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Abstract:

Product architectures are often designed as evolutions or modifications of existing product platforms by adding new
functionalities. However, there is still a limited ability to simultaneously modify the functions and the physical elements
of a system (and the corresponding links between them). These relationships, which are usually static, limit the ability
to discover new architectures, as well as to analyse architectures by simulation. In this paper, we demonstrate how DSMs
can be connected to function-means models to enable 1) the simultaneous modification of functions, solutions and links
of a product’s architecture and 2) the ability to export multiple DSMs from function models to use in simulations of
non-functional properties of a product’s architecture (e.g., supply chain resilience) in digital design experiments. The
initially identified multiple instances of architectures can be exported and communicated with other simulation and
analysis tools, thereby enriching existing models with additional and more detailed information.
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1 Introduction

A green and sustainable future of air transport has led manufacturers to look for radically new solutions. In Europe alone,
many such demonstration programs are already in their advanced stages (Clean Sky, 2020) yet, even more disruptive
technologies are expected to emerge to achieve the sustainability goals. Manufacturers are investing in new engine
concepts which play a majorrole in determining the sustainability impact of an aircraft. For instance, radically new
engineering approaches are being explored in projects related to Open Rotor, Hybrid-Electric and Full Electric aircraft
engines (Zaporozhetset al., 2020). Such approaches, however, have brought new sets of challenges. Despite the benefits
in terms of, for example, CO2 reduction, these new configurations are much debated in terms of their architectural
challenges. Such alternative engine concepts, therefore, will require new architectures and arrangements where
multidisciplinary studies will need to be conducted on a wider range of variations in the concepts. Furthermore,
sustainability being a multidimensional problem will require life cycle behaviour, natural resource utilisation and social
impact to be included in any such studies.

For new engine architectures, the challenges for conductingthese multidisciplinary studies are twofold. Firstly, these new
architectures often establish new linkages with other parts of the system. For example, Open Rotor architectures have
shown to present integration challenges both within the engines and to the aircrafts, stemming from nearly twice the
diameter compared to current turbofans with uncontained rotorblades (SAFRAN, 2019). Stepping into an aircraft engine,
the capacity to adapt to e-system design and its operative conditions sets the focus on reliability and resilient design
solutions. Secondly, even if a promising technology is chosen during design, the ability to optimize and balance it with
other design objectives is not readily available (Isaksson et al., 2021). The consequence is a risk that the final design
becomes highly sensitive to change and variation in loads and modifications at later phases. To develop a product solution
thatis less sensitive to evolving and changing conditions (loads, design modifications, material changes), there is a need
to consider the product’s sensitivity to such changes during the design phases. Identification of failure modes not only
from a performance perspective but also from a life cycle and sustainability perspective drives the need to understand and
represent non-physical phenomena too. At present, design conditions are often assumed to be nominaland deterministic,
and the ability to conduct probabilistic design studies are limited to laterphases of development (Shergadwala etal.,2018).
Further, the ability to quantitatively assess a design range of conceptual solutions, for instance, through Digital

Experiments requires a high degree of automation to generate and analyse the many concepts in parallel.

Design Structure Matrix (DSM) based methods have been used effectively for several years to capture the relationships
between elements (Browning, 2015) and to capture the degree of “invasiveness” when a new technology is introduced in
anew system (Suh etal, 2010). Further, DSMs have also been used where it is difficult to obtain detailed data to quantify
the non-functional properties of a design, such asrisk or development process efficiency, especially in a preliminary design
stage (Raudbergetet al.,, 2014). Similarly, information extracted from DSMs have been used to run probabilistic methods
such as the Change Propagation Method (Clarkson et al, 2004), which deals with predicting the susceptibility of
components or subsystems to changes through multiple routes and the likelihood of propagation occurring at each such
step. An approach towards the problem of generating radically new architectures as discussed previously could include
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running the aforementioned methods “in batch” formany different architectures and systems. this, however, would require
new automation capabilities to be used at the DSM level.

