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ABSTRACT ARTICLE HISTORY

The research activity proposed in this paper is framed within the Received 8 December 2022
context of the concurrent engineering applied to the complex Accepted 31 October 2023
aeronautical system development. The main objective is to extend KEYWORDS

the aircraft design parameters with those of manufacturing and Concurrent engineering;
supply chain including, among others, logistics aspects, quality value engineering; supply
management, risk production, resources and materials availability. chain management;

This surely complicates the design problem due to an enlargement manufacturing; aircraft

of the alternatives populating the solutions tradespace. However, it design

provides a great opportunity to gain agility, variety and competitive

advantages in the nowadays global market. The formulation and

implementation of the new value-driven methodology, here-

proposed, offers advantageous benefits to the decision-maker, as

also highlighted by the aeronautical application case addressed in

this paper.

1. Introduction

In the last decade, the European Commission introduced the Flightpath 2050 (ACARE,
2011), the EU Aviation Sector’s vision for the future of aviation, placing new challenges
for the design of innovative, sustainable, and circular aircraft configurations. The objec-
tive of sustainable and circular aviation is to reduce the environmental impact in terms of
consumption, waste and emissions associated with all aeronautical activities and opera-
tions. Hence, the necessity to extend the branches of the aeronautical research to the
entire aircraft life-cycle, from the design to production, to the waste disposal after the end
of the system operative life. A new value-driven concurrent approach is proposed in this
research activity with the aim of exploring different life-cycle stages, mainly manufactur-
ing and supply chain, in the early phase of aircraft design. Making decisions on future
design configurations, exploring all the possible solutions on the design space, can in fact
reduce the overall cost with a great impact on supply chain’s gains and product
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competitiveness (Wu & O’Grad, 1999). Identify the best solution in the design phase is
therefore essential since decisions made during this phase mostly determine the product
overall cost (Walden et al., 2015). Nevertheless, enlarging the exploration of the solutions
design space is challenging. It requires a formalization of the mutual influences between
the life-cycle stages. In addition, criteria that stakeholder (or decision-maker) consider
important in ‘value’ the system have to be clearly identified. In the last decades, effort has
been placed in the research of concurrent methodologies integrating, for instance,
production in the design phase (Sahu et al., 2018; Tirkolaee et al., 2022). At the same
time, value model techniques have been explored to quantify stakeholder’s perceived
value system in the early stage of product design. This paper proposes a new value-driven
concurrent approach integrating manufacturing and supply chain (called domains) in
the early phase of system design. The approach has been developed within European
funded H2020 Project AGILE4.0 (Ciampa & Nagel, 2021) and here applied to the design,
manufacturing and supply chain of an aeronautical system component. The use of the
proposed value-driven concurrent approach allows to automatically estimate the
stakeholder’s perceived value system based on criteria related to the design, manufactur-
ing and supply chain. In this way, the assessment of production performance, thus
manufacturing and supply chain, is part of the results of the solutions tradespace
exploration rather than further steps performed after the design phase.

In this paper, the state of the art of the value models and concurrent methodologies is
reported in Section 2 to highlight the research gap and the original contribution of this
paper (see Section 2.3). In Section 3, the value-driven concurrent approach formulation is
first described before providing details on the tools and technologies enabling its auto-
matically execution. In Section 4, the approach is applied to an aeronautical system
component. Follow a discussion and implication of leveraging this value-driven
approach respectively in Section 5 and Section 6 to finally address conclusions in
Section 7.

2. Literature review

The research activity addressed in this paper proposes a new approach aiming at
concurrently coupling the three domains of manufacturing, design and supply chain
by leveraging the value-model theory. In this section, the state of the art related to the
value models and the concurrent coupling of multiple domains is described to highlight
the gap found in the literature and the original contribution of this activity.

