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Method to Assess Commercial Aircraft Technologies

Tamaira E. Ross*and William A. Crossley"
Purdue University, West Lafayette, Indiana 47907-1282

Increasing competition in the commercial aircraft industry requires that airframe manufacturers be judicious
with technology research and development efforts. Currently, technology development strategies for commercial
aircraft appear to be lacking; a methodology is presented to assess new technologies in terms of both cost and
performance. This methodology encompasses technologies that can be applied to the aircraft design and tech-
nologies that improve the development, manufacturing, and testing of the aircraft. This differs from past studies
that focused on a small number of performance-based technologies. The method is divided into two phases. The
first phase evaluates technologies based on cost measures alone. The second phase redesigns an aircraft with new
technologies, assesses the relative importance of performance-based technologies, and recognizes technology in-
teractions using Taguchi’s design of experiments. For a wide-body transport aircraft example, the methodology
identifies promising technologies for further study. Recommendations and conclusions about the methodology are

made based on the results.

Introduction

VER the past two decades, the focus of transport aircraft de-

sign has shifted from performance driven to operating-cost
driven and, more recently, to life-cycle-cost driven. As the com-
mercial aircraft industry matures, new technologicaladvancements
are difficult to identify and develop. In efforts to improve corporate
performance,airframe manufacturers are spending more on produc-
tion and less for technology research and development. Therefore,
decisions must be made about which research areas will provide the
highestreturn on investment for the airframe manufacturer, as well
as for the airlines.

This paper presents a method for evaluating a large number of
technologies for commercial transport aircraft without requiring a
large expenditureof time or budget. This method encompassestech-
nologies that can be applied to the aircraft design and technologies
that improve the development, manufacturing, and testing of the
product. This departs from previous studies that focused on a small
number of performance-basedtechnologies.

Related Work

Previous efforts have investigated various techniques for evaluat-
ing aircraft technologiesand their potential impacts on aircraft (and
aircraftsubsystem) performance and cost. Other related efforts have
investigated the use of fuzzy logic and Taguchi’s design of exper-
iments as techniques to assist in technology evaluations. Many of
these efforts relied heavily on surveys of experts.

Aircraft Technology Evaluation

In 1972, NASA published a study detailing benefits of over 50
commercial aircraft technologies.! For this study, engineers re-
designedseveral aircraft with and withouttechnologyenhancements
to perform a cost/benefit analysis. The work also detailed the de-
velopment timeline and costs for each technology. The study rec-
ommended that almost all of the technologiesbe funded at an aver-
age level of $55 million per year over a 10-year period. The study
also recommended implementation of all of the technologies on a
transport to be built in 1985. Because of high costs and demand-
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ing schedules,commercial aircraft manufacturershave not followed
many of these recommendations.

Beginning in 1975, Boeing Commercial Aircraft Group worked
as a subcontractorto American Airlines to study the impact of tech-
nology on airline operatingand maintenancecosts. In 1978, the final
version of the resultingreportrecommended further study of several
technologies?

For the NASA sponsored study, “Integrated Wing Design and
Technology Integration and Environmental Impact,” Boeing experts
in several engineeringdisciplinesrated new technologiesdirectly as
achangein costor performance. The impact categories were weight,
drag, specific fuel consumption, airframe maintenance cost, engine
maintenance cost, nonrecurring cost, and recurring cost. Respon-
dentsprovidedthreeratings for each category,numerical values with
a high, medium, and low probability of obtaining benefits. A high
probability value was one the respondent believed was obtainable
with minimal research and development breakthroughs, whereas a
low probability value was optimistic and indicated that the technol-
ogyrequiredadditionalresearch and development. After completing
individual surveys, team members agreed on a single set of high,
medium, and low probability values for each technology and then
redesigned the aircraft using these impact values as modifiers. For
each technology, three different designs resulted corresponding to
the high, medium, and low probability values. Technologies were
not combined in the redesigned aircraft. Figures of merit for the
technologies were changes in airline profit and manufacturer profit.

Evaluation Methodologies and Techniques

Technology evaluation approacheshave been attempted for other
aerospace systems. Reference 3 describes a technique to assess air-
craft propulsion technologies. This work applied fuzzy logic to ad-
dress uncertainty in the knowledge base of experts judging tech-
nologies. Experts evaluated the cost of technologies on a verbal,
relative scale. These descriptions were given numerical values by a
method known as a repertory grid. Using these values, the system
cost was estimated with new technologiesincluded.

Bell and Pringle explored aircraft weapons systems and enabling
technologies® Instead of gathering expert inputs, the authors de-
rived figure of merit values from published literature. Assessments
were based on cost, probability of survival, probability of kill, and
maintainability. From these figures of merit, a system effectiveness
equation measured total system performance. The system effective-
ness results enabled separation of the technologiesinto four groups:
developing,mature, nearly mature, and dependenttechnologies.De-
veloping technologies showed promise for application to all of the
weapons systems and significantly increased each system’s effec-
tiveness; these were recommended for further investigation. The
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work also recommended future studies of the interactions between
systems and of the impact of technological advances on mission
type.

The assessmentmethodology developedfor this paper makes use
of Taguchi’s design of experiments (DOE). This technique has been
applied successfullyto preliminary aerospace system design by sev-
eral authors. Taguchi’s DOE and response surface methodology
have been used to search an aircraft design space more efficiently
for optimum configurations’; this work focused less on technol-
ogy implementation, but still considered design for life-cycle cost.
The conceptual design of a combined-cycle single stage to orbit
launch vehicle, which incorporates advanced technologies using
Taguchi’s DOE approach, is described by Olds and Walberg.® The
DOE approach for design of optimum wing structures is discussed
by Yurkovich.” This approach is becoming recognized as a useful
tool in many design studies.