At the same time, it is likely that new functionality and associated technologies will need to be integrated into new
engine/aircraft arrangements, e.g., for cooling, shielding, controlled leakage and so forth. While DSMs are powerful
representations of the connections between the physical elements of a system, they often do not contain information on
the underlying design intentand rationale of a component or sub-system i.e., its underlying function (Miiller et al., 2020).
Often, this information is captured in other types of representations, such as function-means (F-M) models (Johannesson
& Claesson,.2005). This static connection between F-M and DSM representations limits the ability to discover new
architectures, as well as to analyse architectures by simulation. This is particularly relevant for products that are often
designed as evolutions or modifications of existing product platforms by adding new functionalities, following a product
platforms approach (Muffatto & Roveda, 2000).

These relationships, which are usually static, limit the ability to discover new architectures, aswell asto analyse existing
and new architectures by simulation. In this paper, we demonstrate how DSMs can be connected to function-means models
to enable 1) the simultaneous modification of functions, solutions and links ofa product’s architecture and 2) the ability
to export multiple DSMs from function models to use in simulations of non-functional properties of a product’s
architecture. Examples of such simulations could include supply chain resilience in digital design experiments. The
benefits of the presented approach include the utilisation of historic data and DSM models that pre-exist in literature (and
in previous projects within an organisation) and also to support a simulation-led architecture discovery methodology.In
other words, the initially identified multiple instances of architectures can be exported and communicated with other
simulation and analysis tools, thereby enriching existing models with additional and more detailed information.

2 Background

According to Ulrich & Eppinger (2011), a product architecture is “the scheme by which the functional elements of a
product are arranged into physical chunks and by which the chunks interact”. Depending on the ways this scheme is set
up, the architecture can be classified into different types, for example, integral, bus or modular (Ulrich, 1995). This paper
focuses on the alteration of an architecture independently of its type. Based on the definition by Ulrich & Eppinger (2011),
this paper argues that changing any aspects of the arrangement or the interaction is essentially altering the architecture.

The design of a product architecture distinguishes two processes: architecture definition and architecture analysis (Ulrich,
1995). To support the definition of an architecture, function modellinghas widely been adopted in industry, and its benefits
have been discussed in the research literature (Eisenbart & Kleinsmann, 2017). Popular techniques for functional
modelling are the Function Block Diagramming (FBD) and the Function Analysis System Technique (FAST). However,
a limitation of these approaches is that they do not allow for the representation of design solutions and functions in the
same model. Furthermore, these techniques do not allow the representation of architecturalinnovations where the functions
and the solutions remain the same, but where the linkages are changed. For these reasonsnovel approaches of conducting
function modelling have been proposed. This paperfocuses on the application of the Enhanced Function-Means (EF-M)
modelling method (Schachinger & Johannesson, 2000; Miiller et al.,, 2019), which has been demonstrated in product
platform modelling and design (e.g., Raudberget et al., 2014). The method is described in the next session.

2.1 The Enhanced Function-Means Modeling method

The EF-M model (Schachinger & Johannesson, 2000; Miiller et al., 2019) enables the representation of both functions,
solutions and interactions in the same model. The EF-M is a graphical representation of the different items (e.g.,
components or features) and their governing criteria (functions or constraints) that constitute a complex product. Both
items and criteria are modelled as objects. Different relations are used to model how different objects are linked to each
other. The objects used are:

. Functional requirements (FR): contain information about the functions that the system, shall provide — i.e.
what the system and its subsystems should do.
. Design Solutions (DS): are the engineering solutions — or ‘functionalfeatures’—that provide the functionality

required by the Frs. The DSs are also defined as the parameters that describe the bandwidth of the physical
characteristics of the system.

. Constraints (C): that limit the available solution space in any way. ie. what are the solutions that can be
allowed. Constraints are also defined with parametersthat describe the bandwidth within which they can be
applied.

The EF-M modelling approach organizes the relations between FRs, DSs and Cs in the same hierarchical model. EF-M
follows a representation where only one DS solves one FR with cardinality 1:1 (a design principle referred to as the
independence axiom (Suh, 1990)). This DS is in turn decomposed into two or more FRs. Each FR hasone corresponding
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DS attached to each of them. For the case of alternative design solutions, an FR canbe realised by only one DS ata time,
(Figure 2). As such, the E-FM can represent a family of alternative solutions. EF-M connects these objects according to
six different types of relations:

. an FR is_solved by (isb) a DP;

. a DS is_constrained by (icb) a C;

. a DS requires_functions (rf) FRs on the next lower hierarchical level;

. a Cis_partly_met_by (ipmb) DSs on the next lower hierarchical level;

. parallel solution DSs interacts_with (iw) each other;

. the fulfilment of an FR is_infuenced by (iib) the choice of a parallel solution (DS).