2.1. Value-driven approaches

To meet the nowadays stringent requirements, for instance the greenhouse reduction for
aviation system, new variables not strictly related to the product design have to be
considered in the early stage of product development. Integrating new aspects enlarges
the solutions design space complicating even more the decision-making process. Identify
the best solution in the design phase is nevertheless essential since decisions made during
this phase mostly determine the product cost. Studies in systems engineering highlight
that up to the 70% of the total cost of a development product is already committed in
preliminary design and that the cost to remove defects radically increases afterward
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(Walden et al., 2015 Duverlie & Castelain,1999). As consequence, define which criteria
lead stakeholders to value the system has to be clear since the early stage of product
design in order to balance these criteria and optimize the system design value. Over years,
the concept of value has assumed different meaning being defined as the ratio between
performance and cost (Miles, 1962); amount of money a customer is willing to pay
(Forbis & Mehta, 1981; Shapiro & Jakson, 1978); individual satisfaction of a user in using
the product (Normann & Ramirez, 1993). In the last decades, however, researchers in the
field of system engineering identified the need of having a definition of value as
numerical quantification of stakeholder ‘expectations in order to enhance the decision-
making process. With the introduction of value-driven design (VDD) (Collopy &
Hollingsworth, 2011), the definition of value switches to a numerical estimation of
stakeholders ‘preferences including but not limited to the feasibility and technical
performance of the product under design (Bertoni et al., 2016; Hallstedt, 2017).
Nowadays, all the methodologies leveraging value models to identify the best possible
outcome based on a right comprise among all the criteria important for stakeholders are
under the VDD term (O’Neill et al., 2010). These methodologies range from Tradespace
Exploration (Bertoni et al., 2018; McManus et al., 2007; Ross et al., 2005), to Value
Centric Design (Brown & Eremenko, 2008) and Value Driven Optimization (Castagne
et al., 2009; Cheung et al., 2008). While in the last case the objective is to optimize
a system towards its best value, in the first cases the aim is to increase the decision-makers
‘awareness during trade-off studies involving multiple criteria. Different value models
support these methodologies having each one a unique interpretation, quantification and
representation of the term value. Net Present Value (NPV), Surplus Value (SV), Cost-
Benefit Analysis (CBA) are the mostly used value models in system engineering. In this
case, the value function represents the discounted cash flows generated over time and
thus the profits gained in investing in a specific design of the system (Castagne et al.,
2009; Cheung et al., 2012; Sassone & Schaffer, 1978). The Multi-Attribute Utility Theory
(MAUT) instead uses utility curves of system attributes, derived from a set of probabil-
istic lotteries, to aggregate monetary and not-monetary stakeholder perceived value to
obtain a ranked ordering of system design alternatives (Ross et al., 2004). This theory
provides the same output of another value model, the Technique for Order Preference by
Similarity to Ideal Solution (TOPSIS) (Lin et al., 2008). TOPSIS is also based on
a systematic decomposition of a system design into a hierarchy of desirable attributes,
aggregated in an overarching goal. However, decision trees or matrixes are used and
system attributes are pairwise compared by the use of a simple algorithm within each
node or within each cell in the matrix. Analytic Hierarchy Process (AHP) (Saaty, 1980) is
another value model sharing the same TOPSIS approach but it is more similar to NPV
and CBA in mapping alternatives to a cardinal scale (Ross et al., 2010).

2.2. Concurrent coupling of product design, manufacturing and supply chain

Concurrent engineering, also known as simultaneously engineering, refers to
a method of designing in which different stages of product development run at
the same time, rather than consecutively. Here, the domains of interest for the
concurrent coupling are: product design (PD) dealing with the product’s specifi-
cations; supply chain (SC) including in-sourcing and outsourcing, logistical
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channels, suppliers and the type of relationship among supply chain members;
manufacturing (MfG) focusing on the facilities, equipment and methods used to
manufacture the product.

Addressing optimization of Product Design and Supply Chain simultaneously via
mathematical models allows to overcome the limits of the sequential approach in
which product design is analysed independently from the production plan, impacts,
and constraints (Gokhan et al., 2008). Including supply chain decisions during the
product design leads to a reduction in the production cost (Labbi et al., 2015), higher
product quality (Gokhan et al., 2010; O’Leary-Kelly & Flores, 2002) and strategic partner-
ship between Original Equipment Manufacturers (OEMs) and their suppliers (Nepal
et al,, 2012).

A close link between Product Design and Manufacturing results, instead, in a better
overall operating performance (Ettlie, 1995; Safizadeh et al., 1996), cost reduction
(DiPasquale & Savill, 2022; Hayes, 1979a), increased quality and reliability
(Moinzadeh, 2002; Wang et al., 2004), shorter manufacturing time with better respon-
siveness to market changes (Hayes, 1979b; Singh, 2002; Wu & O’Grad, 1999) with
optimized the net cash flows over time (Kim et al., 1992).

Finally, integrating Manufacturing and Supply Chain simultaneously reduces
production cost (Christopher & Towill, 2001, 2002; Debnath et al., 2022), boosts
the relationship between supplier and customer (Sauvage, 2003; Simatupang &
Sridharan, 2005) and improves the logistic organization in the exchange of
information among the supply chain members (Moinzadeh, 2022; Sméros et al,,
2003).

