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Abstract
Lack of troubleshooting knowledge support combined with
the time pressure to perform can adversely affect the
performance on unplanned maintenance tasks. We propose
that a knowledge management (KM) perspective should 
used to support unplanned maintenance tasks. The KM
approach explicitly supports the continuous processes of
creation, collection, organization, storage, and delivery of
troubleshooting knowledge. We describe a set of
methodologies based on the paradigm of case-based
reasoning (CBR) for managing the troubleshooting
knowledge. These methodologies have been implemented in
a suite of software tools called SpotLight*. We demonstrate
our approach with three applications in the aerospace
industry. Exploratory analysis from a field trial at a
regional airline shows that the tools can potentially generate
cost savings of 8% on departure delays and cancellations.
Issues for further research are presented.

Introduction

Complex manufacturing and service equipment typically
comprise thousands of interrelated subsystems and parts.
Examples include aircraft, locomotives, and continuous
process plants. Despite their complexity, these pieces of
equipment are highly reliable. For example, a Boeing 737
has a dispatch reliability of over 98% (Kemp, 1997). High
operational reliability of complex equipment results from a
combination of good design and manufacturing practices
and preventive maintenance practices such as scheduled
checks and condition monitoring. Equipment
manufacturers and operators commit considerable
resources to planned maintenance for increasing
operational reliability such as equipment uptime and
dispatch reliability. Attention to unplanned or breakdown
maintenance, however, has not been equitable. Ways of
improving unplanned maintenance pertbrmance are
needed. The performance on unplanned maintenance
events can be adversely affected by the lack of accurate
problem information and the lack of requisite knowledge
to resolve it (Rankin and Allen, 1996). Knowledge-based
systems can be used for efficient and timely access to fault
isolation and repair procedure knowledge. Knowledge-
based systems typically employ a combination of
methodologies from information retrieval and artificial
intelligence such as text retrieval, production rules, model-
based reasoning, and case-based reasoning.

* SpotLight is a registered trademark of CaseBank Technologies Inc.

In this paper, we present a case-based knowledge
management system for the unplanned maintenance task.
First, we identify factors in the unplanned maintenance
decision environment and present our reasons for adopting
the knowledge management approach. Next, we present a
set of case-based tools tool called SpotLight that addresses
these factors. Our experience and observations from the
development of three aerospace applications is presented.
We conclude with a discussion of research issues.

Decision Environment

The decision environment of unplanned maintenance for
complex equipment is typically characterized by the
following factors:

¯ Infrequent events: High degree of operating
reliability implies that the pieces of equipment fail
infrequently. A technician or a mechanic is unable
to gain significant expertise and experience in these
maintenance events. Due to the equipment
complexity and the large problem scope, often
technicians deal with problems that are outside their
area of specialty. Consequently, unaided
troubleshooting often leads to fault isolation errors
and unnecessary part removals. To assist a
technician, the equipment manufacturers and
operators provide a number of knowledge-based
maintenance decision aids such as built-in-test
equipment (BITE), fault isolation manuals (FIM),
and interactive electronic technical manuals
(IETM). These aids are useful for dealing with
maintenance problems that were anticipated by the
equipment manufacturer. However, to resolve
problems that are not addressed by these knowledge
bases, the technician has to rely on his personal
knowledge or that of his peers.

¯ Unforeseen events: A relatively small proportion of
the unplanned events (approx. 20%) are
unanticipated by the manufacturers, however, they
have a disproportionately large impact on the
maintenance cost (approx. 60%). Examples of such
events in aircraft include intermittent faults, weather
related anomalies, and complex faults that span
multiple sub-systems. Occurrence of unforeseen
events implies that the known problem space is
dynamic and incomplete. That is, previously
unreported faults and failure modes continue to
occur. Unplanned maintenance performance can be
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significantly improved by providing knowledge-
based support for these problems.

¯ Problem solving under time pressure: Unlike
planned maintenance, the fault isolation and repair
in unplanned maintenance often takes place under
strict time pressure. Under time pressure, analytical
problem solving approach is practically abandoned
leading to decision errors. Under these
circumstances, heuristic and experiential knowledge
(e.g., previous cases) can be used to rapidly focus
on important observations and to isolate the root
cause.