Methodology

The technology assessmentmethodology developed in this effort
can evaluate a set of technologies that impact both airplane perfor-
mance (aircraft technologies) and airframe development (process
technologies). Aircrafttechnologiesmay be physicallyincorporated
into an airframe, and process technologies apply to the manufacture
and development of the aircraft. To address both types of technolo-
gies, the method consists of two phases. Phase 1 involves assess-
ing all aircraft and process technologies in terms of several cost
measures. Phase 2 examines the cost and performance impacts of
aircraft technologies and considers possible interactions between
technologies.

Four tools are used in this methodology. Like many other tech-
nology assessment approaches, input is obtained by surveying en-
gineering experts. The survey data produces cost and performance
increments that are used in two additional tools: a cost relationship
model and an aircraft sizing code. The cost relationshipmodel pre-
dicts the impact of each technology on airline profit, recurring cost
to build, and nonrecurring cost to build in phase 1 of the method-
ology. In phase 2, the aircraft sizing code computes performance
and weight of an aircraft, as well as operating and unit costs. The
sizing code results enable Taguchi’s DOE to determine an opti-
mal set of aircraft technologies and identify possible technology
interactions.

Survey of Experts

Predictingthe ways technologiesare applied to aerospacesystems
and the consequences of those implementations is difficult. Expert
opinions are often the most reliable input available. Participants
for the example in this study were Boeing Commercial Aircraft
Group employees who are considered experts in one or more of the
technologies under consideration. Nine technical disciplines were
represented, with various numbers of respondentsin each discipline.
The technologies for consideration were identified and described
before the survey was distributed. The technologies assessed in the
following example are presentedin the Appendix and are indicative
of improvements possible in commercial aircraft.

To complete the surveys, respondents provided a percentage
change that each technology would produce in cost, weight, or per-
formance from a baseline aircraft without any of the technologies.
This approach was used for two reasons. First, participants were fa-
miliar with technologyimpacts in terms of relative differences from
the state of the art. Secondly, most engineers do not have access
to absolute aircraft costs, but they may have an idea of how much
relative change can be affected from the current baseline. For the
work reported here, the baseline aircraft was a 300-passenger, twin-
engine, wide-body transport between the 767 and 777 in terms of
size, passengers, and technology level. Participants completed the
surveys with this aircraftin mind.

Participants were also asked to rate their own experience in each
technology on a subjective scale of 1 (little experience) to 5 (ex-
pert). The experience rating serves as the weighting for each par-
ticipant’s input for a technology impact similar to the concept of
weighted objectives® The respondents’ input increments are multi-

plied by their experiencerating, and these products are summed for
all respondents to evaluate an impact of each technology. To gain a
multidisciplinary insight, participants were asked to respond to all
of the various areas, regardless of their expertise in a field.

Cost Relationship Model

To estimate technology effects on aircraft costs, Boeing provided
the tool, cost measures for the evaluation of technology (CoMET),
which was developed as part of a Boeing internal research and de-
velopment effort. COMET is a set of relationships between cost
categories and cost measures for wide-body, subsonic commercial
aircraft. This tool was originally created to give engineers a sense of
which categories were important in terms of bottom line measures.
Additionally, these relationships can evaluate the effect of each cost
category on the total cost.

Figure 1 is a graphical representationof CoOMET. Cost categories
appearin the outercells, influenceratios on the connectinglines, and
costmeasures at various levels marked by letters. The product of the
ratios along a path from a cost category to a cost measure represents
the impact of the corresponding cost category on the measures.

Aircraft Sizing and Cost Prediction

The third toolrequired by the technologyevaluationmethodology
is an aircraftsizing and cost prediction tool. Following the approach
outlined by Raymer,’ a simple sizing code was developed to deter-
mine an aircraft’s gross weight for a given set of design parameters
and a design mission. A rubber engine is scaled during the sizing
process to predict the fuel used. The empty weight of the aircraft
is estimated using a component weight buildup method based on
empirical equations.

In CoMET, airplane operating cost is presented as total airplane-
related operating cost (TAROC). For this study, the direct operat-
ing cost plus interest (DOC + I) prediction of Ref. 10 estimated
TAROC; this DOC + I measure is based on statistical data from
current commercial transport aircraft and is essentially the same as
TAROC, making it well suited to this study. Operating costs predic-
tions include contributionsof empty weight, landing weight, as well
as takeoff gross weight. Additionally, cockpitcrew, cabin crew, and
maintenance cost contributionsto operating cost rely heavily on trip
times calculated by the sizing routine.

In this cost model, a statistically based relationship in which air-
frame weight is the independentparameter predicts airframe acqui-
sition cost. Engine price is calculated on a dollar value per pound
of thrust. The sum of these quantities is the aircraft unit acquisition
cost. The number of trips per year is an important assumption for
the cost model. Increasing the number of trips per year or the fuel
cost will increase the predicted TAROC.

Taguchi’s DOE

The fourth tool needed in the technology evaluation method iden-
tifies an optimal set of technologiesand allows recognition of inter-
actions between candidate technologies. Preliminary results may be
obtained by only consideringthe cost impact of the aircraft and pro-
cess technologies. However, the cost survey and CoMET alone do
not capture weight- and performance-relatedimpacts of the aircraft
technologies. Additionally, the COMET relationships are linear, so
considering interactions with the COMET predictions alone yields
simple sums of the predicted impacts. The step of resizing the air-
craft with new technologiesmust be performed to recognizeinterac-
tions more complicated than those obtained from the CoMET tool.
Taguchi’s DOE!! is a disciplined approach that allows technology
interactions to be considered.

