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Summary
Diagnosis of physical systems such as car or aircraft engines tends to be a complex activity. Technicians combine textual manuals with schematics and some analysis of measured data to diagnose and repair engines. Knowledge-based system
designers have added heuristics to hypermedia (mostly text and graphic) representations of manuals to simplify the tasks of the technicians as in JETA [Halasz91].
Knowledge browsers for such systems are used by the knowledge engineers to
structure and input the knowledge base and in a limited capacity are used to help the
domain experts visualize the knowledge and the various possible relations as implemented for the JETA browser. In RATIONALE, a diagnostic system that reasons by
explaining, explanation was used to understand the reasoning in the knowledgebased system [Abu-Hakima90]. This position paper argues that although these
knowledge-based approaches help in the visualization and understanding of diagnoses in physical systems, they need to be improved and better integrated into an
overall diagnostic system. Some of the many issues that arise in trying to achieve
this are discussed in the paper.

Introduction
Diagnosis of physical systems such as car or aircraft engines is a complex activity. Technicians combine paper manuals with schematics and some analysis of
measured data to diagnose and repair engines. Knowledge-based systems provide
the technicians with electronic manuals organized using hypermedia techniques as
well as diagnostic hierarchies that represent the failure, test and repair actions of the
diagnostic cycle. Such an approach has been followed for JETA, the Jet Engine
Troubleshooting Assistant [Halasz91]. Other systems have followed modelling and
simulation techniques that represent the actual physical system and attempt to diagnose it on the basis of the expected behaviour of the model [MBR91]. Some diag1. NRC document 33198

nostic systems support the user with sophisticated explanations of diagnoses that
help justify system behaviour and clarify the reasoning to the user. RATIONALE is
a diagnostic system which was developed to provide the user with such explanations [Abu-Hakima90]. Figure 1 illustrates the information flow with respect to the
user.
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Figure 1: World of user in knowledge-based system

All these systems fall short in helping the user visualize as well as understand
system diagnoses. The primary reason for this shortfall is the lack of integration and
mapping of the information represented to the user. Two representations can be
thought of in diagnosing a system. The first is a physical real-world representation
of the various components and their interaction. This is best visualized using a multi-dimensional simulation true to the actual physical system. Supporting the realworld physical system is a paper manual describing its operation, failure testing and
repairs. The second representation used to diagnose a physical system is the abstract
one. This takes the form of representing the information known about the workings
and failures of a physical system, derived from manuals and the experience of technicians, and encoding it into a diagnostic system.
This position paper elaborates on the various information sources that the world
of a diagnostic system user holds. The final section describes how the information
sources could be better integrated so that a user can better visualize and understand
a diagnosis.
Navigating Electronic Manuals - Hypermedia
Hypermedia, the linking of textual and graphical information (and in some cases voice information) has become essential in the use of electronic manuals. The
electronic manual, much like its paper counterpart, has indices and cross references.
The difference lies in the ability to search the electronic manual in seconds versus
minutes. Electronic manuals make use of hypertext links that display to the user definitions or entire procedures based on the selection of a keyword in context. These
same links allow the user to access any cross referenced schematics or drawings.

