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Abstract

This article discusses the progress of the refinement and testing of the Advanced Morphological Approach
(AMA) in the conceptual design of aircraft. Unconventional aircraft configurations can be considered as a
potential way to address the current challenges in the aviation domain to reduce emissions and increase
efficiency. Taking into account the lack of idea generation methods for innovative aircraft concepts, the AMA as
presented in previous work allows to decompose the system into functional and/or characteristic attributes and
their corresponding sets of technological alternatives. The subsequent synthesis and clustering of potential
solution configurations helps to derive a limited set of optimal aircraft concepts. The first part of this paper
summarizes the recent developments of the AMA such as handling of uncertainties through fuzzy numbers
and hierarchical structuring of the problem definition with the Fuzzy Analytic Hierarchy Process. Ultimately, the
results of a first test use case for a flight vehicle conceptual design problem using the AMA’s current state and
involving a group of experts are presented and discussed. The suggested approach considers to a larger extent
the cognitive and professional bias during expert evaluations. It offers a more robust and intuitive formulation
and solution of abstract conceptual design problems lacking historical data to lean on.
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1. INTRODUCTION and analyzed by using the Advanced Morphological

The challenges that the aviation industry currently
faces possess a multifaceted character. Firstly, a
great importance is attributed to the achievement of
the emission reduction and efficiency improvement
goals for the upcoming airplane generations. Sec-
ondly, the application of sustainable aircraft is sought
to be expanded for less common and unconventional
missions such as transportation, search and rescue
(SAR) flights in areas with complex terrain or Urban
Air Mobility. However, addressing these goals si-
multaneously might be a lengthy process requiring
not only the integration of prominent technological
innovations, but also the introduction of disruptive
aircraft concepts. Such problem statements often
represent complex tasks unable to be defined as an
integral optimization problem due to their complicated
multi-dimensional and multi-disciplinary nature [1, 2].
Furthermore, the lack of experimental data on cer-
tain promising technologies could lead to significant
uncertainties when studying the design trade-offs.
These challenges require the application of a novel
tool for the efficient selection of innovative aircraft
concepts. It has been shown that innovative ideas for
new efficient aircraft configurations can be generated
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Approach (AMA) on the example of a stratospheric
unmanned aerial vehicle [1]. On a global scale, this
method fulfills and integrates a set of idea manage-
ment tasks including structured and transparent idea
generation, evaluation and classification for product
design purposes [3]. In addition, its focus lies even
further in the design of complex engineering solutions
such as new aircraft generations.

Currently, the AMA is being enhanced in order to ad-
dress its identified challenges such as the lack of un-
certainty consideration, detailed solution space anal-
ysis and the formal definition of qualitative technology
evaluation [4].

These evaluations represent one of the main build-
ing blocks of the AMA and aim to qualitatively as-
sess technology alternatives for the upcoming aircraft
generations which lack deterministic test data. Such
assessments can be obtained from structured expert
judgment elicitation (SEJE) in the form of expert work-
shops. In this context, a first expert workshop has
been conducted for the testing purpose of the cur-
rent AMA enhancement state. The present paper de-
scribes the concept and the results of this initial expert
workshop.
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After a brief review of the AMA theory, the workshop
methodology will be described by outlining its main
components: use case definition, problem hierarchy
structure, uncertainty modeling approach and ques-
tionnaire design. Subsequently, the post-processing
of the obtained data will be explained, followed by the
final results. Finally, these will be critically commented
and improvement proposals will be drawn.

1.1. Objectives, main hypothesis and limitations

The current work can be positioned as a smaller part
of a much wider project aiming to enhance the AMA
regarding multiple aspects. In particular, it is intended
as a practical kick-off implementation of the first work-
shop development stage. In general, SEJE methods
such as the Classical Model by Cooke [5] or the IDEA
protocol (Investigate, Discuss, Estimate, Aggregate)
[6] comprise multiple stages, e.g. individual evalua-
tions, discussion, expert calibration, etc. The global
objective is to develop a full-scale SEJE methodology
adapted for the purpose of the project which should
fulfill all typical SEJE requirements. However, obtain-
ing final results on a given design problem statement
is not the primary purpose of the current work. The
main objectives of the paper can be summarized as
follows:

» Testing of the first stage of a typical SEJE
method, namely solely individual expert evalu-
ations, adapted to the AMA and aircraft design;

« Testing of the developed software for the purpose;

» Feedback from the experts on their experience and
the methods applied;

« Derivation of improvement proposals and sugges-
tions for further development;

« Obtaining initial results for later studies and method
development.

In this context, certain limitations within the workflow
have been intentionally defined in order to focus on
these main objectives. The limitations will be men-
tioned throughout the paper.
The workshop and the post-processing workflow are
based on qualitative technology assessment and
aim to study the main hypothesis that qualitative
expert knowledge is suitable for global conceptual
design problems due to the lacking statistical data on
innovative technologies.

Subsequently, the challenge this workshop needs to

overcome is to make subjective opinions a scientific

basis for the conceptual design of complex engineer-
ing systems such as aircraft.

1.2. Morphological Analysis

At the core of AMA lies the Morphological Analysis
(MA), which is dedicated to structure the problem by
decomposing it into functional and/or characteristic
attributes. Each of these is assigned a number
of alternative technological options (referred to as
simply "options" in the following) able to fulfill the
attribute’s purpose. The attributes and the options
are summarized in a morphological matrix (MM)
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by defining its rows and columns respectively. The
MA was developed in the mid-20th century by Fritz
Zwicky [7] and applied in multiple fields such as
engineering and product design, design theory and
architecture, technological forecasting, management
science and knowledge management [8]. Ultimately,
such problem structuring allows to derive a solution
space defined by all possible option combinations
for different attributes. However, the continuous
extension of the MM results in voluminous multidi-
mensional solution spaces which may often be hard
to explore.

