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1. Introduction

Current products are becoming increasingly complex. In the development of complex products
considerations of the product structure and relations within the product are crucial. Many aspects need
to be considered, including business aspects, such as commonality, as well as technical aspects, such
as the geometric interfaces between the components of the product.
Matrix-based product modeling methods are increasingly being used in such work. The most common
aimisto facilitate analysis of relations in complex systems, supporting for example

product modularization [Erixon 1998],

analysis of technical interactions in products [Pimmler & Eppinger 1994],

design analysis[Suh 1990], and

change impact analysis [Clarkson et al. 2001].
However, there exists no classification of such methods. Such a classification could be used to

support the selection of a method for use in a particular problem situation

direct future devel opments by showing opportunities for new developments

position different methods with respect to others, including identification of overlaps
The goal of this work is to develop such a classification. The research approach used combines the
results from a survey of existing methods and from atheoretic analysis, based on the technical systems
theory [Hubka & Eder 1988]. The resulting classification is itself organized as a matrix, where the
rows and columns are derived from the technical systems theory with some extensions, i.e. including
properties, functions, organs, components, life-cycle processes and product variants. A large number
of matrix methods are then positioned using this classification matrix.
The remainder of the paper is structured as follows. In section 2, we provide definitions for the basic
variants of matrix-based modeling methods and introduce a initial, scope-based, classification of
matrix methods as being element-level matrix methods, product-level matrix methods and matrix-
based methodologies. Sections 3 and 4 provide a more detailed analysis of what product element types
and relations that can be included in a matrix-based product model. In section 5, a content-based
classification of matrix-based methods is presented, and ideas for future work are suggested. Finaly,
section 6 lists conclusions.

2. Matrix-based product modeling methods

This section aims to discuss what a matrix-based product modeling method is, and to classify such
methods according to their scope.

In our view, a matrix-based product modeling method represents some view of the product structure
(product elements and their relationships), shown as a matrix. This view is used to support analysis of
the product function, interfaces, assembly etc. Depending on application, various algorithms such as
clustering, partitioning, coverage can be used to manipulate the matrix. Many matrix-based product
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modeling exist. A representative sample is referenced in the text and is included in the reference list.
The spatial constraints of this paper do not permit an extensive review. However, key contributions are
included.

We will in the remainder of the paper use the acronym P-DSM (Product modeling Design Structure
Matrix) for such methods. This is motivated by that conventional DSMs [Steward 1981] constitute a
major part of the methods that we are interested in. However, conventional DSMs are also used to
analyze tasks and organizations and are defined as having the same elements in the rows and columns
(inter-domain matrices, see below). Here, we focus on product DSMs only and also consider matrices
with different types of elementsin the rows and columns (intra-domain matrices). Hence, the modified
acronym. We begin by discussing element-level P-DSMs and continue with product-level P-DSMs
and matrix methodologies. The findings of this section are summarized in figure 1.

2.1 Element-level P-DSM s

Element-level P-DSMs represent the relationships between the elements/parts/’components of a single
product in a matrix. There are two sub-types of element-level P-DSMs: inter-domain P-DSMs and
intra-domain P-DSMs.

Inter-domain P-DSM s represent relations between elements of the same type, for example between
two components. The matrix representation can be applied on various levels of abstraction, from
properties to components, as shown in figure 2, where the inter-domain P-DSMs are situated along the
diagonal of the matrix. The figure further shows that inter-domain P-DSMs can be applied to study
interactions between properties/requirements, between functions, between sub-systems/organs/design
parameters, between components, and between the life-cycle systems/processes rel ated to the product.
Intra-domain P-DSM s represent relations between elements of different types. As shown in figure 2
(al cells except the diagonal) these are usualy mappings from a more abstract element type such as
function to a more concrete, such as a sub-systems that realizes the functions. The matrix can then be
described as representing a set of design decisions or relations between what and how. One example is
the Axiomatic Design Matrix [Suh 1990], which captures the relationship between a property or a
function, and the design parameter that realizes the property or function. Another example is the
Quality Function Deployment (QFD) [Akao 1990] matrix that shows the relationships between a
component and the processes that are used to manufactureit.

