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Abstract This paper presents the knowledge recy-
cling framework for bootstrapping evolutionary knowl-
edge management process in development of complex
systems. The framework tackles the capture bottle-
neck problem by utilizing the large amount of infor-
mation produced during development process of large
complex systems. The hypothesis is that knowledge
fragments, which are information that reflects knowl-
edge of developers, are embedded in such pile of in-
formation. To illustrate the effectiveness of the frame-
work, we describe the case of Mars Climate Orbiter in
which available information was not fully utilized. A
prototype system IDIMS which serves as a platform to
enable the knowledge recycling framework is described
through two kinds of knowledge fragments, and possi-
ble application of IDIMS to the case of the Mars Cli-
mate Orbiter is discussed.

1 Introduction

Development of large and complex systems, such as
satellites, is a knowledge intensive task. Applying
knowledge management to such a domain seems to
lead to a more efficient development process. However,
it has been reported that knowledge management suf-
fers from capture bottleneck, i.e. lack of incentives for
members of the organization to invest time in shar-
ing their resources, or knowledge [4]. In this paper,
we propose a framework called knowledge recycling as
an approach to overcome capture bottleneck. During
development of a large complex system, copious infor-
mation is produced, including documents, drawings,
analysis models, test data, etc. The framework makes
use of such information by capturing knowledge frag-
ments emerging in the activities of development pro-
cess, and later utilize them for improvement of the
process. Knowledge fragments are information that re-

flects context of development process and knowledge of
developers. In the proposed framework, it is assumed
that knowledge fragments are buried in a pile of infor-
mation produced during development process, and can
be collected, if not automatically, with little cost.

The organization of the paper is as follows. First,
this paper starts out by describing the case of Mars Cli-
mate Orbiter, which mission resulted in failure, to illus-
trate how important knowledge was not shared among
members of a complex system project. Second, the
knowledge recycling framework is explained. Third,
the Integrated Design Information Management Sys-
tem (IDIMS) is presented, which is a prototype sys-
tem built as a platform to study the feasibility of the
knowledge recycling framework, and two examples of
knowledge fragment is showed. Fourth, the possible
application of the system to the case of MCO is dis-
cussed. Finally, the conclusion is given.

2 The Case of Mars Climate Or-
biter

As an example of underutilized information that other-
wise could be used to avoid the failure, we describe the
loss of Mars Climate Orbiter (MCO) [3]. The MCO
was part of the Mars Surveyor program by National
Aeronautics and Space Administration (NASA) of the
United States. The mission of MCO was to observe
the climate of the Mars and its interaction with the
surface. After finishing the observation mission, it was
designated to work as a data relay station for the Mars
Polar Lander, which was also part of the Mars Sur-
veyor program and scheduled to arrive at the Mars two
months after the MCO’s arrival.

The MCO was launched on December 11, 1998, and
arrived at the Mars on September 23, 1999, as sched-
uled. The contact to the spacecraft was lost shortly
after the Mars orbital insertion (MOI) burn, which was
performed to put the spacecraft into Mars orbit. In-
vestigation for the loss was conducted, and the investi-
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gation team concluded that the spacecraft entered the
Mars atmosphere at too low an altitude, and probably
burned up.

The root cause of the loss was an error in a software
called SM FORCES, which was used in estimation
of the effect of angular moment desaturation (AMD)
event on the trajectory of the spacecraft. The space-
craft’s attitude was controlled by reaction wheels. An
AMD event was initiated when the rotation of reaction
wheels reached a certain threshold in order to keep it in
their linear range. AMD procedure involved thruster
firings to cancel out the saturated angular momentum.
Such thruster firings affect the trajectory of the space-
craft, and have to be taken into consideration when es-
timating the trajectory. The SM FORCES’s job was to
process the telemetry from the spacecraft, and output
the impulse data of AMD thruster firings. Using the
data from the software, the navigation team of MCO
estimated the trajectory of the spacecraft. Whereas
the unit that was supposed to be used in the output
was Newton-seconds (N-s), the software actually used
English pounds(force)-seconds (lbf-s). Thus, the effect
of AMD event to the trajectory was underestimated by
a factor of 4.45 (1 [lbf]=4.45 [N]).

