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ABSTRACT
Selecting the optimal Vertical Take-Off and Landing (VTOL) aircraft concept is a critical and complex step in
the design process, as it lays the foundation for the entire development lifecycle. Traditional Concept Selec-
tion Methodologies (CSMs) often depend on subjective expert opinions and manual evaluation processes,
which are limited in scope and prone to bias, potentially overlooking innovative or unconventional design
solutions. This paper presents the Interactive Semi-Automated Reconfigurable Concept Selection Method-
ology (ISAR-CSM), a novel approach that aims to enhance objectivity, scalability, and efficiency in the VTOL
concept selection process. ISAR-CSM integrates a robust database of correlations between VTOL aircraft
characteristics and specific design requirements, enabling the automated generation and evaluation of a
vast array of potential concepts derived from a generalized VTOL taxonomy. The methodology is anchored
by a modified House of Quality (mHoQ) and an Automated Concept Assessment Algorithm (ACAA), which
together facilitate the systematic ranking of concepts based on their alignment with predefined mission re-
quirements. A proof-of-concept implementation is provided, demonstrating ISAR-CSM’s ability to process
a large concept space rapidly, minimize human bias, and identify the most promising designs for further
development. The results indicate that ISAR-CSM has significant potential to transform the early stages of
VTOL design, though additional refinements and validations are necessary to fully realize its capabilities in
practical applications.
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INTRODUCTION

Motivation

Urban Air Mobility (UAM)is seen by many as an inte-
gral part of the future aviation industry. Industry reports
suggest viable and profitable use cases by 2030 [1] and
customer perception is generally positive [2]. With the
emergence of new high-tech markets comes a boom in
new companies and solutions. The aviation and, more
specifically, the Vertical Takeoff and Landing (VTOL)
market is no different in this regard. New concepts for
VTOL aircraft, which will be used for these UAM mis-
sions, are presented almost weekly by both established
companies and start-ups.
The first and most impactful step for all these com-
panies when designing a new VTOL aircraft is the
decision for a general concept. This usually means
choosing a layout of lifting surfaces (e.g., wings, ro-
tors/propellers, fans), thrust provider (e.g., propellers,
tiltable propellers, turbine engines), drivetrain options
(e.g., battery-electric, fuel cell powered, turbine-electric)
and other aspects such as landing gear configuration.
This process is a classic example from the field of Multi-
Attribute Decision-Making (MADM) in systems engineer-
ing, which means that the investigated alternatives are
evaluated and ranked based on multiple attributes. Sev-
eral methodologies have been developed in the past
with the aim of efficiently evaluating a given concept
space for a given design problem, some also specifi-
cally for aviation-related design problems [3]. However,

none of these are designed to handle the sheer number
of possibilities, even at the highest level of a clean-slate
VTOL design.

Figure 1: V/STOL taxonomy developed by McDonnell
Aircraft Company in the 1960s [4]

In the past, the number of possible aircraft characteris-
tics, hereinafter referred to as Engineering Characteris-
tics (ECs), that make up a concept were far more limited
than today. Nevertheless, already in the 1960s a multi-
tude of more complex concepts had been conceived of
and collected in the Wheel of V/STOL Taxonomy by Mc-
Donnell Douglas shown in Fig. 1. With advances in dis-
tributed electric propulsion, alternative power sources,
such as hydrogen, and more advanced flight control sys-
tems, the number of possible combinations of ECs and,
thereby also, the number of conceivable concepts has
ballooned in recent years. The Vertical Flight Society’s
(VFS) directory of electric VTOL aircraft (eVTOL) aircraft
concepts currently consists of more than 900 concepts
and continues to grow at an accelerating rate [5]. The
fact that so many concepts have been conceived of and
so many more are still being unveiled week after week
shows the nearly infinite number of possible concepts
that the VTOL space encompasses. Considering all of
these possibilities in a mostly manual concept selection
is not feasible. The Concept Selection Methodologies
(CSMs) presented in the next section can be used to
evaluate between 5 to 50 concepts at a time [6].

Another aspect to consider when evaluating possible
VTOL concepts is the bias a small group of engineers
might introduce when comparing a handful of concepts.
One example could be employees of a traditional heli-
copter manufacturer tending to favor solutions more akin
to aircraft they are familiar with. Removing this factor
fully from a design step that is not 100% based on phys-
ical models is most likely impossible. However, its in-
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fluence should ideally be minimized by the methodology
itself.
These shortcomings are the motivation to develop a new
CSM. Its two main requirements which distinguish the
new Interactive Semi-Automated Reconfigurable Con-
cept Selection Methodology (ISAR-CSM) from existing
methodologies are:

• The methodology must be able to evaluate the com-
plete VTOL concept space

• The methodology should reduce the influence of
human bias in the decision-making process to a
minimum

It has to be mentioned early on that, perhaps unintu-
itively, the goal for the ISAR-CSM is not to give a defini-
tive answer to the question "Which concept is best suited
to my VTOL design mission?". Rather, the methodology
aims to rank potential concept candidates from which a
smaller selection can then be investigated in more de-
tail with higher fidelity methods, thereby reducing work
in the further process and increasing confidence in the
investigated concepts. Taking the results as a definitive
answer for a design problem with so many possibilities
at such an early stage would overestimate the capabili-
ties of such a CSM.

Current Concept Selection Methodologies

A multitude of CSMs for MADM problems have been de-
veloped, as seen in an overview presented by OKUDAN
AND TAUHID [6]. In the Paper, they compare commonly
used methods and rank them according to scalability
and variability, for which a suitable selection was con-
sidered for this paper. This selection was made in part
using Fig. 2, with the goal being to stay in the most ver-
satile range (higher on the chart) and with the biggest
concept comparison space (further to the right on the
chart). The selection includes Analytic Hierarchy Pro-
cess (AHP), Multi Iterative Genetic Algorithm (MIGA),
Fuzzy Information Axiom, Yan’s Product Concept Gen-
eration and Selection (PCGS), s-Pareto Optimization,
Linear Physical Programming (LPP), the Interactive Re-
configurable Matrix of Alternatives (IRMA) and Biltgen
and Mavris’ CSM.
Many of these methodologies implement methods to
model and consider the effect of uncertainties of inputs
in the decision process. These uncertainties can stem
from customers/designers not having a 100% clear pic-
ture of the requirements (or their weightings) and from
engineers evaluating the concepts not being able to give
perfectly conclusive evaluations at such an early design
stage. Considering these effects in the design process
gives more confidence in the results and was therefore
considered as a core requirement for any investigated
CSM to base the new ISAR-CSM upon.
Another major factor to consider is the possible com-
plexity of the design space. Due to the high number

of possible alternatives involved in the MADM problem
of UAM and VTOL aircraft, methods like the AHP are
"not suitable to model [these] complexities ... [due to a]
lack of flexibility or inability for the hierarchical structure
to consider special characteristics of actual scenarios"
according to MUNIER AND HONTORIA [7]. Furthermore,
AHP does not facilitate modeling of uncertainties. It was,
therefore, not considered further in the context of this
paper.

The MIGA employs the genetic algorithm’s basic prin-
ciple, akin to Darwin’s ’Survival of the Fittest’ con-
cept. The attributes (EC values) of a series of con-
cepts are crossed and mutated to develop new possibil-
ities and untried combinations [6]. Each generation, the
best-performing combinations are selected and further
crossed and mutated. Okudan and Tauhid state that ge-
netic algorithms are useful when handling discrete vari-
ables and analyzing remarkably large decision spaces.
However, the decision process is not transparent to the
decision-maker and finding a clear end point at which
an optimum is reached is difficult. Also, MIGA are also
computationally expensive and there is no methodology
using a genetic approach which can handle uncertain-
ties.

Methodologies using fuzzy logic manage uncertainty
in inputs by simplifying the inputs from engineers and
customers to more descriptive linguistic terms such
as "poor", "fair" or "good" and then mapping a fuzzy
range of values to these. The Fuzzy Information Ax-
iom CSM then uses complex, multi-stage calculations
to rank and analyze concepts. This application of fuzzy
logic uses non-classical mathematics, which lies "out-
side of the understanding/knowledge set of a typical
designer/decision-maker" [6]. Methodologies based on
fuzzy mathematics were, therefore, deemed to be be-
yond the range of comprehension of the user base en-
visioned for the developed methodology. Additionally,
CSMs that contain Fuzzy set theory often necessitate
that "criteria ... be mutually preferentially independent"
[6], which would be difficult considering that UAM VTOL
design requirements can be intertwined, related or even
dependent.