2.2 Product-level P-DSM s

Product-level P-DSMs provide a mapping between a set of properties or other elements and a number
of “whole” alternatives rather than parts. The motivation for such methods is to support decision-
making about entire products or product platforms, of which product-level variants are the “ parts’. For
instance, developing car platforms requires considerations of common and unique modules within a
brand and within a platform but also to see each car variant as a whole [Sudjianto & Otto 2001]. A
matrix representation of a platform can then serve as an architecting tool. Examples include the
classic methods for concept screening and scoring [Ulrich & Eppinger 2000]. Recent developments
have focused analysis of product platforms [Dahmus et al. 2000, Sudjianto & Otto 2001]. The
product-level P-DSMs that we have found have all been intra-domain. Exploring inter-domain
product-level P-DSMs could be an areafor future work.

2.3 Matrix-based methodologies

Matrix-based product modeling methodologies utilize some set of P-DSMs in a systematic and
coherent way in order to manage a multi-dimensional, complex problem. In addition to the support for
solving particular problem, the use of matrices can then be seen as away of thinking (a mindset) or a
standardized mode for communication and documentation.

One category of such methodologies has a strong prescriptive element and aims to support the entire
development process from identifying customer needs to establishing manufacturing processes.
Examples include QFD [Akao 1990, Clausing 1994] and Axiomatic Design [Suh 1990, Vallhagen
1996]. Various matrices are here used throughout the process, at least to support the major steps.
Figure 2 shows how QFD provides intra-domain matrices for most levels of abstraction, but also that
the platform and organ levels are not considered by this methodol ogy.
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Matrix-based product modeling methods

—— Element-level matrices 11—+ Same element types in rows and columns
= * Relations between elements of the same type in
Inter-domain matrices 4 the cells

* Relations can hold multiple attributes
e Component DSM [Pimmler & Eppinger 1994]

« Different element types in rows and columns

* Relations between elements of the different type
in the cells

* Axiomatic Design Matrix [Suh 1990]

Intra-domain matrices

* Entire product/system in columns

Product-level matrices | ——+ Product aspects in rows

* Relations between aspects and entire products
in cells

* Brand modularity matrix [Sudjianto & Otto 2001]

o * A set of element-level and product-level matrices
Matrix methodologies [ are used in a coherent fashion
. i y ¢ Quality Function Development [Akao 1990}

el

Figure 1. Overview of matrix-based product modeling method types

Another category uses matrices as a framework for modeling complex, multidisciplinary systems. For
example, product data management (PDM) system development requires consideration of process,
information (product), organization and systems [Mamaqvist & Svensson 1999], and inter- as well as
intradomain relations need to be taken into account. Existing methods can effectively model some
aspects, but it is difficult to get an overview of the entire PDM system. Using a matrix-based
framework then facilitates switching between perspectives and eliminates redundant data collection.
Another example in this category is the framework developed by Eppinger & Salminen [2001] to
analyze the interactions between the product architecture, devel opment process and organization.

3. Product model e ements

The aim of this section is to identify what product model element types that can be the base for a
matrix-based product modeling methods. Theses element types will congtitute the span for the content-
based classification presented in section 5.
Generally speaking, product models need to cover the entire spectrum from representing customer
needs to the pointsin a geometric model. However, we will here make the delimitation to methods that
support design decision-making or interface analysis. Consequently, the finest level of granularity
considered is the feature/design parameter/functional surface level.
For product models, the technical systems theory [Hubka & Eder 1988] constitutes a key defining
framework. At the core of their theory is the definition of function, organ and component (structure)
element types, along with the observation that each of these can be described using several levels of
abstract and detail. These element types are also used in many matrix-based product modeling
methods. However, some other types are also needed: For support throughout the development
process, we also need to add a property element type, to represent requirements and behaviour.
Further, models of the life-cycle system/processes that the product “meets’ during its life-cycle need
to be included, as these meetings determine many of the product properties, for example cost
[Mortensen & Andreasen 1996]. Finally, we also need element types that represent whole product or
product alternatives, in particular since many product-level matrix methods have the aim of support
product platform decision-making.
Summarizing this analysis, the following types of element can be included in a matrix-based product
modeling method:
Properties: requirements (desired properties) and behaviour (actual properties). Example: the
mapping between customer and engineering requirements in the House of Quality [Akao
1990].
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Functions: what the system should do in terms of transforming an input to an output or
creating an effect.
Subsystems/Organs/design parameter s/features. the entities of the product that realize the
properties and functions. These can be subsystems, parameters/dimensions, functiona
surfaces and so on. A structure of such elements constitutes a function-oriented decomposition
of the product. Example: for modeling technical interactions between sub-systems based on a
function-oriented product decomposition [Pimmler & Eppinger 1994].
Components: the physical parts of the product, as an assembly-oriented decomposition.
Examples: for modeling assembly relationships, for analyzing change propagation [Clarkson
et al. 2001], and for analyzing strategic relationships such as similar module drivers
[Blackenfelt 2001].
Life-cycle systems/processes: the systems that the product interacts with during its life-cycle,
including parts manufacturing, assembly, distribution and so on. Example: Schllter [2001].
Product-level alternatives or variants

