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Abstract. Increasing product variety based on product family and product platform provides a company with a
competitive advantage over its competitors. As products become more complex, short-life cycled and custo-
mized, the design efforts require more knowledge-intensive, collaborative and coordinating efforts for infor-
mation sharing. By sharing knowledge, information, component and process across different families of products,
the product realization process will be more efficient, cost-effective and quick-responsive. Formal Concept
Analysis (FCA) is used for analyzing data and forming semantic structures that are formal abstractions of
concepts of human thoughts. A Web Ontology Language (OWL) is designed for applications that need to process
the content of information instead of simply presenting information to humans. OWL also captures the evolution
of different components of the product family. The purpose of this paper is to develop product variety modeling
to increase the usefulness of common platform. In constructing and analyzing product ontology, FCA is adopted
for conceptual knowledge processing. For the selected product family, product variety Ontology is constructed

and implemented using protégé-2000.
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1. INTRODUCTION

To survive in global competition, companies need
to develop a wide range of products to fit several market
segments with different quality levels. At the same time,
a new methodology for product variety is required to
optimize the product development efforts across product
families and generations. This challenge has led to work
in product architecture (Ulrich and Eppinger, 2003),
product family design (Simpson et al., 2001), and prod-
uct variety design (Martin and Ishii, 2002). A product
variety modeling requires horizontal integration across
different models as well as vertical integration in ordinal
concurrent engineering. Product family methodology
provides a useful scheme for product variety modeling.

A product family is defined as a group of related
products that share common features, components, and
subsystems to satisfy a variety of market niches (Simp-
son et al., 2001). A Product family comprises a set of
variables, features or components that remain constant
from product to product, and other characteristics that
vary from product to product. A Product platform is the
set of common parameters, features, and/or components
that remain constant from product to product within a
given product family. In order to analyze the product
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variety via product family ideas, disassembly operation
is essential. Min et al. (2004) proposed a priority as-
signment rule in multi-product disassembly for the used
product recycle. Recent environmental issues put em-
phasis on the reuse and recycle of the used product.

As products become more complex, short-life cy-
cled and customized, the design efforts require more
knowledge-intensive, collaborative and coordinating ef-
forts for information sharing. By sharing knowledge,
information, component and process across different
families of products, the product realization process will
be more efficient, cost-effective and quick-responsive.

A new product design idea is conceptualized based
on functional requirements, which is then realized into a
product that fulfills customer requirements through be-
havior. Quality Function Deployment (QFD) has been
widely adopted for transforming functional requirements
into design parameters. Since the focus of QFD is placed
on the early stage of a product development, the uncer-
tainty in the input data of QFD is inevitable. To deal
with this issue, robust QFD is proposed which is capable
of considering the uncertainty in the input data and the
resulting variability of the output (Kim and Kim, 2008).
In order to reduce the risks and improve the productivity
in the new product development, a methodology to ana-
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lyze user information and determine product specifica-
tion is proposed (Ishii et al., 2003). The method utilizes
a stimulus-response model and product characteristics
deployment.

Product Data Management (PDM) has been used to
capture some types of non-geometric knowledge along
with basic parametric information like manufacturing
processes, Bill Of Material (BOM), inventory, etc., but
these systems lack a formal product representational
framework such as function, structure and behavior of a
product.

For a formal product representational scheme, the
idea of feature is required. A generic definition of fea-
ture is defined as anything of interest. More formally, a
feature is described by any portion of a structure-beha-
vior-function description of the designed object that may
affect the goal of a particular point of view. From this
viewpoint, functional, behavioral and structural features
are presented in detail (Brown, 2003). Koga and Aoyoma
(2004) define product behavior as product component
existing in a state at the given moment and shifting be-
tween states. A Petri net and reachable tree are adopted
for the representation of a product behavior. Represent-
ing and storing design data in an efficient way will fa-
cilitate the information retrieval and reuse of existing
data, and the reduction of product development time.

Semantic web technology based on product family
ontology has been adopted to overcome the shortcom-
ings of PDM (Nanda et al., 2004).

Formal Concept Analysis (FCA) is used for analyz-
ing data and forming semantic structures that are formal
abstractions of concepts of human thoughts. In FCA,
two important elements are ‘formal objects’ and ‘formal
attributes.” In an information retrieval application, docu-
ments could be considered object-like and terms consid-
ered attribute-like. Other examples of sets of formal ob-
jects and formal attributes are tokens and types, values
and data types, data-driven facts and theories, words and
meaning, etc (Priss, 2005).