Yan’s PCGS method stands out as a potential candidate
for the desired application in this project, due to the high
number of concepts that can be handled and its versatil-
ity, as can be seen in Fig 2. However, as noted by OKU-
DAN AND TAUHID [6], it requires the decision-maker to
have an extensive knowledge of data mining techniques
and the fuzzy C-means algorithm. Additionally, the CSM
cannot incorporate coupled decisions, which again limits
its useful application in the UAM VTOL space.

The goal of the IRMA is not to finalize a design choice,
or to objectively compare design choices as in meth-
ods such as the AHP and Yan’s PCGS, but instead to
make designers aware of which design choices could
have the greatest impact on concept space limitation.
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Figure 2: Overview of CSMs from 1980 to 2008 ranked regarding versatility and number of concepts that can be
evaluated, by Okudan and Tauhid, recreated from [6]

Additionally, the IRMA allows designers to quickly filter
out large numbers of concepts through either a strate-
gic elimination of choices or in a trial-and-error method
of design finding; the final concept space size is depen-
dent on how many times the IRMA Process is carried
out. According to OKUDAN AND TAUHID, problems with
the IRMA involve its time-consuming preparation and ex-
ecution, inability to take uncertainties into account while
not guaranteeing an optimal solution [6].

An additional, valuable CSM to consider is Biltgen &
Mavris’ CSM. This method, utilizing an Interactive Prob-
abilistic Multiple Attribute Decision Making (IPMADM)
method, proposes using a House of Quality (HoQ)
matrix, from the Quality Function Deployment (QFD)
method, to define correlations between concept design
traits (akin to ECs) and customer requirements. These
are then used in a Technique for Order Preference by
Similarity to Ideal Solution (TOPSIS) calculation to find
the so-called relative ’goodness’ of each concept. This
is classed in an n-dimensional space as the smallest eu-
clidean distance to the best possible combination, and
the greatest euclidean distance to the worst possible
combination of factors. BILTGEN AND MAVRIS use a
mixture of visualization tools, and a ’what-if’ method of
trial and error on-top of a probabilistic environment that
plays all ’what-if’ games, to add flexibility to the design
process and allow designers to understand the design
space better [8]. Therefore, through its incorporation of
defining correlations between EC and requirements, as
well as assigning probability functions to the weightings
of requirements, the method enables a large amount
of subjectivity to be removed from the decision making
process, as well as the ability to rapidly examine large
families of concepts [6]. Its limitations include the in-

ability to "quantify coupled decisions" in addition to the
use of complex software tools according to OKUDAN AND
TAUHID [6].

Considering all of the options listed, a combination of
the IRMA method as well as Biltgen and Mavris’ CSM
is selected as the foundation for the new ISAR-CSM.
This is because of the benefits presented by BRICENO
ET AL. in [3], which include the coupling of elements in
both CSMs. It is possible to reduce the concept space
primarily with the system presented by the IRMA, and
to evaluate the reduced selection with a system simi-
lar to the IPMADM. Yet, neither of these methodologies
can handle the number of concepts envisioned for this
application and both require manual input for each new
design problem. Therefore, modifications and additions
have to be made to fulfill these requirements. The struc-
ture of the ISAR-CSM is depicted in Fig. 3 and its com-
ponents are described in detail in the following sections.

PROPOSED METHODOLOGY
(ISAR-CSM)

Selecting the best-fitting VTOL aircraft concepts at the
beginning of a new development is simultaneously an
extremely impactful choice with a very large pool of pos-
sible options and one with a minimal amount of objec-
tive data available. This combination leads to signif-
icant challenges facing a new VTOL development, as
can be seen from the number of new concepts entering
the stage every week and the number of concepts be-
ing abandoned at the same time. On the other hand, at
its highest level, it is also a design problem with a very
similar basic premise for each new development. This
makes it uniquely qualified for the development of a gen-
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eralized CSM which can cover the VTOL developments
as a whole.

Based on the review of existing CSMs, a new methodol-
ogy is developed that automates the concept selection
process. The methodology needs to first generate con-
cepts to be evaluated. These concepts then have to be
assessed in terms of their suitability to the customer’s
needs. For this assessment, data is needed that can be
used to calculate a goodness score for each concept.

The proposed Interactive Semi-Automated Reconfig-
urable Concept Selection Methodology (ISAR-CSM)
therefore consists of three main building blocks, the
Interactive Reconfigurable Concept Generator (IRCG),
modified HoQ (mHoQ) and Automated Concept Rank-
ing Methodology (ACRM), shown in Fig. 3. The first
block, the IRCG, handles the automatic generation of
all evaluated concepts. To generate the concepts, the
investigated design problem, in this case VTOL aircraft,
is first broken down into a generalized taxonomy. This
taxonomy consists of several ECs derived from a review
of current VTOL aircraft and existing taxonomies. For
each EC, a possible value range is set. From this list of
possible EC values, a concept space is created by itera-
tively combining all possible values with each other. This
concept space can include millions of concepts, many
of which would not be feasible. Therefore, it is filtered
using compatibility data. The result is a concept space
comprising many thousand concepts with unique com-
binations of ECs that the tool deems feasible.

A meaningful evaluation of these concepts requires
data. In this case, the data is in the form of correla-
tions between ECs and requirements gathered from en-
gineers. Additionally, weighting factors for the require-
ments are collected from the customer or a market sur-
vey. These are gathered in a matrix similar to the classi-
cal HoQ, which is therefore called mHoQ.

The final block is the ACRM, which uses the data from
the mHoQ to assess the suitability of the concepts. It
is based on a new assessment algorithm which enables
the automatic assessment. Its result is then ranked us-
ing a modified TOPSIS algorithm. The assessment can
be conducted as a single execution or as a Monte Carlo
Simulation based on the variability of the gathered data
in the mHoQ. All of these blocks are described in more
detail in the following sections.

VTOL Taxonomy

To enable concept generation, a clear definition of what
is to be generated must be developed. Since the goal
of the ISAR-CSM is to cater to engineering design prob-
lems, it is easiest to develop a so-called taxonomy of
the design problem, in this case, the design of a VTOL
aircraft. This helps to simplify and unify the descriptive
traits of a concept, making generation easier and adds
the potential to automate the process.

Taxonomies themselves can help categorize and sort a
large data set in a systematic way, and consist of simple
traits to help discern unique strings of data from each
other. Therefore, when working with a large potential
concept space, it is beneficial to discern concepts from
each other using easy-to-understand parameters that
relate to the fundamental aspects of the design problem.
Developing such a taxonomy can be a tedious task, and
requires in-depth research as well as trial and error until
a robust framework is created. It is useful to start with
the most fundamental design elements, trying to keep
the definitions as simple as possible. As the taxonomy
becomes larger, more and more detail can be added, for
example in the form of a hierarchical tree-style diagram.
Since developing a taxonomy can be a continuously iter-
ative process, where new definitions or new categories
are added when new traits become relevant or meaning-
ful, the IRCG can be scaled.

In the scope of the ISAR-CSM, the developed taxon-
omy should be constructed to allow direct terminolog-
ical interfacing with the mHoQ. The usability of terms
in the taxonomy as ECs needs to be taken into account.
The taxonomy is structured as a tree diagram, with cate-
gories, subcategories, and the final branches called tax-
onomy points. These taxonomy points differentiate indi-
vidual concepts and should describe a defining trait, not
a group of traits. Furthermore, while not all of the taxon-
omy points need to be defined as ECs, points that are
not defined as such will not appear in the mHoQ and,
therefore, not be considered in the ranking methodology
of the ACRM. For simplicity, taxonomy points will hence-
forth be synonymous with ECs.

The taxonomy for VTOL aircraft is developed for the im-
plementation of the ISAR-CSM, and is based on exist-
ing VTOL taxonomies. Currently, the main VTOL tax-
onomies referenced in literature is the Vertical Flight
Societys (VFSs) Wheel of VTOL [9]. This is originally
based on the Wheel of VTOL from the McDonnel Aircraft
Company from the 1960s [10], but has been adapted to
include newer concepts. Additionally, a new Triangle of
VTOL by Lawless and Newman has attempted to rede-
fine the taxonomy, modernizing it so that it can tailor to
current issues in classification and certification of VTOLs
concepts [11].

Looking at current and upcoming market-players when
it comes to new VTOLs concepts, we find Lilium’s Jet,
Archer Aviation’s Midnight, Volocopter’s Volocity, Joby
Aviation’s S4, and Airbus’s Racer or H135 Helicopter
to name a few. The first four concepts, of which most
have entered sub or full-scale testing already, are good
examples to compare to find definitive traits of VTOL air-
craft designed for UAM applications. When looking at
all six side-by-side, it is noticeable that their propulsive
system setup is unique to every concept. Each has its
own approach to solving the engineering problem of ver-
tical and horizontal flight, but critically also contain more
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Figure 4: Overview of the created VTOL taxonomy for the IRCG, dotted line denotes taxonomy used for proof-of-
concept implementation

subtle differences, such as different landing gear set-
ups and some employing the use of aerodynamic sur-
faces. The first four examples listed currently run on
battery-electric propulsion, yet Joby is also experiment-
ing with hydrogen-electric, so the method of powering
electric motors varies. Airbus’ examples run on conven-
tional turbines or newer hybrid turbines in the Racer’s
case, so alternative powertrains are also a key differ-
ence.

