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Integrated product design and development in today’s highly competitive and economically challenging world is a complex process depending upon client
requirements. One of the main factors contributing to the complexity of process is uncertainty due to lack of system knowledge, known as epistemic
uncertainty. This paper proposes a systematic approach to reduce epistemic uncertainty in design process in early stages of design. The approach is based
on “CTOC” and “CPM” to decompose the system behaviour and determine the relationships between function and structure of a system. An application of

the approach is demonstrated through an industrial case study.

Uncertainty, Design Method, Conceptual Design

Uncertainty can be in different forms. In a classical taxonomy, it
is divided into aleatory and epistemic. Aleatory uncertainty is the

1. Introduction

With  increasing customer  expectations, technology
advancement and transdiciplinarity, complexity in designing a
robust product has become one of the main challenges for
designers. In order to design products with high standards,
designers need to manage various issues which lead to
“complexity”. Despite the effort of various design researchers in
achieving an approach or methodology to deal with design
complexity, there are still gaps in this area. This paper fills the gap
in managing complexity by bridging functional modelling and
structural modelling in product design process.

The concept of complexity can be seen from different point of
views. In this paper, among the various existing point of views on
complexity [1], three main visions considered are Weber’s,
ElMaraghy’s, and Suh’s. Weber’s view [2] focuses on qualitative
and quantitative product and product development complexity, its
measurement and formalisation. Weber introduces five
dimensions for complexity: Numerical, Relational/Structural,
Variational, Disciplinary, and Organizational complexity. The first
three dimensions, which are related to product/system
development [2], are taken into account in this paper.

Elmaraghy et al. [1], [3] consider three types of product, process
and operational complexities for manufacturing systems [3]. As a
more developed classification presented in [1], product and
process complexity is discussed in addition to market and social
factors. Based on Elmeraghy’s categorization, the aim of this paper
is to reduce product complexity which is related to the design and
special specification in each component of the product
Furthermore, product structure and customer requirement as the
sources of product complexity is addressed in this vision.

The third interesting vision is from Suh [4], [5] who defines
complexity as a measure of uncertainty. The uncertainty can be in
understanding the behaviour of the system, in identifying and
achieving the Functional Requirements (FR), or time-related.

To sum up, according to the position of this paper, the main
sources of complexity are: uncertainty in in identifying required
function, structure and behaviour of the system, uncertainty in
identifying the effective parameters and uncertainty in the
relationships among the design parameters. Thus, the focus of this
paper is complexity in product design process which is due to
uncertainty in understanding and modelling the system.

inherent randomness of a phenomenon. Epistemic uncertainty,
which is the interest of this paper, is due to the lack of knowledge
of the system [6], [7]. Thunnissen [8] added two more categories
to this classification: ambiguity and interaction, for study of
complex multidisciplinary systems. Ambiguity uncertainty is
regarding the miscommunication of different disciplines.
Interaction uncertainty is ascending from unanticipated
interaction of events/elements in different levels/phases of
design. Explicitly in modelling and simulation, Walter et al. [9]
categorized uncertainty into “uncertainty in data”, “uncertainty in
model and simulation”, “phenomenological uncertainty” and
“uncertainty in human behaviour”.

In modelling process, to design and analyse a system, it is
important to manage these types of uncertainties in different
phases of design. This management leads to reduce unnecessary
complexities in design process. With this in mind, this paper
proposes a systematic approach for modelling a system based on
the required function(s). The hierarchical decomposition of the
system using the proposed approach gives the designer specific
knowledge about the system. So, this knowledge can be used to
assess and manage epistemic uncertainties ([8], [9]) in product
design process.

The proposed approach is an energy flow modelling approach
[10] based on CPM (Characteristics-Properties Modelling) [11] as
a framework. Energy flow approach models the behaviour of a
system in terms of transmission or conversion of energy. The flow
creates a link between functional descriptions of a system with its
structural  descriptions. CPM  (Characteristics-Properties
Modelling) [11] is used as a framework to create the model of
product. CPM is a modelling approach based on the distinction
between “characteristics” (Ci) and “properties” (P;) of a product. P;
is related to the function whereas C; is associated to the structure
of the product. By modelling the system behaviour using energy
flow, the relationships (Rj) between C; and P; are established. The
result is a pathway for the designer to model and understand the
links in the system and therefore manage epistemic uncertainty in
product design process.

2. Characteristics-Properties Modelling (CPM)

CPM is the product modelling side of an approach called
CPM/PDD which is first proposed by Weber [11], [12]. PDD
(Property-Driven Development) is the process side of the
approach for developing and designing products. As mentioned
earlier, CPM/PDD is based on distinction between Ci and P;. C; are



those system parameters that can be controlled directly by the
designer, such as shape, dimensions, materials, etc. P; are system
parameters that cannot be controlled directly by the designer but
they can be changed by modifications of Ci. Parameters that are not
in these two categories but have impacts on the output of the
system called External Conditions (EC). ECk are environmental
effects and are not under the control of the designer but it should
be integrated in product modelling.