The purpose of this paper is to develop a product
variety modeling using web ontology language. The
capturing process of product features is based on FCA.
A framework structure for product variety modeling
using OWL and FCA is proposed. As an illustrative
example, a group of electric shavers is analyzed based
on the proposed methodology.

2. ONTOLOGY AND FCA

2.1 Ontology

Ontology is defined as a formal, explicit specifica-
tion of a shared conceptualization of a domain of inter-
est. It consists of a set of concepts, axioms, and relation-
ships that describe a domain of interest. A Semantic
Web, which focuses on the intelligent aspect of Web, is

originally defined as a web of data that can be processed
directly or indirectly by machines, which operate intelli-
gently. A Web Ontology Language (OWL) is designed
for applications that need to process the content of in-
formation instead of just presenting information to hu-
mans. Three major uses of ontologies are communica-
tion between machines and human, automated reasoning,
and representation and reuse of knowledge. The third
case is utilized in this modeling framework.

2.2 FCA

FCA is a principled way of automatically deriving
an ontology from a collection of objects and their pro-
perties. The method is used for data analysis, knowledge
representation and information management. In FCA, a
(formal) context, a (formal) concept, concept lattice of a
context are used.

A (formal) context consists of a set of objects O, a
set of attributes 4, and a relationship between objects
and attributes. It can be regarded as a bipartite graph
R € 0% A. A (formal) concept for a context is defined
to be a pair (O;, 4;) such that O; and A4, are subsets of
O and 4 respectively, and every object in O; has every
attribute in A4;. In the domain of formal concept, O; is
called the extent of the concept, 4, the intent. The
ordered set of formal concepts of (O, A, R) is called the
concept lattice of (O, A, R).

From a philosophical viewpoint, a concept is a unit
of thought consisting of two parts, the extension and
intention. The extension includes all objects belonging
to this concept and the intention comprises all attributes
valid for all those objects. A formal context is a combi-
nation of objects, attributes, and the incidence relation in
a mathematical definition as a tool for the description of

those elementary linguistic situations.
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Figure 1. Formal context and its concept lattice.

An example showing formal context and its corre-
sponding concept lattice is illustrated in Figure 1. The
formal context is composed of three objects Oy, O,, O3
and three attributes A, A,, A;. Object O consists of A,
and A, as shown in the Figure. The lattice is drawn as a
Hasse diagram. The smallest concept including object
O; is the one with objects {O;}, and attributes {A;, As}.
The largest concept involving the attribute of A, is the
one with objects {Oy, O,}.
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In an information retrieval application, documents
could be considered object-like and attribute-like. Other
examples of sets of formal objects and formal attributes
are tokens and types, values and data types, data-driven
facts and theories, words and meanings and so on. The
sets of formal objects and formal attributes together with
their relation to each other form a “formal context”.

Ontology and FCA are compared as the following.
First, FCA can be used as a technique for ontology en-
gineering. It supports the structuring of some given data
by means of concept lattices. Additionally, FCA can be
used for visualizing ontology. Second, in FCA, a dis-
tinction between concepts and attributes is clear, it is not
so sharp in ontology. The relationship between ontology
and FCA is compared in Table 1.

2.3 FCA modeling

Some basic definitions of formal concept analysis
are adopted from Eijck and Zwarts (2004) and modified
to facilitate the understanding of OWL construct based
on FCA.

Definition 1. 4 formal context is a triple K := (O, A, R),

where O is a finite set of objects, A is a finite
set of attributes, R is a binary relation on O x
A, with (0, a) € R expressing o has a.

A relation R is a sub-set of the cross prod-
uct between objects and attributes. If an
object o; has property a;, where o; & O,
and a; € A, then the relationship is repre-
sented by (0;, a;)) ER.

FCA represents a concept in a given con-
text (O, A, R) as a pair (X, Y) with X & O
and Y < A satisfying the following condi-
tions,

X={x€0| Vy €Y, xty},

Y={y €4| Vx €X, xRy}.

If (X, Y) is a concept, X is called its extent,
and Y is intent.

The concept lattice is determined by sets O
and A, and relation R & O x A is the set

Definition 2.

Definition 3.

Definition 4.

Definition 5.

(P, =), where
P={XY)|X S0 Y S A4 (XY as a
concept}

and = is given by
X, Y)<(X, Y5) =X EXo.