DOE is applied in two stages for this method. The first stage
involves designating all aircraft technologies as factors and then
conducting experiments (aircraft sizing and cost modeling) with
technologieseitheron or off the baseline aircraft. These experiments
are conductedby applyingthe empty weight and performanceincre-
ments from the surveys to the sizing and cost prediction input. The
results of the experiments are gross weight, unit cost, and TAROC.
The second stage of DOE identifies interactions between technolo-
gies based on the first set of experiments. After potentialinteractions
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Fig. 1 CoMET relational diagram.

are identified, a second set of experiments determinesif these inter-
actions are significant.

Implementation

The four tools just described were combined to assess the im-
pacts of the 29 different technologies in the Appendix on a base-
line 300-passenger, long-range, wide-body commercial transport
aircraft whose design mission is presented in Fig. 2. The aircraft
was assumed to fly 590 trips per year of 4000-n mile distance each
trip. In service, aircraft with this type of design mission often op-
erate over shorter routes. In addition, jet fuel was assumed to cost
$0.63/gallon. This implementation illustrates how the technology
evaluation methodology works. Results based upon this wide-body
transportexample are presented and discussed.

Mission at
standard day Cruise 4,000 nm
atmosphere at best rate
velocity
Descend to
5,000 ft
Climb to 37,000 ft no range credit
at best climb rate
Takeoff at Loiter 45 min Land at
sea-level

(reserves) sea-level

Fig. 2 Design mission for baseline transport aircraft.
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Table1 CoMET technology impact ranking for unit cost and trip TAROC

Unit cost technology ranking % Impact  Trip TAROC technology ranking % Impact
Toolless assembly —6.11 Toolless assembly -2.93
Monolithic structure —4.30 Monolithic structure —2.00
Automated fastening/assembly —3.58 Automated fastening/assembly -1.72
Flexible tooling -3.52 Flexible tooling —1.69
Automated factory floor control —3.46 Automated factory floor control —1.66
Data-driven process analysis -2.16 Data-driven process analysis —1.04
Fiber optics —1.51 Fiber optics -0.93
Simple high-lift devices —1.46 Simple high-lift devices -0.77
Cross functional integrated design -1.35 Cross functional integrated design —0.65
KBE tool design —1.08 KBE tool design -0.52

Technologies for Consideration

The technologiesconsideredare representativeof areas of current
research undertaken by airframe manufacturers. Several technolo-
gies, such as composites and hybrid laminar flow control, have been
studied for years. Others represent more recent developments. The
distinction between aircraft and process technologies is a key ele-
mentof this methodology. Aircrafttechnologiescan be incorporated
into the airframe; composites and fly by wire are examples of this
type of technology. Process technologies apply to the development
and manufacture of the aircraft. Examples of process technologies
include toolless assembly and pressure paint loads analysis.

The focus of the technologies varies widely. For example, hy-
brid laminar flow control is under consideration to improve fuel
efficiency, which reduces TAROC. Often, TAROC measures the
value of a technology; however, new technologies, such as cross-
functional integrated design, have little direct impact on TAROC.
Instead, the focus of this type of technology is reduction in internal
development costs. These savings can potentially reduce acquisi-
tion and finance costs for the airline customer. This methodology
evaluates aircraft and process technologies with quantifiable cost
measures.

Surveys and Data Reduction

Two surveys were used to gather expert opinions. The first ad-
dressed the effect of each technology on each of the COMET cost
categories. Areas of expectedimpact were highlightedon the survey,
but respondents were free to enter any impacts. Technology impacts
were given as a percentage change in cost from a baseline aircraft.
The second survey requested input needed to redesign an aircraft
with new technologies. Participants first considered the impact of
each technology on several empty weight categories, such as avion-
ics weight or wing weight. Performance impacts were considered
in terms of specific fuel consumption, maximum lift coefficient,
and total drag. Again, the input was given in terms of a percentage
change from the current baseline aircraft.

Based on the experience level of each individual, the individual
assessment of each technology can be combined with other respon-
dents. First, a weighting factor for each individual is obtained for
each technology by taking that individual’s experience rating and
dividing it by the sum of ratings for that technology. Then, an in-
dividuals input percentage change is multiplied by the weighting
factor. Finally, these products for all individuals are added together
to compute a predicted effect.

Cost Impact of Technologies

After the effectis determined from the survey data reduction, that
effect is related to a cost measure via COMET. Figure 3 shows an
excerpt of the COMET chart that includes trip TAROC. Airframe
labor makes up 48% of the total maintenance cost, and maintenance
cost is 9% of trip TAROC. If the survey suggests that composite
materials increase labor cost by 8.33%, then this technology would
result in a 0.36% (8.33% X 0.48 X 0.09) increase in trip TAROC.
Through this process, each technology (aircraft and process) can be
compared in terms of cost measures.

Table 1 shows the top 10 technologiesand their predictedimpacts
on unit cost and TAROC based on the CoMET evaluation. The bold

Flight
Crew Cost

Airframe
Material

Material

Fig. 3 Trip TAROC excerpt of COMET diagram.

type indicates aircraft technologies. Impacts are measured as a per-
centage change in cost from the baseline aircraft. Many aircraft
technologies, typically thought to reduce operating costs, rank low
in this evaluation.

