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SUMMARY

The designer proceeds with his work by collecting
and combining knowledge about the design object; in so
doing, the knowledge possessed by the designer is organ-
ized and extended. In cooperative design performed by
multiple persons, this organized knowledge is shared
among them. This study proposes a designer support envi-
ronment in which design knowledge is organized by using
conceptual systems (ontologies) in the special fields related
to the design object. The proposed environment includes
workspaces to store individual knowledge and software
agents that perform knowledge organization procedures
within their own workspaces or across different work-
spaces, thus supporting the collection, organization, and
processing of design knowledge, as well as cooperative
design. In addition, the prototype Designers Amplifier sys-
tem is described, and experimental results obtained with the
prototype system in the case of a bicycle rack design are
presented. © 1999 Scripta Technica, Syst Comp Jpn, 30(8):
32-39, 1999
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1. Introduction

Design is a high-level intelligent production activity
performed by engineers supported by certain knowledge to
achieve a goal. When a new task is given to a designer, he
collects knowledge related to the design object and design
methods by all means, including experience, technical

32

books, and computer networks. Then, the data related to the
current design task are combined and adapted properly.
Thus, the designer’s knowledge expands while it is being
organized. Cooperative design with multiple persons in-
volved becomes possible through sharing of such organized
knowledge.

This study deals with design knowledge using a
conceptual system (ontology) of the design object, and a
computer environment called Designers Amplifier is of-
fered to support designers. The proposed system supports
organization of design-related information rather than de-
sign itself. Designers Amplifier is intended to be a space
where cooperative designers store their ontologies and de-
sign data. Then the stored information is refined by software
agents and is transformed into a handier format. Specifi-
cally, Designers Amplifier offers the following support: (1)
Communication between cooperative designers. Particu-
larly, deep-level co-use of design-related knowledge is en-
sured through sharing of ontologies between designers. (2)
Collecting of relevant knowledge by various means. (3)
Design-related fragmentary data (designers’ notes, proto-
cols of proceedings, etc.) are organized by using ontologies,
which allows their reuse.

Such organization of design information integrates
different kinds and stages of design. For example, more
systematic collection of functions and structures at the stage
of concept design may contribute to a search for similar
solutions in the subsequent stages of design.

In Section 2, the organization of design knowledge is
explained, and Section 3 presents workplace and software
agents of Designers Amplifier. Section 4 outlines the con-
figuration of Designers Amplifier as a designer support
environment, and, in Section 5, an example of Designers
Amplifier implementation is given.
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2. Organization of Design Knowledge

In this section, the organization of design knowledge
is considered, beginning from the data representation for-
mat, and the ontology-based organizational method is ex-
plained.

2.1. Representation format of design
knowledge

Design is development of the technology that is nec-
essary to manufacture an artificial object according to
specified requirements. In the course of design, loosely
represented requirements are transformed into detailed
specifications which can be represented as shown in Fig. 1.

The top level in the diagram involves a representation
aimed at human comprehension (media level). The inter-
mediate level involves a formal representation in terms of
a grammar that can be processed by computer. The bottom
level involves a model representation which can be thought
of as a description according to a specific model to be
interpreted by a computer. The design process may be
considered as the process of obtaining an appropriate algo-
rithm for manufacture, represented at the model level, from
design requirements represented at the media level, as
shown by the curve in the diagram.

In particular, the transformation from the media level
to the formalization level can be treated as organization of
design knowledge. In this context, the authors have pro-
posed Designers Amplifier, an environment that supports
designers through organization of information represented
at the media level by special-field ontologies.

2.2. Ontologies in Designers Amplifier
In this study, design information is organized by

linking information using ontologies. A designer proceeds
with his task based on his own concepts in his special field,

Inlention
\v A n Media Level
/ \ Formalization Level
\ Model Level

v Product

Fig. 1. Levels of informational representation.
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from general concepts that can be found in technical books
through particular ones specific to an individual designer
or workgroup. In this sense, design ontologies contain
common parts that can be shared easily and designer-spe-
cific parts.