¯ Maintenance task technical expertise: Technicians
and mechanics who maintain equipment have
significant education and training in their respective
trades. This is in contrast to the, often naive,
operators of relatively simple equipment such as
home and office appliances who attempt to
troubleshoot and repair the equipment. For a
knowledge-based system to be accepted by a
technically competent user population it must
address the difficult problems and be compatible
with their decision making style.

To dramatically improve the unplanned maintenance task
performance, the technicians need an interactive system
that delivers focused troubleshooting and repair
knowledge. Since the problem domain of unplanned
maintenance is incomplete and dynamic it is imperative
that a knowledge-based solution, to be successful, must
address all the stages of knowledge life-cycle: creation,
acquisition, representation and storage, and distribution
(Jurisica and Gupta, 1997). We suggest that the solution
should be guided by the framework of knowledge
management. Knowledge management requires explicit
and systematic management of decision task knowledge
and its processes of gathering, creating, organization,
diffusion and exploitation (Skyrme, 1997). The
knowledge-based paradigms such as rule-based systems,
model-based systems are unsuitable for dynamic problem
domains due to their brittleness. Paradigms of machine
learning such as induction and neural network are
unsuitable where events are rare. Case-based systems,
however, are well-suited for incomplete, ill-structured, and
dynamic decision domains (Gupta, 1996). Furthermore, 
we present in the next Section, a case-based decision
support system inherently conforms to the knowledge
management processes.

1. Problem description dialog or conversation to aid the
troubleshooter specify symptoms and test
observations,

2. lterative retrieval of stored cases for root cause
hypothesis generation and identification,

3. Stored case(s) selection by the troubleshooter for
resolving the problem, and

4. Problem acquisition by the system. Some new
problems are judged as different from any of the
stored cases (i.e., not similar enough) and require that
the troubleshooter rely on his expertise or that of his
peers to resolve them. By the process of case base
engineering (CBE), details of the problem and its
solution experience are synthesized into a prototypical
case and added to the case base for future use (Gupta,
1997).

Problem I
Description

Stored Case
Retrieval

Case Base
Engineering

Stored Case
Selection

Problem
Acquisition

Figure 1. Case-based reasoning processes

A case-based system supports the knowledge management
processes in the following way. Knowledge is gathered in
the problem description and the problem acquisition steps;
knowledge is created, organized (i.e., represented), and
stored in case base engineering step; and the knowledge is
distributed and used in the problem description, case
retrieval, and case selection steps.

We have developed a family of software tools called
SpotLight that use case-based approach for managing the
knowledge gained from troubleshooting complex
equipment. SpotLight tools specifically support
troubleshooting complex equipment with multiple
configurations. A brief description of these tools follows:

Case-Based Knowledge Management

A case-based system aids a decision-maker to resolve a
new problem by using solutions from those stored cases
that are similar to the new problem. The diagnostic
problem solving cycle using a case-based support system
includes the following four steps (Gupta, 1998) (See
Figure 1 ):

SpotLight Tools

The SpotLight family of tools support all the
troubleshooting knowledge management processes. The
tools can be grouped into the following three broad
categories (See Figure 2):
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Figure 2 SpotLight Tools for Managing Troubleshooting
Knowledge

Troubleshooter’s Tool: This software component
assists a troubleshooter in the use of past cases to resolve
maintenance events and collect problem information. The
troubleshooter’s tool is a conversational CBR system (Aha
and Maney, 1997) that guides a troubleshooter with
flexible diagnostic test strategies, root cause identification,
and repair procedure support. The tool comprises three
main components:
¯ Intelligent test strategy generation: This component

guides the troubleshooter in the selection of pragmatic
tests and observations with the least information load.
To this end, unlike other conversational CBR systems
where case representation is merely a collection of
attribute value pairs, cases in SpotLight encode
dependency relationships among the test observations.
In this way, for a suspected root cause, valid
diagnostic path(s) from observations to the root cause
are encoded. In addition, at the case base level, the
ontology of equipment components (i.e., a domain
model), and the related observations are represented.
This ontology is linked to the equipment
configuration. The component uses an aggregation
heuristic with dependency relations and the equipment
configuration to intelligently select and order the tests.
The recommended set of tests and their ordering is
revised based on the selections made by the
troubleshooter during a problem session. This
approach significantly reduces the number of
irrelevant tests and the possibility of missing the
relevant ones.