1.3. The Advanced Morphological Approach

Seeking for a universal method aiming to evaluate
and analyze the solution space, Bardenhagen and
Rakov [1] extended the MA to the AMA. After the def-
inition of the MM, the AMA integrates qualitative as-
sessments of the options on a scale from 1 to 9 for a
set of predefined criteria. These assessments are ob-
tained from professional opinions of one or more do-
main experts, further referred to as decision-makers
(DMs). The generated solutions from the MM bear
the evaluations of their selected options and are posi-
tioned in the solution space according to the weighted
and accumulated criteria scores. In a next step, the
solution space is organized by grouping similar so-
lutions/configurations into clusters (clustering). The
current work focuses on the step involving assess-
ment of innovative technological options to implement
in the upcoming aircraft generations. A more detailed
overview of the AMA can be found in reference [1].

2. METHODOLOGY OF THE FIRST WORKSHOP
TEST RUN

This section will address the main components of the
workshop concept, namely the definition of the use
case, the problem structuring into a hierarchy by ap-
plying the Analytical Hierarchy Process, the uncer-
tainty modeling with fuzzy numbers, and the question-
naire design. A significant part of the theory is based
on previous work found in reference [4].

2.1. Use case definition

The use case selected for the first workshop is a con-
ceptual design task for a new generation of a multi-
functional SAR aircraft. This choice has been made
for multiple reasons.

Firstly, to enable aircraft conceptual design on a
global scale instead of focusing on a particular
sub-system. Avoiding to demand specialized knowl-
edge on niche technologies from the DMs aims at
a) inviting a wider involvement of participants from
various professional backgrounds and b) focusing on
the methodology testing and analysis rather than on
obtaining final results in a particular (sub-)discipline.
Secondly, a SAR mission extends the requirements of
a simple transport flight and allows the exploration of
unconventional technology combinations.
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Option 1 Option 2 Option 3
Lift generation | Aerodynamic / Hybrid Hybrid
Static lifting aerodynamic/ aerodynamic/
surface(s) directed thrust aerostatic
Energy source + | Chemical Hybrid-electric Full-H2
storage (tank) | (kerosene/diesel) (chemical/battery)
Distributed None On lifting surface(s) In a circular
propulsion pattern
Wing morphing | None Yes

FIG 1. Morphological matrix for the conceptual design
of a next generation multi-functional SAR aircraft

Top-Level Aircraft Requirements

The Top-Level Aircraft Requirements (TLARS) for the

SAR aircraft have been defined as follows:

« Mission: transport/deployment/retrieving capabili-
ties in remote and/or high mountain areas

« Short takeoff and landing distances, low-speed
flight and hover capabilities are considered as an
advantage

« Payload: 1 ton/ 5 passengers / medical equipment /
equivalent cargo mass

« Range: 200 km

« Altitude: 0-5 km

« Flight conditions:
heavy rain.

stormy weather, wind gusts,

Morphological Matrix

Based on these TLARs, the attributes and options
of the MM have been selected as shown in Fig. 1.
By considering the conceptual aircraft design on a
global system scale, the attributes reflect some of the
main aircraft functions, namely: lift generation, energy
source (including the corresponding storage possibil-
ity, e.g. fuel tank or battery), along with prominent in-
novative aspects such as the integration of distributed
propulsion or wing morphing. Obviously, the selected
attributes and their corresponding technological op-
tions by no means represent an exhaustive set of all
available alternatives and/or necessary components
needed to be considered for the final concept defini-
tion. Since the main purpose of the present work is
methodology testing, the priority was the workshop
conduction, while holding it within reasonable time
limits rather than covering full-scale conceptual de-
sign. Therefore, only main aircraft functionalities have
been taken into account while focusing on prominent
disruptive technologies.

Evaluation criteria

The defined technological alternatives should be com-
pared according to a set of pre-defined criteria. For
the current workshop, the following criteria have been
selected:

« Mission performance

« CO5 and NO, emissions

« Direct Operating Cost (DOC)
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FIG 2. A general example of a trapezoidal fuzzy number.
Adapted from [4]

The general label "mission performance" encom-
passes all aspects contributing to the effective
fulfillment of the TLARs, as well as the increasing
of overall aircraft efficiency such as increase in
aerodynamic qualities or weight reduction, etc.

In general, the solution scores in the AMA are cal-
culated by obtaining the weighted sum of the sepa-
rate option scores regarding the criteria and the crite-
ria weights. For the purpose of simplicity and the main
objectives outlined in section 1.1, the current use case
prioritizes the criteria equally without assigning differ-
ent weights.

2.2. Uncertainty modeling

The conducted workshop aims to obtain and combine
the knowledge from experts with heterogeneous pro-
fessional backgrounds. When dealing with subjec-
tive opinions however, one faces information contain-
ing uncertainty regardless of the DM’s level of exper-
tise. In such situations, it is necessary first to iden-
tify the type of uncertainty relevant for the conditions
and subsequently select an appropriate modeling ap-
proach for this uncertainty.