Designers Amplifier provides a workspace for indi-
vidual designers to store ontologies. This means that every
designer can build his own ontologies in his own special
way. However, Designers Amplifier supports ontology
sharing by concept exchange in the workspace.

Ontologies are used in this study, for the following
purposes:

1. To organize information represented at the media
level.

2. To clearly define and refine designers’ concepts.

3. To share ontologies among designers, thus con-
tributing to mutual understanding.

4. To ensure intelligent processing of searches and
other procedures by using relationships between concepts
in the ontology framework.

This study focuses on building and using design
object ontologies by cooperative designers. Frame-based
ontologies [1] have been developed to support the afore-
mentioned functions of Designers Amplifiers. The struc-
tural elements of ontologies are as follows.

e Class: describes general concepts. Class in-
cludes a name, a representation of the concept at
the media level (Expression), and an attribute
(Slot). The attribute includes three elements,
namely, the attribute name, the class to which it
belongs, and the attribute value.

e Super-Sub Class: represents hierarchical rela-
tions between classes.

o (Connection: represents various associations be-
tween classes.

Documents and other data at the media level are assigned
to Expressions of ontology Classes to be organized.

This study uses so-called domain ontologies [7]
rather than task ontologies because the proposed system is
not intended to support the design task itself but to support
the organization of information in the course of design, as
explained above.

3. Workplaces for Individual Designers

In cooperative design, knowledge, experience, and
other specific information possessed by individual design-
ers are of great importance. Individual designers collect,
utilize, and organize information in their own specific way.



In the course of cooperative design, such information is
exchanged and shared among designers. As will be ex-
plained below, with Designers Amplifier, these activities are
modeled by software agents [4] that operate within or
between individual workplaces.

3.1. Design knowledge sharing by software
agents

Cooperative design progresses as individual design-
ers supplement one another with special knowledge and
ontologies. However, individual knowledge and ontologies,
and even common knowledge in the field, change fast,
particularly for the most advanced technologies. In addi-
tion, time limits for new designs are increasingly strict, and
workgroups are arranged more flexibly. Thus architectures
that provide flexibility with respect to networks, such as
using mobile agents, prove more effective than architec-
tures that use concentrated management of data indexes,
such as mediators [6].

With Designers Amplifier, as shown in Fig. 2, every
designer is provided with a workplace where design infor-
mation, ontologies, and agents are stored. This is the basis
for collecting design information from various sources,
exchanging data with other designers, and process available
information.

Here are examples of the way designers can be sup-
ported using software agents in Designers Amplifier:

1. Collection of necessary data by wandering
around the workplace.

If necessary information cannot be specified clearly,
iterative search is narrowed by using certain cues. Such
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Fig. 2. Workplace and agents of Designers Amplifier.
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collection is easily implemented through software agents
that are capable of moving between different sources.

2. Information watch

If a designer needs to monitor the latest information,
this can be easily realized by placing a software agent at a
relevant source and instructing it to report on changes.

3.2. Agents in Designers Amplifier

Agents act according to instructions from designers
or other agents. The agents can move from one place to
another. In addition, they can distribute information ac-
quired in a workplace. With the current modification of
Designers Amplifier, agents provide the following features:

e Agents exist at workplaces.

e Agents can maintain the current state.

e Agents can move to other places together with the
states maintained.

e Agents can replicate themselves.

e Agents can exchange information with other
agents at the same place.

e Agents operate according to instructions from
other agents or users, or they can act autono-
mously, depending on information available at the
workplace and at their own states.

e Agents can acquire data in the workplace and
rearrange or distribute it.

e Agents are capable of self-destruction.

In this framework, agents act on behalf of designers to
collect design information from various sources, to ex-
change data with other designers, or to process available
information. Using these functions, multiform information
flows can be easily implemented; for example, agents can
be created to report about changes of information stored in
other workplaces.

4. Designer Support Environment
Designers Amplifier

As stated in Section 2, ontologies are important ele-
ments of design. However, design ontologies are not fixed;
they are developed and modified as necessary. The designer
support environment Designers Amplifier is intended to
support such construction of ontologies.