Table 1. Comparison between Ontology and FCA.

Ontology Formal Concept Analysis
Purpose To rpodel a shared understanding of the To analyze and structure the domain
reality
Requirement none Objects (data set)
. Intentional part (The set of descriptors of a | Intentional and Extensional part (objects of a
Emphasis
formal concept) formal concept)
U A | and exolici lizati As a technique for ontology engineering
sage ormal and explicit conceptualization (Visualizing ontology)
Distinction between . .
concept and attribute Not obvious Obvious
Create Product .| Many-valued
Variety context Concept Product
> . [ > Variet
l l Lattice Onitol Y
Transform CR Formal ntology
to DP (QFD) context
Al A Al A
0, Ry Ry 0, X
CR| QFD o, | R, ®R] [0, X
0, R;| Rj) O, X

Many-valued context

Formal context

CR: Customer Requirements, DP: Design Parameters, QFD: Quality Function Deployment

Figure 2. Product variety ontology architecture using FCA.
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3. PRODUCT VARIETY ONTOLOGY MOD-
ELING USING FCA

A formal architecture for product variety modeling
will help to share concepts, ideas, and thoughts among
the interested product design group. Figure 2 illustrates
a structured architecture to develop a product variety
ontology starting from customer requirement to FCA
and web ontology language.

The procedures for product variety ontology mod-
eling are proposed as the following steps.

Step 1. Create product variety

Two types of product variety are considered. One
type is the variety created within the current product line
by changing the quality and market segmentation. The
second is the variety across time span for future genera-
tion. The first category is referred to as ‘spatial variety’,
and the second one is ‘generational variety’ (Martin and
Ishii, 2003).

In order to expand product variety over a time span,
the external drivers for next generation product is fore-
casted among professional design groups. The case of
electric shavers is adopted and analyzed. Component
type of electric shavers and generational variety and
spatial variety are shown in Figure 3.

Step 2. Transform CR to DP using QFD

To create a generational product variety, QFD is
adopted to transform customer requirement into design
parameter.

QFD is composed of two phases. The first phase
translates the subjective customer requirements into quan-
tifiable engineering metrics. The second phase maps the
engineering specifications to the components used in the
design. Figure 4 Shows a QFD chart transforming cus-
tomer requirements of an electric shaver into compo-
nents. This QFD shows the combined results of the two
phases.

Step 3. Create many-valued context

Table 2 shows many-valued context for electric
shavers representing the major distinguishing character-
istics. The electric shavers encompass many of the char-
acteristics of a typical product family. Performance cha-

Component Lowtech High tech

Head type 2 head 3 head

Blade type Standard rotary Speed XL

Power source| Battery Battery & charge
Water proof No Yes

Function Lift & cut Separate lift/trimmer

racteristics adopted are head type, blade type, power
source, waterproof, and special functions.

Compoments

Customer
requirements

Blade type
Use bettery
Chargeable
Waterproof fn
Trimmer

Lift

< | # of head

x
x

Cut smooth

Portable X

Use longer time X

Use in Bath room X

Trim function X | X

Figure 4. QFD transforming CR to Components.

Step 4. Create formal context

The many-valued context is transformed into for-
mal context, providing the viewpoint necessary to ana-
lyze the data. To begin data exploration, the rough view
is required in order to get an overview. The second line
of Table 3 shows the introduction of a new attribute for
the formal context.

Step 5. Create concept lattice

The formal concepts of a context are ordered by the
sub-and super-concept relation. The set of all formal
concepts ordered by such relations form a concept lat-
tice. Using a formal context, a concept lattice for the
design artifact is created based on FCA. The concept de-
veloped from the formal context group clarifies classes
at the same level in the subsumption hierarchy.

A concept lattice for an electric shaver is gener-
ated in Figure 5. It can be transformed into a partial or-
der in a straightforward way. According to the sequence
of a chosen category, the structure of the concept lattice
can take different shapes. AS the product family ontol-
ogy is constructed based on the primitive component,
the shape of concept lattice does not influence the ontol-
ogy modeling.

’g %’ Function Optional

% g Power source Next energy

3 < Blade type Next blade type
) Head type Next Head type

Generational variety (time)

Figure 3. Component type of electric shaver and generational variety and spatial variety.
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Table 2. Many-valued characteristics of electric shaver.