EX|st| ng methods will be classified according to these dimensionsin section 5.

4. Product model relationships

The aim of this section is to identify what product model relationship types that can be represented in
the cdlls of aP-DSM, show how they can be modeled, and to identify analysis methods that operate on
the relationships. Please note that these relationship types and modeled attributes are those that were
found to have been included in P-DSMs. Other relationships types and models certainly exist, for
example shape and material definitions of interfaces, but no examples of their use in P-DSMs were
found.

4.1 Relationship types

Concerning relationship types, three main types can be identified in the P-DSM literature: functional,
design intentional and strategic. These main types all have sub-types.

4.1.1 Functional relationships

This type relates to an interaction in the system during its life-cycle. These relations are usually
purposeful and intentionally designed into the system but we also need to consider incidental relations,
for example harmful effects that we have not been able to avoid in the system [Liedholm 1999]. Sub-
types of thistype include:
Transfer relationships. These relationships show a transfer of material, energy or
information in the system that actively and purposefully contributes to the function of the
system or isincidental.
Structural relationships. Relationships that exist to maintain the structural integrity of the
system.
Passive relationships. Relationships that do not contribute to the active function of the system
but are still purposeful, for example protective measures.
M echanical degrees of freedom relationships.
Spatial and positional relationships.

4.1.2 Design intentional relationships

This relationship type captures different design decisions made in the development process and whose
implications one might want to investigate or communicate. Sub-types include:
- Function-solution relationships. Relationships that show what sub-solutions that contribute
to a particular sub-function. See for example Suh [1990].
Selectional relationships. These show what alternative that has been chosen from a set of
alternatives, for example what solution that has been chosen for a particular function in a
product-level variant.
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Decompositional relationships. The relationship shows the distribution of something on
different elements, for example aweight budget or the allocation of functions to sub-systems.
Behavioural relationships. The (actual) relationship between a product component and a
product property, for example weight.

4.1.3 Strategic relationships

This type describes the relationship between a particular part and some business-strategy objective, for
example standardization or carry-over [Erixon 1998].

4.2 Relationship modeling

The relationship types identified above can further be modeled in many ways, summarized below:
As eX|st|ng/non existing. The existing relationships are marked in the matrix, typically with
an“X” ora“1". The other cells areleft blank, or marked by zeros (“0").
Descriptive text. Variants include functional descriptions (“This interface exists in order to
transfer electrical energy from component X to Y") and classifications (“purposeful -
incidental™).
Selections. A finite set of alternatives can be chosen. For example, alternative solutions for a
particular sub-function in a product-level alternative.
Qualitative scales. The strength of the interaction is assessed using a qualitative scale.
Examples: “Weak — Strong — Very Strong”, “Harmful — Beneficial”.
Quantitative scales. The strength of the interaction is assessed using a quantitative scale,
possibly measuring a physical property. Examples: “-9 -- +9”, “- - 0 -- +", “F =10 N". The
value for the relationship can be subjectively assessed or computed.