The basic structure of an EF-M model, i.e. the objects and relations constituting the tree, is shown in Figure 1.
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Figure 1. Basic structure of an Enhanced Functions-Means (EF-M) model. Adapted from Levandowski et al. (2014) and Muller
(2020).

Itis vitalto note thatthis is a generic step —allowing alternative architecturesto be defined and evaluated from genuinely
early phases, where quite limited information is available about the forthcomingsystem. The generic naturealso applies
in situations where more and richer information about an architecture exists.

The analysis of the defined architectures often focuses on analysing the degree of coupling or modularity (Holttd-Otto et
al,, 2012). This is because at this stage no detailed model of the architecture is available. Therefore, analysis methods
based on Design Structure Matrices (DSMs) are helpful and effective at this stage, such as the Change Propagation Method
(CPM: Clarkson et al,, 2004). In this context, the EF-M method also supportsthe extraction of a DSM from the function

model, which can be used for architecture analysis.

One limitation of function models and DSMs, independently from the techniques used, is that they do not allow the
assessment of product dimensions (e.g., weight, drag) that would require representations with a higher degree of maturity
(e.g., Computer Aided Design, CAD) from which simulations (e.g., from Finite Element Analysis, FEM) can be run.
Recentresearch (Isakssonetal, 2021)has focused on connecting function models with geometry models, extending current
Design Automation (DA) and Knowledge-Based Engineering (KBE) techniques. The next section focuses on reviewing
such techniques.

3 Overall Methodology

The proposed methodology is shown in Figure 2, and leverages automation approachesapplied at both functionalas well
asatthe DSM level. To implement the methodology, the semi-automatic connection between two different enabling tools

have been focused upon: Enhanced-Function Means Modeler and Cambridge Advanced Modeler (CAM).
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Figure 2. The overall methodology for functionally driven explorative design experiments of DSMs.

The approach starts by considering two situations:

1. There are DSM modelsthat exist in the literature or in previous projects within an organisation. This is typicalin
many platform-based organizationsthatevolve their product through functionalenhancements. In this case, it is
possible to create an EF-M tree from these DSMs, through the addition of function-based information (called
function-based DSMs).

2. There are no pre-existing DSMs. This is typicalfora completely new system. In this case, the EF-M tree is built
by capturing and considering the new desirable new functionalities, technologies and new architectures.

This modelling activity automatically generates a series of Design Structure Matrices as (DSMs) which represent all
conceptual combinations of design concepts. These analyses effectively perform a quantified risk assessment through
CPM (Change Propagation Method) using CAM. Inthe approach, it is intended touse the DSM/CPM analysis to inform
back the EF-M model, through the addition of new constraints or update the current constraints. For example, the CPM
analysis may reveal which components are influential and change propagators, and others to be the most susceptible
receivers of change. This information can be used to add “constraints” to the EF-M model, so that designers can think of
alternative ways of designing the component, so that the resulting system is less susceptible to change.

To illustrate the application of the proposed methodology,an industrial caseis presented. A turbine rear structure (TRS)
(see Figure 3)is an aerospace component located in the rear end of a jet engine.

Figure 3. Basic structure of an Enhanced Functions-Means (EF-M) model. Adapted from Levandowski et al. (2014) and Muller
(2020).

The TRS hasa range of functionalcriteria from various fields of engineering. They must be able to withstand significant
thermaland structuralloads. Additionally, to optimize fuel efficiency, they must be as light and aerodynamic as possible.
These functional criteria must be balanced to obtain an optimal design.

3.1 Manually create EF-M trees — in the case DSMs are not already available
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Previous studies on architectural modelling (e.g., Jiao et al., 2007) have focused on modular products where there is a
clear separation between the physical components. Also, in modular products, it is rather intuitive to associate each
component with its underlying function. The TRS represents instead the case of a highly integrated product, meaning that
all required functions are satisfied by a single, monolithic component (Raja etal. 2019). Therefore, EF-M modelling has
been used to separate the elements of the system in order to identify the elements of this single monolithic component
which contribute to satisfying the product’s functions. Figure 4 shows how the EF-M technique has been used to represent
functions, solutions and interactions between them.
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Figure 4. EF-M modelling of TRS and screenshot of the tree view in the tool, FR = functional requirement, DS = design solution.