Previously conducted work [4] has already analyzed
these challenges and suggests using the concept of
trapezoidal fuzzy numbers for uncertainty capturing
within this particular type of expert workshops. A gen-
eral example of a trapezoidal fuzzy number is given in
Fig. 2. Such an approach allows to place a vague
linguistic statement onto a quantitative or qualitative
scale (x-axis) in the form of a membership function.
This representation assigns each scale value (x-axis)
a grade of membership to the linguistic statement in
the interval [0, 1] (y-axis), 0 meaning a complete lack
of affiliation to the linguistic statement and 1 being full
membership [9].

2.3. Problem hierarchy structure

In order to capture the multiple dimensions of the
problem statement in aircraft conceptual design, the
Analytical Hierarchy Process (AHP) by Saaty [10]
is used. This approach implies the structuring of
the problem statement in multiple hierarchy levels.
The benefits and integration possibilities of AHP in
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(1) Best solution

(1) Criteria

(1) Options

“Best” configuration

Pairwise comparisons

FIG 3. Hierarchy structure for the conceptual design of a new generation SAR aircraft within the current workshop.

the AMA methodology have been outlined in refer-
ence [4]. Based on these, a hierarchy for the current
problem definition is proposed, which is shown in Fig.
3.

Three hierarchy levels have been defined, where a
single evaluation represents a pairwise comparison
of elements from the same level according to one el-
ement of the level above. The hierarchy shown here
positions the technological options from the MM in the
bottom level (level Ill). These are compared accord-
ing to the pre-defined criteria in level Il. Finally, one
should assess the importance of the criteria for the
current mission in order to obtain the "best" or "opti-
mal" configuration, designated as the ultimate goal in
level |. Taking for instance the energy source attribute
from the MM, one would conduct separate pairwise
comparisons among the chemical, hybrid-electric and
full-H2 energy source options according to the crite-
ria Mission Performance, Emissions and DOC. This
would be repeated for each MM attribute.

These pairwise comparisons for all elements and cri-
teria are the ones obtained from the DMs during the
workshop. These are fed to the AHP algorithm which
will calculate the weights of each element according
to any other element of the levels above.

In order to represent the option comparisons as fuzzy
numbers, the Fuzzy Analytical Hierarchy Process
(FAHP) is applied - an extension of the classical
AHP. Instead of real (crisp) numbers, it uses fuzzy
numbers as comparison inputs and calculates the
element weights as fuzzy numbers as well. The
detailed method can be found in references [11,12].

2.4. Questionnaire design

During the workshop, the DMs were required to input
their pairwise comparisons (defined in the previous
subsection) in the form of trapezoidal fuzzy numbers.
Reference [4] suggests the implementation of fuzzy
evaluations in such technology assessment work-
shops under consideration of the FAHP. However,
it gives only an example to evaluate the superiority
of a given option over another. This approach has
been further refined to allow the assessment of
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the superiority or inferiority of a certain option in
a single diagram. A sample task can be seen in
Fig. 4. The DM is asked to evaluate the conven-
tional aircraft configuration (main option) regarding
Operating Empty Weight (OEW) in reference to
the configurations a) canard; b) twin-fuselage; c)
blended-wing-body (BWB) (reference options). The
fuzzy trapezoidal evaluations should be placed on
a qualitative axis, where the positive values are
interpreted as follows: 1 - equal; 3 - weak superiority;
5 - strong superiority; 7 - significant superiority; 9
absolute superiority/dominance [4]. The values on
the negative side bear the same grades, meaning
however inferiority of the main option against the
reference one(s). The answer can be interpreted
as follows: the expert assesses the conventional
aircraft configuration according to OEW criterion
as a) equal (1) to intermediately superior (4) to the
canard configuration; b) strongly (5) to significantly
(8) superior to the twin-fuselage and c) weakly (-3) to
significantly(-7) inferior to the BWB concept.

For each evaluation representing the comparison of
two options in regard to a single criterion, the DMs
were asked to enter the four significant points defining
the unsteady corners of the trapezoidal fuzzy number.
In addition, they were encouraged to write their rea-
sons for the entered evaluation in the form of bullet
points. According to [13, 14], justifications influence
the evaluations and can contribute to debiasing of the
judgment.

2.5. Workshop concept

Five experts from the aircraft design and aerostruc-
tures domains took part in this first workshop. It was
initiated with an introductory presentation, explaining
the context, objectives and giving instructions for the
workshop. As stated in the current objectives (sub-
section 1.1), this workshop focuses on a single part
of a SEJE, namely on individual evaluations. Hence,
its main part was dedicated to the individual assess-
ment of the option comparisons regarding the criteria
without any interaction among the DMs. For this pur-
pose, a specialized software platform had been de-
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Evaluation task:

How does the conventional aircraft configuration refer to the rest?

Criterion: Operating Empty Weight

blended-wing-body

1 canard twin-fuselage
0
-« >
9 -8 -7 6 5 -4 -3 2 -1 2 3 4 5 6 7 8 9
absolute significant strong weak equal equal weak strong significant absolute

I
I
I
I
grade of inferiority |
I
I
|

The conventional configuration is worse than ...

grade of superiority

The conventional configuration is better than ...

FIG 4. A sample option comparison question

&_D_ P_ P_ 5 participants with expertise
I l [ Individual pairwise
/\ comparisons
- >
'
Aggregation for each
comparison and each criterion
N .
T_’_T Option weights from comparisons
ﬁ (AHP hierarchy calculation)
Fuzzy option Crisp AMA Solution generation &
weights weights evaluations clustering

FIG 5. Post-processing data flow

veloped, which consisted of a front-end with an estab-
lished user interface (Ul), and a back-end, performing
the necessary operations to store the evaluations in a
proper format for their further use. In the Ul, the DMs
were entering their evaluations and justifications in an
interactive way as defined in the questionnaire design
subsection 2.4.