The common trait among the taxonomies named above
is the classification of concepts into their thrust gener-
ation set-up. Either the type or way the power-plant
is used to generate thrust for hover, or the set-up of
propulsive devices is looked at. Therefore, a main com-
ponent for differentiating VTOL concepts in the devel-
oped taxonomy is the order and use of TGs in a con-
cept, which has been included under the Propulsion cat-
egory. To represent the current trend in the industry to
produce battery-powered VTOLs compared to the cur-
rently widespread usage of helicopters driven by con-
ventional piston engines or turbines, a Powertrain cat-
egory was added to differentiate the method of power-
ing the propulsion system on board. In addition to this,
the UAM VTOL market currently has several concepts
that rely on additional lifting surfaces to assist in cruise
flight, so an Aerodynamics category was added. Finally,
a Structural category was created to account for struc-
tural elements of a VTOL, like the landing gear setup.
A full overview of the taxonomy can be seen in Fig. 4,
where a dotted line separates what was implemented
into the proof-of-concept implementation.

Two types of taxonomy points / ECs are defined for dif-
ferent kinds of features:

Boolean (Type 1) - A Boolean EC that represents a

technological choice or feature choice, taking the value 1
or 0. This can represent either an additional feature be-
ing present or not or a choice between different mutually
exclusive features. The latter requires appropriate com-
patibility settings which are explained in the next section.

Range (Type 2) - An EC that can take on a range of val-
ues that have been predefined. The upper and lower
boundary, as well as the spacing of possible values,
greatly increases the number of concepts that exist in
the concept space, so the useful valid range needs to
be carefully considered.

Concept Generation

Once the taxonomy for the engineering design problem
has been created and consolidated, the IRCG is used
to create the concept space. This is done by cycling
through the developed taxonomy and creating the entire
span of all combinations of possible values for each tax-
onomy point. This span is very large, and also full of
irrelevant, illogical concept designs. To limit this, the en-
tire concept space is filtered using predefined compat-
ibilities and customer-set limitations. To do this, a few
key distinctions and classifications are made, regarding
the ECs as well as compatibilities.

The ECs are defined in a table with their respective cho-
sen parameters, which can be seen in the example be-
low. The full descriptive name of the EC is put in place of
the simplified, indexed list presented here, and the Fixed
value denotes an EC whose value has been fixedby the
Decision Maker (DM). This is akin to the Kill-Switches
used by ENGLER ET AL. in the IRMA [12]. Furthermore,
two types of compatibilities have been defined for the
IRCG. As seen in the IRMA method by ENGLER ET AL.,
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Index Name Type Fixed Max Min Step

1 EC1 1 0 - - -
2 EC2 1 1 - - -
3 EC3 2 0 0 5 1
4 EC4 2 0 0 15 5
...

...
...

n ECn 1 0 - - -

Table 1: Table showing the useful information for the EC
class, so that it can be effectively implemented

the first compatibility type (known as the compatibility
matrix, or type 1 compatibility) is set through a matrix.
All defined ECs are placed against each other, so both
the columns and rows correspond to an EC. The ma-
trix is then filled out so that each position in the matrix is
given a specific compatibility value, corresponding to the
EC of the row to the EC of the column. In the IRMA by
ENGLER ET AL., there are three possible values that any
non-diagonal position in the matrix can take on; com-
patible (0), incompatible (1), and required (2). This has
been extended in the IRCG so to include cases critical to
the complete description of logical interactions between
ECs, based on set theory seen in Fig. 6.

In the current implementation it is possible to define a
compatibility, two types of incompatibilities (Fig. 6a and
6b) as well as three types of requirements (Fig. 6c, 6d
and 6e). A final value is reserved for blocking the diag-
onal of the matrix, as no EC can be evaluated against
itself. This enables a more thorough description of log-
ical interactions between the ECs, and, more crucially,
simplifies the matrix filling process, which was otherwise
very time-consuming for a large taxonomy due to the

A′∪B′

U
A B

(a) Example set of an in-
compatibility (1)

(A∩B′)∪ (A′∩B)
U

A B

(b) Example set of an ex-
clusivity (11)

A∪B′

U
BA

(c) Example set of a re-
quirement (2)

A′∪B
U

A B

(d) Example set of a re-
verse requirement (21)

(A∪B)′∪ (A∩B)
U

A B

(e) Example set of a 2-
way requirement (22)

Figure 6: Representation of type 1 compatibilities (pos-
sible inputs in type 1 compatibility matrix), where the
shaded area shows the valid domain.
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double filling required across the whole matrix. The type
1 compatibility matrix is created as seen in Eq. 1, where
the values entered are in relation to the Venn diagrams.

Type 1
Compatibility

=

EC 1 . . . EC j . . . EC n


a11 . . . a1 j . . . a1n EC 1
...

. . .
...

. . .
...

...
0 . . . a j j . . . a jn EC j
...

. . .
...

. . .
...

...
0 . . . 0 . . . ann EC n

(1)
The second compatibility type deals with more complex
interactions between ECs. Some possible formulations
of type 2 compatibilities can be seen in Table 2. In the
propulsion category listed in the taxonomy above, the
relationship between thrust generators is defined akin to
the third row in the table. The Total Number of TGs (EC3)
is equal to the sum of each directional TGs (EC4−6), so
that when filtered, all concept combinations where the
sum does not equal to the total are removed from the
concept space.

Index Equation

1 EC1 = EC2 · K
EC3

2 EC1 < EC2 −EC3
3 EC3 = EC4 +EC5 +EC6
...

...

Table 2: Type 2 compatibility table

Compatibilities are defined through a mixture of inputs,
but mainly with the guidance of experts in the field af-
ter the taxonomy has been developed. Workshops to
assist the filling in of the compatibility matrix and of the
compatibility table can be very helpful and effective. It
is possible to develop empirical relationships between
ECs. For the Proof-of-Concept, a small focus group with
people involved in the project, including the taxonomy
developers, was created, and compatibilities were set.

Once the taxonomy is complete and robust, and all in-
puts have been defined, the IRCG takes all information
and starts to create concepts. The concept space is
created as a product function of all possible input values
for every EC. Once this space is created, it is passed
over to the filtering algorithm, which uses the compati-
bility inputs to reduce the concept space to only include
feasible options. At the end of this process, the Con-
cept Data Matrix Dm×n is returned, which consists of m
concepts with n ECs each. Even though this matrix con-
tains only the data for the feasible concepts, it can still
include hundreds of thousands of concepts, potentially
even millions. The elements are di j, with i = 1, ...,m and
j = 1, ...,n. The value di j can either stand for the quan-
tity of EC j for concept i or represents a Boolean value.

In case EC j is not implemented in concept i, di j is set
to 0, otherwise di j is defined as 1. An overview of the
data-flow for the IRCG can be seen in Fig. 5.
In contrast to the methodology presented by BILTGEN
AND MAVRIS [8], this matrix contains no subjective as-
sessment scores since the assessment is performed
automatically by the Automated Concept Assessment
Algorithm (ACAA). ECs with no quantitative data avail-
able, such as Powertrain, for instance, can easily be
implemented by breaking them down into their respec-
tive types and by assigning them Boolean values. The
EC Powertrain can therefore be split into, for example,
Electric Powertrain, Conventional Powertrain, and Hy-
brid Powertrain, resulting in three new ECs. The con-
cepts are then assessed according to the respective
Boolean values.
Negative values for di j are not very common. For the
sake of completeness, however, this case is also taken
into account in the following, since the ACAA as well as
the modified TOPSIS (mTOPSIS) are able to deal with
different signs of di j. The general Concept Data Matrix
Dm×n is displayed below.

Dm×n =

EC 1 · · · EC j · · · EC n


d11 · · · d1 j · · · d1n Concept 1
...

. . .
...

. . .
...

...
di1 · · · di j · · · din Concept i
...

. . .
...

. . .
...