Model Image Head type Blade type Power source Waterproof | Special functions”
HQ40 W 2 head Standard rotary Battery No S1
HQ481 ﬁ‘/ 2 head Standard rotary Battery + Charge No S2
HQ5710 ' 2 head Standard rotary Battery Yes S1
HQ6675 % 3 head Standard rotary Battery + Charge Yes S2
HQ7290 HI 3 head Standard rotary Battery + Charge Yes S3
S
HQ560 i 2 head Standard rotary Battery + Charge Yes S4
HQ9070 H 2 head Speed XL Battery + Charge Yes S5
HQ8150 E 3 head Speed XL Battery + Charge Yes S5
)
—
HQ9160 E 3 head Speed XL Battery + Charge Yes S5
S

Note) * Special functions; S1: Lift&Cut/Separate lift, S2: Lift&Cut/Separate lift/Trimmer, S3: Lift& Cut/Volume shaving/Separate
lift/ Trimmer, S4: Lift, S5: Superlift/Volume shaving/Separate lift/Trimmer.

Table 3. Formal context from many-valued context.

Head type Blade type Power source Waterproof Special functions”
model | ) ead | 3 head S;ft‘;ifyrd Speed XL | Battery Bfﬁt;rg; No | Yes| St | S2 | 83| s4 | ss
HQ40 X X X X X X

HQ481 X X X X X X X

HQ5710 X X X X X X

HQ6675 X X X X X X | X

HQ7290 X X X X X X X X
HQ560 X X X X X X X

HQ9070 X X X X X X X X
HQ8150 X X X X X | X | X | X
HQ9160 X X X X X X X X

Note) * Special function; S1: Lift&cut, S2: separate lift, S3: trimmer, S4: Super lift, S5: volume shaving.

Step 6. Product variety ontology modeling

Following the concept lattice and product class struc-
ture, product ontology can be constructed. The initial pro-
duct variety hierarchy formed by FCA is enriched by
capturing various constraints, characteristics, and rela-
tionships between different classes and attributes. Com-

ponents are declared as individuals that belong to vari-
ous classes. Component class and lower class are identi-
fied.

In order to develop ontology of product variety,
components from each product is required to create a
class. This requires disassembly of each product into the
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component level. The relationship between each com-
ponent is analyzed and compared. FCA process will be
applied to each component level and will constitute the
product family ontology. Product variety ontology mod-
eling will be processed as the following sequence.

3.1 Decomposition of Product Family

To find a component lexicon of the electric shaver,
the product is disassembled to the end component. A
component is defined as a part which can not be further
disassembled. Figure 6 represents the decomposition of
four electric shavers to the end components and their
component name respectively.

3.2 Component Lexicon

After the product is disassembled, all the terms as-
sociated with each component are collected in a diction-
ary format, including any synonyms of the component.
In the given example, 15 components are identified in

Standard rotz

case of HQ40 model.

In this model, the lexicon set describing ‘blade of
HQ40 model’ can be L; = {HQ40 blade, blade of HQ40,
blade for HQ40, etc}. Through the lexicon pruning pro-
cess, a single term is assigned to a component to identify
the component uniquely. Finally, L; can be reduced into
L; = {HQA40 blade}. After applying this process to the
product family, the lexicon set of blade class for four
models is L = {L;, L,, L3, Ly} = {HQ40 blade, HQ481
blade, HQ7290 blade, HQ9070 blade}.

3.3 Formal Context Composition

Formal context for the ‘blade’ component can be
constructed as a table format. The rows describe the
classes and the columns represent properties of the com-
ponent. Adopting three properties (size, material, as-
sembly) from the product commonality index (Kota et
al., 2000), a total of four properties are chosen and com-
pared in Table 4. They are product type, part size and
shape factor, materials and manufacturing process factor,

/\

HQ8150

| HQ40 ) | Hoas1 | [HQs710] [ HQs6o | [ HQ7290 | [ HQ6075 | [ HQ9070 | HQ9160

Figure 5. Concept lattice for electric shaver.

: blade, 4:blade strut, 5: hairchamber, 6: washer, 7:p spring,
13 rearcase 14:batterycase, |

ontcase, 12: termi

-——

-

8: wall sod]

Note) Part name: 1: cap, 2: guard, 3: blade, 4: blade strut, 5: hair chamber, 6: washer, 7: plate spring, 8: wall socket, 9: translator,
10: terminal, 11: front case, 12: terminal, 13: rear case, 14: battery case, 15: battery.

Figure 6. Decomposition of four electric shavers to the end component and their component name.