During the individual evaluations, no consultations
among the participants were allowed. Finally, they
were asked for feedback on their user experience and
on the methodology by encouraging improvement
suggestions.

2.6. Post-processing of the raw results

The evaluations obtained from the DMs are in the
form of fuzzy numbers. The further steps aim to
obtain a solution space based on these assessments
by using the AMA. In order to achieve a smooth
integration of the workshop raw results into the
workflow, these have underwent several steps of
post-processing. These are depicted in Fig. 5 and
described in the following:
1) Data cleaning
The raw workshop results represent fuzzy num-
bers which contain certain errors. Although the in-
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troductory presentation contained instructions on

the correct input of the four significant points for

the trapezoidal fuzzy evaluations, one could still
observe inconsistencies in the raw data. However,

it was still possible to comprehend the logical im-

plications of the incorrect entries unambiguously.

A specially developed workflow was dedicated to

the automatic detection and correction of various

input inconsistencies while preserving the logical
meaning of the evaluations. Typical encountered
errors were for example:

« Reverse order of the significant points of the
trapezoidal fuzzy evaluations;

« Fuzzy numbers going from the negative to the
positive side of the evaluation diagram, which
was then treated as equal importance of both
technology options;

- Significant points placed within the interval [0, 10]
instead of the allowed [1, 9].

The conduction of such an extended data cleaning

has indicated the necessity to make the workshop

instruction more explicit and to improve the user
input validation in the software Ul, which at that
point had not been introduced to a wide extent.

Evaluation aggregation

During the workshop, five experts entered their

pairwise fuzzy comparisons for all MM options

according to each criterion. In order to use these
as AMA input, it was necessary to obtain their
aggregated evaluations. Reference [15] summa-
rized two types of aggregation for such elicitation
- behavioral and mathematical. Since the current
workshop did not involve participant discussions
and a direct opinion exchange as such, no be-
havioral aggregation has been conducted for
the present work. Instead, the fuzzy evaluations
have been combined only mathematically. As
references [4] and [16] point out, it is necessary
to conduct a dedicated study to identify the most
appropriate approach for mathematical aggrega-
tion. Since the current work aims mainly to test
the workshop methodology, only the geometric
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mean of the fuzzy evaluations will be considered
here. The geometric mean calculation for fuzzy
numbers is described in [16].
In addition, one should acknowledge the vary-
ing level of participants’ expertise in different
disciplines. This influences the validity of their
evaluations and is typically addressed by as-
signing the DMs appropriate weights [15]. In
the current work, the experts’ evaluations were
prioritized equally, leaving the investigation of
appropriate DM weighting as a subject of further
studies.

3) Option weights
After obtaining the aggregated option compar-
isons, these are used as input to the FAHP
algorithm by Buckley described in [12]. This
yields the weights for each single option according
to each criterion as visualized in the hierarchy
structure in Fig. 3.

4) Defuzzification
The option weights resulting from the FAHP also
represent fuzzy numbers. However, the current
version of the AMA software accepts crisp (real)
numbers as input. For this purpose, the option
weights have been transformed from fuzzy to
crisp numbers, the process being called "defuzzi-
fication". Reference [16] has outlined different
defuzzification methods and suggests the centroid
method as one of the most common and straight-
forward methods used in the literature [16, 17].
It envisages the derivation of the crisp number
by finding the center of gravity of the shape
formed by fuzzy membership function and the
x-axis [16]. This approach has been applied in the
post-processing section for the current workshop,
resulting in crisp numbers for all option weights.

5) AMA application
At this point, the AMA software was used to gen-
erate the solution space.

3. RESULTS

After having conducted the workshop and its post-
processing, the AMA software yielded a generated
solution space (visualized in Fig. 6) with the follow-
ing characteristics:

« Dimensions - the diagram dimensions correspond
to the three evaluation criteria - mission perfor-
mance (red axis), COs, NO, emissions (green
axis) and DOC (blue axis);

- Size - the total of 54 solutions were generated, re-
sulting from the exhaustive combination of all op-
tions. No inconsistent options have been detected;

« Clustering - performed with the K-Means method for
the optimal amount of eight clusters.

Further position of a solution along a given axis

means increasing advantage - e.g. further position

along the DOC axis means better/lower DOC.

The current version of the AMA software yields mul-

tiple visualizations and opportunities to analyze the

solution space. These can be summarized as the
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€02, NOx emissions

Mission Performance

FIG 6. The generated solution space. Different colors
represent the eight clusters. The optimal con-
figurations according to the different criteria are
marked with the letters A, B and C.

overview of all clusters, the identification of the global
and local optima, and trend analysis for the domi-
nance of certain options in different solution space
areas and the location of existing reference configu-
rations in the solution space.

3.1. Cluster overview

Optimal number of clusters

The K-Means method used for the clustering requires
the number of clusters as an input parameter. The op-
timal number of eight clusters has been found by ap-
plying the so called "elbow method", which shows the
variation of the summed squared distances between
the points and the cluster centers [18].

Cluster metrics

The overview of the eight clusters with their corre-
sponding metrics is shown in Tab. 1. Some metrics
are based on the total score of each solution, repre-
senting the weighted sum of the scores of the selected
options according to each criteria. The table columns
are described in the following:

« Max. norm. sol. score - the maximum value of the
cluster solution scores referred to the average solu-
tion score in the entire solution space. Indicates the
score of the "best" solution within the cluster com-
pared to the whole solution space.