...
dm1 · · · dm j · · · dmn Concept m

(2)
with di j ∈ R ∀ i, j

Correlation of Characteristics and Requirements

Based on the Integrated Product and Process Develop-
ment Methodology presented by SCHRAGE [13] in 1999,
BILTGEN AND MAVRIS [8] combine the so-called QFD
technique with a MADM methodology, the TOPSIS. The
QFD-element mainly utilized is the HoQ. It connects the
requirements the product shall fulfill with ECs used to
define a concept. This is done by describing the re-
lationships between each EC and each requirement in
a matrix. By combining these values with predefined
weighting factors for every requirement, a relative im-
portance can be calculated for every EC. Hence, it is
possible to determine the importance of each EC for ful-
filling the requirements. [8, 14]
The general structure of an HoQ is displayed in Fig. 7.
The approach to building the HoQ is explained in great
detail by HAUSER AND CLAUSING [14]. However, BILT-
GEN AND MAVRIS [8] use a simplified version of the HoQ,
such as presented by GOLDBERG ET AL. [15]. This sim-
plified HoQ utilizes only the core elements, which are es-
sential to determine the importance of each EC. These
elements are marked in yellow in Fig. 7.
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Figure 7: Original version of the HoQ, based on [14], el-
ements marked in yellow are used in the simplified ver-
sion of the HoQ, based on [15]

The main steps to build the core elements of the HoQ,
as described by HAUSER AND CLAUSING [14], are listed
below:

1. Determination of requirements through market re-
search

2. Determination of the weighting factors for each re-
quirement through customer survey

3. Determination of the ECs through literature re-
search

4. Determination of the relationships between require-
ments and ECs through expert knowledge

The structure of the mHoQ, introduced in this paper and
used for the ACRM, is similar to the HoQ. The main
goal is to connect requirements with ECs to calculate
the importance of each EC for the concept evaluation
process. However, the challenge lies in the preceding
concept assessment. The original HoQ only considers
relationships between requirements and ECs, meaning
only positive values in the Relationship Matrix. There-
fore, no statement can be made whether more or less of
an EC is considered as better with regard to a specific
requirement. However, a completely automated concept
assessment based on the HoQ is only possible if the
preferred direction for each EC is defined beforehand.
The most obvious approach is to allow negative values
to describe the correlations between the requirements
and the ECs. Consequently, the Relationship Matrix is

replaced by a Correlation Matrix. This matrix should not
be confused with the roof of the original version of the
HoQ depicted in Fig. 7, which contains correlations be-
tween the ECs. However, these correlations are not con-
sidered in the calculation of the importance of each EC
[15]. For better comprehensibility of the mathematics
behind the ACRM, the mHoQ is split into the Require-
ment Weighting Vector Wr×1 and the Correlation Matrix
Cr×n. The following variables are valid for the ACRM:

• r ∈ N: Number of requirements with k = 1, ...,r as
counting variable

• n ∈ N: Number of ECs with j = 1, ...,n as counting
variable

• m ∈ N>1: Number of concepts with i = 1, ...,m as
counting variable

Similarly to the set of n ECs, the set of r requirements
is defined once when first creating the mHoQ for VTOL
designs. In case the methodology is applied to other
design problems, a new requirement set must be cre-
ated. The specific design mission and requirements,
stemming from customers or other participants of the
development process, then have to be translated into
weightings of the common VTOL requirements. These
weightings are collected in the Requirement Weighting
Vector Wr×1, which consists of r weighting factors wk,
one per requirement k. The higher wk, the greater the
importance of the corresponding requirement k. In case
wk is defined as 0, requirement k does not factor into
the assessment, whereas wk := 10 stands for the highest
possible importance that can be assigned to a require-
ment. The selected requirement set, in combination with
their weighting factors wk, defines the fundamentals of
the intended mission [15]. The general Requirement
Weighting Vector Wr×1 is displayed below.

Wr×1 =




w1 Req. 1
...

...
wk Req. k
...

...
wr Req. r

(3)

with wk ∈ R≥0 ∀ k

The Correlation Matrix Cr×n consists of r requirements
and n ECs. In contrast to the relationships listed in the
original HoQ, the elements ck j are not limited to non-
negative values but extended to all possible real num-
bers. The value ck j hence represents the correlation
between requirement k and EC j. Negative values sig-
nify that an increase in the amount of EC j leads to a
worse result regarding requirement k and vice-versa for
positive values. In case there is no correlation between
the requirement k and the EC j, the value ck j is defined
as 0. In this paper, ck j := − b represents the strongest
possible negative correlation, whereas ck j := b stands
for the strongest possible positive correlation. Usually,
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the correlations ck j are defined by engineers or experts
so that their knowledge and experiences are included in
the concept selection process. The general Correlation
Matrix Cr×n is displayed below.

Cr×n =

EC 1 · · · EC j · · · EC n


c11 · · · c1 j · · · c1n Req. 1
...

. . .
...

. . .
...

...
ck1 · · · ck j · · · ckn Req. k
...

. . .
...

. . .
...

...
cr1 · · · cr j · · · crn Req. r

(4)

with ck j ∈ [−b,b] ∀ k, j and b ∈ R>0

Finally, the steps to create the mHoQ are:
1. Determination of a common set of requirements

through market research (once)
2. Determination of the weighting factors for each re-

quirement through customer survey (for each new
design)

3. Determination of the ECs through literature re-
search (once)

4. Determination of the relationships between require-
ments and ECs through expert surveys, models, or
empirical data (once)

Automated Concept Assessment and Ranking

The subsequent step is to assess the concept’s suitabil-
ity to fulfill the predefined requirements. In the method-
ology presented by BILTGEN AND MAVRIS [8], this pro-
cess is performed manually by the design team for each
EC of each concept. However, the results are highly af-
fected by subjective assumptions and perceptions. Fur-
thermore, the manual assessment is not efficiently ap-
plicable to a large number of concepts, as the execution
time would be far too long. For this reason, the ACAA
was developed. This algorithm is part of the ACRM (see
Fig. 8) and is based solely on mathematical relations,
which makes complete automation possible in the first
place. The concept assessment is entirely based on the
EC-values di j listed in the Concept Data Matrix Dm×n
(Eq. 2), as well as on the requirement weighting fac-
tors wk and the correlations ck j from the mHoQ. Conse-
quently, the ACAA enables a well-founded assessment
of thousands of concepts within seconds, making it cru-
cial for automating the ACRM. In the following, the math-
ematics behind the ACAA are explained step by step.

Step 1: Calculation of the relative importance l j of EC
j

l j =

∣∣∑r
k=1

(
wk · ck j

)∣∣
∑

n
j=1

∣∣∑r
k=1

(
wk · ck j

)∣∣ (5)

with l j ∈ [0,1] ∀ j and
n

∑
j=1

l j = 1

Final Concept Ranking

Rank Concept #
1 5243
2 38467
3 12323
...

Last 6632
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Figure 8: Flow diagram of the Automated Concept Rank-
ing Methodology (ACRM) (Steps of the ACAA denoted
as circled numbers)

This value indicates how strongly EC j affects the fi-
nal ranking. It is, therefore, used in the mTOPSIS as
a weighting factor for the respective EC. The results are
allocated in a row vector, called in this paper Relative EC
Importance Vector L1×n (see Fig. 8). Due to the mathe-
matics of the TOPSIS, described by HWANG AND YOON
[16], which also applies to the mTOPSIS, the co-domain
of this calculation must be limited to real numbers be-
tween zero and one, while the sum of all values for l j is
equal to one. Since the correlations ck j can also be neg-
ative, absolute values must be used in this calculation.

Step 2: Calculation of the relative requirement impor-
tance vk j of requirement k related to EC j

vk j =
wk ·

∣∣ck j
∣∣

∑
r
k=1

(
wk ·

∣∣ck j
∣∣) (6)

with vk j ∈ [0,1] ∀ k, j and
r

∑
k=1

vk j = 1 ∀ j
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The relative requirement importance vk j determines the
overall contribution of a requirement k to the concept
ranking process with respect to a specific EC j by com-
bining its weighting factor wk with the absolute value of
the corresponding correlation ck j. Comparable to the rel-
ative EC importance l j (Eq. 5), vk j is used as a weighting
factor. But unlike l j, it is already applied in the concept
assessment in Step 5. Since vk j is an importance, it
does not represent whether an influence is positive or
negative. Therefore, it is calculated using the absolute
value of ck j. The results for vk j are compiled in a ma-
trix called Relative Requirement Importance Matrix Vr×n
(see Fig. 8).

