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Abstract. This paper presents a set-based approach to use functional models for
platform concept development to identify feasible modules at early design stages.
The concepts are defined using functional requirements, design solutions and their
interconnections. These models are then encapsulated into functional modules
through clustering of Design Structure Matrixes (DSM). A metric is introduced to
quantify the ability to modularize a certain concept, which may be used to assess
and eliminate inferior concepts. The approach is illustrated using a case study from
the aerospace industry. The result shows that modules can be identified by
clustering of the functional structure. This has an integral effect on early division
of work, possibility to design reuse, etc. The ability to modularize a specific
concept The case study also shows that, despite of the traditionally integrated
character of the product studied, it is possible to identify functional modules for
reuse in a platform.
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Introduction

Modern products are significantly more complex than their predecessors. As this
complexity is introduced, the developing companies are challenged to manage it in
their design processes and organization. This is often solved by dividing the product
architecture into manageable chunks, or modules, and dedicate specialized competence
to each module. These modules can be developed in concurrency, as long as the
interfaces between them are maintained. In product platforms, modules are used and
reused as exchangeable design blocks to satisfy a range of customer needs, while
simultaneously reaping the benefits of scale in production [1] [2].

However, current practice in modular platforms is based on the physical
architecture of the product. This means that modularization as a means of supporting
development is infeasible for companies with physically highly integrated products.
Also, dividing a product into modules based on physical interfaces fails to provide
support for early phases of concept development when the physical form is unknown,
and where several conceptual solutions for the platform are developed, analyzed and
evaluated.

Research has proven Functional Modeling a feasible method for concept
development as a way to model conceptual solutions without requiring physical models
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[3]. The functional models enable integration of technologies from multiple domains,
as parallel or complementary solutions. Though there is theory describing the need for,
and the concept of, early modularization, no stringent approach is available [4].

This paper presents an approach to use functional models for platform concept
development to identify feasible modules at early design stages. It applies an approach
with several alternative design concepts, which are assessed in their ability to be
modularized. The platform concepts are defined using functional requirements, design
solutions and their interconnections. These models are then encapsulated into
functional modules to reap some of the benefits from modularization, already at early
concept phases.

1. Background and Scope
1.1. Modularization and Design modeling

The encapsulation into modules allows engineers to study the systems and their
interfaces on a high level without considering every detail [5]. There are accounts of
several different facets of modularization. For example, Mattson and Magleby [7]
divide modularity into design, manufacturing and customer modularity. The definition
of design in this case aims towards detailed design, rather than concept development.

When applying modularization in the design phase, it allows for concurrent
engineering by dividing the effort and knowledge need into manageable tasks. In
conjunction, it provides a structure to coordinate tasks and decisions [9]. According to
Simpson [10], modular platforms enable horizontal leveraging, i.e. to serve a range of
customer segments by providing different functionality. Knowing early what capability
and and bandwidth a platform concept has may be useful in selection of concept.

The objectives for modularization determine what constitutes a good module
[8]. Also, Shoval [11] concludes that “systems may require different modularization
architectures in different lifecycle phases”. Consequently, if a company aims to support
design decisions in early phases, the modular structure should be based on functional
models, rather than physical embodiment.

1.2. Set-based concurrent engineering

Sobek, et al. [12] summarize SBCE as engineers and product designers “reasoning,
developing and communicating about sets of solutions in parallel and relatively
independently.” They further define three principles that apply to a set-based design
process: map the design space, integrate by intersection and establish feasibility.
Through these principles, SBCE addresses issues with regular product development by
considering a broad range of alternative design solutions that are systematically nar-
rowed down by eliminating undesirable solutions [13]. An integral part in SBCE is to
create tangible information on which to base design decisions [14].

As modularization is an integral part in facilitating concurrency in design, it is also
an enabler for set-based concurrent engineering. In addition, the ability to modularize a
concept may very well be reason for keeping in, or eliminating it from, the set.

Though often associated with detailed design, SBCE is applicable for concept
development. Raudberget, et al. [15] illustrate how interconnectivity in a functional
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model can be used as a means for eliminating inferior design concepts in early design
stages.