Survey and conceptual works, however, provide preliminary evidence that deci-
sions made simultaneously accounting for Product Design, Manufacturing and Supply
Chain can help companies to achieve even more competitive advantages (Kopczak &
Johnson, 2003; Petersen et al., 2005). To make a potential benefit of the final product
as whole, it is necessary to enlarge the concurrent analyses to more than two domains
and consider the manufacturing and supply chain information simultaneously in the
early stage of product design (Ilhami & Masruroh, 2018; Qiao et al., 2011). In this
context, several activities have been found in literature related to the modelling of the
three-dimensional concurrent engineering paradigm (3DCE), defined as the simulta-
neous developments of products, processes and supply chains (Ellram et al., 2007;
Fine et al., 2010; Shidpour et al., 2013, 2013). A different approach is proposed by
Fixson (2005), who suggests the functional architecture of a product as the link
between the product design, manufacturing and supply chain domains. Although it
might be complicated to adapt for complex systems (Fine et al., 2005),Blackhurst et al.
(2005) formalize a short network approach, called Product Chain Decision Model, to
analyse the impact of product design and manufacturing decisions on the supply
chain. An extension of the concept Generic Bills of Materials (GBOM) is instead
proposed by Wang et al. (2020) to qualitatively and quantitatively capture the
integration among product configurations, manufacturing processes and supply
chains. Finally, further insights on motivations, approaches and trade-off studies
that can be performed by coordinating product design, manufacturing and supply
chain are provided by papers collected in (Forza et al., 2005; Rungtusanatham &
Forza, 2005).
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2.3. Research gap

Making decisions about future design configurations in the early stages can drastically
reduce the development cost of complex systems. Value models are used to quantify the
stakeholder’ perception of the value system since the early design phase. Concurrent
engineering activities aims at run different stages of product development simulta-
neously. This research activity proposes a methodology enabling the concurrent coupling
of the manufacturing, supply chain and design domains by leveraging the value model
theory with the objective to shift production decisions already in the early design phase.
The MAUT is used for the exploration of the aeronautical solutions tradespace, thus the
intent is to apply this value model in the aeronautical and not in the space sector as
proposed in literature. Applications of the value models in the aeronautical frame are
proposed by Bertoni et al (2015, 2019, 2020). Nevertheless, the value models used are
different from the one proposed in this research activity which aims, in addition, at
automatizing the value system estimation based on the important criteria defined by
stakeholders and related to the production and design domains. To achieve this goal,
a formalization of the reciprocal influence among domains, thus a clear identification of
the links between domains, is strictly needed. For instance, defining how manufacturing
choices influence product design or supply chain management. Hence the investigation
in literature of papers related to the concurrent coupling of manufacturing, supply chain
and design domains. Many activities investigate how to integrate manufacturing or
supply chain in the design phase, only few of them deal with the concurrent coupling
of all the three domains. These research works provide interesting insights on how these
domains influence each other, on the benefits drawn from the concurrent coupling, on
the possible trade-off studies that can be executed and on the complexity in enabling such
a coupling. However, the literature review highlights a lack in the formalization and
application of these concurrent approaches of three domains to aeronautical cases. For
this reason, this research activity proposes a methodology formalizing the coupling
among manufacturing, supply chain and design domains with the objective to automa-
tically estimate the value system based on the criteria perceived as important by stake-
holder in ‘value’ the system.

3. Research method

The value-driven concurrent approach coupling manufacturing, supply chain and pro-
duct design, proposed in this research activity, is schematically represented by the
flowchart in Figure 1. In Section 3.1 the approach is described following this flowchart:
the contents of the individual domain and the links identified among them are specified.
In Section 3.2, instead, are provided details on the tools and technologies enabling the
automatically execution of the approach and thus the estimation of the system value
under design.

3.1. Value-driven concurrent approach formulation

For a given product, the value-driven concurrent approach starts with the manufacturing
domain dealing with the choice of materials, manufacturing and assembly processes.
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Once materials and manufacturing processes are assigned to all the product components,
the assembly processes are selected depending on the components to be joint.
Constraints are implemented to guarantee the feasibility of the manufacturing choices.
For instance, depending on the material (aluminium or composite), only a set of
manufacturing processes can be selected (machining for aluminium but not infusion).
The assignment of material and manufacturing process per each product component
influences the technical performance of the component itself, for instance its mass.
Similarly, for the assembly processes. As shown in Figure 1, a technology factor (TF) is

Quantify Production
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proposed as link between the manufacturing and product design domains. Defined as
a dimensionless number ranging from 0 to 1, the TF quantifies the impact that the
selected materials, manufacturing and assembly processes has on the technical perfor-
mance of the product component. In the product design domain, then, the impact of the
manufacturing properties is propagated at the product level. Hence, the product perfor-
mance is estimated based on the component performance, whose quantification is in turn
based on the TF. The equations and models characterizing this domain strictly depend on
the product under design. For instance, aeronautical equations are used in case an aircraft
is the product under design. If the TF is proposed as the link between the manufacturing
and product design domains, the production quantity (PQ) is instead identified as the
link between the manufacturing and supply chain domains (left side of the flowchart in
Figure 1).