For four month after the launch, SM FORCES was
not used due to several bugs. During that period, the
contractor sent e-mails to notify the navigation team
of AMD events, and the team used that information to
calculate the velocity change (∆V ) imparted by AMD
events, which in turn was used to estimate the trajec-
tory of the spacecraft. After the initial problems were
corrected, the software was put into use in April 1999.
Within a week after they started using the software,
they noticed some errors in the estimation of AMD ef-
fect on the trajectory. Although the team investigated
the anomaly, they could not find the cause of the error
before the incident.

Although there were chances to detect the error in
the software, several factors obstructed it. First, the
observability of the ∆V was limited. The team could
only observe the thrust effects by measuring the space-
craft’s Doppler shift, which only tells the velocity of the
spacecraft along the Earth-to-spacecraft line of sight.
The major component of the thrust of MCO was per-
pendicular to the line-of-sight, resulting in the limited
observability of the effect of the thrust as well. As
a result, the navigation team did not understand the
significance of the error.

Second, the navigation team did not have full knowl-
edge of the spacecraft characteristics. There were two
separate navigation teams for development and opera-
tion, and the latter did not participate in the testing of
the ground software or the preliminary design review
of the spacecraft. The operation navigation team as-

sumed that the MCO hardware and software was simi-
lar to that of the Mars Global Surveyor (MGS), which
they also took care of, and did not acquire sufficient
technical knowledge of MCO. For example, they ex-
perienced 10 to 14 times more frequent AMD events
than expected, which was due to the configuration of
solar array. Whereas the solar array was symmetri-
cally attached to the body of MGS, it was asymmet-
ric in the MCO configuration. At design phase, more
angular momentum buildup caused by the solar wind
due to asymmetric solar array configuration was ex-
pected. Once, to mitigate the effect, the ‘barbecue’
mode was considered, in which the spacecraft is peri-
odically maneuvered to flip 180◦, but later dismissed
after systems engineering trade studies. The opera-
tion navigation team did not know about this decision.
Furthermore, the AMD induced ∆V was actually cal-
culated on-board and transmitted to the Earth. If the
team had this knowledge, they could have detected the
error in the software by comparing the values. The lack
of knowledge affected the investigation of the residual
error of the AMD induced ∆V .

Third, the communication between subsystems was
poor. The navigation team did not effectively conveyed
their concerns over the error in estimation of AMD in-
duced ∆V to other project elements, and the spacecraft
team did not understand the concerns. The team relied
on e-mail communication to solve the problem instead
of bringing it into a formal procedure.

3 Knowledge Recycling

Knowledge recycling is a framework to bootstrap evo-
lutionary knowledge management process in develop-
ment of complex systems, overcoming the capture bot-
tleneck problem. The use of computer is no more lim-
ited to CAD or analysis, and widely used for commu-
nication, documentation, etc. The framework’s basic
idea is to tackle the capture bottleneck by actively uti-
lizing all the electronically available information. Dur-
ing development process of a large and complex sys-
tem, huge amount of information is produced, be it
formal or informal. Buried in pile of such informa-
tion are knowledge fragments. A knowledge fragment
is a piece of information which reflects deliberation,
reasoning, or experience of developers. An argument
behind a design decision, appearing in e-mail communi-
cations between developers, or a test report describing
an anomaly observed during a test and its cause are ex-
amples of knowledge fragments. With additional cost
on developers, we can collect knowledge fragments, put
them together, and provide useful information which
supports critical decision-making in the development or
operation of the system. Besides, accumulated knowl-
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Figure 1: An overview of knowledge recycling frame-
work.

edge fragments may serve not only a single project,
but also projects in the future. The overview of the
framework is shown in Fig. 1.

The final goal of the framework is to capture valu-
able insights gained across the life cycle of complex en-
gineering systems, and utilize them to keep improving
the process.

Knowledge recycling is different from “knowledge
sharing” via archive or repository in a sense that knowl-
edge recycling asks users to play an active role in
putting marks on knowledge fragments so that they
can be collected and utilized afterwards. While knowl-
edge sharing via archive or repository shares knowledge
in the form of document, knowledge recycling further
utilizes annotation to documents to retrieve and utilize
knowledge fragments.

4 Integrated Design Information
Management System

Integrated Design Information Management System
(IDIMS) is a prototype system which was built as a
platform for verifying the concept of knowledge recy-
cling. The purpose of the system is to provide develop-
ers with a unified repository of design information and
to capture knowledge fragments at low cost.

IDIMS currently handles four types of information:
design documents, e-mails, issue/decision model, and
functional-structure model. IDIMS allows users to ac-
cess information stored in the system in variety of ways.
The configuration of IDIMS is shown in Fig. 2.