¯ Stored case retrieval and selection: This component
selects and ranks stored cases that most closely match
the new problem observations. It uses variants of
locally weighted nearest-neighbor matching function

(Gupta and Montazemi, 1997) with fuzzy operators
and retrieval constraints. The net result is that the
cases are retrieved with a high degree of precision and
recall.

Problem acquisition: This component collects and
stores troubleshooting sessions. The stored sessions
include the unsolved and the potential new cases. The
component enhances the exchange of troubleshooting
and repair events between the troubleshooters via
email and fax. More importantly, it supports the vital
process of continuity of troubleshooting (e.g., passing
on diagnostic information during shift and personnel
changes).

Case Base Developer’s (CBD) Tools: These software
components allow CBDs and subject matter experts (SME)
to create, synthesize, organize and store troubleshooting
cases. These tools comprise the following components:
¯ Equipment Domain Model and Configuration Editor:

This component allows a CBD to specify a domain
model of equipment sub assemblies and components,
related observations, and root causes. This ontology
of components, observations, and root causes forms
the basis of the case representation and the indexing
system. It is also shared by CBDs to develop case
bases for a complex multi-configuration equipment
such as aircraft. The component assists the user to
enforce consistency and integrity constraints on the
domain model and the related cases.

¯ Case Editor: The component allows CBDS and SMEs
to enter observations, root cause, and repair
information and embed multi media objects and
references. The CBDs are assisted with case
representation elements such as dependency
information, retrieval constraints, and case specific
similarity operators. The editor provides a number of
agents to assist a CBD verify the consistency and
completeness of case representation.

Case Base Administrator’s (CBA) Tools: These software
components allow a CBA to manage the collection and
deployment of troubleshooting cases, manage the case base
development activity, adjust the case base performance,
and monitor the case base usage. These tools are aimed at
providing high quality cases to end-users and to
dramatically reduce the time to operationalize new
troubleshooting knowledge. The tools assist the following
four functions:
¯ Troubleshooting knowledge collection: This

component uses a collection of text mining techniques
to help a CBA or a SME select and synthesize the
troubleshooting case information from legacy
maintenance records. It also helps the CBA manage
and monitor the collection of new maintenance
problem events from remote and standalone
deployments.
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¯ Case Base performance management: This component
assist the CBA by reporting a variety of case base
metrics regarding the complexity of equipment
domain model and the related cases. It assists in
adjusting the case base retrieval performance.

¯ Case Base development management: This component
assists a CBA to plan, assign, and monitor CBD tasks
and to coordinate a committee of SMEs for case
validation. It aims to minimize the time to
operationalize new knowledge.

¯ Case Deployment and Usage Management: This
component assists the CBA to publish cases and
distribute them for active usage, create and maintain
users, and monitor the case base usage activity to
ensure secure access to the troubleshooting
knowledge.

Applications

This section discusses three aerospace maintenance
applications developed using the SpotLight tools. These
are Bombardier Regional Aircraft Division’s (BRAD)
Regional Jet aircraft CRJ, General Electric’s (GEt)
CFM56~; Engine, and British Airways’ (BA) Concorde
Olympus Engine. Of these, the CRJ troubleshooting
application has undergone a field trial and provided
valuable insights into the overall effectiveness of
SpotLight tools and methodologies. The GE and BA
applications, although not fielded, provide insights about
the application development and issues surrounding
organization wide deployment. A brief description of
these applications, development experiences, and field trial
results follow.

CRJ Aircraft
BRAD reports that for a typical regional airline CRJ flight
departures are delayed 50 times per year and cancelled 13
times per year. In addition, the time pressures of unplanned
maintenance task and the lack of knowledge-based
troubleshooting support result in part removals, 30% of
which are serviceable. This economic scenario motivated
Bombardier to develop a SpotLight troubleshooting
application for supporting line technicians.

Over a period of 6 months, 320 cases were developed
covering those four areas that result in the most calls.
These included Landing Gears, Doors, Ice and Rain, and
Flight Controls. A SME selected and processed 15,000
legacy maintenance records to prepare the cases. Two
CBDs used the SpotLight tools to develop cases. One
CBA coordinated the case development and verification
activities. Air Transport Association (ATA) standard
terminology was used as the basis for the equipment

t GE is a registered trademark of the General Electric Company of USA.