The top 10 technologies for impact on airline profit, recurring
cost to build, and nonrecurring cost to build, are ranked in Table 2.
In Table 2, an increase in airline profit is desirable; in the other mea-
sures, reduction is desired. Unlike the other cost measures, airline
profit has several aircraft technologiesat the top of the ranking. The
recurring cost ranking is similar to the ranking for trip TAROC. The
top technologies for nonrecurring cost to build are process related.

Performance- and Weight-Related Cost Impact of Technologies

Although the preceding section used the cost survey results and
the CoMET methodology to estimate changes in several cost mea-
sures, the aircraft technologies can also have performance- and
weight-related impacts that indirectly affect airplane costs. For ex-
ample, a technology that increases an aircraft’s cruise speed may
reduce operating cost contributions that are related to trip times.
To evaluate these impacts, results from the weight and performance
survey were used to modify predictions of empty weight, fuel effi-
ciency,etc. in the sizing code. The baseline aircraft was then resized
incorporating the effects of each aircraft technology. Cost predic-
tions were modified using the cost impacts determined in the pre-
ceding section. Table 3 presents a rank-ordered list of the top 10
technology impacts on unit cost and trip TAROC evaluated using
this approach; as before, aircraft technologies are bold face.

Using the resizing approach, performance-and weight-based im-
pacts of each aircraft technology are highlighted. One example is
the advanced ducted fan technology that ranked low in the cost-
only evaluation (unit cost increment of +0.78% and trip TAROC
increment of +0.23%). However, including the performance-based
effects of this technology suggests a beneficial impact (—0.87% on
unit cost and —1.96% on trip TAROC). The process technologies
listed in Table 3 do not affect the aircraft sizing, and so their impact
values remain unchanged from Table 1.

Design of Experiments to Evaluate Technologies

The preceding evaluation did not evaluate combinations of tech-
nologies, nor does it allow for identification of potentialinteractions
between technologies. Thus, a second phase of the methodology
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Table2 CoMET technology impact ranking for airline profit, recurring cost, and nonrecurring cost

Airline profit Recurring cost Nonrecurring cost
technology ranking % Impact  technology ranking % Impact technology ranking % Impact
Terminal four-dimensional 2.99  Toolless assembly —6.26  Data-driven process —11.98
navigation analysis
GPS direct routing 1.95  Monolithic structure —5.16  Cross functional —17.46
integrated design
Rapid wind-tunnel 1.08  Automated —4.74 KBE tool design —6.00
testing fastening/assembly
Toolless assembly 0.86  Automated factory —4.07 Toolless assembly —-5.42
floor control
Advanced flex zones 0.77  Flexible tooling —3.83 KBE design -3.87
Slotted/advanced/ 0.67  Fiber optics —2.29 Flexible tooling —2.08
adaptive airfoils
Monolithic structure 0.62  Simple high-lift —1.52  Rapid wind-tunnel —-1.83
devices testing
Active landing gear 0.60  Multiplex architecture —0.53 Simple high-lift -1.19
load suppression devices
Active noise 0.54  KBE design —0.24  Pressure paintloads  —1.03
suppression analysis
Flexible tooling 0.51  Rapid wind-tunnel —0.01 Automated factory —0.68
testing floor control
Table 3 Top ten unit cost and trip TAROC technology impacts with aircraft resizing
Unit cost technology ranking % Impact Trip TAROC technology ranking % Impact
Monolithic structure —-6.24 Composite primary structure -3.93
Toolless assembly —6.11 Monolithic structure -3.23
Composite primary structure —-4.97 Toolless assembly -2.93
Automated fastening/assembly -3.58 Advanced ducted fan -1.96
Flexible tooling -3.52 Automated fastening/assembly -1.72
Automated factory floor control -3.46 Flexible tooling -1.69
Data-driven process analysis -2.16 Automated factory floor control —1.66
Simple high-lift devices -2.01 Ultrahigh bypass ratio engine —1.57
Fiber optics —-1.52 Simple high-lift devices —1.11
Multiplex architecture —-1.38 Data-driven process analysis —1.04
Table 4 Unit cost ANOVA
Degrees of Sum of Percentage
Technology (experimental factor) freedom squares, %  Variance, %  contribution
Monolithic structure 1 1.3732 1.3732 51.6192
Composite primary structure 1 0.8378 0.8378 31.4951
Simple high-lift devices 1 0.1503 0.1503 5.6487
Hybrid laminar flow control 1 0.1016 0.1016 3.8210
Fiber optics 1 0.0885 0.0885 3.3285
Slotted/advanced/adaptive airfoils 1 0.0367 0.0367 1.3810
Active controls 1 0.0328 0.0328 1.2317
Advanced ducted fan 1 0.0195 0.0195 0.7347
Direct satellite link 1 0.0081 0.0081 0.3058
Active noise suppression 1 0.0073 0.0073 0.2740
Ultrahigh bypass ratio engine 1 0.0033 0.0033 0.1256
GPS direct routing 1 0.0005 0.0005 0.0204
Active landing gear load suppression 1 0.0004 0.0004 0.0140
Terminal four-dimensional navigation 1 0.0000 0.0000 0.0003
Error 1 0.0000 0.0000 0.0001
Sum — 2.6601 — 100.0000

was pursued. Using Taguchi’s DOE approach helps identify poten-
tial cost interactions between technologies and provides a measure
of which technologieshave the largest impacts. Furthermore, using
Taguchi’s DOE results in a set of optimal technologies for various
cost measures.