Ontologies are constructed by extracting concepts
offered by individual designers and structuring these con-
cepts. With Designers Amplifier, ontologies are stored at
individual designers’ workplaces, and these workplaces are
used to extract, structure, and share concepts. In so doing,
information stored in a workplace is organized by assigned




software agents according to relevant ontologies. In addi-
tion, mobile agents can retrieve ontologies from other
places and bring ontologies to other places.

The designer can see the design data and ontologies
stored at a workplace, in full or in part, by using a browser.
The same browser is used to give instructions to agents. In
this context, this paper deals with methods of organizing
and searching design information at workplaces. As for
ontology integration, several methods are reported in Ref. 5.

Figure 3 presents the relationships between designer,
ontology, and design information at the workplace. The
designer directly edits concepts included in the ontology.
The organizational agent organizes design information us-
ing the ontology. Normally, it is not an easy task to construct
an ontology. However, while referring to design informa-
tion, the designer develops and refines his own concepts.
Designers Amplifier supports the construction of an ontol-
ogy by searching design information, identifying similar
words, and other procedures performed by agents.

Figure 4 shows how agents organize documents
stored in a workplace of a prototype system. The organiza-
tional agent organizes a set of documents stored in the
workplace, while a collocation data calculation agent and
word weight calculation agent calculate collocation pa-
rameters and word weights, respectively. Based on these
data, the search agent searches for documents. A word
similarity calculation agent calculates word similarity pri-
marily by means of collocation data.

Search results, collocation data, and similarity data
help the designer to proceed with design and to construct
the ontology. The functions of the aforementioned agents
are explained below.
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Fig. 3. Relationships between designer, ontology, and
design information.
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Fig. 4. A set of document organization agents.

4.1. Design information organizational agent

The design information organizational agent uses
Expressions of ontology Classes. With the prototype sys-
tem, organization is performed by finding words related to
relevant concepts and establishing links to concepts. In the
current stage, word inflections and other details are disre-
garded so that words in a document are found through mere
character string matching. This approach is perhaps too
basic, but it has the advantage that the system can operate
with Japanese, English, and other languages without the
need for any language-specific software.

4.2. Collocation data calculation agent

Assuming the existence of semantic relationships
between words that appear close to each other in a text, it
seems reasonable to examine collocation (co-occurrence)
data for two words. The collocation data calculation agent
performs the following calculations for words associated to
ontology concepts.

Consider document d in a document set D(d € D).
Denote by loc(d, w), loc(d, w') sets of locations of words
w, w'. In this case, the collocation of words w, w' in the set
D is defined as the collocation matrix M that has the
following elements:

Mywr = > m(w, 1, w', 1)
d

leloc(d,w),l’€loc(d,w’) (€))]

Here m(w, I, w,I') is the collocation weight when w, w’
appear at locations [, /', respectively. In the prototype sys-
tem, the following expression is used, treating location loc
at the sentence level (word w appears in the I-th sentence):



m(w.l,w',l')

_J 0 (L=0]>10)
(10—t =1U'))/10 (|l =V| <= 10) )

The collocation data calculation agent stores collocation
matrices in the workplace.

4.3. Word weight calculation agent

The word weight calculation agent calculates word
weights (importance) in organized texts by using the vector
space model [2]. Words are weighted by the product of the
term frequency ¢f (relative frequency of word occurrence in
a document) and the inverse document frequency idf for a
document set, that is,

tfaw - 1dfq (3)

Here ff,, is the occurrence frequency of word w in docu-
ment d, and idf, is the inverse of the number of documents
that contain word w in document set D. Generally, idf; is
expressed as follows:

idfa = log(N/ny) ()

Here N is the size of document set D, and n,, is the number
of documents that contain word w.

4.4. Design document search agent

The design document search agent is used to search
for necessary documents among multiple documents stored
in a workplace. With the prototype system, search agents
offer two kinds of search: (1) collocation-based search, and
(2) ontology-based search. In both cases, words specified
by the user, as well as related words, are used as search
keywords to perform intelligent search.