« Score std. dev. - the standard deviation of the to-
tal solution scores within the cluster. Indicates the
numerical compactness of the cluster based on the
total scores.

« Rel. Hamming distance - the average Hamming dis-
tance within the cluster relative to the average Ham-
ming distance of the whole solution space. Repre-
sents the qualitative cluster compactness, based on
the variation of the selected technological options.

According to the overview, cluster number four (in

cyan) yields the highest score of all metrics com-
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Cluster Sol. Max. Avg. Score Rel. Ham-
ID & count norm. norm. std. ming dis-
color sol.  score dev. tance
score
1 10 1,00 0,90 0,90 0,73
2l 8 1,07 1,03 0,56 0,70
3 5 1,11 1,00 0,87 0,57
40 6 1,21 1,16 0,63 0,68
5 7 1,13 1,03 1,15 0,83
6 4 1,01 0,97 0,61 0,54
7 10 0,99 0,93 0,63 0,88
8 4 1,15 1,09 0,62 0,54

TAB 1. Clusters overview

Attribute
Lift generation

Selected option

Hybrid aerodynamic
& aerostatic (A) /Hy-
brid aerodynamic &
directed thrust (B)

Energy source  Full-H2
Distributed None
propulsion

Wing morphing  Yes

TAB 2. Selected options for global maxima A and B

bined. Not only does it contain the solution with the
highest normalized total score of 1,21 (slightly more
than 20 percent above the average of all solutions),
but also exhibits the highest average normalized
solution score among all clusters - 1,16. However, it
does not represent the most compact cluster, as seen
from the solution score standard deviation (0,63) and
the relative Hamming distance (0,68). This is still the
cluster containing the most remote solutions from the
coordinate system origin (longest radius vector and
highest scores).

Worst metric scores are assigned to cluster with ID
1 (in yellow), having the lowest average cluster score
of 0,90 (10% lower than the entire space average).
In the same time, the highest score shown by its so-
lutions amounts to merely the average of the entire
solution space, corresponding to a normalized solu-
tion score of 1,00. Accordingly, this cluster is located
closest to the coordinate system origin.

3.2. Global extrema

Global maxima

In the context of the generated solution space, the
global maximum is defined as the solution with the
highest total score in the entire solution space. This
condition is fulfilled by two configurations (optima A
and B) in the current generated solution space, which
are assigned to cluster with ID 4. Their scores and
selected options are outlined in Tables 2, 3 and 4.
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Criterion Solution
score
Mission performance 18,09
CO2 & NOx emissions 23,64
DOC 17,10
Total 58,83
Total ref. to sol. space 1,21

TAB 3. Scores for global maximum A

Criterion Solution
score
Mission performance 21,73
CO2 & NOx emissions 21,11
DOC 15,80
Total 58,64
Total ref. to sol. space 1,21

TAB 4. Scores for global maximum B

The availability of two global maxima is due to the mi-
nor score trade-off between the mission performance
and emissions criteria. The only difference in these
configurations is the hybridization of the lift genera-
tion with a static lifting surface combined either with
aerostat(s) or a vertical component of directed thrust.
Apart from that, both optima use solely hydrogen as
energy source, morphing wings and no distributed
propulsion.

Global minima

There also exist two solutions with approximately
equal lowest score of roughly 17% below the solution
space average, both placed in cluster with ID 1.
These implement static lifting surface(s), hybrid-
electric propulsion, no wing morphing and distributed
propulsion either on lifting surface(s) or in a circular
pattern.

3.3. Local maxima

The local maxima represent solutions which exhibit
maximal scores according to (at least) one criterion
or diagram axis. The local maxima for the mission
performance and emissions criteria correspond to the
global maxima marked as solution A and B in Fig. 6
and described in Tab. 2, 3 and 4.

The local maximum with the highest DOC (marked
as solution C in Fig. 6) would integrate hybrid aero-
dynamic and aerostatic lift generation, full-H2 energy
source, morphing wings but no distributed propulsion.
Its total score lies however roughly 7% over the solu-
tion space average.

3.4. Trend analysis

The visualizations within the AMA software allow to
observe the distribution of applied technological op-
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Mission Pefformance

FIG 7. Option distribution for the distributed propulsion
attribute. Gray - none; red - circular pattern; yel-
low - on lifting surface (aligned positions).

tions in the solution space. Fig. 7 shows the options
positioning of the distributed propulsion attribute.
Roughly half of the solution space volume contains
solutions without distributed propulsion (in gray). It
is apparent that its absence results in lower DOC.
This was justified by the participants with increased
system complexity and therefore rising maintenance
costs. Some solutions without distributed propulsion
also exhibit higher mission performance and lower
emissions, being justified by lower system complexity
and therefore reduced weight.

As for the distributed propulsion placed linearly on
lifting surface(s) or in a circular pattern, the influence
of these options on the solution DOC score can be
considered negligible. The circular placement shows
however a minor mission performance advantage
and comparable emission disadvantage in reference
to the linear configuration.

Similarly, one can consider the option distribution for
the energy source attribute shown in Fig. 8. From this
perspective, one can distinguish three roughly homo-
geneous layers with apparent nonlinear boundaries.
As expected, the layer transition happens along the
emissions criterion axis with decreasing involvement
of chemical fuel (from fully chemical through hybrid-
electric to fully hydrogen).