To apply DOE in the assessment methodology, the aircraft tech-
nologies are treated as factors. These factors are given two levels
indicating if the technology is on the aircraft or off the aircraft.
An experiment involves resizing the baseline aircraft with appro-
priate on technologies. Experimental results include gross weight,
unit cost, and operating cost. Two stages of DOE are applied. In the

first stage, all aircraft technologies are treated as independent fac-
tors, providingthe optimal technology sets and identifying potential
interactions. In the second stage interactions are investigated.

Technology Significance

In the first stage of the DOE application, 14 aircraft technologies
were considered, so that 16 experiments provided measures of air-
craft unit cost and trip TAROC using an L4 orthogonal array.!! An
analysis of variance (ANOVA) for the results determines the tech-
nologies with the greatest cost impacts. Table 4 shows the ANOVA
for unit cost, and Table 5 shows the ANOVA for operating cost. The
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Table 5 Operating cost ANOVA

Degrees of Sum of Percentage
Technology (experimental factor) freedom squares, %  Variance, %  contribution
Composite primary structure 1 0.5089 0.5089 42.9239
Monolithic structure 1 0.3645 0.3645 30.7378
Advanced ducted fan 1 0.1218 0.1218 10.2704
Ultrahigh bypass ratio engine 1 0.0772 0.0772 6.5107
Simple high-lift devices 1 0.0455 0.0455 3.8346
Fiber optics 1 0.0371 0.0371 3.1321
Active controls 1 0.0161 0.0161 1.3592
GPS direct routing 1 0.0069 0.0069 0.5831
Active noise suppression 1 0.0025 0.0025 0.2104
Terminal four-dimensional navigation 1 0.0022 0.0022 0.1845
Direct satellite link 1 0.0021 0.0021 0.1732
Slotted/advanced/adaptive airfoils 1 0.0007 0.0007 0.0632
Hybrid laminar flow control 1 0.0001 0.0001 0.0099
Error 1 0.0001 0.0001 0.0060
Active landing gear load suppression 1 0.0000 0.0000 0.0009
Sum — 1.1857 — 100.0000

Table 6 Taguchi optimal technology sets

Technologies and Unit Trip

performance metrics cost TAROC MTOGW
Terminal four-dimensional navigation off on on
GPS direct routing off on on
Active landing gear load suppression off on on
Simple high-lift devices on on on
Slotted/advanced/adaptive airfoils off on on
Hybrid laminar flow control off on on
Active noise suppression off off off
Advanced ducted fan on on on
Ultrahigh bypass ratio engine on on on
Composite primary structure on on on
Monolithic structure on on on
Active controls on on on
Direct satellite link off off on
Fiber optics on on on
Unit cost, % change —15.48 —-12.35 —-13.09
TAROC, % change -12.36 —12.64 —14.49
MTOGW, % change -1191 -12.37 —14.45

technologies are listed in descending order of percentage contribu-
tion to the total sum of squares; this indicates the significance or
importance of each technology. The top five factors for each cost
measure were investigated for interactionsin the second stage of the
DOE application.

Using the L4 array with 14 technologies allows one factor to
measure error in the experiments. The orthogonal arrays used in
Taguchi’s DOE reduce the numberof experimentsneeded; however,
the resultsare most reliable when the performanceis directly propor-
tional to the linear combination of factors. Because the computer-
based experiments are exactly replicable, the error factors in the
ANOVA tables measure nonlinearity in the problem. The small but
nonzero percentage contribution of error indicates that the problem
is minimally nonlinear. In addition, the error contributionindicates
factors that appear to have no meaningful impact. For example, ac-
tive landing gear load suppression contributionis smaller than the
error contributionin Table 5.

Taguchi Optimal Technologies

The first stage of the DOE applicationalso provides the main ef-
fects of each technology. If the average “on” effectis better than the
average “oft” effect for a technology, then this technology provides
abenefit to the aircraft. These main effects determinea set of optimal
technologies for each measure of unit cost, trip operating cost, and
maximum takeoff gross weight MTOGW). The three Taguchi op-
timal technology sets were evaluated through resizing to provide a
measure of improvementover the baseline aircraft. Table 6 presents
these technology sets and their improvements.

For optimal unit cost, fewer technologiesare applied than for op-
erating cost or gross weight. The performance of each design in unit

cost, trip TAROC, and gross weight is better than or approximately
equal to the other experiments conducted. In addition, the best de-
sign for each objective has the largest reduction in its respective
measure. A slight exception occurs for the minimum trip TAROC
design, which is actually slightly better in MTOGW than the min-
imum gross weight design. This difference is very small, and the
effect is attributed to noise in the iterative sizing code because the
difference in gross weight is less than the convergence tolerance.
One caveat is that conflicting technologies are suggested. For ex-
ample, it may not be possible to fully include monolithic structure
and composite primary structure on the same aircraft.

Technology Interactions for Cost Measures

Interactions describe conditions when one factor’s influence of
on the result is dependent on the level of another factor. The in-
teraction between two factors may be determined by averaging the
performance of several experiments that involve the two factors and
examining the main effects of these two factors. For this implemen-
tation, interactions were investigated by examining combinations
of the five most significant technologiesidentified in the preceding
step. Using these technologies, interaction charts were constructed
for each possible combination of two technologies.Only two poten-
tial cost interactions were found for the unit cost metric; these were
between simple high-lift devices and fiber optics and between com-
posite primary structure and fiber optics. Figure 4 presents these
interaction charts. These charts illustrate interactions because the
two curves intersect, suggesting that one factor’s setting affects the
desired setting of the other factor. For example, if simple high-lift
devices are left off the aircraft, then including fiber optics creates a
larger reductionin unit cost. The converseis true; if simple high-lift
devicesareincorporatedinto the aircraft, then the fiber optics should
be left off.