The production quantity is the percentage of components to be produced with
selected materials, manufacturing and assembly processes. In the supply chain domain,
enterprises are selected and combined in supply chains. The selection of enterprises
strongly depends on the competences and thus on the skills they have in performing the
selected materials and processes. The production quantity is assigned to enterprises also
considering their capacity, thus the maximum amount of quantity they can perform.
Supply chains can include a single enterprise, multiple sites of the same enterprise or
multiple different enterprises. The production performance, meaning the production
cost, time, quality and risk of each supply chain are estimated following equations
proposed and reported in Appendix A. Contents and links between the three domains
of manufacturing, product design and supply chain are so clearly formalized. The
approach ends with the use of the MAUT value model to enable the concurrent coupling
of these domains (see Appendix B). The product and production performance are the
criteria defined important for stakeholder in ‘value’ the system design. From the produc-
tion perspective, the production cost, time, quality and risk have been selected as
important criteria because of the key role they play in the supply chain management
(Guide, 2001). From the product perspective, the choice of important criteria for
stakeholder change depending on the product under design. Except for cost, these criteria
are aggregated in the value through a weight, indicating the relative importance of each
other, and a utility function, expressing stakeholder’ satisfaction with respect to each
criteria. The output of the methodology is the value-cost solutions tradespace. Decisions
related to the product design and, at the same, to the production aspects (manufacturing
and supply chain) can be made by exploring this value-cost design space. In this way, the
assessment of manufacturing and supply chain performance is part of the results of the
solutions tradespace exploration rather than further analysis performed after the design
phase.

3.2. Value-driven concurrent approach implementation

Tools and technologies enabling the automatically execution of the methodology pre-
viously introduced and schematically represented by the flowchart in Figure 1 are
reported in this section. Four Python-based codes implement the models behind the
three domains of manufacturing, supply chain, product design and value model theory.
In particular, to run the aeronautical application case, reported in Section 4, the overall
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aircraft design tool called OPENAD, developed by the DLR Institute of System
Architectures in Aeronautics, is used to estimate the aircraft performance (Wdhler
et al., 2020). Tools automatically exchange information via the Common Parametric
Aircraft Configuration Schema (CPACS), a data schema including aircraft characteristics
in a structured, hierarchical and numerical manner (DLR, 2022a). Each tool read
information from this schema, extract the needed inputs and store back the outputs
once the analysis ends. The toolchain coupling the four codes in a single workflow is run
within the Remote Component Environment (RCE), a workflow-driven integration
environment which allows to run multi-disciplinary analysis and optimization problems
(DLR, 2022b). Several toolchains can be created to perform other specific analysis, if
needed, by combining tools in different ways. For instance, a toolchain coupling man-
ufacturing and product design codes can be executed to analyse the impact of manufac-
turing choices on product design without considering production aspects (Donelli et al.,
2021). However, before the workflow execution, the MDAO Workflow Design
Accelerator (MDAX) is usually used to set-up the toolchains and check that connections
between tools are well-established (Page Risuefio et al., 2020).

4. Case on aeronautical application of concurrent engineering

The value-driven concurrent approach proposed in this research activity is applied to the
design, manufacturing and supply chain of an aircraft component, that is the horizontal
tail plane (HTP). Assumptions characterizing this application case and the relative results
are discussed in the following sections.

4.1. Application case assumptions

Located at the end of the aircraft fuselage, the HTP is a lifting surface stabilizing the
aircraft. This component can be realized using different manufacturing properties, from
raw materials to assembly processes, having impact on the whole aircraft performance.
The HTP of a short-medium range regional jet of 90 passengers is established as
a reference for the following analysis. This reference aircraft, designed in the European
Project AGILE, is still used in the follow-up project AGILE 4.0, in which this research
activity is framed. The HTP configuration of this reference aircraft is indicated with the
ID1 in Table 1. The other three HTP configurations, reported in the same table, differ for
the choice of materials, manufacturing and assembly processes. The HTP configurations
1 and 3 are mainly made by aluminium while HTP configuration 2 and 4 mainly by

Table 1. Technology factors (TF) and their impact on the aircraft fuel
consumption.

TF_Drag TF_Weight Fuel Consumption Mass
HTP ID [] [-] lka]
1 1 0.85 4837
2 0.70 0.76 4785
3 0.99 0.84 4832
4 0.89 0.78 4783
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composite. Each HTP configuration exhibits different manufacturing and assembly
processes. The structural layout is instead assumed to be equal for all of them (Aviation,).