To preserve the context that information was pro-
duced, the system allows clues to be attached to infor-
mation. The clues make the information more retriev-

able later. Once retrieved, they help users remind or
understand the context in which the information was
produced, and facilitate the use of information. If a
user understands the context in which the information
was produced, the information is not mere information
anymore, and this research refers to such information
as knowledge fragments.

In the following sections, IDIMS subsystems are ex-
plained in terms of the type of knowledge fragment
they allow to capture.

4.1 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. More specifically, we are inter-
ested in capturing argumentative form of design ratio-
nale [6], which records the process and reasoning be-
hind decisions made in the course of development. By
explicating the argumentation structure in communi-
cation, we expect that the number of miscommunica-
tions or missunderstanding decrease and false logic in
arguments become self-evident.

4.1.1 Issue/Decision Model

There have been many studies on capturing design ra-
tionale in the form of argumentation process, such as
IBIS [2] or QOC [7]. However, it has been reported that
the cost associated with formalization is an inhibiting
factor of the use of such argumentation formalisms to
capture design rationale [1, 7, 5].

In order to lessen the burden on users, we adopted
rather simple representation for capturing design ratio-
nale. We use issues and decisions as basic constructs.
Issues are problems or concerns about the design of the
developing system. Decisions are resolutions to issues
such as trade off between conflicting design parame-
ters. 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.

4.1.2 Mechanism to Capture Design Ratio-
nales in E-mail Communication

A mechanism to capture design rationale using the Is-
sue/Decision model was implemented as a subsystem
of IDIMS. The overview of the mechanism is shown in
Fig. 3.
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Figure 2: The configuration of IDIMS.

To capture argumentation structure and design ra-
tionale, four types of tags were designed to be embed-
ded in the e-mails: i.e. issue, decision, response and
notice. Besides issue and decision described in the pre-
vious section, response and notice were added. These
tags were added to capture the structure of communi-
cation between users.

To denote parts of e-mail messages as issues or de-
cisions, users are required to annotate parts of their
e-mail message with these tags accordingly (Fig. 4).
IDIMS mail subsystem is implemented as a mail fil-
ter. It is configured to receive mails sent to a desig-
nated mailing list address. Upon receiving an e-mail,
the filter transforms the message to an XML document,
stores it into the document database, and sends out the
message to members of the mailing list. When send-
ing out a message, filter program attaches a template
for reply. This template includes citation of the origi-
nal message. Tags in the original message are replaced
with appropriate tags such as response tag or decision
tag for issue tag. User can select either one of them by
commenting out the one they want to opt out. Tags
in a template also include reference to the tags in the
original message for the convenience of users. In this
way, links between issues and decisions in e-mails are
semi-automatically constructed.

4.1.3 Issue/Decision Viewer

Issue/Decision Viewer is a Windows application that
connects to the IDIMS repository and visualize the I/D
model (Fig. 5). Users can register, search, and view
issues and decisions in the repository. With this view,
the argumentation structure would be readily visible to
the user. Users can register issues and decisions either
alone to the database, or as annotations to parts of
documents.

I/D Viewer provides two types of query: i.e. query

Mail ServerUser E-mail and Issue/Decision
Repository

Members

1 2

3

1. A user sends a mail in which Issue/Decision tags to 
mailing list.

2. IDIMS mail server parses the mail, extracts 
issue/decision information, and stores them into the 
repository.

3. IDIMS mail server distribute the mail to members, with 
a reply template attached. 

Figure 3: The mechanism of e-mail processing in
IDIMS.

Fr om:  kohei
To:  yoshi
Subj ect :  pr obl em wi t h FOG r eadi ng
- -
¥i ssue{
The r eadi ng of  FOG mi ght  be wr ong.
…
¥}

Fr om:  kohei
To:  yoshi
Subj ect :  pr obl em wi t h FOG r eadi ng

- - i ssue - -
The r eadi ng of  FOG mi ght  be wr ong.
…
- - end of  i ssue –-

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
¥r esponse{
¥r ef er { t agi d: 123}
> The r eadi ng of  FOG mi ght  be wr ong.
> …
¥}

Original Message (User to IDIMS)

Processed Message (IDIMS to Members)

User use tags to indicates a part of 
message which describes an issue or 
decision.

Reply template

In reply template, IDIMS adds 
reference to the original issue.