For the TAROC costmeasure, two possibleinteractionsappeared.
The technologies involved in these were simple high-lift devices
and composite primary structure, and simple high-lift devices and
advanced ducted fan (illustrated in Fig. 5). These interactions are
likely small, because the lines are not parallel but do not intersect.

To determine the degree of an interaction, further experiments
were designed that account for interactions as separate factors.
Guidelines for selecting the interaction columns are described by
Taguchi’s DOE approach.!! After the interaction columns are cho-
sen, other factors can be assigned to the remaining columns; in this
case the other factors were the five most significant factors deter-
mined from the first stage of the DOE. After running the second
stage of experiments, pooled ANOVA tables were constructed for
both cost measures. Abbreviated tables for unit cost and TAROC
are shown in Tables 7 and 8, respectively.

Following the guidelines for pooling results, both interactions
and the monolithic structure technology have been pooled for the
unit cost measure, which indicates that they do not have significant
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Table 7 Pooled ANOVA for unit cost measure including interactions

Degrees of Sum of Percentage
Technologies and interactions freedom squares, %  Variance, %  contribution
Simple high-lift devices 1 0.0901 0.0901 3.5374
Hybrid laminar flow control 1 0.4413 0.4413 19.6715
Composite primary structure 1 1.3308 1.3308 60.5305
Simple high-lift devices X fiber optics -1 0.0016 Pooled —_—
Fiber optics 1 0.2359 0.2359 10.2349
Composite primary structure X fiber optics -1 0.0004 Pooled —_—
Monolithic structure -1 0.0374 Pooled e
Error 3 0.0394 0.0131 6.0257
Total 4 2.1769 e 100.0000
Table 8 Pooled ANOVA for TAROC measure including interactions
Degrees of Sum of Percentage
Technologies and interactions freedom squares, % Variance, % contribution
Simple high-lift devices 1 0.3744 0.3744 38.0498
Advanced ducted fan -1 0.0161 Pooled e
Simple high-lift devices X advanced ducted fan -1 0.0000 Pooled E—
Simple high-liftdevices X composite primary structure -1 0.0015 Pooled E—
Composite primary structure 1 0.4959 0.4959 50.5933
Monolithic structure 1 0.0263 0.0263 2.1083
Ultrahigh bypass ratio engine 1 0.0365 0.0365 3.1635
Error 3 0.0177 0.0059 6.0851
Total 4 0.9685 _ 100.0000
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impact. Additionally, the simple high-lift device technology con-
tributes less than the pooled error term, so that this technology also
contributes minimally to the unit cost. For the TAROC cost mea-
sure, both interactions have been pooled, along with the advanced
ducted fan technology. Furthermore both the monolithic structure
and ultrahigh bypass ratio engine technologies have contributions
lower than the pooled error, suggesting that these may also have
little impact on TAROC.

Using Taguchi’s DOE readily accommodates the discrete choice
of technologies on or off the aircraft. The underlying orthogo-
nal arrays greatly reduce the number of experiments needed to
provide technology evaluations, especially compared with a full-
factorial design. This DOE approach also furnished optimal tech-
nology sets for various cost measures. Taguchi’s approach allows
for recognition of interactions and some investigation of these
interactions.



ROSS AND CROSSLEY 577

However, assumptions of the orthogonal arrays can lead to inac-
curate results in the presence of nonlinearity or complicated inter-
actions. In the aforementioned implementation, interactions were
identified, and they appear to be minimal. This approach generated
inconsistentresults, illustratingsome of the inaccuracies. For exam-
ple, the monolithic structuretechnology was identified as the largest
contributor to unit cost during the first-stage application (Table 4),
yet when included with potential interactions in the second stage,
its contribution was pooled into the error term (Table 7). The first
and second DOE stages required sizing of aircraft with different
sets of on technologies, and so these differing results are not com-
pletely surprising. The difference in calculated percent contribution
is large, which suggests that applying monolithic structures to an
aircraft may have nonlinear effects on the cost measures.

Some interactions presented are nonintuitive because they have
been examined in terms of cost measures. The interaction between
simple high-lift devices and fiber optics is one unexpected result
indicating that cost interactions may exist where there is no obvious
physical interaction between technologies.

Discussion

The methodology described and implemented provides quantita-
tive values that allow assessment of both process and aircraft tech-
nologies. From these values, recommendations about technologies
for development may be made. As with any technology evaluation
methodology, some limitations exist.

Recommended Technologies

The methodology allows several ways to recommend technolo-
gies for further development. Recommendations can be based on
cost measures deemed most appropriate by the user; for example,
an airframe manufacturer may decide that unit cost is the most im-
portant measure and would select technologies with the largest pre-
dicted reduction in unit cost. Determining a single measure may
not be possible, or practical, because many cost measures affect the
acceptance of an aircraft by airlines. The approach suggested here
selects technologies that appear in the top of their ranked perfor-
mance for all cost measures under consideration. For the cost mea-
sures of airline profit, recurring cost, and nonrecurring cost, only
the COMET technology tool provides these measures. However, for
unit cost and operating cost (TAROC), the results generated from
the aircraft resizing incorporate performance- and weight-related
impacts, and so these results are preferred.