4.3 Analysis methods

Based on the contents of the reationships, a number of methods can be applied to analyze and

mani pulate P-DSMs. We have identified the following main types:
Clustering methods organize the matrix in such away that elements with strong relationships
are gathered in blocks or “chunks’ and the matrix will have a block-diagonal form [Pimmler
& Eppinger, 1994, Sosa et al., 2000]. The analysis can support tasks like identifying beneficial
and detrimental relations. Various indices support the analysis [Blackenfelt 2000]
Partitioning methods sort the matrix in such a way that feedback/iterations in a process are
minimized. This can be applied to functions or to design parameters [Suh 1990, Smith &
Eppinger 1997].
Coverage methods analyze the matrix in order to detect requirements that are not allocated,
functions that are not realized, components that lack an assigned function and so on.
Furthermore, potential conflict areas can be identified, for example when a particular function
is redlized by multiple components [Akao 1990, Clausing 1994, Suh 1990, Mamaqvist &
Svensson 1999].
Index computation methods compute some aggregate value based on the contents of the
cells. Examples include the computation of total value in the concept scoring method [Ulrich
& Eppinger 2000] or the strength of a particular module driver in Modular Function
Deployment [Erixon 1998].
Interaction analysis methods consider the contents of individual relations and advise
strategies for re-design in order to eliminate or at least manage harmful effects [Liedholm
1999].
Change propagation analysis methods follow the relations from a particular element to its
closest related elements, and then to other related elements. In this way, the impact of a
change proposal can be identified. Aspect such as probability and amount of re-work can be
used asfactorsin the analysis [Clarkson et al. 2001]
Alignment methods compare the contents of two related matrices, such as a product and the
organization structure. Differences are highlighted in order to identify areas where the
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organization may find difficulties in managing interfaces existing in the product [Eppinger &
Salminen 2001].
In addition, many matrix methods rely on less formalized analysis methods, such as colour coding.

5. Classification of matrix-based product models

This section will summarize and discuss the results from sections 2-4. The summary is made in form
of amatrix, based on the elements of the technical systems theory. See figure 2.
As evident from the figure, the matrix is well populated above and on the diagonal. This indicates that
most P-DSMs have been developed to support reasoning either going from a more abstract
representation to a more concrete, or within adomain. Only one method goes in the opposite direction,
Olsson [1976]. The figure further shows that current P-DSMs cover a major part of what is
theoretically needed according to the technical systems theory, with a single but major exception of
product-level variants.
The classification matrix can provide a means for selection of methods in a particular situation. In
each cell, there are typically several methods. In some cases, these differ with respect to am and
contents. For example, in the Component-Component cell, the strategic DSM includes business issues
while the component DSM does not. However, in the Function-sub-system cell, the axiomatic design
matrix and the QFD matrix 2 are essentially the same. The matrix presented here allows the detection
of such overlaps.
As can be expected, the matrix methodologies provide methods for most intradomain steps. For
example, QFD supports the analysis within the property domain, when going from properties to
functions, from functions to components, from components to life-cycle processes and within the life-
cycle domain. However, the organ and product platform level is not addressed. Similarly, axiomatic
design does not support platform design.
One method is placed in two cells: the axiomatic design matrix. It can be used for mapping from either
properties or functions to design parameters. This reflects the flexibility/ambiguity of this method.
A non-named method has been classified as “used in some companies’. This refers to a requirement-
part mapping used in at least one Swedish firm. However, we have not found any scientific paper on
the pro’s and con’s of this matrix, which shortcuts the contents of several matrices used in the
literature.
The content classification matrix has some empty cells also above the diagonal :
- Thereis alack of mapping from requirements to life-cycle systems/processes. However, the
Olsson matrix [1976] could be used for collecting the same information.
There is a lack of mapping from function to life-cycle systems/processes. Such a method
might be developed, although its application is unclear.
There are no matrix methods for mapping from sub-systems/organs/design parameters to
product-level alternatives. Such a matrix method could be developed to support product
architecture design. Sudjianto & Otto [2001] have developed a similar method with function
as a basis. A sub-system-based method might have the advantage of easier utilization of
product data that exists in a company. Closely related to this could be a matrix that maps from
components to product-level alternatives.
Matrix methods have not yet been applied for mapping between product-level aternatives. If
such amethod were devel oped, a magjor challenge would be the selection of datain the cells. A
measure of similarity, perhaps multi-dimensional, could be one alternative.
One issue with P-DSMs is that while they are an excellent tool for visualizing complex relationships
and for identifying problem areas, they provide decision support rather than decision automation. The
only P-DSM methods that provide a direct recommendation for a decision are the concept screening
and concept scoring methods [Ulrich & Eppinger 2000] and the Axiomatic Design Matrix [Suh 1990].
However, major issues that are dealt with by using P-DSMs are less well supported. Examples include
platform decisions and function allocation. Here, the P-DSMs show the structure and relations but
interpretation is difficult. The problem is emphasized when multiple attributes of the relations need to
be considered, for example geometry, function, commonality and so on. There is a lack of measures
that combine various attributes into aggregate measures to which clustering algorithms can be applied,
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or agorithms that can analyze multiple attributes. Some work is on-going in this direction, e.g.,
Blackenfelt [2001], but more needs to be done.