Once defined the manufacturing properties, as already explained in Section 3.1, a TF is
used to quantify the impact that these choices have on the product, i.e. aircraft, perfor-
mance. In this application case two technology factors, indicated in Table 1 as TF_Drag
and TF_Weight, are adopted to quantify the impact that materials, manufacturing and
assembly process has on the HTP performance, respectively on drag and weight. The
propagation of this impact at the aircraft level is performed by leveraging well-known
semi-empirical formulas (Raymer, 2012). In particular, the influence that different HTP
configurations, made by different manufacturing properties, has on the aircraft perfor-
mance is estimated in terms of fuel consumption in cruise, assumed as key technical
performance for the selection of commercial regional aircraft. The variation in fuel
consumption is also reported in Table 1.

In this way, the impact that manufacturing properties has on the aircraft performance
is estimated. However, as explained in Section 3.1, the manufacturing choices also
influence the supply chain domain through the production quantity. Based on the
competences of enterprises, thus on the skills they have in performing the selected
materials and processes, several supply chains can be generated by combining enterprises
in different ways. As shown in Table 2, 21 enterprises are involved in the production of
HTP configurations 1 and 2, while 16 for the HIP configurations 3 and 4. In this first
case, enterprises are combined in 12 different ways, thus generating 12 supply chains per
HTP configuration 1 and 2. In the second case, enterprises are only combined in 2 supply
chains for each HTP configuration 3 and 4. In total 28 supply chains are analysed for the
four HTP configurations. These supply chain options belong to different production
scenarios depending in which enterprise the HTP components are manufactured and/or
assembled. In fact, the same enterprise might have different production sites placed in
different part of the world and each enterprise can decide whatever to produce in its own
sites or supply to other enterprises. Three production scenarios can be identified:

¢ In-House (H): the HTP components manufacturing and assembly is performed in
one or multiple production sites of the same enterprise;

¢ In-House and Outsourced (H-O): the HTP components manufacturing and assem-
bly is performed in different sites of the same enterprise but also supplied to other
enterprises;

¢ Outsourced (O): the HTP components manufacturing and assembly is completely
supplied to other enterprises.

In each production scenario, multiple supply chains are involved, as reported in Table 2.
For instance, the number of supply chains involved in the production scenario ‘House’ is

Table 2. Supply chain assumptions for the production of HTP configurations.

HTP Number of Production Scenario
ID Number of Enterprises Supply Chains House House & Outsource Outsource Means of Transportation
1,2 21 12 3 5 4 Water, Railway, Air, Road

34 16 2 1 1 0 Water, Railway, Road
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three meaning that different production sites of the same enterprise are combined in the
three different ways.

Finally, the means of transportation are indicated in Table 2. As already mentioned,
enterprises are spread over the world. Therefore, HTP components have to be moved
from enterprises in which they are produced to enterprises in which they are assembled.
Means of transportation are classified in water, railway, air and road. Depending on the
geographic location of the enterprises involved in the supply chains, different means of
transportation are used. As shown in Table 2, all the means of transportation are involved
for the production and assembly of HTP configuration 1 and 2; air means of transporta-
tion are not used in the production and assembly of HTP configuration 3 and 4. With
these assumptions, the supply chain production cost, time, quality and risk are estimated
based on equations reported in Appendix A.

To conclude, assumptions related to the value model are specified. In this application
case, the fuel consumption is identified as important criteria for stakeholder to ‘value’ the
system together with the supply chain risk, time and quality. These criteria, following the
flowchart in Figure 1, are aggregated in the value through weights and utility functions.
Linear utility functions are assumed for all the attributes (criteria). Thus, decreasing
linear utility functions are used for risk, time and fuel consumption while increasing
linear utility function for quality. Instead, four simple but representative weight combi-
nations are analysed with the objective to also validate the proposed approach:

¢ Weight Combination I: fuel consumption has a not-null weight;
¢ Weight Combination II: time has a not-null weight;
e Weight Combination III: risk has a not-null weight;
e Weight Combination IV: all the attributes have the same weight.

The first three cases address scenarios in which only one criteria have a not-null weight.
In this case, the value can be identified with the specific attribute having a not-null
weight, thus respectively with the fuel consumption, time and risk. These cases allow to
easily verify and validate results since it is expected the value following the same trend as
the represented variables. Instead, in the last weight combination, all attributes have the
same weight, thus the same importance. Since no priority is applied to attributes, it is
expected to achieve intuitively comprehensive results.

4.2. Application case results

The value-cost solutions tradespaces, based on assumptions and weights combinations
explained in the previous section, are shown in Figure 2. In each value-driven tradespace,
colours refer to different HTP configurations, numbers to supply chains (different for
each HTP configuration), letters to production scenarios (In-House: H, In-House and
Outsourced: H-O, Outsourced: O).

