absolute ranking 4 Figure 17, respectively, as examples. For the SLN, the target
orde'r varied, the same technolpgy MIXes appeared. 'These.: ggrcent reduction needed from the conventional configuration to
dominant technology mixes are listed in Table VIII. At first, this obtain a feasible concept was 7.28%, as shown by the vertical
result would suggest that a probabilistic assessment might not fie. Both engine concepts (T5 and T11) provide the needed
Beedefd \;\k/]hen e"a!'(;’at”:.g th;ahllm'pact of immature tEIChrTOIOQ_'I_eFeduction with a confidence level of approximately 60%. Hence,
pon further consideration, this IS an erroneous conciusion. h@ther one of the engine technologies would be prime targets for
“f‘”k'”g of the best.technology MIXes was relatively consistenfreased R&D resources. Yet, one must also consider the
since all technologies were approximately at tame TRL. impact of the technology on the affordability and other

Hlence,tthe frequlency ql'Str'tﬁ,u:LO”?;ES'gnEd tct’ (}.r;fe K t\I/ethI) erformance metrics of the system. As shown in Figure 17, T5
elements were also simifar. N S were at diferent leVeIa g T11 increase the $/RPM relative to the conventional

for the 11 technologies, the metric CDFs obtained in Step [,nfioration, and could potentially hinder the success of the
would have different variability. For example, consider the thre rogram. In fact, T5 increased the Vapp for all confidence levels

mixes of technologies in Figure 15. If T5 were at a TRL of 9, th ; . -
. . - 0 a point where the constraint of 155 kts was violated by as
CDF for the “T5+T7+T9+T10" combination would have ess . a5 4.5 kis at the 100% confidence level. T5 negatively

variability and the TOPSIS ranking would be different. impacted all metrics except for the FON and SLN. To the

Add|t|o'nal'|n5|ght was gained fr'om the dlffe'rent we|ght|ng decision-maker, the further development of the environmental
scenarios in the form of the recurring technologies. In particular,

o : . ngines should be in question, unless another technology was
T2, T4, and T6 occurred in eight of the alternatives. This resuﬁ]fused countering the negative impact. One example would be

would suggest that. a compqgite fuselagg, HLFCZ gnd the flighte flight deck systems (T6). This technology counters the
deck systems provided significant benefit with minimal penaltynegative impact of T5 by reducing all metrics. If a company

to the performance and economics of the system. could invest the resources needed for both technologies, the
Resource Allocation system metrics could be achieved. A similar result was obtained
IEi‘pr T11, and the same trade-off rationale could be applied to this

Although each of the dominant alternatives satisfied eve
system level metric, it is unlikely that a company has the R& echnology. ) . . .
budget and resources to successfully develop more than one or AS mentioned previously in the TOPSIS analysis, T2, T4,
two technologies. As stated previously, all technologies weré”d T.6 were dominant technologies. In the resource allocation
assumed to have a successful development program. TH%ve§t|gatlon, each of these threg technolqgles _reduc_ed all
assumption implied that any amount of funds and resources m&elrics as compared to the conventional configuration, with the
be used at a given time to develop the technology. This will ndfXCePtion of increased acquisition price for T2 and T4 at all
happen in a real development program. Hence, as a decisio?f?”f'dence levels. Although neither of the technologies could

maker, guidance is desired as to which technology is the moBfovide the needed SLN reductions, both provide sufficient
influential for R&D resource allocation for overcoming benefits to other metrics to meet the imposed targets from Table

constraints or meeting objectives. II.

T1 %
TABLE VII: TOPSIS WEIGHTING SCENARIOS T2 Doeinsle =
Waghn ng Scenario T3 — ﬂ gg:;::zzz t::
Heavy Performance >Evenly Distributed T4 ! ‘

Fetor 1 2 3 4 5 6 7 8 9 10 g
TOGW 01 015 02 015 02 02 005 005 005 0.1 2 =
TOFL 01 01 01 015 01 01 005 01 01 0.1 g T
LdgFL 005 0 005 0 005 005 005 005 005 0.05 3 17
Vapp 015 0.15 005 0.15 005 005 005 005 005 0.1 % L Torge % Reuction =
FON 02 02 02 02 01 02 02 02 02 01 E
SLN 03 03 02 02 02 02 02 02 02 01 L&
Acg$ 01 005 01 005 01 01 01 01 01 01 T10 =
RDT&E 0 0 01 0 01 01 01 01 01 01 1y | ==
$/RPM 0 0 0 0 01 0 01 005 [ [ —— : : : : :

0 0
TAROC 0 005 0 01 O1 O 01 01 0 01 100 90 -80 -70 60 50 -40 30 20 -10 00
DOC+I 0 0 0 0 0 0 0 005 005 01

Percent Reduction in SLN from Conventional Configuration

FIGURE 16: PROBABILISTIC IMPACT OF TECHNOLOGIESON SLN
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