One major P-DSM application could be change impact analysis. Methods such as that developed by
Clarkson et al. [2001] are available. However, it may be very difficult to find the input data for the
change impact analysis, especially if this type of anaysis is going to be performed on a day-to-day
basis. Many companies today do not store interface information in a systematic way. Moreover, if the
data exigts, it islikely to be spread in various source systems such as M-CAD, E-CAD, software code
files and so on. There is a need for methods for gathering the data and putting it together. The PDM
system may be a suitable place for long-term storage.

Properties/ Functions Sub-systems/ Components/ Modules |Life-cycle Product-level
Requirements Organs/ Processes alternatives/ variants
Design Param’s
Properties/ QFD matrix 1: roof |Axiomatic Design  |Axiomatic Design FR- |Used in some companies Concept screening [24]
requirements [1, 5] CA-FR matrix [23] |DP matrix [23]
Trade-off matrix Optimization problem |Module Indication Matrix Concept scoring [24]
linearization [2] [3,7,12,21]
Functions Task DSM [22] Axiomatic Design FR- |Function allocation Modularity matrix [6]
DP matrix [23] (sharina) matrix [111
QFD matrix 2 [1, 5] Tol chain matrix [9] Brand modularity matrix
[19]
Sub-systems/ Parameter DSM [17] |Organ-component Axiomatic Design
Organs/ mapping [11] DP-PV matrix +
Design Param’s Component DSM (func extensions [23, 25]

view) [10, 11, 15, 18]

Components/ Component DSM (assy QFD matrix 3 [1, 5]
Modules/ view) [10, 11, 15, 18]
Strategic DSM [3]

Product risk matrix [4]

Life-cycle Criteria matrix [14] QFD matrix 4 [1, 5]
Processes Life Cycle Design
Matrix [16]

Product-level
alternatives/
variants

Figure 2. Content-based classification of matrix-based product modeling methods

6. Conclusions

In the development of today’s complex products, issues concerning design of the product structures
are crucial. Matrix-based product modeling methods can support this activity by, for example,
visualizing, structuring and analyzing complex products. Moreover, matrix-based methodol ogies bring
together several matrix-based methods to address complex problems. However, most matrix-based
modeling methods offer decision support, but not decision automation, and interpretation can be
difficult.

Matrix-based methods can be classified according to scope and content.

With respect to scope, element-level matrices, product-level matrices and matrix methodol ogies can be
distinguished. The matrices can be further categorised as inter-domain or intra-domain matrices.

With respect to content, a classification can be developed on the basis of what element types and
relations are captured in the matrix. Concerning element types, it is shown that current matrix-based
product modeling methods include properties, functions, organs, components, life-cycle
processes/systems and product-level alternatives. The relations modeled in the matrices include
functional, design intentional and strategic relations. A matrix containing these elements and relations
can be constructed in which alarge number of matrix methods can be positioned.

Future work in the area should lead to the development of additional methods that support platform
development, algorithms that consider multiple attributes per relation and links to external software,
for example CAD and PDM.
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