PDD in Weber’s approach is used to create the model based on
two main relations; Analysis and Synthesis. So, based on given C; of
a product, P; are determined (Analysis) and based on required
properties (RPj), the product characteristics are established
(Synthesis). The analysis-synthesis approach of PDD in
conjunction with the product’'s model in CPM results into a
solution. In multidisciplinary complex systems, identifying C; and
their relationships with P; is not always clear enough for the
designer. So, often designer has to deal with several parameters
and uncertain links among them.

This paper proposes an approach using synthesis-analysis
concept but in more systematic top-down approach. In this
approach, energy flow modelling is used for creation of the model
and identifying the relations between system’s elements.

3. Energy approach - CPM

Among the various functional modelling approaches in literature
[13], [14], energy flow modelling is used in this paper. The
proposed approach has a function-structure zigzag approach,
similar to axiomatic design [15], to create the model of product in
the framework of CPM. A general representation of the approach
for system model creation is illustrated in figure 1. The approach
is composed of a multi-level modeling approach with 2 concurrent,
interlinked modeling views. After creation of model in synthesis
phase, the model is used to analyze the impact of product
characteristics on system’s function.

3.1. Level 1

The first column of figure 1 shows the first level of the approach.
The approach begins with studying the system (required or
existed) as a black box (function-level 1). So, the required function
of the system based on needs is defined. As energy vision, other
than the quantitative required function of the system (RP;), the
inlet and outlet of the system as types of energy are identified
(Level 1-Function). In structure aspect (Level 1structure), a system
can be chosen or defined to satisfy the required function. The main
properties (P)) are defined based on required properties (RP)).

The parameters that are determined in this level (functional and
structural aspects) create the model of system based on CPM as
shown in the last row of figure 1. The relation (Rj) between these
elements should be identified as well. By considering other related
parameters (ECx) the relations create the first part of system model
in CPM as shown in CPM-Level 1.

3.2. Level n:

The subsequent levels of proposed approach are based on
interoperability of energy model of Pailhes et al. [10] and CPM
which is shown in the second column of figure 1. This model is used
in both aspects of functional and structural modelling. It studies
the system function based on energy transmission or conversion.
According to this model, subsystems can be a Converter (To
convert one type of energy to another), Transmitter (To transmit
the received energy), Operator (To fulfil the system’s required
action) or Control (To assure the functioning of other elements).
So, this model is also called “CTOC”. In addition to these elements,

Reference is the system boundary with external environment such
as the ground or the user. A representation of this model is
illustrated in an arbitrary level n. It is used in both aspects of
function and structure.

Level 1 H Level n

Tt
= y
=} Einlet ] ouller ‘ | —b[ Conversion Transmission ()pc1atmn ﬁiﬁi::’f:
k1 Function
E
=y Yy T Conlml 77777

‘ | O R

: fr —
Behaviour ‘ | Py = f(unz.na)
L c - T Required
5 | Eiutet Eouttet cu]\enel ransmitter pera or Function
E i
E Required! |
& Pj) Function||  _____ )
R
I 3
il
RE; = f(F) [ Ne = [(1F})
EC;
z
o
ESES

Figure 1. The proposed modelling approach using energy flow and CPM.

In functional aspect, at each level of decomposition of system’s
function based on CTOC, the important parameters (C;, P;) of each
element are identified. As figure 1 illustrates, an identified
parameter is efficiency (#) since it evaluates the output of
subsystem compared to its input. So, efficiency of each sub-system
is used as a P; in this level.

After the functional study of sub-systems, in structural aspect,
required choices should be made by the designer. These choices
are physical entities (sub-systems, components, etc.) to satisfy the
required function. The structure aspect of CTOC is developed in
subsequent levels (e.g. level n). Typical types of parameters in this
level are losses that cause reduction in efficiency. These
parameters along with other parameters (Except those that are C;)
are shown as intermediary properties (IP;) in this figure. In
behaviour aspect, the relations of elements’ efficiencies and related
IPj are determined.

In the same way as previous level, the elements, ECx and their
relations establish the next part of system’s model in CPM. If an
element in this level needs to be studied further, using CTOC,
subsystems are decomposed to satisfy the required function.

After desired level of decomposition is reached, the final model
of energy approach represents the structural model of the system.
This model is based on the structural choices made by the designer
during the function and behaviour analyses in previous levels.
Other decisions such as the need for extra components or changes
in the sequence of components are made as well.

To model the system at this level, a structural modelling language
should be used to illustrate the required components and the link
between them. In this paper, “Block Diagram” which is one of the
diagrams in System Modelling Language (SysML) [16] is used.
However, the focus is still on energy flow.

3.3. Creation of the model

In each step of energy flow modelling, after the identification of
important parameters, they are used to establish the product



model in CPM. As shown in figure 1, the model is begun with RP;
and based on that Pj is identified in structural aspect. This process
is repeated for the parameters in all levels of decomposition.
Finally the level of characteristics (Ci), which is mostly based on the
final structure model, is established. In each step, the relations (Rj)
between the parameters, which include ECk, should be found.
These relations are based on system’s behaviour. After the creation
of the model the combination of these relations will result in
equation 1.