Step 3: Calculation of the ideal value d∗
k j for EC j to

fulfill requirement k

d∗
k j =

m
min
i=1

(di j)+

(
ck j

2b
+

1
2

)
·
(

m
max
i=1

(di j)−
m

min
i=1

(di j)

)
(7)

with d∗
k j ∈

[
m

min
i=1

(di j),
m

max
i=1

(di j)

]
∀ k, j

The ideal value d∗
k j for EC j to fulfill requirement k is

mainly dependent on the respective predefined correla-
tion ck j. For strong correlations ck j close to the maximum
values −b or b, concepts with di j close to one of the ex-
treme values, minm

i=1(di j) or maxm
i=1(di j) are assumed to

be more suitable to fulfill the requirement k. The sign of
the correlation ck j determines whether more (+) or less
(−) of the EC is deemed beneficial by the algorithm. For
a correlation ck j close to zero, however, the concepts
with di j close to the center of the range of values di j for
EC j are considered to be superior to the other concepts
for this requirement k. This represents an assumption
that, in general, medium values of any EC should be less
complicated to implement in an aircraft compared to ex-
treme values. This is done to mitigate that the algorithm
would otherwise always only choose extreme values of
the ECs. The ideal value d∗

k j must be calculated for each
correlation ck j.

Step 4: Calculation of the assessment score value fk,i j
for concept i related to EC j and requirement k

fk,i j =


fmax −

∣∣∣∣ fmin− fmax
maxm

i=1(di j)−d∗k j
·
(

di j −d∗
k j

)∣∣∣∣ ; ck j ≤ 0

fmax −
∣∣∣∣ fmax− fmin

d∗k j−minm
i=1(di j)

·
(

di j −d∗
k j

)∣∣∣∣ ; ck j ≥ 0

(8)

with fk,i j ∈ [ fmin, fmax] ∀ k, i, j and fmin ∈ R≥0, fmax ∈ R>0

The assessment score fk,i j for concept i related to EC j
and requirement k is now calculated with two equations,
depending on the sign of correlation ck j. For ck j := 0,
either equation is valid. With the previously calculated
ideal value d∗

k j (Eq. 7), the expert knowledge included

in the Correlation Matrix Cr×n (Eq. 4) is directly used to
assess the concepts according to their suitability to fulfill
the specific requirement k.

Concepts with di j equal to the ideal value d∗
k j obtain

the highest possible assessment score fmax. For pos-
itive correlation values (ck j > 0) concepts with di j :=
minm

i=1(di j) receive the lowest possible score fmin. For
negative correlations (ck j < 0), however, fk,i j is equal to
fmin for concepts with di j := maxm

i=1(di j). The score val-
ues for all other concepts for the respective EC j and
requirement k are calculated using a linear interpolation.
Both values, fmin and fmax must be defined beforehand.

It is also possible that d∗
k j is not present in the Concept

Data Matrix Dm×n (Eq. 2). In this case, no concept re-
ceives fmax. However, the minimum possible score value
fmin is always assigned to at least one concept during
the assessment for each EC and requirement. All score
values fk,i j are then consolidated into r Score Value Ma-
trices Fk,m×n, each valid for the specific requirement k
(see Fig. 8).

Step 5: Calculation of the weighted assessment score
value gk,i j for concept i related to EC j and requirement
k

gk,i j = vk j · fk,i j (9)

with gk,i j ∈ [0, fmax] and gk,i j ≤ fk,i j ∀ k, i, j

To consider the requirement weightings wk formulated
by customers or the designer, the respective score value
fk,i j (Eq. 8) is weighted according to the relative impor-
tance vk j (Eq. 6) of requirement k related to EC j. This
results in the weighted score value gk,i j for concept i,
valid for EC j and requirement k. By execution of the
weighting for each EC, the Weighted Score Value Matrix
Gk,m×n for requirement k is created (see Fig. 8).

Step 6: Calculation of the overall assessment score
value ai j for concept i related to EC j

ai j =
r

∑
k=1

gk,i j (10)

with ai j ∈ [ fmin, fmax] ∀ i, j

Since the assessment score values fk,i j (Eq. 8) and
the weighted assessment score values gk,i j (Eq. 9) are
only valid for the specific requirement k, Step 4 and
Step 5 must be repeated for all requirements listed in
the mHoQ. Hence, r Score Value Matrices Fk,m×n and
r Weighted Score Value Matrices Gk,m×n are generated,
respectively one for each requirement. In order to calcu-
late the overall assessment score ai j for concept i and
EC j, all weighted score values gk,i j for the same con-
cept i and the same EC j are added together. Therefore,
the overall assessment score ai j considers all correla-
tions of this EC j together with all requirements and their
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respective weighting. Consequently, this value com-
bines expert knowledge and customers’ or regulatory
bodies’ expectations into one assessment score. The
overall assessment scores ai j form the Concept Assess-
ment Matrix Am×n (see Fig. 8). It is the final result of
the ACAA and contains the overall assessment scores
of all concepts. These values are thus the equivalent to
the subjective assessment scores essential for the man-
ual assessment. But due to the separate consideration
of each requirement and the automation, the accuracy
and the efficiency of the assessment performed with the
ACAA is significantly enhanced compared to the man-
ual assessment required in the methodology presented
by BILTGEN AND MAVRIS [8]. In the manual assessment,
the score values are determined independently from the
values listed in the HoQ. This process is not only highly
time-consuming for a large number of concepts, but can
also be influenced by subjectivity. The ACAA minimizes
the time required and significantly reduces the influence
of subjective assumptions on the assessment. However,
the requirement weighting factors w and correlations c
are still highly affected by subjectivity and uncertainty.
This issue is addressed in the Subjectivity & Uncertainty
section.

Step 7: Final concept evaluation using a slightly modi-
fied version of the TOPSIS algorithm (not part of ACAA)
The Relative EC Importance Vector L1×n (Step 2) and
the Concept Assessment Matrix Am×n (Step 6) are used
as input for the concept evaluation using the mTOP-
SIS algorithm. This slightly adapted version of the orig-
inal TOPSIS algorithm creates the final concept rank-
ing. With the ACAA, only values between the minimum
score value fmin and the maximum score value fmax are
assigned. However, due to the weighting process (Step
5) and eventually the summation of all Weighted Score
Value Matrices Gm×n (Step 6), the range ultimately avail-
able in the Concept Assessment Matrix Am×n can vary
from EC to EC. Comparable to the original TOPSIS, the
input matrix must, therefore, be normalized to avoid falsi-
fied results caused by different ranges of the ECs. In this
case, the vector normalization proposed by HWANG AND
YOON [16] is utilized. However, due to the enormous
number of concepts, the normalization employed in the
original TOPSIS algorithm may cause critical rounding
errors during the calculation, as the normalized values
for each concept can become very small. To prevent
this, a scaled vector normalization is introduced. The
normalized assessment score zi j for concept i and EC j
is calculated according to the following equation with the
overall assessment score value ai j (Eq. 10) and the total
number of concepts m.

zi j =
ai j√
∑

m
i=1 a2

i j
m

(11)

with zi j ∈ R≥0 ∀ i, j

Comparable to the original TOPSIS presented by
HWANG AND YOON [16], the final ranking generated with
the mTOPSIS is based on the n-dimensional Euclidean
distance of the concepts to the ideal and anti-ideal so-
lution for the specific design challenge defined by the
requirements and their weightings. In the TOPSIS, this
step requires a differentiation concerning the ECs be-
tween the cost criterion and the benefit criterion to de-
fine the ideal and anti-ideal concept. However, due to
the automated calculation of assessment score values
with the ACAA, such a differentiation is not necessary
anymore. For all ECs, the same principle applies: The
higher ai j (Eq. 10), the better concept i regarding EC j
compared to other concepts with lower overall assess-
ment score values. Consequently, all ECs can be allo-
cated to the benefit criterion in the mTOPSIS.

All subsequent calculations in the mTOPSIS are equal
to the TOPSIS, resulting in a single value for each con-
cept. This value is called performance pi in this paper.
The final concept ranking is created by sorting the per-
formance values pi in descending order. Consequently,
the most suitable concept for the intended mission ac-
cording to the ACRM has the maximum performance
maxm

i=1(pi). In contrast, the least suitable one has the
minimum performance minm

i=1(pi) of all concepts. With
the creation of this concept ranking, a single execution
of the ACRM is completed.

Subjectivity & Uncertainty

Comparable to the methodology presented by BILTGEN
AND MAVRIS [8], the results of the ACRM are still primar-
ily based on subjective assumptions. In this case, how-
ever, the primary source of subjectivity lies in the mHoQ,
more precisely in gathering the values of requirement
weightings wk and correlations ck j. The requirement
weighting factors wk are determined by customers or
design engineers, whereas the correlations ck j are de-
fined by engineers or experts of the corresponding field
of research. As explained above, these values are es-
sential for the ACAA and the mTOPSIS and, therefore,
also the final ranking of concepts. Similarly to BILTGEN
AND MAVRIS [8], a Monte Carlo Simulation with multi-
ple executions of the ACRM is employed to address this
challenge.