This capability has been implemented in JETA, the Jet Engine Troubleshooting Assistant [Halasz91]. The implementation of hypermedia in JETA has been facilitated
by the existence of powerful user interface tools such as HyperNeWS.
HyperNeWS is a window interface tool [vanHoff91] written in PostScript
which uses NeWS graphics primitives. It is similar in some ways to HyperCardTM,
but it can have client processes in LISP, Quintus Prolog and C. It is an object-oriented tool which runs under Unix. Its stacks can take any shape the developer creates using the drawing tool and can have text objects, check boxes, user created
iconic buttons, etc. The primary advantage of this tool is its use of meaningful
images, graphics and icons to relay information to the user.
JETA integrates heuristics with its hypermedia manuals. These heuristics form
the basis of its frame-based knowledge representation. The knowledge representation was achieved by working with a domain expert in the structuring of the manuals. Its knowledge is organized into a diagnostic network based on a hierarchy of
general diagnoses that are focused to more specific ones as described in the next
section. These frames contain procedures and markers to schematics that are made
available to the user as advice. JETA also has a help system with hypermedia links
that a user can access at any time during the session.
Understanding Diagnostic Hierarchies - Knowledge Browsing
As a knowledge base is developed, it is more difficult to track relations and to
maintain the consistency of the information. Knowledge acquisition becomes more
difficult since gaps in the knowledge base are not easily found. In response to these
issues, knowledge browsers are developed. A knowledge browser graphically represents the information in the knowledge base. Several researchers have been
using knowledge browsers to graphically illustrate the relations between rules.
Several such systems have attempted to address the problem of visually relating
medical knowledge used in the diagnosis and treatment of patients [Banks88].
Another has been in the area of viewing and finding relations in statistical information [Stephenson88].
The objectives for browsers in all domains are similar. Mainly: to produce an
observable domain structure (such as a diagnostic hierarchy); to allow the user
unrestricted movement in the structure; to allow for alternative views of the same
information; and to make use of a mouse with menus to reduce keyboard entry. As
a result of these objectives the user needs: a guide or map for the structure; the
ability to graphically modify the knowledge structure; markers that support audit
trails; line type and colour to indicate relations; filters to reduce the amount of
information; keyword search mechanisms; consistency checking mechanisms for
the knowledge structure; and user tailoring.
JETA is a frame-based rather than a rule-based system[Halasz91]. Its knowledge base is structured with defined relations represented by slots in the node
frame. Thus, its knowledge browser has to be flexible enough to visually communicate the relations between the nodes. As a result, a diagnostic tree with colours
on node and line features has been chosen to communicate relational information.
The knowledge structure is a hierarchy of nodes (as illustrated in Figure 2)
with a root node at the top level. At the next level is a split between the phases of

Figure 2: An example knowledge browser

operation of the engine and the list of major symptoms. This level is followed by
several levels of functional or procedural test and general nodes. The lowest level
in the hierarchy includes replace, repair and adjust nodes. It is important to note
that the hierarchy, although it appears as such, is not a true one and is a directed
network since some of the terminal nodes may require further tests which cycle
back to earlier nodes in the network. In addition, some nodes may have links to
other nodes that are not directly connected.
An important feature of the browser is the ability to zoom in on the network.
The zoom mode allows the user to 'rubber band ' or put a box around an area they
wish to zoom in on. The selected area is then expanded to the size of the current
browser window. The browser allows the developer to edit the network graphically. Nodes and links can be added and deleted. Nodes can also be moved with
their links shortened or lengthened accordingly.
An important difference between traditional knowledge browsers and JETA’s
is the ability to browse relations in a frame. When the browser is first started the
lines connecting the nodes represent the subproblem-of relation which is a slot in
each frame representing a node. The arrow at the end (visible on zooming) indicates that the node pointed to is a subproblem of the previous node. At a glance the
developer viewing and editing the knowledge base can view the structure of the
knowledge base and find what key relations have been defined for a set of nodes.
The browser allows one to focus on a node. Focusing allows the user to view a
node and its parent and sibling links without viewing any other nodes in the tree.
Focusing is recursive in nature and allows the developer to repeatedly focus on the
parents of a node, the parents of the parents of the node, etc.
Explanation
We and others have long argued for the need of explicit knowledge representation and reasoning strategies for the generation of concise, coherent contextual
explanations [Abu-Hakima 88& 90; Neches 85]. To maintain the context of explanation in diagnostic systems, we have argued that the knowledge base be organized in a hierarchical structure. The most general knowledge should be represented
near the root of the hierarchy and the more specific knowledge should be represented near the end nodes. Since some of the explanatory knowledge is represented
locally in the frame that is reasoned about, explanatory contexts would allow relations between nodes such as refinements, siblings or alternates to be explained
[Abu-Hakima 88& 90]. Templates are used to structure generated text responses.
The explanations generated for RATIONALE, an earlier implemented diagnostic system that reasons by explaining, are textual but are available in a hypermedia
interface that has been described previously [Abu-Hakima 89]. We are currently
specifying explanations for JETA which will be modelled after RATIONALE’s. In
troubleshooting jet engines, technicians make use of manuals, graphs and schematics showing how to dismantle and repair subsystems. For our user interface to truly
support a technician, it is necessary for it to access and link relevant schematics,
graphs and template-based text in context. Further it is essential that explanation
be directly tied into this explicit reasoning and hypermedia interface.
Explanations are generated from traces of diagnostic reasoning. As described