44.1. Collocation-based search

When a document is searched, collocated words are
added to the specified keywords, which provides an allow-
ance for incompleteness of the initial keyword set. In par-
ticular, the vector ,,0,, - M,, (M, is the w-th column vector
of collocation matrix M) is derived from the keyword set
vector Q@ (the w-th component is 1 if w is a keyword;
otherwise it is 0). This vector is added to the initial keyword
vector Q to obtain a new search vector. This new vector is
refined by multiplying each element by the respective word
weight so that low-importance words are eliminated. The
search result (appropriate documents) is expressed as the
cosine of the angle between the keyword vector of docu-
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ment d (this vector is found from the word occurrence
frequency) and the search vector.

4.4.2. Ontology-based search

This kind of search is performed using relationships
between search word concepts and ontology concepts. With
the prototype system, all concepts located below search
word concepts (Sub Class) are involved in the search. In
other words, with C denoting the set of concepts corre-
sponding to search word set W, and sub(c)(c € C) denoting
a function oriented toward lower level concepts, a new
search word set is obtained by adding the set of lower level
concepts {sub(C), sub O sub(C), . . . } to C. As with collo-
cation-based search, words are first weighted using a vector
space model.

4.5. Word similarity calculation agent

The similarity between words w;, w;, is defined as the
cosine of the angle between collocation vectors M,,;, M,,,.
This approach is intended to be refined by using colloca-
tions between high-importance words; thus, in the proto-
type system, collocation vectors are modified by weighting
corresponding words.

5. Example of Designers Amplifier
Implementation

Described below are experiments with the prototype
system of Designers Amplifier in the case of a protocol
related to bicycle rack design [3]. This protocol includes
design discussion represented as unorganized text data. The
purpose of the experiments was to verify the following
features of Designers Amplifier:

1. Organization of protocol data

2. Extraction of design knowledge from protocol
data

3. Reuse of design knowledge by searching proto-
col data

5.1. Protocol of bicycle rack design

The protocol consists of text data (about 1500 lines)
related to discussions of bicycle rack design by three de-
signers (not especially experienced in bicycle design). Spe-
cifically, the discussion topic was the design of a rack for a
mountain bicycle to carry a backpack.

A part of the protocol is given in Fig. 5. The discus-
sion structure may be summed up as follows:

1. General design guidelines




661 G because you have .. your backpack frame now

has the fitting on it for the seat tubing so you 2. Identification of prOblem points

don "t have everything in this bracket part of the 3. Discussion of attachment method
gch?ac‘éhgiaﬁpgazrliﬁ?ng a metal clip y know wire 4. Exarninatilon of vat.'ious applications

662 H ahta ahha Lt - 5. Constructing a basic prototype

663 G y know just thin gauge metal that snaps .. a . . . .
booonhandle holder gaug 6. Identification of problem points and appropriate
664 H yeah ahha solutions

665 F ohh : . :

666 G any justice here . 7. Allocation of particular design tasks among three
667 H and that will live permanently with your designers

backpack mmi ;

668 G yeah .. and you can make that wide enough 8. Su ng up and confirmation

669 F and that to be just a holder while you're (?)

or part of the integral fastening system In our experiments, the protocol of about 1500 lines
670 G it keeps it attached to your seat tube . . .

671 F at all times .. structural (inaudible) OK was fragmented into 20-line portions to be treated as sepa-
(inaudible) , ) rate documents. In addition, about 240 Class concepts were
672 G maybe there's a little hook here that you

fasten after you snap it on just to make sure it extracted manually, and the ontology was constructed by
doesn "t come off assigning Super-Sub Class relationships.