For example, the upperleft part of Figure 4 shows how the outer structure of the TRS fulfils two functions: ’Contain failed
turbine parts’ (solved by using the outer structure as a barrier) and "Maintain structural Integrity’ (solved with the actual
outer structure). These two solutions present many interactions with other parts of the TRS (shown as red arcs in Figure
4). For example,a change in the diameter of the outer structure implies a change in the vane length (the grey partsin the
TRS CAD modelin Figure 4). However, the vaneis not directly attached tothe outer structure. This ’attach’ function is
solved in this TRS using 'mounting stumps’ (the green parts in the TRS CAD model in Figure 4) in order to facilitate the
vane attachment through welding. the EF-M model can support the representation of secondary effects between design
solutions. For example, changing the number of vanes and the lean angles will change the number and the geometry of
the mounting stumps, which in turn impact the performance of the outer circumferential structure (and its ability to actas
a ‘barrier’ to contain failed parts). At the same time, these changes impact the welding time and welding performances.

The lower partof Figure 4 shows a screenshot of the EF-M modeller where these functions and solutions, through a web
editor. The web application has been created by using a Python language to connect a database (using a Django Web
Framework, https://www.djangoproject.com/) to a Web interface developed usingthe HTML coding language.

3.2 Automatically create EF-M Tree from existing DSMs

In the case existing DSMs are available from previous products (or from literature), the EF-M modeller allows to import
a DSM, which is to be used asa reference system to create an EF-M tree. This is done by uploading three different Excel
spreadsheets (in a single file), that must be named exactly as follows:

e 'FR-FR’: This sheet containsa DSM-like structure that sets the function structure (i.e., parent and child function
tree)
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e 'FR-DS’: This is a diagonal matrix thatlinks each DS to the corresponding FR. The FRs in the rows are parents
to the DSs in the columns. This matrix can be created by reverse engineering an existing DSM (e.g. interviewing
engineers about the functions behind each component of the DSM).

e 'DS-DS’: This sheet contains the existing DSM.

The three sheets containingthe respective DSMs must not contain otherdata in the cells. Imagesand colouring of the cells
(and other cosmetic formatting) are allowed on these sheets since they are ignored during the import. The DSMs canbe
placed anywhere on the sheet (i.e., does nothavetobe alongthe edges of the sheet). The connections in the DSMs can be
indicated using whatever symbol or symbols the user wants. The program looks for non-empty cells when looking for
connections. Therefore, it is important for the user to ensure thatthe empty cells really are empty. The project is named
after the top-level DS.

3.3 Add new functions and solutions to EF-M trees

The EF-M tree of a TRS was modelled the EF-M modeller, and new functions and design solutions were implemented.
This implementation is visualized in the lower part of Figure 5.

1
Ds § + ()
Cooling System

DS LI DS L DS &
Cooling Medium piping system Condenser

- /

Figure 5. In the lower part, new functions and solutions are implemented in the EF-M modeller. In the upper part, a section of the
“cooling system” DS is shown.

The tool supports three different ways to modify a product architecture:

1. Finding new design solutions that fulfil the same function (Olvander et al., 2009): for example, a mechanical
steering system fulfils the function of allowing the vehicle to follow a desired course. An electro-mechanical
steering can be introduced to fulfil the same function, although arguably at a higher level of precision.

2. Introducing a new function which leads to a new technical solution (Gilain et al., 2019): For example, the
Electronic Stability Control (ESC) system in a car allows the introduction of a new function - detecting a loss of
steering control by the driver and automatically applying the brakes to support the steering of the vehicle.

3. Keeping the same technicalsolutions but changing the interactions and links between them: This way is referred
to as 'architectural innovation' (Henderson & Clark, 1990). One example of an aerospace component is 'heat
shields fairings'. Normally, a vane in a component fulfils both a guiding flow function and a carrying load
function. The innovation in a fairing is to separate the links between these two functions, which leadsto a solution
for guiding flow (vane) and the carrying load function (strut).