To consider uncertainties concerning the importance of
each requirement, a random number generator using a
normal distribution with a predefined standard deviation
σk is applied for each requirement weighting factor wk.
The user defines σk for each requirement. The value
should correspond to the level of certainty that the cus-
tomer or designer has regarding the given requirement
weighting. Very high confidence corresponds to σk ≈ 0.
High uncertainty regarding a given requirement or above
can be expressed by σk > 5, which results in a distri-
bution almost akin to a uniform distribution (for a value
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range of zero to ten). The normal distribution gener-
ated for each requirement weighting is clipped to only
have values inside the possible value range. This off-
sets the mean value of weightings with a high wk and σk.
However, this is not seen as undesirable since it means
that these values are pushed to the middle of the range,
which is deemed appropriate for cases with high uncer-
tainty.
Since each correlation ck j between requirement k and
EC j is also affected by uncertainty and subjectivity, a
random number generation is applied for these values
as well. In this case, however, the approach differs from
that for the requirement weighting factors wk. Possible
correlation values ck j are identified through a survey. A
Probability Density Function (PDF) is approximated us-
ing all stated values for each correlation and used for
the random number generation. The generated values
are again kept within the predefined value range of the
correlations ck j. This ensures that each randomly gen-
erated correlation is a value that the participants of the
survey could have also selected. In Fig. 9, an exemplary
histogram of the survey results for one correlation is dis-
played. The corresponding approximated PDF and the
calculated mean value are also included.
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Figure 9: Exemplary histogram of survey results for one
correlation, including the approximated PDF and the
mean value

The randomly generated values for the requirement
weighting factors wk and the correlations ck j are then
used for the ACRM. The entire process is run through
once for each set of random numbers, resulting in a dif-
ferent ranking for each execution. To display the result of
the simulation, a new ranking according to the ascend-
ing order of the mean rank of each concept is created.
The concepts, that are constantly ranked in the upper
area of the ranking for each set of random requirement
weighting factors and correlations, obtain a relatively low
mean rank. Consequently, the mean rank indicates the
robustness of a concept against changes in the require-
ment weighting factors wk or correlations ck j.
An alternative approach to display the result of the
Monte Carlo Simulation is a ranking according to the

mean performance score of each concept. However,
it was decided to focus on the mean rank as primary
ranking parameter, as it better illustrates the variability
of concepts during the simulation and is, therefore, more
suitable to determine the robustness of the concepts.

EXAMPLE IMPLEMENTATION

Implementing the ISAR-CSM methodology to its full po-
tential requires multiple labor intensive steps. The tax-
onomy has to be defined in its final form. Since the
mHoQ is based on the taxonomy, changing it retroac-
tively would partially invalidate the mHoQ. Therefore, the
taxonomy needs to be thoroughly researched using in-
put from literature and experts before it can be declared
final. The same is true for the requirements set. It has
to be ensured that the requirements chosen can suffi-
ciently represent customer requirements and mission at
this early design stage.
Even more time-consuming is the collection of correla-
tion data. The aim is to create a database containing
mHoQs filled out by as many experts as possible. New
answers from more experts can also be added to this
database over time but a solid number of expert an-
swers is required even as a base to reach an acceptably
high amount of certainty and low amount of subjectiv-
ity in the results. Even though the methodology over-
all represents a decrease in work for design engineers
through the automation, filling out all correlation values
of the mHoQ still represents a considerable time invest-
ment by the experts. This in terms means that it can not
be repeated frequently when updates to the taxonomy or
the methodology are made. Therefore, the survey with
which the data is gathered requires careful design of the
questions and explanations.
Since more future work is planned on the methodology
and the taxonomy (see Future Work section), it is not
sensible at this time to commit to a full implementation
of the methodology with survey requests to industry and
academic experts. Therefore, a limited implementation
of the ISAR-CSM using a reduced set of requirements
and ECs was created for the purpose of this paper. The
correlation data was gathered from employees of the In-
stitute for Rotorcraft and Vertical Flight at Technical Uni-
versity of Munich (TUM).

Example Taxonomy

The reduced set of ECs used in the proof-of-concept is
shown in Fig. 4 as the ECs above the dotted lines (where
one is present). All ECs used are listed in Tab. 3 with the
corresponding value range.

Requirement Sets

For this paper, two example UAM use-cases, also called
missions, are investigated. The same set of require-
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Index Name Type Min Max Step

Propulsion
1 Jet Propulsion 1 - - -
2 El. Propulsion 1 - - -
3 Total # of TGs 2 1 30 1
4 # of Tiltable TGs 2 0 30 1
5 # of Vertical TGs 2 0 18 1
6 # of Horizontal TGs 2 0 10 1

7 Torque
Countermeasures 1 - - -

Powertrain
8 El. Powertrain 1 - - -
9 Conv. Powertrain 1 - - -

10 Hybrid Powertrain 1 - - -
Landing Gear
11 Retractable Wheeled 1 - - -
12 Skids 1 - - -
Aerodynamics
13 # of Wings 2 0 4 1

14 % Weight Supported
by Wings 2 0 100 20

Table 3: Implemented EC table showing the range of
values deemed suitable for the proof-of-concept

Requirement Air-Metro Intercity
wk σk wk σk

Low Noise 9 0.0 1 0.0
High Ride Comfort 3 0.5 7 0.5
High Safety Level 7 1.0 7 1.0

High Reliability 5 1.0 5 1.0
Good Maintainability 4 1.0 4 1.0
Red. Infrastr. Reqs. 5 5.0 3 5.0

Increased Range 1 0.0 9 0.0
Reduced Turnaround 6 2.0 4 2.0

Table 4: Requirements with their weighting factors and
standard deviations for the air-metro mission (1) and the
intercity mission (2)

ments is applied for both missions, while each use-
case is represented by a different distribution of require-
ment weighting factors wk with a range of zero to ten.
However, the sum of all weighting factors (40) remains
the same. The requirements selected for this proof-of-
concept, as well as their weighting factors wk and stan-
dard deviations σk, required for the Monte Carlo Simula-
tion, are listed in Tab. 4.

In the first mission, the VTOL aircraft shall act as an
air-metro for public transportation between fixed points
within a densely populated city. The idea is to offer
a fast and reliable but also affordable means of trans-
port for daily commuters. For this use-case, the require-
ment Low Noise obtained the highest weighting factor
of all requirements, as the VTOL aircraft shall use an
airspace solely above inhabited areas. Additionally, the
distances to be covered shall be comparably short, so

the range requirement is weighted with the lowest fac-
tor. At the same time, a fast dispatch shall be prior-
itized over ride comfort, on the one hand, to reduce
the overall costs and, on the other hand, to transport
as many passengers as possible. Consequently, the
requirement High Ride Comfort received a rather low
weighting factor, whereas Reduced Turnaround Time
obtained the third highest importance of all require-
ments. As for all aircraft, a high safety level is manda-
tory to receive the required certifications, resulting in the
second-highest weighting factor assigned. High Relia-
bility, Good Maintainability and Reduced Infrastructure
Requirements are placed in the middle in terms of im-
portance.

For the second use case, the ISAR-CSM is supposed
to find VTOL aircraft concepts suitable for a long-range
intercity mission. In this case, the target group is limited
to wealthier individuals who are willing to pay a higher
price for an exclusive, comfortable, and fast way to travel
from one city to another. The VTOL aircraft shall be ca-
pable of covering large distances. Therefore, Increased
Range is weighted most. The requirement Low Noise
obtained the lowest weighting factors, as the aircraft
shall fly less over densely populated areas at low alti-
tudes. Due to longer flight times and to justify high ticket
prices, a high ride comfort is considered to be particu-
larly important. As the VTOL aircraft shall connect two
or more cities, it is also possible to use already existing
infrastructure, such as airports or heliports. In contrast
to the air-metro use case, it is not mandatory to have
vertiports in urban centers. Consequently, the aircraft
for the intercity mission does not necessarily have to
meet reduced infrastructure requirements, which results
in a lower weighting factor for this requirement com-
pared to the other use case. Furthermore, a fast dis-
patch is regarded as less important for the intercity mis-
sion, than for the air-metro mission. Therefore, longer
turnaround times are acceptable and the respective re-
quirement was assigned a lower weighting factor. The
requirements High Reliability and Good Maintainability
remain unchanged concerning their weighting factors.