3.5. Reference configurations

The location of existing configurations or ideas in the
solution space serves as an additional reference an-
chor for the assessment of potential solutions or the
reduction of the solution set. Since the current prob-
lem states the design of a SAR aircraft, two config-
urations suitable for this mission have been selected
based on an overview of typical SAR aircraft [21] and
other prospective configurations. These are the con-
ventional transport aircraft Airbus C-295 as well as
the Bell Boeing V-22 Osprey with static lifting surfaces
and directed thrust.
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FIG 8. Option distribution for the energy source at-
tribute. Gray - chemical (kerosene/diesel); red
- full-H2; yellow - hybrid-electric (chemical & bat-
tery).

In this case however, one notices the missing typical
aircraft used for SAR purposes - the conventional he-
licopter as a reference solution. The reason for this
is the lacking lift generation option implementing only
directed thrust (not hybridized with static lifting sur-
faces). It was intentionally left out of scope in order to
reduce the number of comparisons and hold the work-
shop duration within reasonable limits - in favor of the
methodology testing objective.

The chosen existing aircraft are defined in the AMA
workflow as "reference solutions" by selecting their
implemented MM options.  Ultimately, these are
shown in the solution space visualization, as pre-
sented in Fig. 9. One can observe that these solution
points exhibit relatively low scores according to some
criteria in reference to most generated configurations.
Since the character of the evaluations and the scores
is purely qualitative and relative, this should by no
means be interpreted as a weak assessment of the
existing aircraft. The reason for this location of the
reference configuration within the solution space
is due to the fact that these are compared with
innovative and potentially more efficient technologies.
Nevertheless, the DOC scores of the Airbus C-295
and the V-22 Osprey approach the solution space
maximum value.

3.6. Participant feedback

One of the main outcomes of the current workshop
is the DMs’ feedback, which is a vital asset for the
further method development and refinement. It can
be summarized in the following points:
« Ambiguous option comparisons
Some of the options were encompassing a wider
spectrum of implementation possibilities. This led
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€02, NOx emissions

Airbus C-295

Clustered solution space

FIG 9. Location of the reference configurations in the solution space. Sources of aircraft photos: [19,20]

to a certain confusion among the experts, since the
general expectation was to assess concrete tech-
nologies. A typical example is the fully-hydrogen
energy source and the corresponding hydrogen
tank from the MM. It was unclear whether a) the
hydrogen medium is liquid or gaseous and b)
whether a gas turbine/combustion chamber or a
fuel cell should be used to convert the chemical
energy. On the one hand, the idea was to give the
DMs freedom to explore the available possibilities
and to enter their expert judgment in the form of a
fuzzy number which would incorporate the whole
range of implementations and uncertainties. On
the other hand, it is fully comprehensible that such
a formulation brings additional parameters into con-
sideration and therefore increases the complexity
of the task.

Option dependencies

Another type of ambiguity was faced when a
given comparison depended on a selected option
from another attribute for a more precise judg-
ment. For example, in order to compare the hybrid
aerodynamic/directed thrust and the hybrid aerody-
namic/aerostatic lift generation options regarding
emissions, it would be necessary to know the grade
of kerosene, electricity or hydrogen involvement as
an energy source.

Initially, the given question formulation implied the
uncoupled consideration of a given attribute from
the rest of the aircraft system. However, the work-
shop still revealed a lack of precision in the defini-
tion of the attributes and options in the MM.
Amount of evaluations

The participants pointed out the large amount of
evaluations to conduct. For the MM presented in
Fig. 1, the amount of pairwise comparisons to ob-
tain for the three defined criteria amounts to 28.
However, the developed questionnaire included not
only the unique pairwise comparisons but also the
reciprocal ones (e.g. both following questions were
asked: a) "What is the superiority/inferiority of tech-
nology A over technology B?" and b) "What is the
superiority/inferiority of technology B over technol-
ogy A?"). The initial idea behind that concept was
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to let the DMs correct their evaluations in case they
come up with additional arguments for a better eval-
uation at a later point. Instead, it turned out that
there was almost no demand to correct the evalua-
tions in such manner. This prolonged the workshop
additionally and brought confusion by showing the
same pair of options a second time.

- Layout of the evaluation diagram
The diagram on which the DMs placed their com-
parisons as trapezoidal fuzzy numbers (Fig. 4) was
often found to be time-consuming to comprehend.
In particular, with progressing elapsed time, it was
taking more effort to understand which option pair
was to be evaluated, which option should be evalu-
ated as a main one and which as a reference, and
accordingly, which option’s advantages should be
considered on the positive side of the scale and
which on the negative.

4. CONCLUSION

The present paper has demonstrated the application
of the enhanced AMA and SEJE methodology for the
conceptual design of a new generation SAR aircraft.
As a result, the main objectives have been achieved,
namely a) the testing of the individual evaluations
(first) step of a specially developed full-scale SEJE
approach for qualitative technology assessment and
b) the extraction of participant feedback and initial
workshop results for the further method development
and refinement.

In the problem definition step, a MM has been
defined, which included innovative technological
options for the system attributes lift generation,
energy source, distributed propulsion and wing mor-
phing. Within the workshop, these options were
compared according to the criteria mission perfor-
mance, CO2/NO, emissions, and DOC. The DMs
entered their comparisons in the form of trapezoidal
fuzzy numbers along with justifications in order to
capture uncertainty and reduce bias. Subsequently,
the raw results were cleaned and the evaluations of
different experts were aggregated and then fed to the
FAHP algorithm. The resulting weights of each option
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served as input to the AMA method, which generated
a solution space with 54 solutions grouped in eight
clusters. The current AMA software capabilities
allowed the visualization and description of a cluster
overview with cluster metrics, detailed information
on each solution and the identification of global and
local extrema. Furthermore, a visualization of option
domination trends in the solution space has been
demonstrated, which shows the distribution of applied
options in the solution space. In order to compare
the generated configurations with existing aircraft or
ideas, three reference solutions have been located in
the solution space.