~+ CFM is a registered trademark.

domain model. The troubleshooters tool interface required
minor customizations to include BRAD specific data such
as aircraft tail numbers and airport locations.

SpotLight was deployed at one of the operator locations
for a limited field trial. With minimal training, the aircraft
technicians, learned to navigate the case base in less than
half an hour indicating high degree of acceptance and
usability of the troubleshooters tool. During the trial
period, 19 unplanned events required specialist assistance.
Of these, in 13 events, it was estimated that SpotLight
could have reduced the troubleshooting time by over 40%.
The remaining 6 events were collected as new cases.

Since the trial, ongoing case base development has
increased the casebase size to over 700 cases covering all
of their problem areas. With this enhanced case base an
exploratory analysis of SpotLight effectiveness was
performed. Unplanned maintenance data were collected
from a CRJ operator. The data comprised 10 months of
mechanical interruption reports for a fleet of 7 CRJs. An
itemized comparison of data with the enhanced SpotLight
case base was undertaken to identify instances where
SpotLight could have saved time and effort. The
comparison showed that 3% of delays and 15% of the
cancellations could have been avoided if the technician’s
were supported by SpotLight. The estimated cost saving
on delays and cancellations was 8%.

CFM56 Engine
General Electric Aircraft Engines aims to offer its
customers and to CFMI engine customers the highest level
of technical support. To this end, it is committed to the
development of a 24-hr. customer response center. GE’s
goal is to equip the support center personnel with
knowledge-based support on engine troubleshooting. This
motivated GE to undertake a pilot application development
project to assess the feasibility of the SpotLight approach
for managing engine troubleshooting knowledge.

CFM56-5A was selected as the engine for the feasibility
study. GE engineers developed 42 cases. Minor
customizations were required for the troubleshooter
interface to accommodate GE’s specific problem data
requirements. A technical review by the GE evaluation
team concluded that the SpotLight tools were well
equipped for developing and maintaining high-quality case
bases. The technical review concluded that the application
when fully deployed can increase the communication
between GE and its customers and is likely to improve the
feedback and collection of problems from the field.
Additional functional requirements for a full-scale
deployment were identified. These requirements included
SpotLight enhancement to work with data downloaded
from maintenance computers onboard the aircraft to enable
the technicians troubleshoot and plan repairs in advance
and integration with a call center management software to
be deployed within the organization.
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Concorde Olympus Engine
Since the Concorde is no longer in production, design and
troubleshooting expertise has declined steadily over the
years and become scarce. To keep the Concordes flying,
BA aims to collect troubleshooting experience on the
Olympus engine to support its propulsion engineers. This
motivated BA to assess the feasibility of using SpotLight.

A senior technical specialist of BA was trained to
develop a propulsion system case base. The specialist,
using the SpotLight CBD tools, developed and tested a
Concorde propulsion system case base. Minor
customization to support Concorde’s maintenance event
categories was required. The system is being evaluated
further |or an extensive implementation.

Observations

From these application development experiences, we
conclude that the SpotLight family of tools can provide
effective means to manage diagnostic knowledge. All the
applications demonstrated a high degree of acceptance and
ease of use among end users. The troubleshooter interface
required minor changes despite the differences between the
application domains. This demonstrated that SpotLight
troubleshooter interface was well suited to the equipment
troubleshooters task. For an better fit between the
troubleshooter’s tool and the technician’s task, extensions
needed to the current tools were identified. These included
the integration with the related maintenance systems such
as the integration with the onboard maintenance
information systems to perform diagnosis and repair
planning in advance, the integration with parts information
system, and the integration with legacy troubleshooting
support systems such as fault isolation manuals, and
interactive technical manuals (IETM).

The case base development experiences were also
consistent across all applications. Established terminology
standard such as ATA breakdowns were useful in
establishing the domain model and provided the end users
an already familiar means to navigate the case base. For
example, unlike the document standards, the users
particularly liked SpotLight’s ability to support multiple
relationships between components in the domain model.

Two strategies could be used for initiating case base
development to realize the maximum benefit. First
strategy is to focus on the distribution of problem
frequency across the domain and select the topics with the
most numerous problems for initial development. The
second alternative, where applicable, is to select topics in
the problem domain where the decision errors are the
highest (e.g., no-fault founds). This approach attempts 
directly address the lack of knowledge which is the
principal factor contributing to troubleshooting errors.