However, it must be stated that the requirement weight-
ing factors wk were selected based on the assumptions
of the authors of this paper and not according to expert
knowledge. Nevertheless, that is regarded as sufficient
for this basic proof-of-concept. The same applies to the
standard deviations σk required for the Monte Carlo Sim-
ulation. The weighting factor of the requirements Low
Noise and Increased Range shall not be randomly gen-
erated but fixed on the predefined value (σ1 = σ7 := 0.0).
This is due to the exceptionally high, respectively low
importance of these requirements that shall be main-
tained during the entire simulation. This is compa-
rable to the requirement High Ride Comfort, which is
either rather less, or rather more important, depend-
ing on the mission. However, slight changes concern-
ing the corresponding weighting factor w2 shall be con-
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sidered in the Monte Carlo Simulation. Consequently,
the standard deviation was defined to 0.5 for both mis-
sions. For the requirement Reduced Infrastructure Re-
quirements, the highest standard deviation of all require-
ments (σ6 := 5.0) was assigned as there was disagree-
ment regarding the correct weighting factor w6 within the
project team. A similar issue occurred with the require-
ment Reduced Turnaround Time, resulting in a standard
deviation σ8 := 2.0. For all other requirements, the stan-
dard deviation was set to 1.0 for this proof-of-concept in
order to simulate a moderate variability of the respective
requirement weighting factors.

Correlation Data Survey

Figure 10: Example of filled out Correlation Matrix sur-
vey

The proof-of-concept survey consists of an Excel table
that represents the Correlation Matrix and an explana-
tory document. Each requirement and EC is defined
briefly and the possible value range for each EC is given.
The experts fill out one Excel sheet each, and all filled-
out sheets are saved as a database. For this proof-of-
concept, correlation values between −10 and 10 are
possible. At the beginning of every new execution of
the ISAR-CSM, all available filled out Correlation Ma-
trices are processed to calculate the mean value and
to approximate the PDF for each correlation. This way,
expert surveys taken at a later point can be integrated
seamlessly into the methodology. Fig. 10 shows one of
the Correlation Matrices filled out by a member of the
institute.

RESULTS & DISCUSSION

Based on the reduced implementation shown in the sec-
tion before, the correlation data survey was conducted
with eleven employees of the Institute for Rotorcraft and
Vertical Flight at TUM. Using the gathered data the
ISAR-CSM was then executed for the two shown re-
quirement sets. Results of the survey and final concept
rankings are presented and discussed in the following.

Survey Results

While the number of survey responses is relatively low, it
still allows to showcase of the functionality of the ISAR-
CSMs features regarding expert knowledge gathering
and uncertainty handling. Fig. 11 shows the mean value
of each correlation, calculated from all responses, and
whether the responses agreed on this value (green)
or if there was a high standard deviation in the sam-
pled responses (red). It shows correlations with differ-
ent strengths, and indicates where definitions may be
incomplete, no consensus on a perceived correlation
could be reached, or there is possibly no definite corre-
lation. Correlations, like for example between Low Noise
and Jet Propulsion show a high correlation value and a
moderate to good agreement of responses, whereas no
agreement could be reached for the correlation between
High Reliability and Number of Vertical TGs. The best
agreement in responses can be found for correlations
where the consensus was that requirement and EC do
not correlate at all, as can be seen in Fig. 12 for ex-
ample. This results in a narrow probability distribution
used for the Monte Carlo Simulation. For the correlation
between Increased Range and Total Weight Supported
by Wings a high positive value was expected, as wings
are significantly more efficient at producing lift in cruise
compared to TGs. This is indeed the case. However,
two deviating answers skew the results lower, as can
be seen in Fig. 13. The fact that one surveyed person
answered 0 and one gave a high negative score could
mean that the question was not posed well enough. Al-
ternatively, the negative value might also be a simple er-
ror, in which case a higher number of responses would
mitigate the effect this has on the final result. These are
just two examples out of 112 correlations. Overall, many
of the correlations show subpar agreement between re-
sults. While the ACAA accounts for these uncertainties
within the responses, it still remains very important to
critically evaluate the results of the survey when look-
ing to improve the information and data provided to the
ISAR-CSM.

ISAR-CSM execution

After all requirements, engineering characteristics, re-
quirement weighting factors, and correlations were de-
fined, the ISAR-CSM was applied to identify the most
suitable VTOL concept for the intended missions. The
IRCG generated over 800 million concepts for this trial.
This number was reduced to 655872 by filtering out un-
feasible concepts. With this set of concepts, a Monte
Carlo Simulation with 10000 executions of the ACRM
was performed for each mission.

Tabs. 5 and 6 show excerpts of the final rankings. Due
to the high number of concepts evaluated by the ACRM
(655872), the mean rank must always be seen relative to
this number. The shown configurations are represented
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Figure 11: Results of the proof-of-concept correlation data survey.
Values are the mean value calculated from all responses for that correlation. Color corresponds to standard devia-
tion of responses for each correlation (dark green ∧

= < 1; dark red ∧
= > 4.5)
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Figure 12: Correlation between Reduced Infrastructure
Requirements and No. of Horizontal Thrust Generators
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Figure 13: Correlation between Increased Range and
Total Weight Supported by Wings

by value combinations of the ECs as shown in Tab. 3.
They show that the top ranked configurations for both
missions have similar traits. They feature rotor propul-
sion with a high number of TGs and a mix of fixed hor-
izontal and vertical TGs as well as tiltable TGs. They
use one or more wings to produce most of the lift during

cruise flight. The main differences come in the power-
train and landing gear configuration. For the air-metro
mission, the best-rated configurations use electric power
and skid landing gear. Whereas the intercity case pro-
duces configurations using conventional powertrains (in
this case meaning turbo-electric).

The differences in powertrain and landing gear config-
uration appear logical. The intercity mission requires
long range flight which means that battery electric pow-
ertrains might struggle to provide sufficient energy. Fur-
thermore, fixed landing skids would produce significant
drag in cruise flight and, therefore, again reduce range.
This is also represented in the survey results through
high correlations between range and the ECs. Addition-
ally, range was the requirement with the highest differ-
ence in weightings between the missions, so it makes
sense that these ECs are changed.

However, apart from these two ECs the results for both
missions resemble one another closely. One would ex-
pect differences in the lift configuration due to the dif-
ferent mission profiles. This is not represented in the
results. Neither the wing-related ECs nor the number of
different TGs shows a clear tendency. This is in part due
to mainly low correlation values for these ECs. Looking
at current developments for urban and regional VTOL
designs, it could be expected to especially see a differ-
ence regarding the wing configuration. Yet, even the val-
ues of Total Weight Supported by Wings are the same
for the best-ranked concepts. A reason for this is the cor-
relation between this EC and the requirement Increased
Range. A high positive value is expected for this corre-
lation. However, as can be seen in Fig. 13, some sur-
vey participants selected values, which are contrary to
this expectation. Especially the results for the intercity
mission are influenced by that. Another cause is that
the EC Total Weight Supported by Wings has only one
significantly negative correlation identified by the corre-
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Rank Mean Rank EC Configuration
1 77868 0;1;21;6;9;6;0;1;0;0;0;1;2;80
2 78116 0;1;21;6;9;6;0;1;0;0;0;1;1;80

75 82896 0;1;21;6;9;6;0;1;0;0;0;1;2;60
642 96938 0;1;21;6;9;6;0;1;0;0;0;1;3;80
744 98538 0;1;21;6;9;6;0;1;0;0;1;0;2;80

1076 102354 0;1;16;0;10;6;0;1;0;0;0;1;2;80
1193 103502 0;1;21;6;9;6;0;1;0;0;0;1;2;100
3045 116419 0;1;21;6;9;6;0;1;0;0;0;1;1;40
5541 127811 0;1;17;7;10;0;0;1;0;0;0;1;1;80
5617 128107 0;1;21;6;9;6;0;0;1;0;0;1;1;80

Table 5: Comparison of different design approaches for
the air-metro mission

lation survey, being the correlation with Reduced Infras-
tructure Requirement. On the one hand, the require-
ment weightings for this requirement differ only slightly
for both missions. On the other hand, it might be that
a requirement that would show a negative correlation is
missing from the list in the proof-of-concept implementa-
tion. This highlights that in addition to the taxonomy, the
set of generalized requirements also needs to be care-
fully assessed and potentially appended.

The stated goal for the ISAR-CSM is not to give one
ideal concept design that the design should be restricted
on from this point going forward. It is rather a tool that
should narrow down the pool of potential designs so
that further high-fidelity investigations can be focused on
promising configurations. Therefore, the designer needs
to be able to select multiple concepts from the top of the
final ranking that are sufficiently different. Tabs. 5 and
6 show an attempt at doing this for the final rankings of
the proof-of-concept study. One aspect that stands out
is, how far apart in rank the selected concepts are. This
was necessary because the concepts in between were
mostly very similar concepts with slightly varying num-
bers of TGs or wings. This gives reason to believe that
the current form of the taxonomy produces an overabun-
dance of possible but similar configurations. Especially
the large range of TGs leads to many nearly identical
concepts filling the top ranking spots. Therefore, choos-
ing the most promising concepts for further investiga-
tions is made unnecessarily difficult for the DM. Reduc-
ing the number of options to distinct ranges, for exam-
ple, restricting values for Vertical TGs to 0|1|2-4|5-8|8+,
could make the methodology more efficient and the re-
sults less cluttered. The risk here is, that through this
pre-categorization, a new kind of bias by the creators of
the methodology is introduced.