The first tradespace in Figure 2a, refers to the weights combination I in which only the
fuel consumption has a not-null weight. As expected, the best solution (highest value) is
related to HTP 3, which is the one with the lowest fuel consumption (see Table 1). In this
case, the value follows the fuel consumption trend. In terms of production cost, instead,
for both HTP1 and HTP2, the solution 1 H is the one with the lowest cost. The solution 1
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H is related to a supply chain in which the production and assembly of all the HTP
components are performed at the same enterprise, specifically at the same site. The
enterprise involved in the supply chain 1 H of HTP1 is, however, different from the one
involved in the supply chain 1 H of HTP2 because of the different competences needed to
produce the specific HTP configuration. Nevertheless, in both cases solution 1 H mini-
mizes the production cost, especially the transportation cost, as expected. No other
information can be extracted from this tradespace in terms of quality, risk and time
since a null weight has been assigned to these attributes. Figures 2b,c instead, represent
value-driven design spaces in which solutions only account respectively for time and risk,
having all the other criteria a null weights. Thus, in this case, considerations on the aircraft
performance cannot be addressed. In both tradespaces, the best solution for each HTP
configuration is the alternative 1 H. As mentioned, this solution is related to a supply chain
in which the production and assembly of all the HTP components are performed at the
same site. Therefore, this alternative also minimizes production time and risk. Instead,
considering all the solutions of the tradespaces in Figures 2b,c, the alternative 1 H of HTP2
turns out to be the best one (highest value). The highest value in this case is related to the
enterprises involved in the supply chain 1 H of HTP2 which are different, for instance,
from the enterprises involved in the supply chain 1 H of HTP1 (very close in value). In
fact, as already explained, enterprises are selected based on the competences, thus on the
skills they have in producing the selected materials and processes for the HTP compo-
nents. Enterprises involved in the supply chain 1 H of HTP2 have higher competences
than enterprises selected for the production of other HTP configuration and consequently,
lower production time and risk and thus higher value. Finally, Figure 2d shows the value-
cost tradespace when the same weight is assigned to all the attributes. In this case, multiple
criteria are aggregated in the value, particularly the fuel consumption and the production
risk, quality and time. As consequence, the best solution (highest value) is the one
representing a good compromise in terms of low risk, time and fuel consumption but
high quality, as required from stakeholder through utility functions. In this case, the
solution with the best value turns to be again the alternative 1 H of HTP2. However, in
this case both aircraft and supply chain performance are involved. As discussed, supply
chain 1 H is the one minimizing production cost, risk and time. This could justify the
highest value of this solution if fuel consumption was not considered. Instead, also the fuel
consumption is aggregated in the value and the HTP2 configuration is not the one with
lowest fuel consumption, which is instead the HTP3 (see Table 1). Despite that, without
any priority in weights, being all the attributes aggregating in the value with the same
weight, the best solution (highest value) is still the 1 H of HTP2 because the delta value due
to the different fuel consumptions of HTP2 and HTP3 is lower with respect to the delta
value generating by the production time, risk and quality. Thus, even if the HTP2 is not
the one with lowest fuel consumption, the alternative 1 H-HTP2 is still the one with
highest value because of better production time, risk and quality also aggregated in value.
Similarly, in the value-cost tradespace of Figure 2d, the alternative 1 H of HTP1 has a slight
difference in value with respect to the alternative 1 H of HTP2 due to the difference in fuel
consumption between the two HTP configurations. In this way, the assessment of produc-
tion performance is part of the results of the solutions tradespace exploration since the
design phase.
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5. Discussion

To drastically reduce the production cost of complex products, like the aeronautical
system, criteria influencing stakeholder’s perceived system value have to be clearly
identified since the early stage of product design (Yao & Askin 2019). This research
activity proposes a methodology aiming at concurrent coupling manufacturing and
supply chain in the early development stage of aeronautical system by leveraging the
MAUT value model. In this way, the assessment of production parameters (man-
ufacturing and supply chain) is part of the results of the tradespace exploration
rather than a complete analysis performed after the design phase. From the value
perspective, the development of a new value model is not a target of this research
activity which, instead, applies the MAUT value model in the aeronautical frame.
This value-model theory, applied under the assumptions of linear utility functions
and same weights for all the criteria, proved to be useful for the concurrent
coupling of multiple domains, simplifying the identification of the best solution
(highest value) when multiple criteria have to be considered. However, not-linear
utility functions can be further explored to better model how stakeholder value the
system based on criteria stated as important while deciding for future aircraft
configurations. This activity, not covered here, lead to introduce uncertainties
propagation in the value model estimation, thus on the weights and utility functions
used to quantify stakeholder’ expectations with respect to each criteria.
Uncertainties could be also considered upstream in the approach, for instance in
the supply chain assumptions, to check the behavior of the supply chain perfor-
mance (Alinaghian & Goli, 2017; Sahu et al., 2018).