The number of cases for a seed case base was
significantly smaller than end user’s expectations. For
example, 15000 records from Bombardier legacy

maintenance system produced a little over 300 cases that
were judged as unusual and qualified for expert assistance.
We estimate that for complex equipment such as aircraft,
the troubleshooting cases for unplanned events that require
a specialists attention are likely to range between 1000 to
2000 cases. During the development, the participation of
SMEs in the verification and validation phases resulted in
highly credible and good quality cases. While this
approach introduces a knowledge engineering cost, we
believe, it is essential for delivering focused
troubleshooting knowledge where there is a time pressure
to perform. Before undertaking the application
development and the feasibility studies, often the end users
were concerned about the resources needed for CBE. This
concern was easily addressed by their participation in the
case development and the observation of the value added
to their legacy maintenance data.

The quality of data in legacy maintenance inlbrmation
systems varied widely between organizations. It ranged
from good to almost non-existent. We found that this
factor along with the organizational policies surrounding
the access to legacy maintenance information system are
the principal determinants of the time to required to
develop a usable case base. Clearly, the existing practices
of knowledge collection and organization within the end
user organizations were inadequate and did not permit the
reuse of valuable troubleshooting knowledge. The
SpotLight CBD and CBA tools demonstrated that they
could be effectively used by SMEs and technical
specialists of an organization.

Finally, although the applications with partial case bases
were useful for assessing the feasibility of the SpotLight
approach, we concluded that an organization wide
deployment would require cases base with all topics on a
type of equipment. In addition, computer and
communications hardware are needed in the field to deliver
the troubleshooting knowledge to the point of need (e.g.,
equipment line).

Future Work

The application development experience provided insight
into a number of issues for future research and
development. These issues are presented under the
following two categories: (1) technical and (2)
organizational.

Technical
Manufacturers of complex equipment already provide
troubleshooters with various maintenance decision aids.
These range from well-established techniques such as
electronically delivered troubleshooting manuals to the
more advanced tools that use fault models and probabilistic
reasoning. While no single method provides a complete
maintenance solution, greater efficiencies and performance
improvement can be realized by integrating CBR
methodologies with available knowledge-based decision

86



aids. Research is therefore needed for developing methods
of hybrid reasoning that use techniques such as
probabilistic fault models, functional models, and decision
trees with case-based reasoning.

An issue underlying hybrid reasoning is the need for
standards that will allow the exchange of knowledge and
data between various maintenance knowledge-based
systems. An example of such an initiative is the formation
of IEEE standards committee called-AI-ESTATE (AI
ESTATE, 1999).

A piece of complex equipment such as aircraft includes
components and systems from different manufactures.
Conversely, a component from one manufacturer is used in
different equipments. This implies that a case base for
complex equipment could be treated as an organized
collection of smaller component case bases. To
accomplish this objective, methods are needed for
reasoning on a federation of case bases and developing
distributed ontologies (i.e., domain models)

While SpotLight tools support the CBD and CBA task,
methodologies are needed for automatically integrating the
existing sources of maintenance documents such as IETMs
and parts information with cases, thereby reducing the
effort for developing and maintaining case base.

Individual and Organizational
In this paper, we reported the exploratory findings about
the effectiveness of troubleshooting knowledge
management approach using SpotLight tools. Studies are
required to assess the true benefits from an organization
wide deployment of SpotLight tools. Aspects of individual
and organizational learning within the knowledge
management framework need to be investigated.

While there are established practices of sharing
troubleshooting knowledge between troubleshooters, it is
often localized to small groups and highly informal. For
example, Boeing mechanics refer to it as "tribal
knowledge" (Drinkwater, 1997). The benefits of the
informal approach are limited. Introducing,
troubleshooting knowledge management with SpotLight
tools is likely to formalize it. However, information
technology and organization change literature shows that
formal techniques of knowledge sharing can make
individuals reject knowledge-based tools due to the
perceived threat of reduced individual importance
(Schneider et al., 1996). Therefore, methods are needed
for measuring, valuing, stimulating, and rewarding
knowledge creation, collection, and organization activity.
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