1.3. Design modeling in concept development

The prevailing paradigm in many engineering companies is a design support structure
constituted of tightly connected CAD and CAE systems. While this provides excellent
capabilities for analysis and synthesis based on geometric representations of the design,
it fails to support phases where ideas and concepts are explored without physical
embodiment [17]. In these early phases of ideation and technology consideration,
formal support is rare in practice.

Functional models, if used right, support concept development with their inherent
capability to express structures without explicit physical attachment. The EF-M model,
developed by Schachinger and Johannesson [18], provides a structure of functional
requirements (FR) that express system needs and design solutions (DS) for these. There
are several relationships between the objects in the EF-M tree. The interacts_with (iw)
relationship between DS is of great importance since it expresses functional interaction.
The iw are asymmetric.

1.4. Design Structure Matrixes in engineering design

A DSM is can be used to represent elements and their connections in a standardized
way. In a DSM relations between different elements are represented in a matrix,
showing all elements in rows as well as columns. Interactions are marked at in the cells,
with the direction row to column.

To cluster a DSM, the elements are rearranged so that the number of connections in
between the different clusters is reduced to a minimum. As a direct consequence of this,
relations of elements are accumulated inside the modules. As a conclusion of this, an
appropriate clustering algorithm optimizes for maximum internal connectivity together
with minimal external connectivity.

Holttd-Otto [4] suggests a clustering algorithm for finding modules in functional
and physical structures. The algorithm is based on the Idicula-Gutierrez-Thebeau
Algorithm (IGTA) for clustering Component-DSM which assigns elements to new
clusters, evaluates the new positioning and chooses the best possible allocation. IGTA
is explained in detail in [19].

1.5. Scope and research method

In the phase, the design work is not yet constrained by assumptions of the detailed
design or a physical form but allows for free ideation. These ideas are formally
modeled as functional architectures. On that note, this paper aims to elaborate on two
questions: (1) How can modularization be supported in the concept development
phase? and (2) How can ability to modularize be used as a criterion to compare
different design alternatives?

The research in this paper was carried out as a part of the VITUM research project.
The project aims to develop virtual demonstrators for aircraft engine component design.
The partner company is GKN Aerospace Engine Systems Sweden, which designs and
manufactures engine parts for the aerospace industry. The project grants the researchers
access to real design data, for verification and development of methods. The illustrating
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use case in Chapter 3 was developed together with GKN Aerospace. The models were
developed by the researchers and validated through project meetings and workshops.

2. Modularization in Concept Development Using Functional Modeling

This section accounts for the approach suggested to define and use modules in concept
development. The approach specifically addresses development and assessment of
trans-disciplinary design decisions. Defining modules in early phases enables
modularity for designs that are traditionally not modularized (i.e. physically integrated
designs).

A key objective is to identify what knowledge is needed to realize different parts
of the design. To facilitate concurrency, a second objective is to minimize the number
of interfaces between design teams that need to be maintained, and clarify the character
of those interfaces. How well an Architectural Option (AO) performs in terms of
modularity is used as a criterion for pursuing or eliminating that design.

The approach builds on SBCE as a framework for expanding the design space,
assessing it, and narrowing it down using modularity as an assessment criterion. The
AO are modelled as EF-M. Figure 1 illustrates the suggested process for
modularization in concept development using functional modeling.

2. Configure
Architectural
Options
(AOs)

1. Model
Functional
Architectures

5. Eliminate
Inferior AOs

4. Assess
Molularity

Figure 1. The suggested work process for modularization in concept development using functional modeling.
2.1. Modelling Architectural Options

As a first step, the product is modelled using EF-M trees. For novel designs, the EF-M
is created from scratch, or in case of incremental design it is expanded. To expand the
design space, several alternative DSs may be considered for each FR. The variety may
be introduced on any level in the EF-M tree, which when done will have several
alternative branches and leafs. The interacts_with relationships are modelled between
DSs and express the functional connections across branches in the tree. The iws are
modelled on a conceptual level, as the information about the designs in early phases is
limited. By combinatory operations, the DSs are compiled into a discrete set of
architectural options, including the iw-relationships. These are transformed into a DSM
with DSs as rows and columns, and iws marked in the cells of the matrix. Each AO is
represented by one DSM.