Figure 4: An example of tags annotating an e-mail
message.
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Figure 5: A screen-shot of Issue/Decision Viewer.

on I/D model and query on content. Query on I/D
model allows users to search nodes according to their
types (i.e. issue or decision). Besides, a query mecha-
nism to search for unresolved issues was implemented.
An unresolved issue is defined as “an issue not having
any decisions in the descendant nodes.” This function
was added based on the hypothesis that unresolved is-
sues could be risks to the development process.

Query on content is a full-text search facility for the
e-mail archive. Two types of indexing scheme based
on TF IDF[8] was implemented. In one scheme, each
e-mail message is treated as a document to compute
the IDF score, which is an ordinary setup widely used.
In the other scheme, we treat a thread of discussion
as a document, which is represented as a tree in I/D
model beginning from an issue as its root. A thread
of discussion is composed of parts of e-mail messages.
By treating a thread of discussion as a document, users
can retrieve needed information in the context of de-
velopment process, which is important to understand
any design decisions.

4.2 Fault Case as Knowledge Fragment

In the course of development of a large and complex
system, many tests are conducted on the system and
its subsystems to verify that they are working as ex-
pected. The system does not always behave as ex-
pected. In such a case, the reason 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
experienced during the development and use that in-

Function/Component Ontology Functional-Structure Model

Fault Cases

build

describe

Fault Diagnosis Support

Figure 6: An overview of the proposed method for fault
diagnosis support.

formation for supporting fault diagnosis during the op-
eration (Fig. 6).

4.2.1 Method

The method supports fault diagnosis task by present-
ing candidate failure paths of the observed anomaly to
the operator of the satellite. A tool for modeling func-
tional structure model was built (Fig. 9). In the tool,
the operator can specify a function, which is suspected
to be impaired, from function ontology, and the tool
indicates those components in the model which are re-
lated to the specified function. Then, s/he specifies
one of the indicated components. From the specified
component in the model, the tool computes every pos-
sible path, traversing the functional dependency links
between components. Stored fault case information is
related to the components or functional dependency
links in the model via ontology. When presenting fail-
ure paths, the tool ranks them so that paths with more
fault cases presented first. Given the list of candidate
failure paths, the operator can systematically inves-
tigate the cause of the failure, referencing fault case
information along the paths.

In the following sections, basic elements of the
method, i.e. ontologies, the functional structure model,
fault case information representation are explained.
Then, how these elements are used to support fault
diagnosis task is described.

4.2.2 Function Ontology and Component On-
tology

Ontologies are hierarchically organized taxonomies of
a domain and provide meaning of terms and relation-
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ship between them. Two kinds of ontology are used:
component ontology and function ontology. Compo-
nent ontology defines components that form the target
system. Function ontology defines functions that com-
ponents requires and provides. Functions required and
provided by a component are defined as slots of the
component class in the component ontology.

These ontologies are primarily used as constructs 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 struc-
ture model, ontologies provide for users common vo-
cabulary to be used in documents. In this way, func-
tional structure model and documents can be related
more precisely than simple keyword matching. Since
they are the basic constructs for the method, ontolo-
gies need to be built at first. An example of func-
tion/component ontology is shown in Fig. 7

4.2.3 Functional Structure Model

Functional structure model describes the connection
between components of the system and dependencies
of functionalities among components (Fig. 8). Com-
ponents used in the model are defined in component
ontology. Likewise, functions that the components re-
quire and provide are defined in function ontology. For
each component, the functions required for the compo-
nent to be operational, and the functions it provides
once it is operational, are defined as slots of a compo-
nent class.

The functional structure model is to be used in or-
der to capture fault cases experienced during the devel-
opment and use that information for supporting fault
diagnosis during the operation of the system. From a
functional structure model, range of effects of a failure
of a component can be computed from the function
dependency information. Presenting fault cases along
with the components identified to be affected by the
failure will help the process of fault diagnosis.

4.2.4 Representation of Fault Case Informa-
tion

Fault case information includes the component at
which fault has occurred, the cause of the fault, func-
tions affected by the fault, and description of the fault.
Components and functions specified in fault case infor-
mation are defined in the ontology.

Fault cases are to be accumulated during develop-
ment of the target system. Then, they are used for
diagnosis during operation of the system.

Figure 9: A screenshot of Fault Diagnosis Support Sys-
tem.