An example of this can be made using Table 3. If five technolo-
gies are to be selected for further development, monolithic structure,
toolless assembly, composite primary structure, automated fasten-
ing/assembly, and flexible tooling would be chosen, because these
technologies are ranked in the top six for both unit cost and trip
TAROC.

Using the cost impact with resizing approach allows assessment
ofboth processand aircrafttechnologies.Monolithicstructure,com-
posite primary structure, and simple high-lift devices appear in the
top ten of the unit cost and trip TAROC rankings using resizing.
Taguchi’s DOE also supports these as the most significant aircraft
technologies for unit cost and among the five most significant tech-
nologies for trip TAROC. Two of these, monolithic structure and
simple high-lift devices, improve performance and also simplify
manufacturing and maintenance to reduce costs, and so these re-
sults appear rational.

The DOE step also identified three optimal sets of aircraft tech-
nologies for minimum unit cost, trip TAROC, and takeoff gross
weight. If one objective was deemed most important, development
of the optimal technology set correspondingto that objective could
be pursued. However, it may be desirable to develop technologies
that appear in more than one optimal set. Keeping with the earlier
discussion, simple high-liftdevices, advanced ducted fan, ultrahigh
bypass ratio engine, composite primary structure, monolithic struc-
ture, active controls, and fiber optics appear in the optimal sets for
both unit cost and trip TAROC. This list includes the three aircraft
technologiesidentified earlier.

Although Taguchi’s DOE provides a means to selecttechnologies
for further development, in the form used here, the DOE step does
not allow for process technologies to be evaluated. Based on the
results in Table 3, process technologies are also important, and so
using a combination of means to identify technologies for further
development seems prudent.

Limitations

The methodology has limitations that deserve discussionbecause
these may affectinterpretationof the results. These limitations exist
primarily in the definition of the technologies for evaluation and in
the survey to gather expert opinions.

Many of the technologiesin this study cannot logically be paired.
For example, primary composite structure and monolithic pro-
vide dissimilar alternatives for primary airframe structure and are
not fully compatible. Similarly, simple high-lift devices and ad-
vanced/slotted airfoils are incompatible. In cases where physically
incompatibletechnologiesare promising, developmentof both tech-
nologies could be pursued, but a later choice is needed to determine
which technology would be applied to an aircraft.

The self-ratingsystemfor technologyexperiencewas effectivefor
weighting the survey input of different participants. This method is
susceptible to differences in perception when the individualsjudge
their experience in relation to their colleagues in the discipline.
The survey format also allows for the resulting evaluations to be
somewhat sensitive to the input of each respondent. To examine
these effects, one respondent’s experience ratings for the top ten
unit cost technologies in Table 1 were lowered by one (a 4 rating
becamea 3, etc.). The impactvaluesdid change,butonly slightly; for
example, the impact for monolithic structure changed from —4.298
to —4.295%.Larger variationsin the experiencerankingsor outlying
responses will impact the results, but this appears to be minimal.

Several survey participants felt that they did not have enough
exposure to cost in their present positions; but they did have a good
understandingof weightand performanceincrementsand suggested
only completing the weight/performance survey. However, process
technologies could not have been evaluated or ranked against the
aircraft technologies without the cost survey.

Participants also expressed concern about responding to the cost
survey at different levels of abstraction, and survey input may have
been based on the respondent mentally resizing the aircraft. For
example, one participant may conclude that composites will reduce
the aircraft weight, so that the fuel required and operating cost will
decrease. The composite wing may cost more to build and increase
unit cost. This participantwould enter the correspondingincrements
in both cost categories. Another participant may not consider the
effect on fuel cost and only enter input for wing labor cost.

Expansion of the Method

Different aircraft sizing codes and cost models such as
ACSYNT!?2 or FLOPS '* may providehigheraccuracy and can easily
replace the models used here. An obvious expansionis the inclusion
of more survey participants. By gathering results from more people,
noise associated with experience ratings and outlying inputs may
be reduced. The scope of this study was limited to 29 technologies;
however, the methodology can incorporate more technologies.

This approach could be extended easily to other types of air-
craft. The performance and cost models would differ as needed, but
the survey, data reduction, and analysis would be essentially the
same. Other engineering systems that may benefit from this method
include automobiles, electronics, and others requiring large-scale
manufacturing/assembly operations. The connecting and crucial el-
ement of these industries is that the application of technology di-
rectly affects the performance and manufacturing of the product.

Conclusions

The purpose of this effort was to develop a method to evaluate
technologies in a manner that could lead to a research and develop-
ment strategy for a commercial airframe manufacturing company.
The implementation presented here illustrates that this is possible.
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Through the use of a defined methodology to evaluate the impact
of technology, strategists can prioritize the study of these technolo-
gies. The methodology presented identifies promising commercial
aircraft technologies at a minimum study cost. This method should
contribute to aircraft technology assessment and design in several
ways.

First, this methodology can simultaneously assess both process
and aircraft technologies in terms of cost metrics. Previous tech-
nology studies have primarily focused on a small number of
performance-basedtechnologies.

Second, the methodology considers technologies with a multi-
disciplinary view. Many technical experts from several disciplines
provided input to this study, and the weighted objectives approach
for experience ratings allowed inputs from experts in different dis-
ciplines to be combined. Typically, previous studies only gathered
input from a few individualsin a limited range of fields.