Product Variety Modeling based on Formal Concept Analysis 7

and parts assembly and fastening scheme factor. If the
properties are the same across the four blade types, ‘1’ is
assigned. If they are different to each other, ‘2° or ‘3’ is
assigned.

Table 4. Context table of e-shaver: blade class.

Type Size | Material | Assembly
HQA40 blade Rotary 1 1 1
HQA481 blade Rotary 1 1 1
HQ7290 blade | Rotary 2 2 1
HQ9070 blade | SpeedXL 3 3 1

3.4 Concept Hierarchy Formation

From the formal context, concept hierarchy is cre-
ated regarding blade types. The concept hierarchy repre-
sents a partially ordered structure or the concept lattice
induced by the relationship between the classes and the
properties. Figure 7 represents concept hierarchy for
blade class component.

HQ40 Blade | | HQ7290 Blade{ | HQ9070 Blade

= [
1 2 3
1 1 1
L3
HQ481 Blade
Rotary

1
1
1

Figure 7. ‘Blade class’ component hierarchy.

3.5 Product Ontology Formation

Using the component hierarchy, product ontology
can be created utilizing the blade class. The component
in a sub-class inherits all the properties of the parent
class. All components from HQ40 model are shown in
Figure 8.

Implementation of product ontology is performed
using Protégé 2000. Protégé-2000 is an integrated soft-
ware tool used to develop ontologies by system devel-
opers and domain experts. Protégé-2000 is designed to
allow developers to reuse domain ontologies and prob-
lem-solving methods, thereby shortening the time needed
for development and program maintenance. Several ap-
plications can use the same domain ontology to solve
different problems, and the same problem-solving method
can be used with different ontologies. It is currently be-
ing used in any field where the concepts can be modeled
as a class hierarchy. In the software, a singular instance
can be used on the level of a class definition, and a class

can be stored as an instance.

Figure 9 shows the overall screen of electric shaver
ontology using Protégé 2000. Component class and its
subclass are displayed in the Figure. Properties included
in the upper class are also inherited into corresponding
lower component.

H&40_Component

Battery_cover

> Blade
Blace_strut
Cap
Case
Gear
Gearbox
Guard
Hair_chamber
Wotor
Plate_spring
Standard_¥L
Terminal
Transfer
Washer

Well_socket

Figure 8. Component class and lower class.

4. CONCLUSIONS

This paper synthesizes three distinct ideas, which
are product family, FCA and ontology, into a product
variety ontology modeling methodology based on FCA.
The ideas of product family, ontology and FCA are
inve-stigated in depth. The construction of product fam-
ily ontology helps product developers reduce the efforts
for recreating product ontology and minimize the devel-
oper’s intervention for product analysis. The generated
ontology provides a hierarchical clustering for the target
product.

The proposed method has been implemented in the
domain of an electric shaver product family. The electric
shaver product family is disassembled and its product
architecture is analyzed. During this process, the class
hierarchy, its properties, and instances of the product
family are analyzed using OWL.

In the past decade, a successful product family has
led the global market very successfully. Sony’s Walk-
mans, One time use cameras of Kodak and Fuji, HP’s
printers, Gillette’s razors, Black Decker’s tools, Brown’s
coffee makers, Volkswagen’s A-platform are a few of
the typical examples for successful product family. Re-
cent product development teams in the electronics areas
such as cell phones, notebook computers, PMPs adopt
product family ideas to implement their product variety.

Through the development of product variety ontol-
ogy in OWL format, the common design vocabularies of
a product family can be constructed, which facilitate the
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Figure 9. Ontology of electric shaver using protégé-2000.

sharing and reuse of design data across different prod-
ucts and designers even in a distributed location. When
a designer wants to develop a new product, he can get
all the properties of the product simply by inputting a
new instance of the class.

Another contribution of product variety modeling
is related to the inherent properties of the ontology.
They are communication, reasoning, representation, sha-
ring and reuse of knowledge. Once product ontology is
constructed based on the concept analysis, the knowl-
edge for product representation scheme in the design
repositories will facilitate the product family design for
mass customization. In detail, parts, components, sub-
assemblies and information can be shared and reused
among family of products in order to reduce costs, lead
time, complexities and efforts.

Based on this analysis of product variety modeling,
further research is suggested in the following topics.
First, a product variety modeling scheme should be gen-
eralized to incorporate the standardization and modu-
larization in the product platform. Second, FCA and
ontology should be further utilized in the process of
product variety modeling.
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