673 F ahha yeah yeah that sounds

674 G then you ..these wires come down here right

clip on .. clip on e

675 X sorry could I interrupt could I ask you to put 5.2. Ontology editing in the prototype system
the bike on the table when you' re talking specifically

about the bike

676 G sure yeah Figure 6 illustrates ontology editing by the browser
677 X OK sorry to interrupt in the Desi li rototype tem. e right
678 G so .. clip on those tubes and that pivoting m. .eSIgnerS Amp lﬁér P ype system Th &
over here window is the ontology window, where the user performs
679 H mm mn , , total or partial ontology editing. Icons, arrows, and line
680 H and they actually don’ t have to pivot there ..

and it rocks up .. and clicks in segments (not shown) represent Classes, Super-Sub Class

relationships, and connections, respectively. The pop-up

Fig. 5. A part of the protocol related to bicycle rack
design.
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Fig. 6. Browser of Designers Amplifier.
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window on the lower right is a concept editing window
where a detailed definition of the concept is displayed. In
our example, the concept clip is defined by the clip expres-
sion and has a cost slot (belonging to the money class).

5.3. Browsing/searching of organized
documents in the prototype system

Figure 6 presents search results in the prototype
system of Designers Amplifier. The designer can select the
required concept (c/ip) in the ontology editing window, thus
instructing the search agent to perform the search; results
are displayed in the left part of screen. All documents found
are listed in the left upper window, and individual docu-
ments are displayed in the left lower frame. The documents
have been organized, and concepts that appear in the docu-
ments have been associated with the ontology. Concepts in
displayed documents are provided with buttons; using these
buttons, the designer can immediately confirm a concept in
the right window. In our example, the word clip has been
associated with the concept clip. The search uses a colloca-
tion-based search agent. The collocation data for clip used
in the search are described below.

5.4. Collocation data calculation

Figure 7 presents concepts collocated with clip; the
concepts were extracted from collocation data in docu-
ments related to the bicycle design protocol.

frame 10.9 rigidity 1.9
bag 10.0 rotate 1.8
pack 5.6 belt 1.7
thing 5.0 structural 1.7
bikg 5.0 narrow 1.6
wire 2.6 bracket 1.6
outside 2.4 pivot 1.6
strap 2.4 click 1.6
back 2.4 rock up 1.6
slip 2.3 cover 1.5
tube 2.2 seat tube 1.4
snap 2.0 rack 1.4
come off 2.0 wide 1.2
little hook 2.0 original 1.1

connectors 2.0 integral fastening system 1.1

Fig. 7. Collocations for word clip.
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Words in the diagram represent collocated concept
names, and figures stand for collocation values calculated
as explained in Section 4.2. Among the concepts listed,
many offer some relation to clip, particularly attachment-
related words such as wire, strap, and little hook. This
suggests that such a search is helpful for the designer in
constructing his ontology.

5.5. Experiments using protocol

Experiments were conducted to prove that the proto-
type system provides designers with useful information by
organization of the design protocol and generation of col-
location data.

The following scenario was used in the experiments:
the parts of the protocol related to rack-to-bicycle attach-
ment were searched for the purpose of confirmation. The
subjects were familiarized with another protocol concerned
with the same design task (bicycle rack) but none of them
had seen the protocol used in the experiments. The method
supported by prototype system was compared to another
search algorithm, namely, character string search, by apply-
ing the UNIX /ess command to raw data.

Experiments were carried out in the following way:

1. Time limit: 1 hour.

2. The subjects searched six to seven parts related
to the rack-to-bicycle attachment method.

3. We prepared three important parts of the protocol
which explain the method to attach the rack to the bicycle.
In less-based search, they found only one of the important
parts, whereas all three important parts were found ade-
quately when using the prototype system. With the proto-
type system, a typical procedure was as follows: (1) For an
attachment-related word, for example, strap, collocations
were examined to find other attachment-related words (clip,
screw, bracket). (2) From ontology relationships, appropri-
ate words for search were extracted. Among the documents
found using these search words, the three or four top entries
were read to check whether they were relevant to the
discussion of attachment methods.

The experiments proved that organization of design
information by Designers Amplifier is efficient for knowl-
edge reuse.

6. Conclusions

This paper has discussed the designer support envi-
ronment Designers Amplifier, which offers comprehensive
support for design activities by work groups and individuals
in the framework of workplaces and software agents.
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