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Abstract

Development of large and complex systems, such as satel-
lites, is a knowledge intensive task. Applying knowledge
management to such a domain appears to lead to a more ef-
ficient development process. However, it has been reported
that knowledge management suffers from capture bottleneck,
i.e. lack of incentives for members of the community to in-
vest time in sharing their resources, or knowledge. In this
paper, we propose an approach to capture knowledge frag-
ments emerging in the activities of development process, and
later utilize them for improvement of the process, which we
call knowledge recycling. We describe the prototype system
for knowledge recycling, and present the initial results.

Introduction
During the development process of a large and complex sys-
tem, all sorts of risks have to be managed in order to achieve
a successful result. Especially, for aerospace systems like
launch vehicles and spacecrafts, the failure of the entire mis-
sion resulting from a small oversight is not affordable, be-
cause of its limited opportunity for operation and enormous
costs involved. Therefore, it is important to manage risks
during the development process.

Managing Risks of Failures of an Artefact
To avoid risks associated with the design and implementa-
tion of an artifact, many reliability analysis methods, such
as FTA or FMEA, have been employed in the development
process. Fault Tree Analysis (FTA) quantitatively assesses
the probability of the occurrence of top fault events in a top-
down manner (Lee et al. 1985). As contrasted to FTA, Fail-
ure Modes and Effects Analysis (FMEA) takes an bottom-
up approach. It enumerates possible failure modes of sys-
tem components, assesses the effect of each failure mode
Copyright c© 2002, American Association for Artificial Intelli-
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to the entire system, and let designers focus on those fail-
ure modes, which have high probability of occurrence or
significant impact on the entire system. One of the prob-
lems with these methods is that the effectiveness of any
method relies on experts’ knowledge and their extensive
efforts on the analysis. As a system to be developed be-
comes larger in its scale and the complexity grows, it be-
comes much harder for experts to cover the entire sys-
tem. To overcome this problem, many computerized meth-
ods have been proposed (Vemuri, Dugan, & Sullivan 1999;
Price & Taylor 1997). However, whenever one tries to em-
ploy a computerized method, knowledge have to be repre-
sented in some kind of formalism, and there is always the
problem of the cost associated with formalizing knowledge.
This is also the case with the computerized reliability analy-
sis methods.

Managing Risks in Development Process
Besides risks, or potential failures, in the design or imple-
mentation of an artifact itself, there could be risks in the
development process as well. By “risk in development pro-
cess”, we mean the risk of system failure, though its root
cause appears in the design as the final form, that can be at-
tributed to miscommunications or misunderstandings of the
developers. In this respect, design rationale can play an im-
portant role in avoiding these kinds of risks. The capture and
use of design rationale has become a major topic in design
research (Moran & Carroll 1996). However, it has been re-
ported that there is a tremendous cost associated with captur-
ing design rationales formally (Conklin & Yakemovic 1991;
Shum & Hammond 1994; Shipman & Marshall 1999). Sim-
ilar problem is recognized in the domain of knowledge man-
agement as capture bottleneck (Motta, Shum, & Domingue
2000). Capture bottleneck problem in the knowledge man-
agement domain refers to the lack of enough incentives to
the users to invest time for sharing their knowledge or re-
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sources. The capture bottleneck problem consists of two
parts: the cost to input knowledge and beneficiaries from the
knowledge management system not being directly conceiv-
able to the users. The problem of formalizing knowledge for
computerized reliability analysis methods corresponds to the
first part.

Knowledge Recycling

Motivated by the capture bottleneck problem, we propose
the concept of knowledge recycling. During development
process of a large and complex system, huge amount of
information is produced, whether it is formal or informal.
Buried in pile of such information are knowledge fragments.
A knowledge fragment is a piece of information which re-
flects deliberation, reasoning, or experience of developers.
An argument behind a design decision, appearing in e-mail
communications between developers, or a test report de-
scribing an anomaly observed during a test and its cause
are examples of knowledge fragments. With additional cost
on developers, we can collect knowledge fragments, put
them together, and provide useful information which sup-
ports critical decision-making in the development or opera-
tion of the system. Besides, accumulated knowledge frag-
ments may serve not only a single project, but also projects
in the future.

In this paper, we describe a prototype system for enabling
knowledge recycling, which is called Integrated Design In-
formation Management System (IDIMS). We present two
cases of utilization of knowledge fragments, correspond-
ing to the types of knowledge fragments that IDIMS cur-
rently can handle: Issue/Decision argumentation structure,
and fault cases. We then illustrate the vision of integrating
both cases for more holistic knowledge recycling implemen-
tation, and finally, we conclude.