Since many innovative technologies under consider-
ation lack extended test/statistical data, a full-scale
data-based validation of the results cannot be con-
ducted. Instead, the relative positioning of the solu-
tions and their selected options can be qualitatively
verified. The results have confirmed the expected in-
fluence of the innovative technologies and correspond
to the justifications of the experts. For example, lower
kerosene involvement in the energy source mix lead
to an advantage regarding CO,/NO, emissions and
morphing wings allow for better performance, how-
ever also to higher system complexity hence to in-
creased DOC (maintenance). This is an initial and
rough verification of the results, pointing out the ne-
cessity for improved solution space analysis, which
has been intentionally left out of scope for the current
paper.

Apart from a valuable input for further method devel-
opment and refinement, the expert feedback also rep-
resents a validation source for the workshop concept
and conduction. The main aspects pointed out refer to
question ambiguity and questionnaire layout. A signif-
icant improvement potential has been identified in the
problem statement. A more explicit definition of the
options and the reduction of additional parameters is
required, which over-complicate the evaluation tasks
and hence reduce the quality of the answers.
Additional improvement opportunities have been
identified for the Ul as well. Further studies need to
improve the layout of the evaluation diagram where
the fuzzy comparisons are placed. Additionally, a
better compactness of the evaluation workflow should
be assured by reducing the workshop length and
at the same time preserve the amount of obtained
information.

In a next step, the full-scale SEJE for the use with the
AMA should be further developed. This includes the
conceptualization and testing of discussions among
experts. Additionally, different evaluation aggrega-
tion methods should be studied and a proper expert
judgment weighting considering the different exper-
tise domains and levels of the DMs should be derived.
As the analysis of the generated solution space was
rather qualitative in this work, it is necessary to elabo-
rate a more detailed solution space exploration aiming
to reveal additional findings.

CCBY 4.0

5. ACKNOWLEDGMENTS

This research was funded by Deutsche Forschungs-
gemeinschaft (DFG, German Research Foundation),
project number 443831887.

Contact address:

vladislav.t.todorov@tu-berlin.de

References

[1] A. Bardenhagen and D. Rakov. Analysis and
Synthesis of Aircraft Configurations during Con-
ceptual Design using an Advanced Morpholog-
ical Approach. In Deutscher Luft- und Raum-
fahrtkongress 2019, Darmstadt, Nov. 2019.
DOI:10.25967/490063.

[2] V. P. Mishin and M. I. Osin.
Aircrafts Machine Design.
Moscow, 1978.

Introduction to
Mashinostroenie,

[3] V. T. Todorov, D. Rakov, and A. Barden-
hagen. Creation of innovative concepts in
Aerospace based on the Morphological Ap-
proach. IOP Conference Series: Materi-
als Science and Engineering, 1226(1):012029,
Feb. 2022. ISSN: 1757-8981, 1757-899X.
DOI:10.1088/1757-899X/1226/1/012029.

[4] V. T. Todorov, D. Rakov, and A. Barden-
hagen. Enhancement Opportunities for
Conceptual Design in Aerospace Based
on the Advanced Morphological Approach.
Aerospace, 9(2):78, Feb. 2022. ISSN:2226-
4310. DOI: 10.3390/aerospace9020078.

[5] J. Quigley, A. Colson, W. Aspinall, and R. M.
Cooke. Elicitation in the Classical Model.
In Luis C. Dias, A. Morton, and J. Quigley,
editors, Elicitation, volume 261, pages 15—
36. Springer International Publishing, Cham,
2018. ISBN:978-3-319-65051-7 978-3-319-
65052-4. Series Title: International Series in
Operations Research & Management Science.
DOI:10.1007/978-3-319-65052-4_2.

[6] V. Hemming, M. A. Burgman, A. M. Hanea, M. F.
McBride, and B. C. Wintle. A practical guide
to structured expert elicitation using the IDEA
protocol. Methods in Ecology and Evolution,
9(1):169-180, Jan. 2018. ISSN:2041-210X,
2041-210X. Number: 1. DOI:10.1111/2041-
210X.12857.

[7]1 F. Zwicky.
Through the Morphological Approach.
Macmillan Company, Toronto, 1969.

Discovery, Invention, Research —
The

[8] T. Ritchey and A. Alvarez. Applications of Gen-
eral Morphological Analysis. Acta Morphologica
Generalis, 4(1), 2015. ISSN:2001-2241. Num-
ber: 1.


mailto:vladislav.t.todorov@tu-berlin.de
https://doi.org/10.25967/490063
https://doi.org/10.1088/1757-899X/1226/1/012029
https://doi.org/10.3390/aerospace9020078
https://doi.org/10.1007/978-3-319-65052-4_2
https://doi.org/10.1111/2041-210X.12857
https://doi.org/10.1111/2041-210X.12857
https://creativecommons.org/licenses/by/4.0/

Deutscher Luft- und Raumfahrtkongress 2022

[9] D. Dubois and H. Prade. Fundamentals of
Fuzzy Sets. Springer US, Boston, MA, 2000.
ISBN:978-1-4615-4429-6. OCLC: 851828590.