4.2.5 Searching Fault Path Candidates

Using the three elements described in the previous sec-
tions, a list of candidate fault paths is computed to
support diagnostic task during operation of the system.
Fault path is a path in the functional structure model,
which represents a cascading effect from a failing com-
ponent. Since a functional structure model represents
the functional dependency between components in a
system, effects of a component failure can be traced
via links in the model.

5 Applying IDIMS to the Case
of MCO

In this section, we describe a scenario of applying
IDIMS to the case of MCO. The function and com-
ponent ontology used in this scenario is shown in Fig.
7. In the function ontology, concepts used in navi-
gation is defined. In the component ontology, con-
cepts for Guidance, Navigation and Control System
and Propulsion System is defined. A link is drawn
between Attitude Actuator and RCS Thruster, as
RCS Thruster is also a part of Attitude Actuator.
Links between the concepts in the function on-
tology and the concepts in the component ontol-
ogy show the relationship of a component imple-
menting a function. For example, the function
Angular Momentum Desaturation involves the com-
ponents, Reaction Wheel and RCS Thruster compo-
nents.

The functional structure model of the MCO for
this scenario is shown in Fig. 8. White boxes in-
dicates the concepts defined in the component on-
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Function Ongology

Navigation

Attitude_Control

Trajectory_Correction_Maneuver

Orbit_Determination
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Solar_Radiation_FE

Tracking
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Range_Tracking
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Guidance_Navigation_Control_System

Attitude_Sensor
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Sun_Sensor
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Accelerometer

Attitude_Actuator

Reaction_Wheel

Software

On-Board_FE_Software

SM_FORCES

Propulsion_System

Main_Engine

RCS_Thruster

TCM_Thruster

Figure 7: Function and component ontology which defines the concepts used in the scenario of applying IDIMS
to the case of Mars Climate Orbiter.
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RCS_Thruster

Accelerometer
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Tracking System

Spacecraft

Solar_Radiation_FE

Tracking

Doppler_TrackingRange_Tracking

Communication_System

Component

Function

Legend

Dependency

Figure 8: Functional structure model of the Mars Climate Orbiter.
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tology, whereas hatched boxes indicates the concepts
defined in the function ontology. Edges show the
dependencies between concepts. For example, the
Attitude Controller depends on Reaction Wheel,
RCS Thruster, Laser Ring Gyro and Accelerometer.
Note that the model as well as the ontologies shown
here are merely examples, and does not cover all as-
pects of the spacecraft or mission of MCO.

Access to design rationale. As mentioned in Sec-
tion 2, the designers of MCO considered the ‘barbe-
cue’ mode to mitigate the effect of solar wind. They
performed trade off studies and decided that such ma-
neuver was not needed. With IDIMS, this informa-
tion could be recorded as design rationale using the
Issue/Decision model. The argument of the barbecue
mode is not directly related to the root cause of the
failure. However, if the operation navigation team had
access to such design rationale, they could have better
understanding of the spacecraft, which in turn could
have led to the quick identification of the source of the
error in trajectory estimation.

Fault diagnosis support. If ontology and func-
tional structure like the ones shown in Fig. 7 and Fig.
8 were constructed and fault cases was accumulated
during development of MCO, the operation navigation
could use them to investigate the error in the trajectory
estimation. For example, it is obvious that the estima-
tion of forces imparted by AMD event is done on-board,
which the operation navigation did not know in the ac-
tual case. Given that knowledge, the operation navi-
gation team could compare the results of SM FORCES
and that of the on-board estimation, which should have
revealed the error in SM FORCES.

Communication. The investigation report pointed
out the lack of communication between the navigation
team and other elements of the project. If the naviga-
tion team used IDIMS to annotate their emails using
the Issue/Decision model, and the project manager or
other members of the project monitored what kind of
issues were raised as the mission progressed, they could
have noticed the problem with trajectory estimation,
and take some actions to investigate the problem.

6 Conclusion

This paper presented the knowledge recycling frame-
work for bootstrapping evolutionary knowledge man-
agement process in development of complex systems.
The framework tackle the capture bottleneck problem
by utilizing the large amount of information produced

during development process of large complex systems.
A prototype system IDIMS which serves as a plat-
form to enable the knowledge recycling framework was
described through two kinds of knowledge fragments.
Scenarios of applying IDIMS to the case of the Mars
Climate Orbiter was explained to illustrate the effec-
tiveness of the framework and the system.
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