IDIMS: A Platform for Enabling Knowledge
Recycling

In this section, we describe Integrated Design Information
Management System (IDIMS), which is a prototype system
we built for implementing the concept of knowledge recy-
cling. The purpose of the system is to provide developers
a unified repository of design information and to capture
knowledge fragments at low cost. As the use of computer
is no more limited to analysis and CAD, and widely used
for communication and documentation, we believe that by
actively utilizing all the electronically available information,
we can reach to a solution to the capture bottleneck problem.

The current configuration of the system is shown in Fig-
ure 1. IDIMS currently handles four types of information:
design documents, e-mails, issue/decision structure, and
functional-structure model. As shown in the figure, IDIMS
allows users to access information stored in the system in
variety of ways. In the following sections, we describe two
cases of utilizing knowledge fragments, each of them corre-
sponding to the type of knowledge fragments which IDIMS
can handle.

Design Rationale as Knowledge Fragment
Nowadays, a lot of communication is done via e-mails. We
chose the communication between developers done via e-
mail as a source of knowledge fragments. Here, we view
design rationales in e-mail communication as knowledge
fragments. Specifically, we are interested in capturing ar-
gumentative form of design rationale (Shipman & McCall
1997), which records the process and reasoning behind deci-
sions made in the course of development. By explicating the
argumentation structure in communication, we expect that
the number of miscommunications or missunderstanding de-
crease and false logic in arguments become self-evident.

There have been many studies on capturing design ratio-
nale in the form of argumentation process, such as IBIS
(Kunz & Rittel 1970) or QOC (Shum & Hammond 1994).
However, it has been reported that the cost associated with
formalization is an inhibiting factor of the use of such argu-
mentation formalisms to capture design rationale (Conklin
& Yakemovic 1991; Shum & Hammond 1994; Shipman &
Marshall 1999).

In order to lessen the burden on users, we adopted rather
simple representation for capturing design rationale. We use
issues and decisions as basic constructs. Issues are problems
or concerns about the design of the developing system. De-
cisions are resolutions to issues such as trade off between
conflicting design parameters. Issues and decisions can be
linked, and construct a directed graph. A link from an issue
to a decision indicates that some kind of decision has been
made on the issue. Inversely, a link from a decision to an
issue would mean that a new concern has emerged on the
decision that has already been made.

To capture argumentation structure as design rationale in
e-mail communication, we ask users to embed tags in their
e-mail messages. Tags are used to indicate that a part of a
message is either expressing an issue or a decision. Users
can annotate any part of their e-mail message with these
tags. Users then send the message to the dedicated mail-
ing list address. On the mail server, a mail filter is setup to
process tagged messages. Upon receiving an e-mail, the fil-
ter program transforms the message into an XML document,
stores it into the IDIMS’s document repository, and sends
out the message to members of the mailing list. When send-
ing out a message, the filter program attaches a template.
The template includes citation of the original message, and
reference ID of the tags in the original message to keep track
of the reply-to relationship between tags. In this way, users
does not have to attend to the reference relationship when
they write a reply, and links between issues and decisions in
e-mails are semi-automatically constructed.

Issue/Decision Structure

IDIMS allows capture of design rationales by recording is-
sues and decisions in the development process. Issues are
problems or concerns about the design or implementation
of the developing system. Decisions are resolutions to is-
sues such as trade off between conflicting design parame-
ters. Issues and decisions are represented as annotation to
documents.
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Figure 1: The system configuration of IDIMS. Box with thick lines indicates modules which were built by the authors.

Link Type Description
I → D A decision was made on an issue.
D → I A new issue arose on a decision which

has already been made.
I1 → I2 The latter issue (I2) is an sub-issue of

the former (I1).
D1 → D2 The latter decision (D2) is an auxil-

iary decision to the former (D1).

Table 1: The implications of links in the issue/decision
structure.

Issues and decisions can be linked, constructing an argu-
mentation structure. An example of an argumentation struc-
ture is shown in the left pane of Fig. 2. Although links be-
tween issues and decisions have no labels in IDIMS, we do
assume semantics of links according to its source and desti-
nation (Table 1). A link from an issue to a decision indicates
that some kind of decision has been made on the issue. In-
versely, a link from a decision to an issue would mean that
a new concern has emerged on the decision that has already
been made. A link from an issue to another issue would
mean the latter is a sub-issue of the former, or the latter in-
duced the former. A link from a decision to another decision
indicates the latter is an auxiliary of the former.