From the perspective of the concurrent engineering, instead, this work aims at
formalizing the contents and links between the three domains of manufacturing,
supply chain and product design. At this stage, in which the supply chain domain
has been modelled starting from sketches, capturing the tacit knowledge from the
specialists and translating them into a simple but still representative model has been
already an achievement (see Appendix A for the proposed supply chain model).
However, more sophisticated models can be adopted and integrated in this approach
to consider aspects, mainly related to the supply chain management, not covered yet
(de Mello et al., 2020; Goli & Keshavarz, 2022; Wang et al., 2020). An example is the
enhancement of the cost model to account for non-recurring cost when many
components have to be produced. For the implementation and automatic execution
of the approach, python-based codes implement the equations behind domains and
value model; while CPACS, MDAx and RCE have been used, respectively, to allow
the exchange of information among tools, set-up and execute the toolchains. The
execution of the proposed approach allows to automatically evaluate the stakeholder’
perceived value system and perform strategic trade-off studies since the early stage
of aircraft design. The approach is applied to an aeronautical component, the
horizontal tail plane, and validate considering simple but representative cases. The
same approach can be used to design another aircraft component updating the
database of materials, processes and enterprises. The application of the same
approach in a context different from the aeronautical one, might be possible but
a limitation in the use of CPACS is foreseen from the implementation perspective.
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Concluding, the approach aims at exploring the value-driven solutions design
space without claiming at identifying the optimal alternative. Underway activities
intent to integrate optimization algorithms in the proposed approach to find the
optimal solution that simultaneously accounts for aircraft and production
performance.

6. Implication

The concurrent engineering, well-established in aerospace and automotive sectors, lack
of applications in the aeronautical context. The stringent lead time and/or the higher
production rate of space or automotive systems might be one of the reason. However, the
market changes and the need to satisfy increasing stringent societal requirements are
pushing, nowadays, aeronautical companies to change their strategies and consider
production assessment in the design phase to create robust and efficient supply chains
to ensure leadership in the market (Horng, 2006; Rose-Anderssen et al., 2009). The value-
dirven concurrent approach proposed in this research activity meets these industrial
needs.

The original equipment manufacturers (OEMs) responsible for the design, manufac-
turing and assembly of the whole aircraft, can leverage the approach to strategically
define and assess the production plan, i.e. make or buy, while the product is still under
design. This leads to OEMs the advantages of exploring all the scenarios of interest and
decide, at the same time, for a performant but also competitive aeronautical system.
OEMs can also leverage the proposed value-driven approach to easily communicate to
their stakeholders the system design that best meets their needs based on the multiple
criteria they use to ‘value’ the system.

From the perspective of a Tier I supplier, medium aeronautical companies responsible
for the manufacturing and assembly of aircraft components, the approach can be
leveraged to investigate about their role in the supply chain and increase the value of
their product for the OEMs to boost for a longer and robust relationship. At the same
time, these companies can also leverage the proposed approach as OEMs do, to strate-
gically decide whether to outsource production to other small companies, i.e. Tier II
supplier, therefore responsible for the manufacturing and assembly of aircraft sub-
components. The reasoning applies iteratively to all companies involved in the supply
chain.

Other benefits related to a reduction in lead time and overall cost are foressen. The
assessment of production performance, thus manufacturing and supply chain, is part of
the results of the solutions tradespace exploration rather than further steps performed
after the design phase. Therefore, changes in the product design due to production, main
cause of product cost increase in a traditional sequential approach, can be easily
accounted and predicted by leveraging the proposed value-driven approach. These
benefits, however, are not quantified in this research activity.

7. Conclusions

The current societal needs lead today’s market to demand for increasing innovative,
sustainable and circular aeronautical systems. New criteria have to be considered in
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the early design phase to make decisions on future product configurations and
drastically reduce the production cost of the product under design. To satisfy this
new trend, many research studies attempt to include manufacturing or supply chain
aspects in the early stage of product design. However, a gap in the aeronautical
context is still open in a formalized description and application of methodologies
enabling the concurrent coupling of multiple domains. In this frame, this research
activity proposes a new value-driven approach concurrent coupling manufacturing,
supply chain and overall aircraft design domains in the early design stage by lever-
aging the MAUT value model.
The main contribution of this research activitiy can be summarized as:

e Formalization of a value-driven concurrent approach through the definition of
domains contents and links to automatically estimate the stakeholder’s perceived
value system based on criteria related to the design, manufacturing and supply
chain;

¢ Implementation and automatically execution of such value-driven approch in the
aeronautical context to demonstrate the advantages in considering the production
performance (manufacturing and supply chain) as part of the results of the trade-
space exploration rather than a complete analysis performed after the design phase,
as traditionally done.

This approach meets the industrial needs: it allows OEMs to take strategic decisions in
the early product design stage and easily communicate the best design alternative to
stakeholders; from the suppliers perspective, the approach can be used to improve the
value of their products and create strong partnership with OEMs.