In this particular case study, to the original TRS Architecture were added:

e I new DS as an alternative for the FR of ‘maintain structural integrity’is shown in Figure 4.
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e 1 new FR ‘Minimize the bending moment in the mounting system’ with a new DS associated
e 1 new FR to ‘Attach the TRS to connecting component’ with 4 alternative DS
e 1 new FR to ‘Minimise heat exchange between gas and material’ with 3 alternative DS.

This last FR is of interest for the context of this paper, as it can highlight how this modelling activity can allow the
inclusions of DSs of multi-technological nature. Being a static component,a TRS hasbeen historically made of mechanical
solutions leveraging the acrodynamic and structural properties of materialand geometries. For this new FR instead, new
multi-technological solutions are added.

One of these solutions is shown in the upper part of Figure 5.Itis a “cooling system” made out of a cooling medium, a
piping system, a condenser, a pump and a return pipe. Compared to traditional solutions, this DS leverages mechanical
elements combined with hydraulic solutions. These are shown in the upperpart of Figure 5 asred links for the mechanical
dependencies, and as blue elements for hydraulic (or fluidic connections).

This modelling activity performed on the EF-M tree enablesto increase the level of innovation introduced in the system,
ad solutions of different nature can be introduced and compared.

3.4 Automatically batch export DSMs from EF-M Tree and batch import DSMs in CAM

The EF-M tree modelling activity of the TRS generated 48 different concepts, which are the combinatorial sum of the
different FR and DS added (i.e., 1 “reference” TRS x 2 DS for the structural integrity function x 2 DS for the bending
moment X4 DS forthe function of attachingto connectingcomponent x 3 DS forthe minimizing heat exchange function).

The generated DSMs can be automatically extracted from the EF-M modeller either one-by-one, or in batch. At the same
time, the generated DSMs can be imported in CAM, from one file per DSM, asshown in Figure 6. The analysesthat CAM

offer, for instance, CPM, can then be run on the workbooks containing the DSMs of the concepts.

‘,/B\ [ | B (] B | | 1780/ 7 2820, 17 treads . 0 ements, P3 DA4/4/00 - ASM SR/
| Home | view

lhil‘mﬁalﬁ.@x lﬂﬁlmﬂbal‘?ﬂ

New Save Sav Paste  Copy Properties ASM DSM 7 Export mm Oniine  GotoCAM  About
et priet projct  project For Clotion  Cototton Calleion oo updale  web page
File

Gipboard insent Export/import Hep

7 |fif Coliestions (5]

Collection
Turbine e —_—

| |
N

N
Pl
=

=

o~ ——— &

4

Figure 6. The user interface of CAM, with some of the workbooks containing the 48 exported DSMs, which have all been imported in
batch.

CAM developed a dedicated functionality that allowed multiple .csv files to be imported at the same time. This allows

users to run CPM analysis of multiple architectural alternatives at the same time.

3.5 Run Design of Experiments-driven risk quantification in CAM

As anexample of a previously conducted small design study, eight alternative concepts were represented as DSM’s, where
the dependencies also carried likelihood and impact properties on each connection. Each concept, exported from E-FM to
DSM was imported in CAM for CPM analysis. The Change Propagation Method in CAM (Clarkson et al,, 2004)is a
DSM-based numerical approach forpredicting and analyzinghow changesare likely to propagate through a system. The
combined risk values are computed (Risk = Likelihood*Impact) and analyzed in the In/Out risk portfolio (Keller et al.,
2009). This allows differentiatingbetween change propagation absorbers and multipliers. Figure 7 shows the sequence for
change propagation based on CPM.
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Figure 7. DSM from E FM run in Change Propagation and visualized in In/Out Risk portfolio

The designer can thusdisplay the risk profile for multiple conceptsand benefit from the automated export of DSMs and
execution of propagation analysis. In the case above, the “piping system” was found to be the most influential initiator
whereas the “mounting rim in outer ring” was the most susceptible receiver.
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Figure 8. DSM from E FM run in Change Propagation and visualized in In/Out Risk portfolio
The designers were able to first understand the criticality of components using CPM, whereafter the effect of design
solutions thatreduce likelihood can be assessed. Evidently, introducing dampingdesigns on the piping system could bea
good strategy to improve robustness and resilience of the product. Figure shows the impact on the overall behaviour of
the selected architecture when the likelihood of change of the piping system is reduced, keeping the impact of the change
the same. Although all other components of the architecture maintain the same likelihood and impact values, it is noticeable
that most propagation multipliers have improved behaviour.