P:f :f(CvECk) (1)

If creation of the model and identifying the function in equation
1 is considered as phase 1, the second phase is to use this model to
analyse the behaviour of system. So, the impact of Cis or/and ECx
on system'’s output can be analysed.

4. Managing complexity by energy flow modelling

In this section, it is discussed how the proposed approach takes
three mentioned types of epistemic uncertainty into account which
can be used to manage complexity in design process.

4.1. Uncertainty in identifying required function, structure and
behaviour of the system

The proposed approach begins with identifying required
properties (RP;). According to the RPj, the required function of the
system is defined or identified. The energy flow models the
behaviour of the system using CTOC. Moreover, in each level of
decomposition in the proposed approach, the function of system or
subsystem is analysed. The energy flow in each level of
decomposition (function and structure aspects) keeps the
coherence between models and the system’s function can be
decomposed down to structure. So, it creates a link between
system is defined or identified. The energy flow models the
4.2. Uncertainty in identifying the effective parameters

In each level of the approach, thanks to energy flow, important
parameters are identified. The importance of these parameters is
based on designer’s objective and function of system or
subsystems. These elements are established as required
properties, properties, or intermediary properties in CPM. Another
group of parameters in CPM is external condition (ECk). If the
designer believes there are some environmental impacts on
system’s function, they can be added and the impact in created
model can be evaluated by equation 1. In addition, this approach
gives a pathway to the designer to look for these parameters. In
every transition from function to structure, or from one level to
another, the relationships (Rj) should be determined. Normally,
this is done by using energy equations. If other parameters
appeared in the equation and cannot be classified as Ci or Pj, it
should be considered as ECk.

4.3. Uncertainty in the relationships among the design parameters

The proposed approach creates a pathway for the designer for
functional decomposition. In each level of decomposition, in both
function and structure aspects, important parameters as well as
the relation between them are identified. The proposed approach
decomposes the design problem, so it is easier to manage.
Systematic study of system step by step makes the identifications
of relations easier.

Thanks to these relationships, in a local sensitivity analysis (LSA)
[17] the impact of each characteristic on properties can be

analysed. In a global sensitivity analysis (GSA) [18], the impact of a
combination of two or more characteristics can be analysed.
Furthermore, the designer can use GSA to sort the characteristics
based on their impact on the output.

5. Case Study

For better presentation of the proposed approach, a typical hair
dryer is used as a case study. The proposed approach is illustrated
in figure 2.

Level 1 start with functional analysis of required system. In this
case, the main function is defined as “dry hair”. In a quantitative
approach calorific power (P) is considered as the main parameter.
In structure aspect, two parameters of Qv (air flow) and AT
(Temperature rise) are taken into account. The relation between
them (R1) is determined as the behavioural aspect of the study. So
these elements in addition to their relation establish the first part
of the model in CPM.

In level 2, the system function is decomposed using the energy
model. The function of “Dry air” is decomposed into “Heat air”,
“Generate air flow”, “Guide air flow” and “Control”. The important
parameters are the efficiency of each element (ne, nv, 1p). In
structure aspect, required components are identified (“Heating
element” and “Nozzle”) or defined (“Air flow generator”) and the
relations (R2, R3) are added to the model in CPM.

To satisfy the function of “Generate air flow”, energy model is
used again. According to this model, two functions of “Generate
mechanical energy” (€) and “Move air” (O) are needed as well as a
sub-system to transmit the energy (7).

This approach is continued until all the elements and their
relationships are determined. So, by functional analysis of energy
model and decisions that are made during the decomposition
process, the necessary elements of the system are identified. So,
the designer would have knowledge about the minimum
requirements of the system to satisfy the required function.
Depending on the designer’s point of view, other components are
added. The structural model of the system using block diagram is
shown in level 3-structure in figure 2.

Based on the objective, modelling conditions and designer’s
decisions, the model of system is completed in CPM. The result is
the system performance as a function of characteristics and
external conditions as shown in equation 1. This equation in this
case is as shown in equation 2.

P=f(o.C.A 2. Ly LeC,.p.U.IAp)
@)

6. Conclusion

One of the challenges in design process that designers have to
deal with is epistemic uncertainty which leads to complexity. The
proposed approach helps the designer to deal with epistemic
uncertainty in identifying required function, structure and
behaviour of the system, in identifying the effective parameters
and in the relationships among the design parameters.

The energy approach provides knowledge about the minimum
requirements of a system to the designer. In addition, thanks to
systematic top-down nature of the approach, identifying effective
parameters including characteristics and external impacts as well
as their relationships becomes easier. Therefore, the knowledge
generated by the approach reduces the epistemic uncertainty in
product design process. The created model can be used to analyse
the behaviour of the system in different conditions and analysis of
the change impact of characteristics. Thus, the complexities caused
by the epistemic uncertainty can be managed.
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Figure 2. An illustration of the proposed approach on a hair dryer.

The energy flow modelling approach is most applicable for
designing systems with at least one energy flow. So, the proposed
approach is not very effective for static systems.

Authors used the presented approach to model three systems of
hair dryer, oil pump and brake system for electric cars to validate
the generality and applicability of the approach. The perspective of
this study is to analyse other types of uncertainty, such as model
uncertainty, in the approach.
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