2.2. Modularizing functional models
The DSM created from the functional structure is clustered using an IGTA

implementation in CAM. Modules that share very complex interfaces can be
accumulated into super-modules. The clusters can be collapsed to show only the
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assembly structure, as shown in Figure 3. From the initial clustering, shown in blue
boxes, a new cluster, highlighted in green, is formed due to the high connectivity
between the two modules.

Figure 2. Step 1 and Step 2 in the process. The EF-M model represents two possible architectural options
which are converted to two separate DSMs.

Shown with orange boxes are the interfaces between the different modules. In the
collapsed state, the interfaces are kept and reduced to a single interaction between the
submodule and the element, as seen with the connections DS6-DS1 and DS6-DS2
which are then collapsed to DS6-Cluster 1A.

Figure 3. Example of multi-level clustering and collapsing of a clustered DSM.

Once the DSM is clustered into modules, the functional structure can be evaluated
for its quality in terms of modularity. This assumes that the clustering algorithm
applied has found the best way to cluster each functional structure. The metrics are
internal connectivity, external connectivity and interface complexity.

Internal connectivity is measured through how many of the possible connections in
a cluster are active, which is calculated by c¢;,; = nxzi—f’n, where x;,, is the total number

of internal connections and » the number of elements in the cluster. The value for ¢,
reaches from 0 to 1, with 1 as the most desirable value representing the highest possible
internal connectivity.

External connectivity is measured by two factors, the average number of interfaces
per module and the average number of connections per module. For each module only
the interfaces to highest level modules were counted, and for high-level interfaces the
connections of the internal modules were counted in collapsed state.

Interface complexity is evaluated by the average number of connections per
interface, however detailed analysis of the distribution among the interfaces has to be
observed. For modules sharing complex interfaces a regrouping into a super module
might be beneficial.
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2.3. Eliminating inferior design alternatives

Since external connectivity is expressed by two factors, optimizing for a modular
design can follow two strategies. Either to aim for a minimal complexity of the
interfaces (low number of iw between two modules) or for reducing the number of
interfaces per module.

Architectural options (AO) with few and simple interfaces are preferable from a
modularity point of view. AOs with complex and many interfaces on the other hand are
considered less feasible, and may be reason to dismiss the AO.

An AO with few but complex interfaces between modules may be candidate for
merging clusters into multi-level modules. If all complex interfaces can be integrated
into clusters, the AO as a whole can improve its modularity, and be moved from the top
left to one of the lower squares in the 2x2 matrix shown in Figure 4. The many-simple
case indicates several interfaces that in themselves are not very complex. It may not be
reason for eliminating the AO, but is should be considered less fit for realizing the
benefits of modularization in early stages.

Complex IF Cluster Merging Low Modularity

!

Simple IF High Modularity Manage interfaces

Few IF Many IF
Figure 4. 2x2 matrix to characterize interfaces between clusters.
3. Functional modularization of a turbine rear structure (TRS)
To illustrate the above mentioned approach to clustering, a functional model of a

TRS was created. The model is illustrated as an E-FM tree, shown in Figure 5. As a
foundation for the clustering, the different leaf-DS are connected with iw.

g8 8 (eeCs ocoeeEs e om

Figure 5. The EF-M tree of the Turbine Rear Structure, including several alternative DSs (yellow) for some
FRs (blue).
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From the functional model, which included several alternative design solutions,
two instantiations were analysed. They differ mainly in the way the vane/strut structure
is build up, with design A having the load bearing structure integrated in the vane
shape, whereas design B seperates the aero- and mechanical functionality with a rod for
structural loads and a faring for acrodynamic performance.

The iw from the EF-M tree were converted into a DSM, listing all DS and showing

their respective relations.