[10] T. Saaty. Decision-Making. Analytic Hierarchy
Process. Radio i Svyaz, Moscow, 1993.

[11] S.-J. Chen, C. L. Hwang, and F. P. Hwang. Fuzzy
multiple attribute decision making: methods and
applications. Number 375 in Lecture notes in
economics and mathematical systems. Springer-
Verlag, Berlin ; New York, 1992. ISBN:978-3-
540-54998-7 978-0-387-54998-9.

[12] J.J. Buckley. Fuzzy hierarchical analysis.
Fuzzy Sets and Systems, 17(3):233-247, Dec.
1985. ISSN:01650114. DOI:10.1016/0165-
0114(85)90090-9.

[13] R. W. Monroe. A Synthesized Methodology
for Eliciting Expert Judgment for Addressing
Uncertainty in Decision Analysis. ~PhD the-
sis, Old Dominion University Libraries, 1997.
DOI:10.25777/CY4V-G241, https://digitalcom
mons.odu.edu/emse_etds/99/.

[14] S. J. Hoch. Availability and interference in
predictive judgment. Journal of Experimental
Psychology: Learning, Memory, and Cognition,
10(4):649-662, Oct. 1984. |ISSN:1939-1285,
0278-7393. DOI: 10.1037/0278-7393.10.4.649.

[15] Trina M. Chytka. Development of an Aggrega-
tion Methodology for Risk Analysis in Aerospace
Conceptual Vehicle Design. Doctor of Phi-
losophy (PhD), Old Dominion University, 2003.
DOI:10.25777/SXZB-0F58, https://digitalcommo
ns.odu.edu/emse_etds/61/.

[16] Y. Liu, C. M. Eckert, and C. Earl
A review of fuzzy AHP methods for
decision-making  with  subjective  judge-
ments. Expert Systems with Applications,
161:113738, Dec. 2020. ISSN:09574174.
DOI:10.1016/j.eswa.2020.113738.

[17] T.Jd. Ross. Fuzzy logic with engineering applica-
tions. John Wiley, Chichester, U.K, 3rd ed edi-
tion, 2010. 1SBN:978-0-470-74376-8. OCLC:
ocn430736639.

[18] M. A. Syakur, B. K. Khotimah, E. M. S.
Rochman, and B. D. Satoto. Integration K-
Means Clustering Method and Elbow Method
For Identification of The Best Customer Pro-
file Cluster.  IOP Conference Series: Ma-
terials Science and Engineering, 336:012017,
Apr. 2018. ISSN:1757-8981, 1757-899X.
DOI:10.1088/1757-899X/336/1/012017.

[19] A. Pingstone. Portuguese air force casa c-295,
2014. Accessed: 17.11.2022. https://commons.
wikimedia.org/wiki/File:Portuguese_Air_Force
_C-295_arrives_RIAT_Fairford_10thJuly2014_

arp.jpg.

CCBY 4.0 11

[20]

(21]

P. Gronemann. Bell-boeing v-22 osprey at the
2012 royal international air tattoo, 2012. Ac-
cessed: 17.11.2022. https://en.wikipedia.org
/wiki/File:V22-Osprey.jpg.

M. H. M. Suffian, M. K. Harun, M. S.
A. M. Abdullah, and M. F. M. Kamarud-
din. Characterization of Search and Res-
cue Aircraft.  International Journal of Inno-
vative Technology and Exploring Engineering,
9(2):1618-1621, Dec. 2019. ISSN:22783075.
DOI: 10.35940/ijitee.B7346.129219.


https://doi.org/10.1016/0165-0114(85)90090-9
https://doi.org/10.1016/0165-0114(85)90090-9
https://doi.org/10.25777/CY4V-G241
https://digitalcommons.odu.edu/emse_etds/99/
https://digitalcommons.odu.edu/emse_etds/99/
https://doi.org/10.1037/0278-7393.10.4.649
https://doi.org/10.25777/SXZB-0F58
https://digitalcommons.odu.edu/emse_etds/61/
https://digitalcommons.odu.edu/emse_etds/61/
https://doi.org/10.1016/j.eswa.2020.113738
https://doi.org/10.1088/1757-899X/336/1/012017
https://commons.wikimedia.org/wiki/File:Portuguese_Air_Force_C-295_arrives_RIAT_Fairford_10thJuly2014_arp.jpg
https://commons.wikimedia.org/wiki/File:Portuguese_Air_Force_C-295_arrives_RIAT_Fairford_10thJuly2014_arp.jpg
https://commons.wikimedia.org/wiki/File:Portuguese_Air_Force_C-295_arrives_RIAT_Fairford_10thJuly2014_arp.jpg
https://commons.wikimedia.org/wiki/File:Portuguese_Air_Force_C-295_arrives_RIAT_Fairford_10thJuly2014_arp.jpg
https://en.wikipedia.org/wiki/File:V22-Osprey.jpg
https://en.wikipedia.org/wiki/File:V22-Osprey.jpg
https://doi.org/10.35940/ijitee.B7346.129219
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Objectives, main hypothesis and limitations
	Morphological Analysis
	The Advanced Morphological Approach

	Methodology of the first workshop test run
	Use case definition
	Uncertainty modeling
	Problem hierarchy structure
	Questionnaire design
	Workshop concept
	Post-processing of the raw results

	Results
	Cluster overview
	Global extrema
	Local maxima
	Trend analysis
	Reference configurations
	Participant feedback

	Conclusion
	Acknowledgments