in [Abu-Hakima 90] they allow the user to ask questions about dynamic and static
knowledge. This includes why, why-not and what-if questions about the dynamic
trace. It also allows the user to ask about deductive and abductive methods of the
system and how conclusions are drawn from both the static and dynamic knowledge.
Integration and Visualization
For a user to understand and visualize the workings of a knowledge-based system for diagnosis, several layers of information need to be better integrated as illustrated in Figure 3. There is a need for a visual model of the actual physical system.
For example, in the case of a car engine it would include the engine block, the carburator, the pistons, the valves, the air and fuel intake valves, the fuel pump, the water pump, etc. All these components should be visually modelled so that the user can
see the various components acting and reacting as they would in the real world. The
user should then be able to zoom in and out on the subsystems of the model down
to the component level.
A second layer directly related to this layer should be a knowledge representation and organization that allows the user to view the mapping from the real world
physical system to the knowledge-based representation. This mapping could be in
the form of a diagnostic hierarchy which includes the phases of operation of a system. In the case of the car engine root node the next level could be start, accelerate,
decelerate and stop. The next level in the hierarchy would relate the phases of
operation to the symptoms that would cause components of the car engine subsystems to produce problems at each of the phases of operation. For example in the
case of an acceleration problem, we could have a fuel leak, a fuel pump malfunction, a distributor malfunction, etc. This level would then be made more specific
down to the lowest component level of the engine that is causing the problem. The
structure of this knowledge would be illustrated using the knowledge browser.
Note that at the lowest level the user would see the individual components of the
engine mapped from the real world physical model referred to above.
The third layer would be the hypermedia representation of the electronic manual. This would have hypertext links to procedures and tests included in the diagnostic hierarchy. In addition, any schematics or visual representation of procedures
would make use of the real world physical model of layer one. Thus, if the user is
required to dismantle a subsystem in a particular order, a simulation of the dismantling down to the individual components would be played back making use of the
visualization of layer one. This is akin to a video of the individual parts being dismantled being played back to the user. This approach communicates causal information quite easily and is related somewhat to the concepts discussed in
[Feiner90].
The underlying link between the three layers comes in the form of explanation.
Explanation of why the physical components in a subsystem have caused it to fail
are much easier to generate with a visual aid such as those available in layers one
and two.
An explanation of failure is much easier to visualize by showing the moving

components of the physical system acting and reacting. In the car example it is
much easier to visually illustrate a piston seizing due to the lack of oil lubrication
rather than textually describing it.

Explanation

Physical Model

Why?
Diagnostic
Hierarchy
Why not?

User
What-if?
Electronic
Manuals
How?

Figure 3: Integrated world of user in knowledge-based system

Another graphical enhancement to the content of an explanation would be the
use of two to three level subtrees of the diagnostic hierarchy of the browser to
illustrate relations. If, for example, the user asks why a certain conclusion was not
made. If the conclusion was due to a refinement of the original hypothesis,
the root of the subtree would be the original hypothesis and the subsequent refinements of that node would be illustrated using children of the root and how they
failed to confirm a particular problem. In the case of a trace which required the
traversal of many levels of nodes to reach a conclusion, a mechanism such as that
used in RATIONALE's textual explanations [Abu-Hakima 88] could rank the
nodes for explanation content in terms of relevance and complexity. In the cases
where explaining the node is overly complex compared to its relevance to the current line of reasoning, it is omitted from the explanation. In the cases where it is
relevant and not overly complex it is included.
Explanations should also be added to the browser itself. Explanations could be
used to describe the various relations and how they are used in the diagnosis. A
user who is not the developer, such as a domain expert, could benefit by viewing,
commenting and possibly modifying the knowledge base.
A knowledge browser which uses visual cues such as colour and line shapes to
provide the user with a structured view of the knowledge is essential for the average user of a system. With such a tool the user could better visualize and understand the mappings between the real world physical layer, the electronic manuals
and the diagnostic system.
Another level of integration would allow the user to generate hypermedia que-

ries off the physical visualization. This could be offered in varying degrees of
depth such as contextual help is generally offered.
In conclusion, it is essential that diagnostic systems make better use of existing
visual aids such as multi-dimensional models and diagnostic network browsers to
better serve users. The integration of such tools requires that the physical and
abstract representations used in knowledge-based systems be better integrated. It is
also important to recognize that there are many classes of users of diagnostic systems. There are developers, domain experts and end users (the technicians). Within
each class of user there are varying levels of expertise which translate to specific
needs that should be addressed. Finally, explanation is a powerful tool useful for
better understanding and visualizing diagnoses. It has thus far been poorly used
and is very much the cornerstone of better understanding by users of diagnostic
systems.
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