Issue/Decision Manager and Viewer

Issue/Decision Viewer is a Windows application that con-
nects to the I/D Manager and visualize the I/D structure (Fig.
2). Users can register, search, and view issues and decisions
in the database. With this view, argumentation structures
would be readily visible to the user. Users can register issues
and decisions either alone to the database, or as annotation
to a part of document.

I/D Viewer allows users to search unresolved issues. An
unresolved issue is defined as “an issue not having any deci-
sions in the descendant nodes”. We implemented this func-
tion based on the hypothesis that unresolved issues could
be risks to the development process. I/D Viewer also has a
full-text search capability on the I/D structure basis rather

Figure 2: A screen-shot of Issue/Decision Viewer.

than message basis. This search capability allows users to
retrieve a thread of argument that is relevant to the topic of
interest.

Initial Results

We have applied the annotation scheme to e-mail archive of
communication between members of satellite development
project. We annotated 679 e-mails manually. We analyzed
the resulting argumentation structure in terms of unresolved
issues, i.e. issues without any decisions have been made.
Among the annotated e-mails, we found 84 unresolved is-
sues. Excluding those cases where the decision to an issue
existed but linked to a different issue, there were 62 unre-
solved issues in 679 e-mails. Considering the fact that all
the decisions may not have been reported by e-mails, it is
unlikely that all the unresolved issues identified were left
undecided. However, by reviewing all the unresolved issues
at some points in the course of development will reduce the
risk of oversight.
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Fault Case as Knowledge Fragment
In the course of development of a large and complex sys-
tem, many tests are conducted on the system and its subsys-
tems to verify that they are working as expected. The system
does not always behave as expected. In such a case, the rea-
son why it does not work is investigated, and the problem
gets corrected. Information collected on such fault cases are
precious resources for understanding the actual behavior of
the system, and can play a key role in diagnosis task. To
utilize fault cases experienced in testing of the system, we
use functional structure model to capture fault cases experi-
enced during the development and use that information for
supporting fault diagnosis during the operation.

Function Ontology and Component Ontology
Ontologies are hierarchically organized taxonomies of a do-
main and provide meaning of terms and relationship be-
tween them. IDIMS uses two kinds of ontology: component
ontology and function ontology. Component ontology de-
fines components that form the target system. Function on-
tology defines functions that components requires and pro-
vides. Functions required and provided by a component are
defined as slots of the component class in the component
ontology.

We primarily use these ontologies as the basis for the
functional structure model described in the next section.
Components in the functional structure model are instances
of component classes of the component ontology. Besides
using it in building functional structure model, ontologies

Figure 4: A screenshot of a tool for building functional
structure models.

provide common vocabulary to be used in documents for
users. In this way, functional structure model and documents
can be related more precisely than simple keyword match-
ing.

Functional Structure Model and Fault Cases
Functional structure model describes the connection be-
tween components of the system, and dependencies of func-
tionalities among components (Figure 3). Components used
in the model are defined in component ontology. Likewise,
functions that the components require and provide are de-
fined in function ontology. For each component, functions
required for the component to be operational, and functions
it provides once it is operational, are defined as slots of a
component class.

We intend to use the functional structure model to capture
fault cases experienced during the development and use that
information for supporting fault diagnosis during the opera-
tion of the system. Fault case information includes the com-
ponent at which fault has occurred, the cause of the fault,
functions affected by the fault, and description of the fault.
From a functional structure model, range of effects of a fail-
ure of a component can be computed from the function de-
pendency information. Presenting fault cases along with the
components identified to be affected by the failure will help
the process of fault diagnosis.

Initial Results
As part of IDIMS, we built a tool for modeling functional
structure model (Figure 4). We have applied the system to a
case of failure experienced in an experiment conducted as a
part of development process of a satellite. In the experiment,
a model of the satellite was put on a balloon and communi-
cation between ground station and the satellite was tested.
In the middle of the experiment, the satellite seemed to stop
accepting commands from the ground station in the middle



of the experiment. From documents produced before the
experiment, we extracted about 20 fault cases that relate to
components of communication subsystem. Even with such
a small number of fault cases, we could effectively show
some candidates of the failure cause, which were pointed
out in the analysis by developers after the incident. The re-
sult indicates that the method can be useful in supporting
systematic pursuit of possible cause of a problem during op-
eration of a system. However, the method was applied to a
relatively small scaled problem, and we still need to investi-
gate the scalability of the method.

Conclusions
In this paper, we proposed the concept of knowledge recy-
cling, described a prototype system IDIMS, and presented
the initial results. In order to test each of the techniques
used in IDIMS, and to evaluate the idea of knowledge re-
cycling, user studies would be necessary. To evaluate the
system and techniques, we plan to conduct a user study in a
student project, which is developing a small satellite.
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