Each module, which is seen as a greyed out square in the DSM, is constructed
from DS elements and sub-modules. Their respective connections are managed inside

the module.
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Figure 6. Internal (left) and external (right) connectivity metrics of the two example architectural options.
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External relations are collected in interfaces. Inside the interface object all connections
and the information concerning them to one module are collected. This approach to
structuring should allow the modelling of the modular structure in an object oriented
approach.

As shown in Figure 6, the clustering of design B is more consistent, in the way that
it has a higher average internal connectivity of all modules, and also a lower external
connectivity shown in a lower average number of iw per DS, and also lower average
number of interfaces per module.
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Figure 8. Clustered DSM of architectural option B.

4. Discussion

The model used in the approach aims to capture architectural options in early design
phase in an effort to explore a large number of designs. Although based in immature
knowledge about the design, it adds the benefits of modularization in an early phase of
development.

The approach builds on existing theory and established design tools, such as EF-M
modeling and DSM clustering. The suggested tools provide steps towards design
automation of specific tasks in the concept development phase.

The example compares two alternative solutions against each other, and therefore
only requires relative comparison of metrics. To automatically eliminate solutions
based on their possibility to modularize would require threshold values for all metrics.
However, the automation of such decisions is not the end goal. It is rather to
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automatically generate enough data so that the architect can make informed design
decisions.

Using EF-M modeling to express concepts is quick and is easy. However, the
knowledge required to accurately draw the iw-relationships should not be
underestimated. If done accurately, the model supports modularization of the concepts,
but the outcome of the analysis is sensitive to the modelling quality. All information
has to come from the engineers’ experience and ability to estimate system behaviour.
This is especially the case for the development of new products, and less so for
incremental development.

This paper does not suggest a new way of clustering, it rather makes use of the
DSM clustering as a standardized format of assessing elements and interfaces. Yet, the
quality of the clustering depends on the quality and purpose of the clustering algorithm.
Thus a pivotal part is to identify a clustering algorithm that matches the purpose of the
approach.

Though modularization theory presents a range of benefits in development, only
some of those are targeted in this paper. There are possibly more benefits than the ones
addressed here, and there are most likely benefits that cannot be achieved until the
physical embodiment exists.

The example in this paper also neglects to take account of extreme results of
clustering, such as on single module as output or multiple elements that could not be
assigned to any module and are “free”. This might be either managed by adapting the
clustering algorithm, or by respective guidelines in the further design work.

It is also not yet considered how the next step in the design process is executed,
and how the transition from functional to physical clustering is handled. This may be
the topic of a future paper.

5. Conclusions

Modularization in concept phases as presented in this paper provides benefits to
companies that may otherwise not be able to use modules in their development. It does
so by applying functional modeling to model designs in early stages, and act as basis
for clustering into functional modules, rather than physical modules.

The composition of the modules determines the knowledge need, task decomposition
and design team composition for each module, whereas the interfaces between the
modules identify communication needs. The clustering focuses on minimizing
interfaces between modules, to minimize the need for cross-modular decisions.

The illustrating case shows how the approach is applied to a turbine part design
process. The resulting clustering generates a number of modules within the product that
can be used to introduce concurrency in the design process.

To assess the ability to modularize different concepts, a connectivity metric is
proposed. It relates to the complexity of those interfaces that cannot be allocated to a
specific cluster. These can be few or many, and simple or complex. The preferred
architectural options should have few and simple interfaces, whereas simple-many and
few-complex can be managed. The architectural options with many complex inter-
modular interfaces may be discarded in favor of other architectural options.

The main benefit of the approach is that it provides structured assessment and
exploration of different design concepts in phases where the design freedom is high,
but the knowledge about the design is uncertain. It enables informed design decisions



126 C. Levandowski et al. / Modularization in Concept Development Using Functional Modeling

about functional modularity. This design phase is however confined by the low
maturity of the models, which is why careful consideration needs to be made of how
the models can be used, without introducing uncertainty that undermines any decisions
built on the models. To create structures for managing knowledge in these phases,
functional modularization may provide the necessary means to dividing the design
work, and devising a feasible system breakdown.
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