Finally, the application of Taguchi’s DOE as part of the method-
ology is novel compared to other DOE applications. By using this
approach, several technologiesare evaluated in combinationto pro-
vide a measure of each technology’s importance and to identify a
set of optimal technologies for various objectives. In addition, tech-
nology interactions can be recognized in terms of cost measures.

For the notional transportaircraftin the implementation, the tech-
nology assessmentmethodologyresultsallowed recommendationof
technologiesfor further development. This method appears to work
well for commercial aircraft and should be applicableto other types
of aircraft and other products.

Appendix: Commercial Aircraft
Technologies for Evaluation

1) Terminal four-dimensional navigation uses four-dimensional
trajectory generationfor real time optimal path control of time/space
in the airportterminal controlarea (TCA). It increases the capability
to manage large numbers of aircraft and minimize times in the air
and fuel burn in the TCA.

2) GPS direct routing uses GPS positioning to permit direct rout-
ing to destination airports without flying vector airways. It provides
in route four-dimensional navigation for minimum airtime and/or
fuel burn.

3) Active landing gear load suppression uses an active control
system to alleviate dynamic landing gear loads through pressure
manipulation within the oleo.

4) Simple high-liftdevices are mechanically simple leading- and
trailing-edge approaches to produce high lift for takeoff/climb and
approach/landing. They avoid complex rigging and actuation with
substantial reduction in maintenance.

5) Slotted/advanced/adaptive airfoils provide optimization of
three-dimensionalgeometry to reduce drag, increaselift, or increase
cruise speed, as well as providing variation of three-dimensionalge-
ometry with leading or trailing devices at different flight conditions
to optimize aerodynamic performance.

6) Rapid wind-tunnel testing is the process of accelerated model
design, fabrication, instrumentation, testing, and data reduction to
rapidly obtain aerodynamic and loads data. Different paradigms in
instrumentation and data reduction may be required.

7) Hybrid laminar flow control uses a porous skin with suction
over regions of the wing or airframe to reduce skin-frictiondrag by
maintaining large areas of laminar flow.

8) Active noise suppressionis noise suppressionutilizing a noise
source(s), sensors, and feedback control to actively attenuate engine
and cabin noise.

9) An advanced ducted fan results in engine cycles with variable
pitch fan blades to improve the high-speed performance of the fan
stage.

10) An ultrahighbypassratio engine results in engine cycles with
fan bypass ratios significantly higher (> 10) than those currently in
use.

11) Composite primary structure is the use of composite material
in the primary load-carryingstructure, such as the wing box, engine
strut, and fuselage pressure vessel.

12) Monolithic structure is the use of single piece castings rather

than built-up structure in areas such as bulkheads, ribs, doorframes,
fuselage frames, floor beams, etc.

13) Knowledge-based engineering (KBE) design is the au-
tomation of airplane/structure/systems/tooling geometry definition
through engineering rules in an intelligent computer aided design-
like environment.

14) Active controls are instrumental in achieving artificial struc-
tural stiffness using active control surfaces for gust load alleviation,
maneuver load control, flutter suppression, and relaxed stability.

15) Pressure paint loads analysis refers to the utilization of pres-
sure sensitive paint to quantify aerodynamicload distributionrather
than using pressure ported models.

16) A direct satellite link provides the capability of direct high-
bandwidth communication with satellites by transmitters and re-
ceivers onboard the aircraft.

17) Fiber optics refers to fiber optic cables for data connection
rather than conventional wiring.

18) Multiplex architecture refers to the substitution of pin-to-
pin connections in conventional wiring harnesses with multiplex
networking of system components.

19) Advanced flex zones are a payloadarchitectureallowing max-
imum movement of galleys, lavatories, and seating based on self-
contained interior packaging and widespread plumbing and power
networking.

20) Automated cargo handlingis system automationin cargo han-
dling to reduce ground crew support. Includes cabin consumables
and galley service.

21) Upgradablein-flight entertainmentsystems refer to a flexible
bus architecture allowing commercial standard interfaces and soft-
ware for entertainmentsystem vendorupgrades. Enables an Internet
connection at each seat terminal via direct satellite link.

22) Toolless assembly refers to control of key part interface char-
acteristics to permit subassembly and final assembly without the
requirements of fixtures or alignment tools.

23) Automated factory floor control refers to closed-loop deci-
sion support for planning/eplanning and scheduling/fescheduling
of anticipated/iuinanticipated events on the shop floor. Establishes
on-line coordination of the factory.

24) KBE tool design is the use of design rules to define tool
geometry from configuration geometry. It permits automated tool
design changes based on airplane geometry changes.

25) Automated fastening/assembly is the robotic tooling enabling
automated drilling, fastening, and assembly of airframe structure
such as wings and fuselage sections.

26) Flexible tooling refers to computer adjustabletooling fixtures
such as a wing jig that can vary the geometry of the structure to be
assembled. Different wings within a geometry envelope may be
produced on the same tool.

27) The near-real-time parameter estimation is a maximum like-
lihood parameter estimation in flight test for rapid determination of
aerodynamiccoefficients, stability and controlderivatives,aeroelas-
tic characteristics,and engine performance. Estimation occurs near
real time during maneuvering flight by matching nonlinear model
dynamics.

28) Cross functional integrated design is the integration of dis-
cipline methods and tools in a database environment to facilitate
movement and maintain data consistency through the preliminary
design process. It structures the design process as data driven.

29) Data-drivenprocessanalysisis the use of data-drivenmethod-
ology to eliminate out-of-sequence rework and to identify oppor-
tunities for parallel or concurrent tasks. It is capable of hierar-
chical planning and management to generate integrated plans and
schedules.
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