The application of the proposed approach is however limited to design, manufactur-
ing and supply chain of an already-existing product. Further studies are strongly recom-
mended to investigate how this approach can be adapted for the design of new products.
Other activities can advance the proposed value-driven approach. Simple models of
manufacturing, design and supply chain domains have been adopted to formalize the
approach. More advanced models can be exploited, especially for the supply chain
management, to account for aspects not covered yet. In addition, optimization algo-
rithms can be introduced with the objective to identify the optimum solution simulta-
neously accounting for manufacturing, supply chain and design variables. Concluding,
uncertainty propagation can be introduced in the approach to analyze the solutions
design space behavior and indetify the robust solution.
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Appendix A: Supply Chain Model

Indicating with SC the production cost, time, quality and risk at the supply chain level, the
estimation of these production performance is proposed as sum of three contributions (fixed,
manufacturing, transportation):

Costyc= Costfixed+COStmanufacturing +COSttransportation (1)
Times.= Timefyed+Timemanufacturing+TiMeransportation (2)
Risks.= Riskfixed+ RiSkmanufacturing + RiSktransportation (3)
Qualityg.= Qualityp, 4 +Quality, ., facruring (4)

The first addend (_fixed) of these formulas depends on the fixed production time, cost, quality and
risk of each enterprise as well as on the production quantity that each enterprise has to perform.
Considering a supply chain made of n enterprises, the fixed production performance at the supply
chain level is evaluated as:
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n n
Costpiyed= H Costex qj Timefxed = H Time X qj
j=1 j=1

(5)

n n
Riskiea= ] | Riskex gy, Qualityq= | [ Quality, x q;,
j=1 j=1

in which:

® Coste,, Time, Risk,;, QualityeJ indicates respectively the fixed production cost, time, risk and
quality of each enterprise depending on aspects strictly related to the enterprises (e.g. energy
fees related to the geographic location)

® G is the PQ of the component i manufactured/assembled by the enterprise e;.

The second addend (_manufacturing), instead, depends on the enterprise’s competences,
thus on the skills that each enterprise has in performing a selected manufacturing and
assembly process. For simplicity, a linear approach has been here adopted. Thus, higher is
the enterprise competence, higher is the quality, while lower are the production cost, time
and risk. In this way, the manufacturing cost, time, quality and risk are estimated for the
individual enterprise. Then, the manufacturing performance at the supply chain level are
simply calculated as their average. The following formulas are used considering
n enterprises:

Costyig= Z Costpmisg_j/n Timeyig= Z Timep_j/n
=0 =0
N R (6)
Riskyig = »  Riskyig_j/n Qualityy = > Qualityyy ;/n
=0 =0

in which:

® Cost, Time, Risk, Quality, ; respectively indicate the manufacturing cost, time, risk and
quality of each enterprise linearly depending on the its own competence (higher is the
competence, higher is quality, lower are cost, risk and time)

Finally, the third addend (_transportation) considers the cost, time, and risk necessary to transport
goods from the production sites, in which manufacturing processes are performed, to the assembly
sites, in which components are aggregated. In the model, four different means of transportation
are considered: road (r), railway (rl), air (a) and water (w). Since different means of transportation
can be used for the same route, in the supply chain domain the here-after formulas are integrated:
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COSttransportation: Z (COSt( Z de,“eixwg)) g=r, T’l, a, w;
g ji

i=1, .., mj=1,.,
k
Timetransportationzz (Time(zdej,eixwg)) g =T, rlv a, w;
g

jii

i=1, .., n;j: 1, ..., )
k
RiSktransportation: Z (RISk( Z del,eixwg)) g=r, Fl, a, w;

g jil
i=1, .., mj=1,..,
k

in which:

® d. . is the distance between the production site i and the assembly site j, estimated by using the
Haversine formula (IGISMAP, 2022)

® grepresents the means of transportation adopted: road, railway, water and air;

® w, is the percentage of path carried out by the selected transportation mode

® Cost, Time, Risk( ) _ d, ¢, xwy) are respectively the cost, time and risk to transport goods from
production site i tbthe assembly site j using the mean of transportation g, estimated by using
linearized literature models (Elizalde, 2012; Mathisen et al., 2015).

Appendix B: Value Model

Several techniques can be used to support decision-makers in formalizing their value structure
(Gonzalez & Wu 1999). In this approach, the Multi Attribute Utility (MAU) value model is used
(Keeney & Howard, 1993; Ross et al., 2005):

N
value = Z LU(X;) (8)
i1

In which:
® N is the number of attributes;

e U (X;) is the single attribute utility function;
e ), is the weight associate with attributes X;:

N
O</11<1:Z/\i:1 ©))
i=1
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