CONCLUSIONS

Selecting the best-fitting VTOL aircraft concepts at the
beginning of a new development is simultaneously an
extremely impactful choice with a very large pool of pos-
sible options and one with a minimal amount of objec-
tive data available. This combination leads to signifi-

Rank Mean Rank EC Configuration
1 49863 0;1;19;7;6;6;0;0;1;0;1;0;2;80

107 57953 0;1;19;7;6;6;0;0;1;0;1;0;3;80
230 61696 0;1;19;7;6;6;0;0;1;0;1;0;1;80
584 68174 0;1;19;7;6;6;0;0;1;0;1;0;2;60
695 69765 0;1;19;7;6;6;0;0;1;0;0;1;2;80
850 71566 1;0;10;10;0;0;0;0;1;0;1;0;2;80
930 72330 0;1;13;0;7;6;0;0;1;0;1;0;2;80

1338 76267 0;1;19;7;6;6;0;0;1;0;1;0;2;100
2774 85006 0;1;19;7;6;6;0;0;1;0;1;0;4;80
2855 85346 0;1;15;8;7;0;0;0;1;0;1;0;2;80

Table 6: Comparison of different design approaches for
the intercity mission

cant challenges facing a new VTOL development, as
can be seen from the number of new concepts en-
tering the stage every week and the number of con-
cepts being abandoned at the same time. By automat-
ing and objectifying the process, the methodology ad-
dresses the inherent biases and inefficiencies associ-
ated with traditional, expert-based evaluations. The In-
teractive Semi-Automated Reconfigurable Concept Se-
lection Methodology (ISAR-CSM) combines elements
from existing methodologies, notably Biltgen and Mavris’
IPMADM and the IRMA method, to create a robust
framework capable of evaluating a vast number of po-
tential VTOL aircraft concepts.

One of the key strengths of ISAR-CSM is its ability to
handle the immense variety and complexity of VTOL de-
signs. It automatically generates and filters a compre-
hensive concept space, significantly reducing the initial
workload and allowing for the evaluation of a broader
spectrum of design possibilities. This is enabled by
the creation of a generalized taxonomy of VTOL aircraft
characteristics.

The use of a correlation matrix between Engineering
Characteristics (ECs) and requirements, similar to the
classical House of Quality (HoQ), which is created once
for the VTOL design problem and continuously fed with
expert knowledge, ensures that this expertise is system-
atically incorporated into the evaluation process. The
developed assessment algorithm uses this correlation
data, together with requirement weightings defined by
designers or customers, for a fully automated assess-
ment of each concept. This not only speeds up the
process but also minimizes subjective influences, pro-
viding a more objective basis for decision-making. The
subsequent ranking of concepts using a modified TOP-
SIS (mTOPSIS) algorithm allows for a clear, quantitative
comparison of design alternatives, aiding in the identifi-
cation of the most promising candidates for further de-
velopment.

The execution of two proof-of-concept design studies
showcases the functionality of the ISAR-CSM and the
implemented uncertainty handling methods. The con-
cepts ranked highest by ISAR-CSM for the two missions
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are, however, very similar. Differences are found for
the optimal powertrain and landing gear configuration.
Other ECs show very similar optimal values. Especially
the configuration of thrust and lift-producing components
is almost the same for both sets of requirements despite
the difference in range requirement. This shows some
limitations of the methodology in its current state. The
quality of the final concept ranking heavily depends on
the accuracy and comprehensiveness of the input data,
particularly the correlations and requirement weightings.
Certain correlations, where clear correlations were ex-
pected, for example between % of Weight Supported by
Wings and Increased Range, showed that the question
was not posed clear enough in the study so that answers
were all over the possible value range. While the Monte
Carlo Simulation employed in the study helps mitigate
some of the uncertainties inherent in these inputs, fur-
ther refinement of the underlying taxonomy and the sur-
vey design is necessary.

Finally, we can conclude that the presented ISAR-CSM
is a promising new way of finding viable VTOL concept
designs in the early design phase. Employing a gener-
alized approach to requirements and ECs of VTOL air-
craft enables a structured, consistent, and continuous
gathering of expert knowledge. This knowledge is lever-
aged through newly developed automated algorithms
to efficiently identify optimal VTOL designs in the early
design phase. While the proof-of-concept implementa-
tion showed potential for improvement, we believe that
through continuing development the ISAR-CSM can be-
come a powerful tool for VTOL concept design.

FUTURE WORK

This paper showed a proof-of-concept implementation
of the ISAR-CSM, which served mainly to prove the
functionality and usefulness of the developed algo-
rithms. Before the methodology can be finalized and
knowledge from a large number of industry experts can
be gathered, more work has to be conducted on improv-
ing key aspects of the methodology.

Taxonomy: The current taxonomy is a known weakness
due to its development consisting mainly of a review of
existing literature within the field. While this is a good
starting point for any taxonomy, further development will
require engagement from multiple sources of informa-
tion. Therefore, the next steps in developing a more ro-
bust taxonomy will be to validate what is already imple-
mented, and using new tools to augment the develop-
ment process. One such tool is the use of current gen-
eration Artificial Intelligence (AI) to filter through exist-
ing databases of VTOLs, like that of the VFS, giving an
insight into overarching themes or important traits that
may otherwise have been overlooked.

Requirements: If the taxonomy of a VTOL is to be eval-
uated and improved, it is important to also consider the

requirements that have been set. These requirements
should reflect specific goals, or should at the least be un-
derstood by those using the program. Therefore, further
study into requirement definitions should be carried out.
A mixture of methods including gathering data directly
from the industry as well as reflecting current mission-
spaces of some already existing VTOLs will be used.

Survey: At the core of the ISAR-CSM is the expert
knowledge gathered in the form of filled out correlation
data surveys. A well-designed survey is key to first of
all getting the best, most representative results from ex-
perts. Secondly, it is prudent to thoroughly design the
survey before asking perhaps hundreds of industry ex-
perts to spend time answering the questions. Further-
more, querying the field of expertise of these specialists
(e.g. aerodynamics or structural design) could make it
possible to either weigh answers according to the cor-
relation between EC and the expertise or to only query
them regarding their field of expertise and thereby re-
ducing workload per specialist.

Concept Feasibility: One aspect that the current
methodology cannot model is how the combination of
two ECs affects the overall feasibility of the concept.
BILTGEN AND MAVRIS [8] use the "roof" of their im-
plementation of the HoQ for correlations between ECs
which denote favorable or unfavorable relations between
the characteristics. In their methodologies, these val-
ues are only used to inform the designer but do not
influence further calculations. Implementing these val-
ues and adding them to the expert survey could enable
the calculation of an additional feasibility or technology-
readiness score for each concept.

Higher Fidelity Data: One of the main goals for the
ISAR-CSM is a reduced influence of subjectivity on the
concept evaluation. Ideally, all concepts would be evalu-
ated using higher fidelity physics-derived or data-based
models. However, in the early design phase that this
methodology targets this is simply not possible. Nev-
ertheless, basing the values of selected correlations on
physical modeling could be one more way to reduce sub-
jectivity in the concept selection process. This could be
feasible for correlations such as the one between In-
creased Range and No. of Horizontal Thrust Genera-
tors. However, great care has to be applied how phys-
ical relations are scaled to the set range of correlation
values.

Filtering of Results: The final rankings resulting from
the ISAR-CSM compare many thousands of concepts.
Due to the amount of ECs, many of these concepts are
slight variations of each other. If the Decision Maker
(DM) were to only consider the, for example, five top-
rated concepts, this would likely lead to the selection
of five very similar concepts. Instead, the DM has to
scan the final ranking and manually look for a selection
of ideally distinctive concepts that will then be further in-
vestigated with higher fidelity methods. This represents
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an undesirable hurdle in the concept selection process.
Therefore, a method to automatically group and filter the
concepts present in the final ranking regarding common-
ality of ECs would greatly enhance the usability of the
method.

User Interface: Finally, after all steps mentioned be-
fore are implemented, a more polished interface for the
ISAR-CSM is planned, so to ease engagement, under-
standing and therefore usage for designers.

Author contact: victor.zappek@tum.de
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