3.6 Update EF-M Tree with Constraints and New FRs coming from the DSM/CPM analysis

Using CPM, the criticality of components in terms of risk of change - such as the piping system - has been highlighted.
The DSM/CPM analysis results are used to inform back the EF-M model and add new constraints or update the current
constraints. As reported in the background section, constraints are properties that in any way constrain the available

solution space. i.e., what solutions can be allowed.

Since the CPM has highlighted how the piping system is the component that most propagates change, this can mean that
the design ofthe piping system needs to be prioritized since the early stages, and carefully optimized. In other words, this
component needs to be designed and “frozen” ratherearly in the process, asits change during the design process can imply
changes to other components of the system.

Engineers can then ask what is the cause of changing the piping system (e.g., the fluid losses, which are directly connected
to the diameter of the pipes). Therefore, a constraint on the pipe's diametercan be captured onthe EF-M tree (Figure 9).
This information can enable designers to understand which components need to be “frozen” early in the design stages, and
also which components can be instead subject to modifications further down in the process. For example, the analysis in
CPM has highlighted how the “mounting rim” is less susceptible to change (Figure 7). For engineers, this meansthat the
design of this component can be “frozen” late in the design phases, asits changeit is not going to affect otherpartsofthe
system. In the EF-M tree, this could result in a relaxation of the constraints connected to the mounting rim, in a process
similar to that applied by Borgue at al. (2019).
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Figure 9. Update of EF-M constraints after running the CPM analysis.

Discussion and conclusion

In this paper, an automation approach to connect DSMs to function-means models has been presented. Automaticaly
importing and exporting DSMs for different functionally defined concepts can be useful to enable the configuration of
digital experiments in an automated fashion.

Automated and parametric design studies are already well established for later design phases, where design embodiment
(e.g., a parametric CAD model) is available (Amadoriet al., 2012). This enables the exploitation of design automation for
the pre-embodiment phases (Pourtalebi & Horvath,2016) as well.

Additionally, automatically exporting DSMs “in batch” allows quantified assessment of risk using tools such as CPM,
complimenting traditional simulation techniques (e.g., to assess aerodynamics and mechanical performances) with the

assessment of non-functional and non-geometrical properties of a design, such as susceptivity to change.

The ability of CPM to be used to inform the EF-M back, enables designers to resolve and consider “constraints” during
the design activity, fostering continuous improvement and faster design iterations. The ability to capture feasibility and
manufacturability constraints from physicaltesting activities hasbeen explored in previous research (Borgue et al., 2019).
This paper extends previous work by including “constraints” related to the design process itself, such as change

propagation risks and supply chain resilience.

There are some aspects of the proposed methodology that deserve attention and future work. For example, the connection
between the EF-M modeller and CAM is still semi-automatic. The DSMs need to be exported in batch as a zip file
containing the DSMs as csv files, which are subsequently imported in CAM in batch through the same zip file. These
connections will be made completely automatic in the future. From a methodologicalstandpoint, other investigations are
ongoing, which are looking into ways to include the ability to configure the digital experiments directly from the EF-M
tree, for example by configuring a DoE with the likelihood and impact values to be communicated to CAM to run the
CPM algorithm.

Conclusion

The value of a productistypically determined by how well the expected functions can be met. Furthera product is typically
comprised of sub-systems and components, the behaviour of which can be expressed by their interdependencies in DSMs.
The presented work demonstrates how DSMs and EF-M models can be connected, which thereby enables designers to
conduct various analyses on them. Such analyses include using change propagation assessment for risk and robustness
analyses. Further, updates on the EF-M model can be carried out to evolve functional features and/or to design and
therefore refine sub-solutions and their corresponding interrelations. It was also demonstrated thatan automated expot-
import capability enables many design alternatives to be explored. It is therefore suggested that the demonstrated capability
offers significantly improved design capacity,by an improved integration of functional design (using EF-M) and discrete
analyses (using DSM). The design case of a structural jet engine component wasused to show how design insights were
gained and how they were used to improve the design accordingly.
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